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2.1 Introduction 

Thailand is an agricultural-based country which produces large amount of biomass but 

the majority of this abundant resources, especially agricultural leftover, has not yet been 

exploited extensively. Currently, the use of biomass in fuel application has been widely studied 

and practiced in order to reduce the reliance on petroleum-derived fuels. Not only its benefit 

as a substitute to conventional fuels, but bio-based economy can also be developed based on 

biomass. Biomass which mainly contains cellulose, hemicellulose and lignin can be converted 

into chemicals or valuable products. In fact, biomass is a major carbon source which can 

potentially be used in energy storage devices. Recently, there have been many previous works 

investigating the potential of using biomass as a source to produce carbons via 

carbonisation/hydrothermal carbonisation and/or chemical activation for energy storage 

applications. Pyrolysis or carbonisation is a conventional process; hence, it is not a complicate 

technology. Only some modification/configuration to the traditional method, i.e. introduction 

of porogen for pore activation, can significantly improve the properties of the carbon. Hence, 

due to its simplicity but high impact to the properties of carbon products, this technology is 

chosen in this work. However, the production of high-quality activated carbon from 

‘challenging’ biomass, i.e. ash-containing biomass, particularly palm empty fruit bunch (PEFB), 

has not yet well established. In addition, the knowledge of how each biomass constituent 

affects the properties of activated carbon materials in aspect of physical and electrochemical 

characteristic is crucial to enhance the production of high-quality carbon materials for energy 

storage applications. This project, hence, aims to understand the role of precursor 



constituents in various biomass on the electrochemical properties of the activated carbon and 

to develop method/conditions to produce the activated carbon from various type of biomass. 

In this project, investigation of various ‘challenging’ biomass, i.e. palm empty fruit 

bunch (PEFB), durian peel and etc to produce activated carbon materials. This work is jointly 

collaborated between MTEC/NSTDA, responsible for producing activated carbon from 

biomass and performing physical characterisation of the obtained carbon, and Kyoto 

University, in charge of conducting electrochemical characterisation of the carbons for 

supercapacitor applications. 

 

2.2 Scope of study 

The schematic of an overall research scope and plan is shown in Figure 1. 

 

 

Figure 1 Schematic of an overall research plan. 

Table 1 Yearly research plan 

Year Plan 

2017-2018 - Carbonisation of various biomass from Thai agricultural residues  
- Characterisation of various biomass 

- Chemical activation of chars from carbonisation 
- Characterisation and Electrochemical properties evaluation of carbons 

2019-2020  - Hydrothermal carbonisation of biomass  
- Characterisation of hydrochars 

- Chemical activation of hydrochars from hydrothermal carbonisation 
- Characterisation and Electrochemical properties evaluation of carbons 

 
 

2.3 Research summary 

Biomass          Activated carbon

 Activated carbon 

Porogen  -> 

Physical and Electrochemical 

Characterisation 

Activated 

carbon 



2.3.1 Effect of activation temperature and KOH:Char ratio on carbonised biomass 

Activated carbons from biomass were produced at different activation temperature 

and KOH:Char ratio. At KOH:Char = 1, specific surface area of activated carbon produced at 700-

900 C are insignificantly different. However, as per pore size distribution, the pore width of 

micropore decreases with increasing temperature as shown in Figure 2a. This causes shorter 

duration time of charge cycle (Figure 2b) and less capacitance (Figure 2c) in the carbon 

activated at 700 C than those activated at higher temperatures. Figure 2c also shows that 

increasing activation temperature improves rate capability. 
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Figure 2 Physical and electrochemical properties of carbon produced at KOH:Char = 1.  

a) Surface area and pore size distribution; b) Potential profile vs. time; c) Capacitance at 

different current density 

  



At KOH:Char = 3, increasing temperature improves both surface area and occurrence 

of mesopore as shown in Figure 3a. The charge cycle time of carbon produced at 700-900 C 

(Figure 3b) are comparable while the rate capability improves with increase temperature as 

also observed at KOH:Char = 1. However, severe temperature (1,100 C) results in crystalline 

structure (Figure 3d) and the EDLC performance of carbon appears to deteriorate. 
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Figure 3 Physical and electrochemical properties of carbon produced at KOH/C = 3. 

a) Surface area and pore size distribution; b) Potential profile vs. time; c) Capacitance at 

different current density; d) XRD spectra 

 



At KOH:Char = 2, an increase in temperature improves both surface area and 

occurrence of mesopores as shown in Figure 2a. The charge cycle time of carbon produced at 

700-900 C (Figure 3b) are comparable while the rate capability improves with increasing 

temperature as also observed at KOH:Char = 1. However, severe temperature (1,100 C) results 

in crystalline structure (Figure 3d) and the EDLC performance of carbon appears to deteriorate.  



2.3.2 Effect of KOH-mixing sequence 

Activated carbons from biomass were produced at different KOH-mixing sequence, i.e. 

KOH-Carbonisation-Activation (KCA) and Carbonisation-KOH-Activation (CKA). It can be 

observed that KCA yields better surface area and pore size distribution (high mesopore and 

smaller pore width of micropore) as shown in Figure 4a. This results in longer charge cycle 

time (Figure 4b). Moreover, as for KCA process, carbonisation at 500 C appears to yield 

activated carbon with better pore morphology and, thus, electrochemical properties than 

that carbonisation at 300 C. 
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Figure 4 Physical and electrochemical properties of carbon with different mixing sequence. 

a) Surface area and pore size distribution; b) Potential profile vs. time; c) Capacitance at 

different current density 

  



2.3.3 Characterisation results of biomass 

Properties of biomass samples employed in this work were determined and tabulated 

in Table 2. 

Table 2 Properties of biomass samples 

  
 

Carbonisation of biomass samples were performed on various biomass from Thai 

agricultural residues, including palm empty fruit bunch (EFB), palm shell (PS), eucalyptus 

woodchip (WC), durian peel (DUR) and sugarcane bagasse (SB). All biomass was ground, milled 

and sieved to 75-150 m and thermally carbonised at 500 C to obtain char. The yield by 

weight of biomass chars and activated carbon are presented in Table 3. 

 

Table 3 Yield of biomass char obtained by carbonisation at 500 C and yield of 

activated carbon activated at 700 C. 

Biomass 
Char Yield 

(wt%) 

Activated 
carbon Yield 

(wt%) 

Palm empty fruit bunch (EFB) 27.28 13.06 

Sugarcane bagasse (SB) 26.49 12.03 

Palm shell (PS) 32.13 17.67 

Eucalyptus wood chip (WC) 28.62 15.50 

Durian peel (DUR) 31.54 12.83 

Palm empty fruit bunch-Stem (EFB-S) 31.22 10.02 

Palm empty fruit bunch-Core (EFB-C) 25.74 12.24 

 

The proximate and ultimate analysis results of biomass revealed that palm shell 

contained the highest fixed carbon content at 21.2%. Other biomass samples have fixed carbon 

range from 15.3-21.2%. Palm shell gave the highest char and activated carbon yield as a result 

of its high fixed carbon content. 

  



2.3.4 Characterisation of activated carbon from carbonisation of biomass 

Biomass char samples were followed by chemical activation with KOH at 1:1 and 2:1 

KOH:Char weight ratio (Effect of KOH:Char ratio on physical properties) under CO2 atmosphere 

at 700-900 C (Effect of activation temperature on physical properties). The activated carbon 

samples were characterised for their microstructure by SEM and TEM techniques. Specific 

surface area (BET) and porosity were analysed using N2 adsorption. XRD patterns were 

obtained for crystalline and amorphous phase identification. X-ray diffraction patterns of all 

activated carbon samples from biomass shown two broad peaks at 2q = 24 and 44 indicating 

amorphous carbon structure. No impurity phases were observed. 

The specifice surface area and pore volume of the activated carbons are summarized 

in Table 4. All activated carbon samples from carbonisation of biomass show micropores 

dominated pore structure, as indicated by the large surface area as well as high percentage 

of micropore volume (Vmicro). The specific surface area is affected from activation temperature 

and KOH:Char ratio as previously discussed. Activated carbon from biomass prepared at 

activation temperatures of 700-900 C showed the mesopore volume less than 50%. This may 

indicate both a widening of pores at high temperature and generation of new micropores by 

activating agent. The average pore diameter were nearly the same for all samples, 

approximately 4-6 Å. The size of the solvated HSO4
- ion size is approximately 3-4 Å, therefore 

the pore size of activated carbon from biomass is large enough to accommodate H2SO4 

electrolyte ions. 

The effect of preparation conditions (KOH:Char ratio and activation temperature) of 

carbonised activated carbon samples including higher specific surface area as KOH:Char ratio 

increase from 1:1 to 2:1 and higher specific surface area as activation temperature increase 

from 700 C to 900 C. 

  



Table 4 Specific Surface area (SBET), total pore volume (Vtot), micro- (Vmicro) and mesopore 

(Vmeso) volume and percentage of micro- and mesopore volume in biomass activated carbon 

at 700-900 C 

Sample 
SBET  

(m2/g) 
Vtot 

(cm3/g) 

Vmicro (t-plot) Vmeso Pore 

width 

(Å) cm3/g % cm3/g % 

11700-EFB 1103.35 0.43 0.40 93.02 0.03 6.98 6.01 

21700-EFB 1203.80 0.47 0.46 97.87 0.01 2.13 4.17 

11900-EFB 1545.13 0.65 0.58 89.23 0.07 10.76 4.35 

21900-EFB 1571.03 0.83 0.53 63.86 0.30 36.14 5.22 

11700-WC 1076.28 0.41 0.40 97.56 0.01 2.43 4.33 

21700-WC 1432.08 0.57 0.53 92.98 0.04 7.54 4.21 

11900-WC 1691.02 0.74 0.62 83.78 0.10 16.12 5.94 

21900-WC 1702.06 0.77 0.62 80.15 0.15 19.48 4.22 

11700-PS 1005.36 0.40 0.38 95.00 0.02 5.00 4.94 

21700-PS 1540.34 0.61 0.59 96.72 0.02 3.27 4.26 

11900-PS 1158.63 0.45 0.43 95.55 0.02 4.44 5.94 

21900-PS 1470.07 0.59 0.55 93.22 0.04 6.77 4.26 

11700-SB 1217.73 0.47 0.47 100 - - 4.46 

21700-SB 1850.69 0.81 0.68 78.16 0.13 16.04 5.73 

11900-SB 1243.83 0.55 0.46 83.63 0.09 16.36 4.06 

21900-SB 1542.29 0.74 0.54 72.97 0.20 27.02 5.35 

 

 

Figures 5-8 are plots of pore volume vs. pore width showed that activated carbon (AC) 

produced with KOH:Char ratio equal to 1 contained mainly microspore and slightly developed 

mesopore. At 900 C activation temperature microspore volume decreased compared to 

activation at 700 C. While at KOH:Char ratio equal to 2, a development of mesopore is 

increased thus slightly decreased in microspore volume for activation temperature at 900 C. 



 

Figure 5 Pore volume vs. pore width of EFB AC with KOH:Char 1:1(left) and 2:1(right) 
 

 

 

 

 

Figure 6 Pore volume vs. pore width of PS AC with KOH:Char 1:1(left) and 2:1(right) 

 

Figure 7 Pore volume vs. pore width of SB AC with KOH:Char 1:1(left) and 2:1(right) 

 

 

 

 

 

 
 

Figure 8 Pore volume vs. pore width of WC AC with KOH:Char 1:1(left) and 2:1(right) 

 

In Figure 9 (a), X-ray diffraction results from activated carbon samples from EFB (21900-

EFB) had a small peak at 26. The peak corresponding to a short range order (graphite-like) 

structure which may be formed as indicated by the peaks at 2q ≈ 26.5 and 44.5 (JCPDS no. 

75-1621) assigned to the (002) and (100) planes, respectively. The formation of graphite-like 

structure may have been facilitated by the combination of high temperature and high KOH 

content.  

2 2 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 X-ray diffraction patterns of biomass activated carbon.  

(a) EFB, (b) SB, (c) Lignin LN, (d) PS and (e) WC 

 

Table 5 compiles Scanning electron images (SEM) and Transmission electron images 

(TEM) of activated carbons synthesised under various conditions. 
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Table 5 SEM and TEM images of biomass activated carbon 

Biomass 

KOH : Char 

(by 

weight) 

Activation 

Temp. (C) 
SEM TEM 

Palm 
Empty 
Fruit 

Bunch 
(EFB) 

1:1 

700 

 

 

900 

  

Palm 
Empty 
Fruit 

Bunch 
(EFB) 

2:1 

700 

  

900 

  

Palm shell 
(PS) 

1:1 700 

  

5 nm 
5 µm 

5 µm 
5 nm 



Biomass 

KOH : Char 

(by 

weight) 

Activation 

Temp. (C) 
SEM TEM 

900 

  

Palm shell 
(PS) 

2:1 700 

  

Palm shell 
(PS) 

2:1 900 

  

Sugarcane 
bagasse 

(SB) 
1:1 

700 

  

900 

  



Biomass 

KOH : Char 

(by 

weight) 

Activation 

Temp. (C) 
SEM TEM 

Sugarcane 
bagasse 

(SB) 
2:1 

700 

  

900 

  
 

Scanning electron micrographs (SEM) for activated carbon from biomass samples 

activated at 700 C using KOH:Char ratio equal to 1 have relatively smooth surface. When 

increasing the amount of KOH used to KOH:Char equal to 2:1, the activated carbon 

macrospores are clearly visible on the surface. Transmission electron micrographs (TEM) of all 

activated carbon samples contained amorphous carbon, except the activated carbon which 

was activated at 900 C showed a small graphite-like structure which was a short range 

ordered structure imbedded in the amorphous matrix. 

 

2.3.5 Electrochemical performance of activated carbon from carbonisation 

To prepare working electrodes, activated material (Activated carbon) derived from 

various biomass was mixed with acetylene black (DENKA black Li-100) and binder PTFE (DuPont 

6-J) in a mass ratio of 80:10:10, using ethanol as a dispersant. The obtained mixture was them 

made into a sheet and cut to 5mm x 5mm, then dried in vacuum oven at 80 C for 12 hours. 

The electrochemical performance of the prepared electrodes was studied in a three-electrode 

system (Figure 10) using a HZ-Pro S12 Multi Electrochemical Measurement System (at Kyoto 

University, Japan). An Ag/AgCl electrode, and a Pt mesh were used as a reference electrode 

and a counter electrode, respectively. Aqueous 1M H2SO4 is a base electrolyte. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 The three-electrode cells system for electrochemical performance testing. 

 Cyclic Voltammetry 

The three-electrode cells with activated carbon electrode were subjected to cyclic 

voltammetry measurements, in order to determine the mechanism(s) for charge storage. A 

reaction peak in CV results would indicate that a charge storage takes place via reactions, 

which would yield pseudocapacitance. If no reaction peaks are observed, a charge storage is 

assumed to be mainly by electrostatic forces. Figure 11 shows the cyclic voltammetry results 

for the best-performing cells, where the carbon electrode is made from various biomass 

activated at 700 C using KOH:Char = 2:1 by weight. The trend with voltage scan rate was typical 

for supercapacitor cells, in that a wider voltammogram, i.e., higher current, was observed 

when a higher scan rate was used. The generated current is proportional to the scan rate. 

However, at slower scan rate, this process allows slower reaction to take place. Activation 

conditions affect the capacity, when increasing the KOH:Char ratio, the results tend towards 

high capacity and increasing of activation temperature tend towards the square shape and 

larger CV area at 20 mVs-1. Activated carbon sample from EFB at KOH:Char ratio equal to 2 has 

the largest CV area and thus has the best electrochemical performance. 

 



 
Figure 11 Typical cyclic voltammetry results of three-electrode supercapacitor cell with 

biomass activated carbon electrode. 

Empty palm fruit bunch (EFB), Palm shell (PS), Sugarcane bagasse (SB) and Lignin (LN) 

Galvanostatic Charge-Discharge 

The three-electrode cells made from various biomass-derived activated carbons were 

tested by charging and discharging between 0 – 0.6 V using constant current levels of 0.1, 0.2, 

0.5, 1 and 2 A/g of activated carbon. The specific capacitance, Csp, which is calculated per 

weight of activated carbon was calculated from the discharge curves using the following 

equation: 

Csp (
≈

≈
)  = (

≈∆≈

≈∆≈
)         (1) 

where i is the discharge current (A), Δt is the amount of time to discharge (s), ΔV is the 

difference in voltage from charged to discharged state (V), not including the IR drop due to 

equivalent series resistance (ESR) and M is the mass of the activated carbon in the electrodes 

(g). Typical charge-discharge diagram is shown in Figure 12. 

A summary of the specific capacitance values obtained by galvanostatic charge-

discharge test for the activated carbon samples synthesised under various conditions are 

shown in Figures 13-14. All activated carbons activated at 700 C had slightly higher 

capacitance than those activated at 900 C. For these samples, when comparing those treated 

using the same amount of KOH, the BET surface area and total pore volume values were not 

drastically different. However, the relative amount of micropore to mesopore was higher in 

those treated at 700 C, which may have contributed to the higher capacitance. However, with 

increasing KOH:Char ratio at both activation temperatures, from 1:1 to 2:1 yielded higher 



specific capacitance value that may be contributed by high BET surface area as well as high 

pore volume. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Typical Galvanostatic Charge-Discharge diagram. 

 

Figure 13 Capacitance VS cycle number at each current density  

(A) EFB-Activated carbon and (B) PS-Activated carbon 

A B 



 

Figure 14 Capacitance VS cycle number at each current density  

(C) SB-Activated carbon and (D) Lignin-Activated carbon 

 

Table 6 Summary of capacitance of activated carbon electrodes from each condition 

 

A summary of the specific capacitance values obtained from galvanostatic charge-

discharge testing for the activated carbons synthesised under various conditions is shown in 

Table 6. Activated carbon samples from EFB, SB, and Lignin prepared at activation 

temperature of 700 C and KOH:Char ratio equal to 2 exhibit the highest capacity at 0.1 A/g 

charge/discharge rate, except PS (11700=PS) sample from KOH:Char = 1:1 has the highest 

capacity at 0.1 A/g charge-discharge rate. The rate capability should be evaluated together with 

C D 



the specific capacity value. From current results, activated carbon prepared at activation 

temperature 900 C and KOH:Char = 2:1 has shown better rate capability. Thus, optimization 

of activation conditions of biomass based activated carbon is crucial to improve both specific 

capacitance value and rate capability for the supercapacitor applications. 

 

2.3.6 Hydrothermal carbonisation and characterisation of activated carbon 

Activated carbon samples via hydrothermal carbonisation (HTC) were prepared from 

various biomass, similar to carbonisation samples described earlier. All biomass raw materials 

were ground, milled and sieved to 75-150 m and hydrothermal carbonisation at 200 C and 

220 C. Followed by chemical activation with 2:1 KOH:Char weight ratio. The HTC activated 

carbon samples were characterised for their microstructure by SEM and TEM techniques. The 

specific surface area (BET) and porosity of HTC activated carbon was analysed by N2 adsorption 

at -196 C. Table 7 displays surface area and pore properties of HTC activated carbon from 

biomass. 

 

Table 7 Surface area, micro- (Vmicro) and mesopore (Vmeso) volume of hydrothermal 

activated carbon samples 

 

 

  

 

Activated carbon from biomass hydrothermal carbonized at 200 C results in high 

specific surface area from 1272-1560 m2/g. These activated carbon had suitable surface and 

pore properties to be used in supercapacitor applications. 

The three-electrode cells testing was performed using biomass-derived activated 

carbons from hydrothermal carbonisation. The charge and discharge voltage was set between 

0 – 0.6 V using constant current levels of 0.1, 0.2, 0.5, 1 and 2 A/g of activated carbon. Typical 

charge-discharge diagram is shown in Figure 15. 

For these biomass derived activated carbon samples, the relative amount of micropore 
to mesopore were high which may have contributed to the high capacitance. The report 

specific capacitance of biomass derived activated carbon samples in this project are ranged 
between 150-200 F/g 



 
Figure 15 Typical Galvanostatic charge-discharge results of three-electrode supercapacitor 

cell with biomass activated carbon electrode tested at 0.1, 0.2, 0.5, 1 and 1 A/g 

 

In summary, the specific capacitance values from galvanostatic charge-discharge 

testing for the activated carbons synthesised from biomass under various conditions were 

obtained. Both activated carbon samples from carbonisation and hydrothermal carbonisation 

of biomass activated with KOH:Char ratio equal to 2 exhibit the highest capacity at 0.1 A/g 

charge-discharge rate, in a range of 150 to 200 F/g. The rate capability should be evaluated 

from long term cycle stability test of supercapacitors. The coin cell configuration was chosen 

and during the two weeks visit at Kyoto University in 2019, MTEC researchers had an 

opportunity to learn the craft of electrode coating including slurry mixing, optimization of 

coating condition to achieve the electrode which is suitable for coin cell application. The 

supercapacitor coin cell can be prepared with the high standard similar to the commercial 

scale as shown in Figure 17. Selected supercapacitor coin cell long term cycling test of 

activated carbon from biomass results are shown in Figure 16.  



 

Figure 16 Long term cycling test results of selected coin cell supercapacitors 

 

  

  

  

Figure 17 Carbon electrode casting and coin cell assembly for supercapacitor applications 

 

  

Separator and Coin cells 



Conclusions 

From all the results, the performance of activated carbon used as a supercapacitor 

electrode depends very much on the processing conditions more than the raw materials and 

amount of lignin/cellulose/hemi cellulose. Activated carbon from Palm Empty Fruit Bunch (EFB) 

under hydrothermal preparation has shown a high potential to be used for this application 

from a long term cycle stability test. The specific capacitance was still nearly 60 F/g even after 

100,000 cycles at 1 A/g which was better than a commercial reference. This part is under an IP 

filing process and would be the topic of our next phase research. 

 

  



2.4 Project Output 

2.4.1 Students and Researchers Exchange 

- Four students from Thammasat University visited Kyoto University under the W&W 

Internship program in January and December 2018. 

- Three researchers from MTEC visited Kyoto University in December 2019. 

Year Period Name  

2019 17.11 - 03.12 
Mr.Thanathon Sesuk Asst. Researcher 

Dr.Vituruch Goodwin Researcher 

2018 27.11 - 27.12 

Mr.Thanathon Sesuk Asst. Researcher 

Mr.Tan Vongvarotai BSc Student 

Ms.Sicha Arayatham BSc Student 

2018 04.01 – 26.01 

Dr.Yatika Somrang Researcher 

Ms.Nattida Konginyai BSc Student 

Ms.Pakawan Prasatsoong BSc Student 

 

2.4.2 Conferences and Publications 

- Somrang, Y., Sesuk, T., Miyahara, Y., Charojrochkul, S., Abe, T., Tepamatr, P. “Activated Carbon 

for EDLC Electrodes from Palm Empty Fruit Bunch”, 10th International Conference on 

Materials Science and Technology, 6-7 September 2018, Bangkok, Thailand. 

- Goodwin, V., Sesuk, T., Miyahara, Y., Charojrochkul, S., Abe, T., Tepamatr, P. “Physical and 

Electrochemical Characterization of Activated Carbon for from Sugarcane Bagasse as 

Electrode for Supercapacitors”, Pure and Applied Chemistry International Conference 2020 

(PACCON 2020), 13-14 February 2020, Bangkok, Thailand. 

- Manuscript in preparation “Activated carbons from challenging biomass; role of precursor 

constituents on the electrochemical properties in supercapacitor applications” 

 

2.4.3 Others 

- drafted patent “Method of producing activated carbon from oil palm biomass for 

supercapacitor applications” 
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Abstract 
 
 Application of photocatalytic processes for conversion of sugars which can be derived from 
lignocelluloses to energy and chemicals is considered a new promising environmentally 
friendly alternative which will play an important role in biorefinery and bioindustry related to 
valorization of sugars and agricultural wastes. This project aims to advance our technology on 

photocatalyst design under the JASTIP Renewable Energy program between NSTDA and Kyoto 
University (2015-2019). The project themes will cover (1) continual research on fabrication and 

modification of photocatalysts for conversion of sugars to high-value chemicals (e.g. functional 

sugar derivatives) by improving the catalyst’s specificity by fabrication techniques or surface 

modification and (2) design and assembly of a prototype photocatalytic reactor This concept 

on “photo-conversion on renewable biomaterials” will lead to the development of “photo-bio 

flow reactor” and will provide strong platform for conversion of sugars to value-added 

chemicals in integrative biorefinery. 
 
Keyword   Biomass, Photocatalysis, Sugar conversion, Lignin utilization, High-value chemicals, 

Sugar derivatives   
 

1.1 Introduction and Rationale 
 

 Thailand is an agricultural-based country where lignocellulosic biomass can be 

considered as an important renewable energy resource for production of electricity, heat, 
liquid fuel, and commodity chemicals. This “biorefinery” concept can alleviate global warming 

due to the carbon neutral nature of the biomass and decrease the country’s dependence of 

the depleting fossil resource. Biomass is the renewable resources (sustainable), which has its 

compositions similar to fossil fuel (contains C and H), and the products obtained from biomass 

are similar to those of petroleum. In details, lignocellulosic biomass is a multi-structure 

material. It consists mainly of three polymers i.e. cellulose, hemicelluloses, and lignin, which 
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are associated with each other in addition to small amounts of acids, salts, and minerals. 
Currently several technologies, including catalytic, thermochemical, and biotechnological 
routes have been investigated for conversion of biopolymers-derived intermediates from 

various agricultural wastes to a spectrum of value-added products. However, these 

technologies are thermochemically and/or biochemically conversion processes which are 

limited by some restrictions in practice, such as high cost of reagents and equipment, high 
energy consumption, and harsh reaction conditions. Some processes have to use high 

chemical contents and more production steps for efficient biomass conversion into fuels and 
chemicals. These cause high capital investment in term of energy input and chemical usage. 
The exploration of new routes for the production of platform chemicals or fuels from biomass 
thus becomes increasingly important.  
 Photocatalysis is one of promising processes for energy and chemical productions, 
because it can be performed under solar irradiation at room temperature and mild condition. 
It offers the possibility of extending the spectrum of applications to a variety of processes, 
including oxidations and oxidative cleavages, reductions, isomerizations, substitutions, 
condensations, and polymerizations. In addition, it is considered as clean, effective, energy-
saving, technology simple, ecologically benign, and low cost strategy. Photocatalysis is a well-
established technique for many applications, e.g. wastewater or air treatment, pollutant 

degradation, and hydrogen (clean fuel) production by water splitting. Titanium dioxide (TiO2) 
is the most important photocatalyst for many applications, such as degradation of organic 
pollutants (Hwang et al., 2012), production of hydrogen (Gomathisankar et al., 2013), self-
cleaning surfaces (Murugan et al., 2013), and dye sensitized solar cells (Cheng et al., 2013). TiO2 

is a white solid inorganic substance that occurs naturally in several kinds of rock and mineral 
sands. It is a semiconducting material, which can be chemically activated by light with band-
gap energy (Eg) of 3.2 eV. TiO2 exists in 3 different crystalline modifications, i.e. anatase, 

brookite, and rutile, where anatase exhibits the highest overall photocatalytic activity (Park 

et al., 2013). It is a popular catalyst to use in photocatalytic reactions, because TiO2 has a highly 

oxidative, chemically stable, inexpensive, and nontoxic nature. TiO2 nanoparticles have been 

prepared by different methods such as, chemical precipitation (Mashid et al., 2006), chemical 

vapor deposition (CVD) (Shi, J., & Wang, X., 2011), sputtering (Song et al., 2009), sol-gel 

technique (Bahadur et al., 2011), hydrolysis, micro-emulsion method (Shen et al., 2011), 

aerosol-assisted chemical vapor deposition (Tahir et al., 2012), spray deposition (Bujnova et 

al., 2010), thermal plasma (Tanaka et al., 2011), hydrothermal method (Oh et al., 2009), 

microwave-assisted hydrothermal synthesis (Melis et al., 2012), solvothermal method (Zhang 

et al., 2009), and the flame combustion method (Zhao et al., 2007). Among these methods, sol-
gel method is one of the most popular techniques for preparation of nanosized metal oxide 

materials with high photocatalytic activities (Su et al., 2004; Tseng et al., 2010).  
 In this proposed project, the application of photocatalytic approach for chemical 
production will be investigated based on the close collaboration between JGSEE, BIOTEC, and 
The University of Kyoto under the JASTIP Renewable Energy collaboration. The work will 

include the development of novel photocatalysts for highly efficient conversion of sugars and 
lignin to value-added chemicals. Together with the design and assembly of photocatlytic 

reactor with the concept on development of bio-energy devices in combination with efficient 
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utilization of solar energy by Kyoto U., this collaboration will provide strong platform 

alternative technology for utilization of biomass in bio-industry which will contribute to the 

government’s strategy on new S-curve industry. 
   
 
 

1.2 Project Scopes 
 
 This project aims to develop high performance photocatalysts and photocatalytic 
reactor for production of target chemicals from glucose which can be obtained from 1st 
generation or 2nd generation raw materials in biorefinery. The project will focus on synthesis 

and fabrication of nano-scaled photocatalysts with improved performance and 

characterization of physicochemical properties of self-synthesized photocatalysts compared 

to commercial catalysts. The work will include the study of photocatalytic reactions on 

synthesis of high-value products (functional sugar derivatives) from glucose and application of 

the developed photocatalysts for production of target chemicals in photocatalytic reactor. The 

specific technical objectives are as follows:  
(a)  To study the effects of fabrication conditions, doping and surface modification on 

morphotological appearances, physico-chemical properties, photocatalytic activity and 

selectivity of the photocatalysts  
(b)  To study the effects of chemical structures of sugars on mechanisms of photocatalytic 

reactions 
(c)  To study the reaction pathways for photocatalytic conversion of sugars (e.g. glucose) to 

its derivatives or unconventional sugars  
(d)  To design and assemble a prototype laboratory-scale photocatalyic reactor (photo bio-
flow reactor)  
(f)  To study the reaction kinetics on sugar conversion to target chemicals in photo-bio 

flow reactor 
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1.3 Project Progress 

 

As a major imported of solar source, photocatalysis process is one of the promising 
technologies which can be applied under solar irradiation at room temperature and mild 
condition.  Heterogeneous photocatalysis employs as an alternative semiconductor material. 
Among them titanium dioxide ( TiO2)  has been widely used to be the most attractive 

photocatalyst in term of chemical stability, non-toxicity, and expressed high photocatalytic 

activity [ Pelaez, et al. , 2012] .  However, its main drawback is performed under UV light 

irradiation (λ < 380 nm)  corresponding to its large band gap energy.  Therefore, modification 

of TiO2 with additional of dopant is an aiming for the absorption of photocatalyst shift to 
visible light [Liu, et al. , 2011; Gong, et al. , 2015] .  Moreover, modified new material is a point 

of view to improve yield and selectivity of valuable products [Ong, et al., 2016; Xu, et al., 2016, 

Kameyama, et al., 2015]. 

 

1.3.1 Materials and method 

  

1.3.1.1 Materials 

 Titanium( IV)  butoxide ( Ti( OC2H9) 4; Sigma- Aldrich, USA) , acetylacetone ( ACA; Sigma-
Aldrich, USA) , and isopropyl alcohol ( Sigma- Aldrich, USA)  were used to prepare titanium 

dioxide (TiO2)  sol.  All chemical for non-metal source include glucose (C6H12O6);  boric acid 

(H3BO3); ammonia (NH3), and metals source: copper nitrate trihydrate (Cu(NO3)2); silver nitrate 
(AgNO3); chromium(II) acetate (Cr2(CH3CO2)4(H2O)2); indium(III) nitrate hydrate (In(NO3)3 3H2O); 
nickel(II) nitrate hexahydrate (Ni(NO3)2 6H2O); Strontium nitrate (Sr(NO3)2) were manufactured 

from (Wako, Japan) for modification of TiO2. Acetonitrile (ACN; RCI Labscan Co., Ltd., Thailand). 
Glucose monohydrate was obtained from Carlo Erba Reagents Co. (France) for photocatalytic 

reaction. 

 

 1.3.1.2 Synthesis of TiO2 photocatalyst nanoparticle 

 A series of pure, non-metal and metal doped on TiO2 were prepared using a sol-gel 

method.  In details, a titanium precursor solution was prepared by mixing 4.36 ml of titanium 

butoxide with 1.26 ml of acetyl acetone under continuous stirring at room temperature which 

referred as solution A. Then, solution B was prepared by mixing 20 ml of 2-propanol, 15 ml of 

DI water and appropriate amount of non-metal and metal dopant.  After that, solution B was 

added dropwise to solution A under continuous stirring. The resultant mixture was stirred for 

3 hours at room temperature, followed by aging in oil bath at 80°C for 12 h. The obtained gel 

was dried by hot-pate at 100°C for 8 h.  Finally, dry particles were grounded and calcined in a 

muffle furnace at 400°C for 3 h to obtain TiO2 powders. 
  

 1.3.1.3 Synthesis of TiO2 photocatalyst nanofiber 

 TiO2 nanofibers were synthesized based on the electrospinning method in an in-house 

design.  The solution was performed in methanol (10 mL)  with 0.8 g of poly(vinylpyrrolidone) 
(PVP; Mw)  1 300 000, Aldrich) , 4 g of titanium( IV)  butoxide (TiBu; Aldrich) , and 1.175 g of 
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acetylacetone (ACA; Aldrich) .  The obtained solution was stirred overnight (12 h)  to obtain a 

homogenous solution. Then, the appropriate amount dopant was added into the solution and 

stirred overnight.  The obtained spinning solution was loaded into a plastic syringe with the 

nozzle- end which adjustable of 22- gauge stainless steel needle.  The emitting electrode of 

positive polarity from a Gamma High Voltage Research power supply was connected to the 
nozzle, while the grounding electrode was attached to a sheet of aluminum, used as the 
stationary collector plate.  The distance between nozzle-end and collector was applied of 15 

cm.  with an electrical potential of 15 kV.  The flow rate of syringe pump was 1.0 ml h-1.  The 

obtained fibers were collected approximately 5 hours under atmospheric condition to allow 
the complete hydrolysis. The electrospun fibers was then calcinated at 500ºC for 2 hours. 
 In order to synthesized TiO2 hollow nanofibers the in-house designed coaxial nozzle 

electrospinning was performed.  The solution was prepared according to the previous 

procedure.  Then, the solution was added two through syringe pumps.  The flow rate of inner 

and outer were controlled at 1.0 ml h-1 and 2.0 ml h-1, respectively.  Further processes were 

conducted based on the previous procedure. 
 

 1.3.1.4 Synthesis of graphitic carbon nitride (g-C3N4) 
 The g-C3N4 (Fig. 1) was synthesized by thermal polymerization, 3 g of urea was put into 

a crucible which was then heated in a furnace at a rate of 4°C min-1 and kept for 2 h at 500°C. 
After cooled down to room temperature, it was ground to powder for further experiment . 

 

 
Fig. 1. Schematic structure of graphitic carbon nitride (g-C3N4) [Ong, W.J., et al., 2016] 

 

 1.3.1.5 Synthesis of nanoparticles ZnS2(1-x)-AgInSx (ZAIS(x)) 
 The synthesis of quantum composite was studied according to previous method 
[Torimoto, et al., 2007]. Briefly, solid solution nanoparticles of ZnS-AgInS2 were prepared by 

thermal decomposition of a metal ion -diethyldithiocarbamate complex of (AgIn)xZn2(1-

x )(S2CN (C2H5)2)4. The precursor powder was prepared by mixing 50 cm 3 of a sodium 

diethyldithiocarbamate aqueous solution (0.050 mol dm-3) with 50 cm3 of an aqueous solution 

containing AgNO3, In(NO3)3 and Zn(NO3)2 with a mole ratio of x:x:2(1 - x) (total concentration of 

metal ions: 0.025 mol dm-3) followed by washing with water and methanol several times and 

drying. A 100 mg of precursor powder was put into a test tube and heat-treated at 180 °C for 

3 min in an N2 atmosphere. Then oleylamine (6.0 cm3) was added the thus-obtained brown 

powder, followed by further heat treatment at 180°C for 3 min in an N2 atmosphere. The 
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obtained mixture was centrifuged at 3,000 rpm for 5 min and the supernatant was collected 
by removing the larger particle. Suitable amount of methanol was added to the supernatant 

containing nanoparticles of ZAIS followed by centrifugation at 5,000 rpm for 5 min . The 

obtained ZAIS precipitate was dispersed in toluene for further study. 
 
 

1.3.1.6 Characterization of photocatalysts 

 The synthesized photocatalytic samples were characterized according to the following 
techniques: The morphologies appearances of photocatalyst was conducted by an emission 

scanning electron microscope (FESEM; HITACHI SU-6600) with the use of energy-dispersive X-
ray (EDX). The specific surface area, pore size and pore volume of the samples were carried 

out according to Brunauer -Emmett-Teller (BET) method (BEL Japan, BELSORP 18) by N2 

desorption at 77 K. The optical properties were analyzed using diffuse reflectance UV -vis 

absorption spectrophotometry (JASCO V-550). The UV-visible absorption spectra were 

acquired as the dry-pressed vessel of the samples with applying BaSO4 as the reference 

sample (UV−vis DRS; Jasco V-550). The absorption spectra were recorded in air at room 

temperature with an integrating sphere in the range of 200 -800 nm. The band gap values 

were calculated based on Tauc plot equation. 
 αhv = A(hv - Eg)n 

where A is a constant, α is photo absorption coefficient, hν is photon energy, Eg is average 
energy gap, and n is 2 for allowed indirect transition. The photoluminescence spectra (PL) 
were measured at room temperature using a Spectro-fluorophotometer (PL; JASCO FP-8600) 
with excitation wavelength of 270 nm with the scanning range of 300-900 nm. The crystalline 

and phase analysis were determined by X-ray diffraction (XRD; Rigaku, Smartlab) using Cu-Kα 

radiation with the angles scanning of 20-80° (2θ) at 40 kV and 30mA . The approximate 

crystalline size of sample was calculated using the Scherrer equation: 

𝐷 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
  

Where D is the crystalline size, the coefficient ( K= 0. 94) , β is the full- width at half-
maximum (FWHM) of the diffraction peak of anatase phase [101], θ is diffraction angle, and λ 

is the wavelength of X-ray corresponding to the Cu Kα irradiation (λ = 1.5406 A°) 
 

1.3.1.7 Photocatalytic reaction of glucose under UV-light 

 The reaction was prepared in a mixture of distilled water and acetonitrile (10:90 v/v) 
(Colmenares et al., 2011). The prepared solution (400 ml) was transferred into a Pyrex 

cylindrical double-walled reactor. The concentration of glucose solution (1 g/l) and 

photocatalyst loading (1 g/l) were mixed together under dark condition and continuous stirring 

for 30 min to reach an absorption-desorption equilibrium. A mercury lamp 450 W (250-365 nm, 

UM-452, USHIO, Japan) located inside the reactor as a light source to irradiate the samples. 
The reaction temperature was maintained by a cooling water system at 25°C. The samples 

were taken from the photoreactor at specified times for analysis. 
 

1.3.1.8 Photocatalytic reaction of glucose under visible-light 
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 The glucose solution was prepared in a mixture of distilled water and acetonitrile 
(10:90 v/v) (Colmenares et al., 2011). The prepared solution was performed in quartz vessel with 

working volume of 3 ml. The various types of photocatalyst were presented in the 

photocatalytic reaction. The concentration of glucose solution (1 g/l) and photocatalyst loading 

(1 g/l) were mixed together under dark condition and continuous stirring for 30 min to reach 

an absorption-desorption equilibrium. The samples were irradiated under 450 W Xenon lamp 

equipped with controller (Wacom, Japan) and sharp cut-off filter (code number L38 λ>380 nm 

and L42 λ>420 nm; Hoya, Japan). The position between light source and reactor was fixed with 

10 cm. The reaction temperature was maintained at room temperature (~25°C). The samples 

were taken from the photoreactor at specified times for analysis by HPLC. 
 

1.3.1.9 Products analysis 

 The samples were taken from the photoreactor at specified times. The liquid product 

was filtered by a 0.22-μm nylon filter before analysis. The chemical products were monitored 

by a high performance liquid chromatography (HPLC, Shimadzu, LC-10AD pump, Japan) 
equipped with a refractive index detector (Shimadzu RID-10A, Japan). Separation was 

performed on an Aminex HPX-87H column (300 x 7.8 mm) (Bio-Rad, USA). The mobile phase 

was 5 mM sulfuric acid at a flow rate of 0.5 mL/min and injection volume was 20 μL. HPLC was 

used for analysis of the content of organic products and glucose conversion. 
 

 1.3.1.10 Preparation of TiO2 coated on supporter 

I. Dip coating technique 

A titanium precursor solution was prepared by mixing 4.36 ml of titanium butoxide 

with 1.26 ml of acetyl acetone under continuous stirring at room temperature which 

referred as solution A.  Then, solution B was prepared by mixing 20 ml of 2-propanol, 

15 ml of DI water and appropriate amount of non- metal ( NH3)  and metal dopant 

(AgNO3) .  After that, solution B was added dropwise to solution A under continuous 

stirring. The resultant mixture was stirred for 30 min at room temperature. Supporter 

(ceramic, and alumina ball)  was dipped into Ag-N/TiO2 sol and were remain for 2 min 

for complete adsorption of the catalyst. Then the catalyst was dried at 80°C for 30 min. 
After repeat 3 times, obtained catalysts were dried at 80°C for 24 h.  Finally, it was 

calcined in a muffle furnace at 400°C for 3 h to obtained Ag- N/ TiO2 coated on 

supporter. 

II. Aging technique 

The synthesis of Ag-N/TiO2 nanoparticles was carried out with the same procedure 

as mention before.  For aging, ceramic balls were added into solution before aging in 

the oven.  The obtained samples were dried by hot-pate at 100°C for 8 h.  Finally, Ag-
N/TiO2 coated on ceramic ball was calcined in a muffle furnace at 400°C for 3 h. 

III. Evaporation technique 

The process was performed in the same with dip coating step. Firstly, ceramic balls 

were mixed with the solution the vessel.  Then, the suspension was heated by using a 
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rotary evaporator (90 °C, 50 mbar) to evaporate the solvent.  After complete drying, it 

was calcined in a muffle furnace at 400°C for 3 h to obtained Ag-N/TiO2 coated on 

supporter. 

IV. Impregnation 

Ag-N/TiO2 powder was dispersed in ethanol and then ceramic balls were dipped 

into the suspension.  The suspension was blended to achieve well dispersion for Ag-
N/TiO2 nanoparticles on surface of ceramic balls. After that, ceramic balls were calcined 

at 400 °C for 3 h to obtained Ag-N/TiO2 coated on supporter. 

V. Dip coating with binder (Polyvinyl alcohol, PVA) 

The process was performed in the same with dip coating technique. In this step, polyvinyl 

alcohol (PVA) was added into DI water before mixing with 2-propanol. After that, solution was 

added dropwise to TiO2 precursor under continuous stirring for 30 min at room temperature. 
Ceramic balls were dipped into Ag-N/TiO2 sol and were remain for 2 min for complete 

adsorption of the catalyst. Then the catalyst was dried at 80°C for 30 min. After repeat 3 times, 

obtained catalysts were dried at 80°C for 24 h. Finally, it was calcined in a muffle furnace at 

400°C for 3 h to obtained Ag-N/TiO2 coated on supporter. 
 

 1.3.1.11 Photocatalytic reaction of dry degradation under UVC-light 

 The photocatalytic performance was evaluated by the degradation of methylene blue 
(MB) under UV irradiation. A UVC lamp (64 W, Philips brand) was used as lignin source. The 

initial aqueous solution of 100 mL MB (5 ppm) was prepared and mixed with 50 g of Ag-N/TiO2 

coated on supporter. The suspension was stirred under dark condition for 30 min to reach the 

adsorption equilibrium. To measure the MB concentration, an appropriate amount of sample 

was collected and filtered by a 0.22 µm nylon to remove the photocatalyst. The obtained 

solutions were analyzed the absorption spectra at 664 nm by using a UV-vis 

spectrophotometer (Spectrostarnano, BMG Labtech) to determine the degradation and 

concentration of MB. The recyclability of the synthesized photocatalyst was also done using 

the same procedure as mention above. 
  

1.3.1.12 Photocatalytic reaction of glucose under UVC-light 

The reaction was prepared in a mixture of distilled water and acetonitrile (10:90 v/v) 
(Colmenares et al., 2011). The prepared solution (400 ml) was transferred into a Pyrex 

cylindrical double-walled reactor. The concentration of glucose solution (1 g/l) and 

photocatalyst loading (1 g/l) were mixed together under dark condition and continuous stirring 

for 30 min to reach an absorption-desorption equilibrium. A mercury lamp 450 W (250-365 nm, 

UM-452, USHIO, Japan) located inside the reactor as a light source to irradiate the samples. 
The reaction temperature was maintained by a cooling water system at 25°C. The samples 

were taken from the photoreactor at specified times for analysis. 
 

1.3.2 Photocatalytic conversion of glucose to high value fuels and chemicals 

 TiO2 photocatalyst was synthesized by combination of sol gel and microwave with 
different concentrations of a surfactant, called CTAB. The surface morphology of the 
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photocatalyst was observed using a scanning electron microscope. It was found that the 

agglomeration of TiO2 photocatalyst decreased with increasing concentration of CTAB (Fig. 2). 
Therefore, the particle size of TiO2 decreased with increasing concentration of CTAB. This is 

due to CTAB could reduce the surface tension and made high dispersion of TiO2 precursor in 
the solution during the preparation process. In addition, CTAB could increase surface area of 

obtained catalysts, leading to high photocatalytic activity. 
 

 
 
Fig. 2. SEM images of TiO2 photocatalysts synthesized with different concentrations of CTAB. 
 

The glucose conversions of various catalysts were carried out for 120 min under UV 
irradiation (wavelength = 365 nm). The results showed that high concentration of CTAB 

resulted in high glucose conversion. The highest glucose conversion of 60% represented in 40 

CTAB/MW-TiO2. It can conclude that high concentration of CTAB toward high surface area and 

low agglomeration of TiO2, resulting in the highest glucose conversion (Fig. 3). The product 

yields of glucose conversion are shown in Fig. 4. There are 4 products of glucose conversion; 

gluconic acid, arabinose, xylitol, and formic acid. It was observed that the yields of all products 

tended to increase with increasing irradiation time. The highest conversion of 60% after 120 

min showed the yield of gluconic acid, arabinose, xylitol, and formic acid of 5%, 26%, 3% and 

25%, respectively. From the yields of products, it indicated that use of CTAB tended to give 

high yields of arabinose (Fig. 3). 
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Fig.  3.  Photocatalytic conversions of glucose with TiO2 synthesized with different 

concentrations of CTAB in MW. 

 
 
Fig.  4.  Product yields of photocatalytic conversion of glucose with TiO2 photocatalysts 

synthesized by different concentrations of CTAB. 
 

As mentioned above, high surface area can enhance photocatalytic activity. So, the use 

of support materials is of interest for modification of TiO2. The supports are expected to 

decrease agglomeration of TiO2 and increase selectivity of photocatalytic reactions. From the 

group of supports, zeolites have been reported to delocalize band gap excited electrons of 
TiO2 and thereby minimize electron-hole recombination to favor photoinduced electron-
transfer reactions. SEM images show that surface morphology of zeolite changed after TiO2 

loading. It was found that the TiO2 particles were coated on the surface (see Fig. 5) compared 
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with pristine zeolite. The TiO2 coated on surface of zeolite showed well distribution. This 

caused the reduction of the agglomeration of TiO2 nanoparticles synthesized with 
conventional process without zeolite. The catalyst size was increase when the amount of TiO2 

increased. Therefore, it was found that the specific surface area of TiO2/ZeY increase 

compared with pure TiO2.  
 

 
 

Fig. 5. SEM images (30000x) of ZeY, TiO2(5%)/ZeY(95%), TiO2(15%)/ZeY(85%), TiO2 (30%)/ZeY(70%), 
TiO2(45%)/ZeY(55%), and TiO2. 
 
 The glucose conversion and organic compound yields increased with long irradiation 
time and reached a maximum value at 120 min. The results showed that zeolite supported 

TiO2 (TiO2/ZeY) represented higher photocatalytic conversion of glucose than pristine TiO2 (Fig. 
6). However, it is distinct that the conversion rates did not increase linearly with increasing 

TiO2 content. Certainly, the highest glucose conversion was achieved at a medium loading of 

15% TiO2 (75%) (Wang, C.C. et al. 2008). The yields of gluconic acid, arabinose, xylitol, and formic 

acid were 8.0, 29, 3, and 37%, respectively.  
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Fig.  6.  Photocatalytic conversions of glucose under UV irradiation for 120 min with ZeY, 

TiO2/ZeY (5, 15, 30, and 45 %wt), and TiO2. 
 

1.3.3 Modification of photocatalyst by non-metal doping 

 
 The doping TiO2 photocatalysts was synthesized by sol gel method.  The precursors as 

boric acid, glucose, and ammonia were performed in order to presence the dopant of boron 
(B), carbon (C), and nitrogen (N), respectively.  In this study, the amount of dopants are based 

on mole ratio of titanium, which varying ratio of dopant:Ti is 0.02:1 mole. 
  

1.3.3.1 Characterization of bare-TiO2 and non-metal doped TiO2 

 SEM image of obtained photocatalyst sample are illustrated in Fig.  7.  In this part, the 

morphology appearance of bare- TiO2 and B,N- TiO2 particles were compared.  It could be 

observed that both samples have a large distribution of particle sizes. This could be described 

that the agglomeration from the synthesis in form of nanoparticles.  Although, this 

phenomenon indicated that the non-spherical shape of photocatalyst.  The dopant was no 

substantial alteration on the morphology appearance of photocatalyst. 
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Fig. 7. SEM images of photocatalyst: (a) Bare-TiO2, and (b) B,N-TiO2 

 
The surface area of modified TiO2 with non-metal are shown in Table 1.  The surface 

area remarkably increases with the presence of C, B, N, and BN, respectively.  These results 

were corresponded with the performance on glucose conversion.  The pore volume was also 

slightly increasing with the presence of dopant.  Particularly, the presence of co-doping (B,N) 
gave the highest surface area with 227.69 m2/g. Thus, high surface area indicating to improve 

the active site on photocatalyst resulted in enhance of photocatalytic activity as the results in 
glucose conversion. 
 

Table 1. The specific surface areas of non-metal doped on TiO2 

 

Samples Pore size 

(nm) 
Pore volume 

(cm3/g) 
Surface area 

(m2/g) 

Bare TiO2 5.55 0.11 77.92 

B-doped TiO2 3.99 0.15 147.37 

C-doped TiO2 4.37 0.12  109.20 

N-doped TiO2 5.47 0.21 153.04  

B,N-dopedTiO2 5.56 0.32 227.69 

  
In addition, the increasing of conversion and productivity was also corresponded with 

the results of PL measurement as shown in Fig.  8.  Typically, the photoluminescence spectra 

have been wildly studied to investigate the change in the surface state and the efficient of 
charge trapping, immigration and transferring in semiconductor nanoparticles [Shamaila, et al., 

2010] .  It was found that doping of non-metal on TiO2 resulted in decrease the intensity on PL 

measurement.  This could be described that the effective inhibited the recombination of 

electron and hole.  This lead to increase the possibility of chemical reaction between radical 

and reactant resulting in achieve the performance on photocatalytic process [Srisasiwimon, et 

al., 2018]. 
UV- vis diffuse absorbance was demonstrated the optical properties of obtained 

photocatalysts (Fig.  9.).  It was found that bare-TiO2 showed the lowest light absorption in the 
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visible legion (400-700 nm) .  The presence of dopant on TiO2 presented a slightly shift of light 

absorption.  Based on Tauc plots (Fig.  10) , the band gap energies of bare-TiO2 was calculated 

with approximate 3. 18 eV which corresponded to the typical band gap of anatase TiO2. 
Further, the narrow band gap energies of doping C, B, N, and BN on TiO2 were observed.  A 

wide absorption region led to increase the excited electron under light irradiation resulted in 
high performance on glucose conversion [Liu, et al., 2011]. 
 

 
 

Fig. 8. Photoluminescence spectra of non-metals doped TiO2 

 

 
 

Fig. 9. UV-vis diffuse absorbance spectra of non-metal doped TiO2 
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Fig. 10. Optical properties of non-metal doped TiO2 based on Tauc plots equation 

 
Typically, the different crystal phase affects the photocatalytic activity.  Among them, 

anatase phase have been reported with high performance of photocatalyst.  In this research, 

the non-metal doping on TiO2 nanoparticles was carried out at 400 ºC for 2 hours.  The phase 

characterization of photocatalyst was measured by XRD techniques and the patterns are 

shown in Fig.  11.    As the results, all of samples consist of anatase form as a unique phase.  It 
was found that the strong peak was observed with (1 0 1) plane at 2θ = 25.4º as anatase phase 

reflection.  Therefore, the average crystalline sizes of all samples were calculated by well-
known Scherrer formula as shown in Table 2.  The crystalline size of non-metal doping was 

smaller compared to bare-TiO2.  This could be ascribed that introducing of dopant would be 

affected a little distortion in the crystalline structure [Fu, et al., 2016]. 
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Fig. 11. XRD diffraction patterns of bare-TiO2 and non-metal doped TiO2 

 

Table 2. The crystalline sizes of non-metal doped TiO2 

 

Photocatalysts 
Crystal phase (%) 

Crystallite size (nm) 
Anatase Rutile 

Bare-TiO2 100 - 9.59 

B-TiO2 100 - 7.31 

N-TiO2 100 - 7.56 

B,N-TiO2 100 - 7.35 

 

1.3.3.2 The performance of non-metal doped TiO2 on glucose conversion 

The glucose conversion of non-metal doped TiO2 is shown in Fig. 12. Bare-TiO2 showed 

the conversion with 24.9% under UV-light. According to the results, the presence of non-metal 

doping (B, C, and N)  could be enhance glucose conversion compared with benchmark.  The 

single doping of nitrogen on TiO2 was improved the glucose conversion with 60.3%. In addition, 

modified TiO2 with co-doping of boron and nitrogen showed the highest glucose conversion 

up to 93.1% for 180 min (Fig.  13) .  The products yield of gluconic acid, arabinose, xylitol, and 

formic acid were 9. 0, 30. 5, 8. 9 and 47. 6% , respectively.  However, time course- change of 

product profile was almost the same for all photocatalyst. 
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Fig. 12. Photocatalytic conversion of glucose under UV irradiation for 180 min in the presence 

of non-metal doping on TiO2 

 
 

Fig.  13.  The time-course products distribution profile of glucose conversion under UV 

irradiation for 180 min B,N doped TiO2 
 

1.3.3.3 Rate of reaction on photocatalytic glucose conversion 

Table 3.  demonstrate the reaction rate of photocatalytic glucose conversion.  It could 

be seen that the bare-TiO2 showed a slight increasing of reaction rate, until retention time of 

90 min gave the highest rate of 0.9 mmol L-1 h-1. On the other hand, the doping photocatalyst 

could be enhance the performance on glucose conversion with short reaction time. The rapid 

reaction was occurred within 90 min and then slightly lower until final reaction time.  For 

example, B,N- TiO2 showed the highest reaction rate at 30 min with 3. 5 mmol L- 1 h- 1.  The 

derived products of all photocatalysts were presented in different reaction rate.  However, 

performed in batch processing showed the same characteristic of products in term of 
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selectivity for all photocatalysts as previously proposed the reaction pathway of glucose 
conversion [Payormhorm, et al. , 2017] .  Further research, the reaction will be carried out in 

photocatalytic bio- flow reactor in order to study the kinetic reaction for improving the 

selectivity and yield of derived products. 
 

Table 3. Reaction rates of non-metal doped TiO2 nanoparticles 

  

Catalyst 
Time 
(min) 

Reaction rate 
(mmol L-1 h-1) 

Products rate (mmol L-1 h-1) 
Gluconic 

acid 
Arabinose Xylitol 

Formic 
acid 

Bare- 30 0.3 0.00 0.29 0.06 1.34 

TiO2 60 0.8 0.29 0.18 0.07 0.48 

 90 0.9 0.17 0.22 0.04 0.44 

 120 0.3 0.12 0.16 0.05 0.55 

 180 0.2 0.02 0.03 0.05 0.48 

B-TiO2 30 1.9 0.35 0.86 0.15 2.38 

 60 1.5 0.07 0.45 0.21 1.28 

 90 0.4 0.08 0.58 0.14 1.40 

 120 0.6 0.06 0.43 0.12 1.36 

 180 0.7 -0.04 0.21 0.05 0.95 

N-TiO2 30 2.8 0.37 1.10 0.24 3.16 

 60 0.8 0.18 0.68 0.20 2.05 

 90 0.8 0.06 0.48 0.11 1.64 

 120 0.8 0.05 0.29 0.05 1.31 

 180 0.6 -0.07 0.25 0.07 1.26 

B,N-TiO2 30 3.5 0.92 2.09 0.58 6.74 

60 1.7 0.07 0.79 0.20 4.00 

90 1.8 -0.11 0.30 0.07 2.77 

120 0.5 -0.10 0.00 0.01 0.83 

180 0.5 -0.02 0.06 0.04 1.19 

 

1.3.4 Further extension of the catalyst design (1): Preparation of B,N-TiO2 nanofibers and 

hollow nanoribbons and Ag-loaded TiO2 nanofibers 

 

In the above section of 1.3.3, nonmetal B,N-doped TiO2 resulted in the highest catalytic 

activity for conversion of glucose (Fig. 12). In this context, we newly prepared B,N-doped TiO2 

nanofibers and B,N doped TiO2 hollow nanoribbons by electrospinning technique in order to 

improve the catalytic activity through increment of the specific surface area (viz. active site) of 

the catalyst. Further characterization and evaluations of the catalytic activity for conversion 

of glucose under the illumination of the light are still underway.  

 

 1.3.4.1 Characterization of bare-TiO2 and non-metal doped TiO2 nanofiber and 

hollow nanoribbon 
 The morphologies appearance of electrospinning technique of TiO2 nanofibers and 

hollow-nanofibers by SEM method are illustrated in Fig. 14. The first synthesized photocatalyst 

in form of nanofiber was showed in Fig. 14 (a and b). Although the nanofiber showed a smooth 
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morphology of fiber, however, a slight distribution of sizes in both of pristine and doped TiO2 
were observed. The average diameter of B,N doped TiO2 was approximately 150 µm. Further, 

the hollow-nanofiber of TiO2 and doped TiO2 was studied by coaxial nozzle electrospinning 

technique as illustrated in Fig. 14 (c and d). However, the obtained fiber was found in form of 

hollow-nanoribbon for both samples. Despite, the good morphologies of hollow-nanoribbons 

were obtained (smooth and uniform in the distribution of size). This could be further study the 

suitable condition in term of flow rate to obtain the hollow-nanofibers.  
 

 
 

Fig.  14.  SEM images of (a)  TiO2 nanofibers, (b)  BN doped TiO2 nanofiber, (c)  TiO2 nanoribbon, 

and (d) BN doped TiO2 nanoribbon. The scale bar in figures with suffix “1” is 10 µm, “2” is 5 µm, 

and “3” is 1 µm. 
 

 Fig. 15 shows the photoluminescence spectra comparison of TiO2 and B,N doped TiO2 

nanofibers. The modified photocatalyst expressed the lower PL intensity resulting in decrease 

in the recombination of electron and holes (Fig. 15a). However, the comparison of PL pattern 

of hollow nanoribbon was no substantial alteration (Fig. 15b). 
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Fig.  15.  Photoluminescence spectra of bare-TiO2 and B, N doped TiO2 (a)  nanofiber and (b) 
hollow-nanoribbon. 
  

 Fig. 16 shows the XRD patterns of the nanofiber and hollow nanoribbon. The structural 

featured obtained from XRD are summarized in Table 4. All samples showed very board peak 

with ( 1 0 1)  plane at 2θ =  25. 4º indicate anatase phase reflection.  As a result, the lower 

crystalline size of doped TiO2 both nanofiber and nanoribbon were observed.  This could be 

ascribed that the substitute of B and N in the crystalline of TiO2 [Fu, et al., 2016]. 
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Fig. 16. XRD diffraction patterns of nanofibers and nanoribbons 

 
 
 
 

Table 4. The crystalline sizes of nanofibers and nanoribbons 

 

Photocatalysts 
Crystal phase (%) 

Crystallite size (nm) 
Anatase Rutile 

TiO2 nanofiber 100 - 12.79 

B,N-TiO2 nanofiber 100 - 10.66 

TiO2 nanoribbon 100 - 10.34 

B,N-TiO2 nanoribbon 100 - 9.77 

 

 

1.3.4.2 The performance of fibrous TiO2 on glucose conversion 

Particularly, Ag-loaded TiO2 nanofibers were also prepared and applied them for 

photoconversion of glucose. Although it has not yet been optimized the conditions for 

preparation of the Ag-loaded TiO2 nanofibers in terms of the photocatalytic activity, in situ 

preparation in N2 resulted in the highest activity (Fig. 17). 
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Fig. 17. Time-course conversion of glucose under UV irradiation for 2 h with Ag-loaded TiO2 

nanofibers prepared by different techniques. 
 

1.3.5 Modification of photocatalyst by metal doping 

 
 The doping TiO2 photocatalysts was synthesized by sol gel method.  The several 

precursors were performed in order to presence the metal dopant on titanium dioxide. In this 

study, the amount of dopants are based on mole ratio of titanium, which varying ratio of 
dopant:Ti is 0.02:1 mole.  

 

1.3.5.1 Characterization of bare-TiO2 and metal doped TiO2 

According to the results in Fig.  18. , It was found that the photocatalyst in form of 

nanoparticles showed a large distribution of particles sizes due to the agglomeration of 

nanoparticles Fig.  18a.  For example, the agglomeration also found in modified photocatalyst 

(Fig. 18b). However, the dopant was no substantial effect on the morphology appearance. 
 

 
 

Fig. 18. SEM images of photocatalyst: (a) Bare-TiO2, and (b) Sr-TiO2 

 
 The surface area of modified TiO2 with metal are shown in Table 5.  All modified 

photocatalysts with metal dopant led to an increase of specific surface area and pore volume, 
while a slightly decreasing of pore size was observed. This could be found that the decreasing 
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of crystalline size was corresponding with a smaller crystalline size in XRD method.  As the 

results, the presence of Sr-TiO2 gave the highest surface area with 210.60 m2/g. This indicated 

the increasing of active site for improving the performance on photocatalytic activity 
[Payormhorm, et al., 2017]. 
 

Table 5. The specific surface areas of metal doped on TiO2 

 
Samples Pore size (nm) Pore volume (cm3/g) Surface area (m2/g) 

Bare-TiO2 5.55 0.11 77.92 

Sr doped TiO2 4.55 0.24 210.60 

In doped TiO2 3.75 0.19 202.77 

Ag doped TiO2 3.76 0.11 114.95 

Cr doped TiO2 3.78 0.12 125.31 

Cu doped TiO2 3.96 0.12 124.07 

Ni doped TiO2 4.53 0.17 147.75 

 
 
UV- vis diffuse absorbance was demonstrated the optical properties of obtained 

photocatalysts (Fig.  19.) .  It could be observed that Sr-TiO2 and In-TiO2 showed the lower light 

absorption in the visible legion ( 400- 700 nm)  compared to bare- TiO2 as benchmark.  In 

contrast, the presence of Ag, Cr, Cu, and Ni on TiO2 presented a broadly shift of light 
absorption in visible region.  The results demonstrated the potential of photocatalyst for 

further applied in solar irradiation. 
 

 
 

Fig. 19. UV-vis diffuse absorbance spectra of metal doped TiO2 

 

The photoluminescence spectra of metal doped TiO2 are demonstrated in Fig. 20. The 

PL measurement was examined to investigate the change in the surface state and the efficient 
of charge trapping, immigration and transferring in semiconductor nanoparticles [Shamaila, et 

al. , 2010] .  It could be observed that the intensity spectra of all samples were corresponded 
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with the results of the ability of light absorption. According to the results, the presence of Ag, 

Cr, Cu, and Ni on TiO2 led to decrease the intensity of PL spectra, whereas an increase in PL 
intensity with Sr and In doped on TiO2 were observed.  Typically, the decreasing an intensity 

of PL spectra indicated significantly high separation of charge carriers.  In this study, the 

presence of metal on TiO2 was no substantial correlation with the results on glucose 
conversion.  However, the proper physio- chemical properties of photocatalyst should be 

determined with the combination of several techniques. 
 

 
 

Fig. 20. Photoluminescence spectra of metals doped TiO2 

 
 The phase characterization of photocatalyst was measured by XRD techniques and the 

patterns are shown in Fig. 21.  Previous reported have been demonstrated that anatase phase 

TiO2 was a proper form for an efficient in photocatalytic reaction [Kadam, et al., 2017].  In this 

study, all of samples consist of anatase form as a unique phase.   It was found that the strong 

peak was observed with (1 0 1) plane at 2θ = 25.4º as anatase phase reflection. Therefore, the 

average crystalline sizes of all samples were calculated by well-known Scherrer formula as 

shown in Table 6. The providing value of Full-Width-at-Half-Maximum (FWHM) of Ag, In and Sr 

were 1.4546, 1.4209, and 1.1382, respectively. According to the results, the wider FWHM was 

corresponded to a decrease of crystalline size.  Therefore, the presence of metal dopant 

showed a smaller crystalline size than those of bare- TiO2.  This could be ascribed that 

introducing of dopant would be affected a little distortion in the crystalline structure [Fu, et 

al., 2016]. 
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Fig. 21. XRD diffraction patterns of bare-TiO2 and metal doped TiO2 

 

Table 6. The crystalline sizes of metal doped TiO2 

 

Photocatalysts 
Crystal phase (%) 

Crystallite size (nm) 
Anatase Rutile 

Bare-TiO2 100 - 9.59 

Sr-TiO2 100 - 5.81 

In-TiO2 100 - 6.10 

Ag-TiO2 100 - 7.41 

 

1.3.5.2 The performance of metal doped TiO2 on glucose conversion 

The glucose conversion of metal doped TiO2 is shown in Fig.  22.  The Bare-TiO2 was 

used as benchmark with glucose conversion of 24.9%. The modified photocatalyst with metal 

doping led to improve the efficiency except Cr- TiO2.  The highest glucose conversion was 

obtained in the presence of Sr-TiO2 (87.5%).  The product profile of Sr-TiO2 is shown in Fig.  23. 
The products yield of gluconic acid, arabinose, xylitol, and formic acid were 6.7, 33.7, 8.2 and 

37.4%, respectively. However, time course-change of product profile was almost the same for 

all metal doped photocatalyst. 
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Fig. 22. Photocatalytic conversions of glucose under UV irradiation for 180 min in the presence 

of metal doping on TiO2 
 

 
 

Fig.  23.  The time-course products distribution profile of glucose conversion under UV 

irradiation for 180 min Sr doped TiO2 
 

1.3.6 Modification of photocatalyst by synergistic effects of metal/nonmetal doping 

 The modification of photocatalyst in the concept of synergistic was investigated to 

improve the performance of photocatalysts on glucose conversion.  According to previous 

results, a single of nonmetal doping as nitrogen showed the good photocatalyst properties 

for single nonmetal doping resulted in the highest glucose conversion.  Thus, the nitrogen 

dopant is a representative for efficient nonmetal doping on TiO2.  In this part, the synergistic 

effects of various metals/nonmetal (nitrogen) on the physio-chemical properties were studied. 
The doped TiO2 photocatalysts were synthesized by sol gel method.  Several precursors were 

studied in order to modify the metal/nonmetal dopant on titanium dioxide.  In this study, the 
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amount of dopants are based on mole ratio of titanium, which varying ratio of dopant:Ti was 

0.02:1 mole. 

1.3.6.1 Characterization of bare-TiO2 and synergistic metal/nonmetal doped TiO2 

 The synergistic effects of metal/nonmetal doping on physio-chemical properties were 

studied.  SEM image of obtained photocatalyst sample are illustrated in Fig.  24.  The 

morphology appearance of metal/nonmetal doped TiO2 particles (Ag,N-TiO2, and Cr,N-TiO2) 

were compared with bare-TiO2.  It could be observed that all photocatalyst samples showed 

the same morphology with a random arrangement of particle sizes.  According to result, the 

large distribution in form of nanoparticle enhanced the agglomeration of samples.  Although, 

this phenomenon indicated that the non-spherical shape of photocatalyst.  The dopant was 

shown to have no substantial effect on alteration on the morphology appearance of 

photocatalyst. 

 

 

Fig. 24. SEM image of photocatalyst: (a) Bare-TiO2, (b) Ag,N-TiO2 and (c) Cr,N-TiO2. 

 

 Pore size, pore volume, and surface areas of metal/nonmetal doped TiO2 are shown in 

Table 7.  It was observed that the surface area of bare-TiO2 was 77.92 m2/g.  The surface area 

was remarkably increased in the presence of metal/nonmetal dopant. Among the synthesized 

catalysts, the Sr,N-TiO2, In,N-TiO2, and B,N-TiO2 showed the relative high surface area with 

251.97, 242.34, and 227.69 m2/g, respectively.  All modified photocatalyst showed a slightly 

increasing of pore size and pore volume compared with bare-TiO2.  However, a similar trend 

of pore size and pore volume for doping samples were observed. In this study, the high surface 

area is the main criteria which led to improved activity of the photocatalytic conversion. 
 

Table 7. The specific surface areas of metal doping on TiO2 

Samples   Pore size 

(nm) 
Pore volume 

(cm3/g) 
Surface area 

(m2/g) 

Bare-TiO2   5.55 0.11 77.92 

B,N doped TiO2   5.56 0.32 227.69 

Ag,N doped TiO2   6.73 0.26 152.42 
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In,N doped TiO2   5.74 0.35 242.34 

Sr,N doped TiO2   5.39 0.34 251.97 

Cr,N doped TiO2   5.70 0.25 174.91 

Cu,N doped TiO2   8.79 0.24 110.19 

Ni,N doped TiO2   5.28 0.21 150.98 

 

UV-vis diffuse absorbance was studied to demonstrate the optical properties of the 

obtained photocatalysts ( Fig.  25) .  It was found that the bare- TiO2 showed no significant 

absorption in the visible-light region (400-700 nm) due to a large band gap. All metal/nonmetal 

photocatalyst showed remarkable generate of light absorption in visible region.  This notable 

increase in absorbance reflected the synergism for In,N-TiO2 and Sr,N-TiO2 on property of light 

absorption characteristic of TiO2.  Further increasing with two region absorption for Cr,N-TiO2 

and Cu,N-TiO2 were observed.  Based on Tauc plots (Fig.  26) , the band gap energies of bare-

TiO2 was calculated with approximate 3.18 eV which corresponded to the typical band gap of 

anatase TiO2.  Narrower band gap energies of metal/nonmetal doped TiO2 were observed.  A 

narrow band gap led to the increase in the excited electron under light irradiation, resulting 

in improved performance of photocatalyst (Liu et al., 2011). 

 

Fig. 25. UV-vis diffuse absorbance spectra of metal/nonmetal doped TiO2. 
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Fig. 26. Optical properties of metal/nonmetal doped TiO2 based on Tauc plot equation. 

 

The photoluminescence spectra of metal doped TiO2 with the excitation wavelength 

of 270 nm are demonstrated in Fig. 27. The PL measurement was examined to investigate the 

change in the surface state and the efficient of charge trapping, immigration and transferring 

in semiconductor nanoparticles ( Shamaila et al. , 2010) .  As the results, doping of 

metal/nonmetal on TiO2 remarkable decrease on PL intensity in comparison to bare-TiO2. This 

implied that a decrease in the PL intensity could be enhance the effective of charge 

separation. 
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Fig. 27. Photoluminescence spectra of metal/nonmetal doped TiO2. 

 

In this part, the synergistic of metal/ nonmetal doping on TiO2 nanoparticles was 

carried out at 400 ºC for 2 h.  The phase characteristics of the photocatalysts were studied by 

XRD and the patterns are shown in Fig.  28.  It was found that all samples were consisted of 

anatase form as a unique phase.  It was found that the diffraction peak for all photocatalyst 

samples could be assign to TiO2 anatase phase. The specific peak of all metal dopant could not 

be found in the photocatalyst sample.  This could be ascribed with well dispersion of dopant 

on the surface of TiO2 including small amount of dopant loading (2% mole of Ti)  and its small 

size.  The average crystalline sizes of all samples were calculated by well- known Scherrer 

formula as shown in Table 8. The crystalline size of the doped TiO2 was smaller compared with 

the bare-TiO2.  According to the results, the wider FWHM was corresponded to a decrease of 

crystalline size.  This could be due to the slight distortion in the crystalline structure resulted 

from the dopants (Fu et al., 2016). No change in the 25.4˚ degrees was observed between the 

bare and doped TiO2. 

 

Fig. 28. XRD diffraction patterns of bare-TiO2 and metal doped TiO2. 

Table 8. The crystalline sizes of metal doped TiO2 

Photocatalysts 
Crystal phase (%) Crystallite size 

(nm) Anatase Rutile 

Bare-TiO2 100 - 9.59 

B,N-TiO2 100 - 7.35 
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Sr,N-TiO2 100 - 6.03 

In,N-TiO2 100 - 7.45 

Ag,N-TiO2 100 - 7.63 

 

1.3.6.2 The performance of synergistic effects metal/nonmetal doped TiO2 on 

glucose conversion 

The aim of this part is to investigate the synergistic effects of metal/nonmetal doped 

TiO2 on the performance of glucose conversion in comparison with the efficiency of single 

doped TiO2 (nonmetal or metal)  in previous results.  The efficiency of single doped TiO2 on 

glucose conversion are illustrated in Fig. 29. As the results, a nitrogen dope TiO2 was selected 

as nonmetal doping with highest performance on glucose conversion (60.3%).  Then, various 

metal (B, Ag, In, Sr, Cr, Cu, Ni) was applied as co-catalyst with nonmetal (nitrogen) to study the 

synergistic effect on glucose conversion.  The performance of synergistic photocatalysts are 

shown in Fig.  30.  However, this study showed the conversion results of photocatalyst which 

gave the performance over 50%.  It was found that Sr,N-TiO2 and In,N-TiO2 demonstrated a 

decreasing on glucose conversion compared to its single doping. This indicating no significant 

effect of synergistic was observed. On the other hand, the presence of B,N-TiO2 and Ag,N-TiO2 

showed a good synergistic to greatly enhance on glucose conversion which were equivalent 

to 93.1 and 97.7% , respectively.   However, the characteristic of products consists mainly of 

gluconic acid, arabinose, xylitol, and formic acid for all photocatalysts (Fig. 31). Moreover, the 

time course- change of product profile was almost the same for the reaction using all 

synergistic photocatalysts. 

 

Fig. 29. Photocatalytic conversions of glucose under UV irradiation for 180 min in the presence 

of single doping on TiO2. 
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Fig. 30. Photocatalytic conversions of glucose under UV irradiation for 180 min in the presence 

of synergistic metal/nonmetal doping on TiO2. 
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Fig.  31.  The time-course products distribution profile of glucose conversion under UV 

irradiation for 180 min in the presence of synergistic metal/nonmetal doping on TiO2. 

 

1.3.7 Photocatalytic conversion of glucose under visible light 

 
 In this study, the modified photocatalyst were performed under 450 W Xenon lamp 
equipped with sharp cut- off filter λ>380 nm.  The commercial of TiO2 ( P25)  was used as 

benchmark (Fig. 32). The highest glucose conversion of P25 was observed at 9 h with 62%. The 

main products were arabinose, formic acid, gluconic and xylitol with the yield of 26. 08% , 

23.36%, 10.92% and 10.42%, respectively. Further, applied material as graphitic carbon nitride 

(g-C3N4)  is a special characteristic on photocatalytic conversion in term of productivity and 

selectivity (Fig.  33).  The g-C3N4 could be enhance the conversion of 77% at 12 h.  Interestingly, 

the different main products were gluconic acid and formic acid comparing with benchmark 
(P25) .  The yield of gluconic acid, formic acid, arabinose, and xylitol were 35.2, 29.7, 8.9 and 

4.4%, respectively. However, others synthesized quantum-compound including ZAIS, AIS, CuO, 

and V2O5 were no substantial effect on the photocatalytic performance (data not shown). The 

fabricated photocatalyst will be further study on glucose conversion in order to compare the 
performance with photocatalysts nanoparticles. 
 

 
Fig. 32. Photocatalytic conversions of glucose under visible light irradiation in the presence 

of TiO2 (P25) 
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Fig. 33. Photocatalytic conversions of glucose under visible light irradiation in the presence 

of graphitic carbon nitride (g-C3N4) 
 

1.3.8 Effect of Metal (Ag, and bimetallic (Ag and Cu) loading on 30%TiO2 /ZeY 

 

In the previous section, it was found that the TiO2 coated on surface of zeolite 

(TiO2/ZeY)  showed well distribution.  This was caused by reduction of the agglomeration of 

synthesized TiO2 nanoparticles which led to increasing photocatalytic performance of TiO2. In 

this section, TiO2/ZeY was further modified with Ag, Cu, and Ag-Cu bimetallic for improvement 

of TiO2 properties and photocatalytic glucose conversion.  

 

1.3.8.1 Characterization of Ag-TiO2/ZeY photocatalyst 

Fig. 34 (A, B, C, and D) showed the SEM images of 30%TiO2/ZeY, and 0.5, 1, and 3wt.% Ag 

loading 30%TiO2/ZeY. The SEM images showed that surface morphology of 30%TiO2/ZeY Y was 

changed after Ag loading but the presence of Ag nanoparticle on the surface of TiO2/ZeY was 

not clearly observed by SEM. The Ag content contained on catalyst surface of Ag-TiO2 (30%)/ZeY 

sample was determined by EDS analysis.  The peaks of Ag were observed at 3 keV (Fig.  35) , 

which can confirm that Ag nanoparticles had been deposited onto the surface of TiO2.  The 

EDS analyses of all catalysts are presented in Table 9.  From these data, the amount of metal 

was not equal to the actual loading because EDS analysis represents only surface 

concentration. This can be caused by other factors such as layer thickness, metal cluster size, 

and surface coverage, which are strongly influence on EDS analysis.  So, the metal content 

analyzed by EDS was different from the absolute metal concentrations of the samples. 

However, the Ag content increased when Ag loading was increased in the catalyst preparation 

step.  XRD patterns of TiO2 (30%)/ZeY (undoped)  and 0.5% , 1, 3, and 5wt. %Ag loading on TiO2 

(30%)/ZeY are illustrates in Fig.  36.  All of the photocatalysts presented the strong diffraction 

peaks of anatase at 25.4°.  The characteristic peak of Ag could not be observed on the XRD 
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patterns.  This phenomenon may be ascribed to the loading of Ag which was below the 

detection limit of the instrument or high dispersion of metals on the surface of TiO2/ ZeY 

(Hlekelele et al.  2018) .  From Table 10, it was observed that the crystallite size of anatase 

decreased after Ag was loaded on TiO2 (30%)/ZeY. This can indicate that Ag loading can lead to 

the increase anatase in TiO2. The rearrangement of titanium and oxygen ions in anatase grain 

boundaries would be disturbed by the silver ions. The transferring of material in anatase grains 

could lead to increasing energy for the movement of anatase grain boundary, resulting in 

slower grain growth.  However, at 5wt% Ag loaded, the crystallite size was larger than that of 

the undoped.  It could be explained that the greater Ag content over TiO2/ZeY surface could 

enhance the growth of the crystallite size. So, the crystalline size increased with the higher Ag 

content (Jaafar et al. 2015). 

 

 

Fig. 34. SEM images (30000x) of (A)TiO2(30%)/ZeY (B) 0.5wt.% Ag-TiO2(30%)/ZeY, (C) 1wt.% Ag-

TiO2(30%)/ZeY, and (D) 3wt.% Ag-TiO2(30%)/ZeY prepared by wetness impregnation with MW. 
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Fig. 35. EDS analyses of (A) 0.5wt.% Ag-TiO2(30%)/ZeY, (B) 1wt.% Ag-TiO2(30%)/ZeY, and (C) 3wt.% 

Ag-TiO2(30%)/ZeY prepared by wetness impregnation with MW. 

 

Table 9. Atomic ratios (wt.%) of three Ag-TiO2 catalysts. 

 

Catalyst 

Intended 

metal loading 

(wt.%) 

Atomic ratio (wt.%) 

Ag Ti Al Si O 

0.5wt.%Ag-TiO2(30%)/ZeY 0.5 0.75 4.02 2.15 31.67 61.41 

1wt.%Ag-TiO2(30%)/ZeY 1 0.81 10.99 0.58 29.05 58.57 

3wt.%Ag-TiO2(30%)/ZeY 3 1.76 9.21 0.54 26.74 61.75 

 

The specific surface area, and pore volumes of TiO2/ZeY, 1 wt. %Ag-TiO2/ZeY, and 3 

wt.%Ag-TiO2/ZeY are shown in Table 11. The specific surface area was slightly decreased (from 

494.57 to 480.41 m2/g)  after the loading of Ag ion.  It could be explained bythe successful 

loading of Ag through the wetness impregnation method on the surface of TiO2/ZeY. The pore 

volume of samples was increased with increasing Ag content due to the high dispersion of Ag 

on the surface of TiO2/ZeY.  The effects of Ag doping content on the absorption threshold and 

the band gap energy of TiO2 were also examined by UV- Visible Diffuse Reflectance 

(A)

(B)

(C)
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spectroscopy. The optical absorbance spectra of pure TiO2(30%)/ZeY, 0.5wt.%Ag-TiO2(30%)/ZeY, 

1wt.%Ag-TiO2(30%)/ZeY, and 3wt.%Ag-TiO2(30%)/ZeY are shown in Fig. 37. The absorption edge 

of 0.5wt. %  Ag-TiO2(30%)/ZeY, 1wt. %Ag-TiO2(30%)/ZeY, and 3wt. %Ag-TiO2(30%)/ZeY shifted to 

longer wavelength in the UV–vis region, indicating that Ag doped TiO2/ZeY with broadened the 

absorption edge of TiO2. The band gap energy (Eg) of TiO2(30%)/ZeY, 0.5wt.%Ag-TiO2(30%)/ZeY, 

1wt.%Ag-TiO2(40%)/ZeY, and 3wt.%Ag-TiO2(30%)/ ZeY were 3.12, 3.08 and 3.05 eV, respectively, 

as shown in Table 12. It implied that when Ag doping content increased, the absorption edge 

shifted towards a longer wavelength, which affected the decrease of the band gap .  The 

shortening of band gap induced TiO2/ZeY more photocatalytic activity, due to the decrease in 

the yield of photogenerated electron–hole pairs and the increase in the photocatalytic activity 

of TiO2/ZeY (Rengaraj and Li 2006). 

 

 

 

Fig. 36. XRD patterns of doped Ag (0.5%,1%,3%, and 5%) on TiO2 (30%)/ZeY. 

 

Table 10.  Summary of crystal phases and crystallite sizes of Ag- loaded TiO2 ( 30% ) / ZeY 

synthesized by wetness impregnation with MW (A = anatase, R = rutile). 

Photocatalyst Crystal phase (%) Crystallite size (nm) 
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Undoped  A(38)/R(62) A(15.14) 

0.5% Ag A(40)/R(60) A(11.80) 

1% Ag A(42)/R(58) A(11.81) 

3%Ag A(44)/R(56) A(13.31) 

5% Ag A(45)/R(55) A(21.33) 

 

Table 11. Specific surface areas (SBET), pore volumes (Vp), and pore diameters of (1% and 3%) Ag-

loaded on TiO2 (30%)/ZeY. 

 

Photocatalyst 

N2 isotherms 

SBET (m2/g) Vp (mL/g) Pore diameter 

(nm) 

Undoped  494.57 0.30 3.68 

1% Ag 487.53 0.33 3.69 

3%Ag 480.41 0.32 3.70 

 

 

Fig. 37. UV–vis diffuse reflectance spectra of Ag-loaded on TiO2 (30%)/ZeY. 
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Table 12. Summary of characteristics of Ag-loaded TiO2 (30%)/ZeY catalyst prepared by wetness 

impregnation with MW techniques obtained from UV-vis diffuse reflectance spectra.  

Photocatalyst Wavelength (nm) Eg 

Undoped 386 3.21 

0.5 wt% Ag 389 3.19 

1 wt.% Ag 392 3.16 

3 wt.% Ag 394 3.15 

5% wt.%Ag 395 3.14 

 

1.3.8.2 Photocatalytic conversion of glucose 

 The glucose conversion on the Ag-TiO2/ZeY base catalyst was carried out for 120 min. 

The photocatalytic activity of TiO2/ZeY and Ag-TiO2/ZeY catalysts with Ag loading content 0.5, 

1, 3, and 5 wt.% are shown in Fig. 38 and the maximum yields of products are shown in Fig. 39. 

The result indicated that after 120 min irradiation time, four organic compounds were 

produced: xylitol, gluconic acid, arabinose and formic acid. The highest glucose conversion of 

96.90% and the yield of gluconic acid, arabinose, xylitol and formic acid are 3.43% , 9.97%, 

11.87% and 57.79% were obtained from 1wt.%Ag-TiO2(30%)/ZeY. It indicated that with the high 

surface area (487.53 m2/g), mixed phase of anatase and rutile (42% of anatase : 58% of rutile), 

small crystallite size (11.81 nm) and small band gap (3.08 eV) of  1wt.%Ag-TiO2(30%)/ZeY could 

promote high photocatalytic activity.  The small band gap facilitated yield of photogenerated 

electron–hole pairs increase, and electrons easily transferred (Rengaraj and Li 2006) .  It was 

reported that Ag dopant could insert into TiO2 lattice as Ag impurity state, over the valance 

band and below the conduction band of TiO2, forms in its optical band gap. For photocatalytic 

reaction of glucose under mercury lamp irradiation, electrons in valence band were excited 

to Ag impurity state, left holes in valence band, and after that these electrons were 

transferred from impurity state to conduction band.  Doping of Ag could led to the formation 

of an intermediate band that the electron can transiently stay before transfer to the 

conduction band.  This could facilitate the photoactivity in the visible light region (Sun et al. 

2010) .  On the other hand, 5wt. %  TiO2( 30% ) / ZeY enhanced the lowest glucose conversion 

because the high Ag loading might close active site of catalyst which resulted in low 

photocatalytic activity.  Furthermore, Ag might defect into the TiO2 lattice resulting in too 

many oxygen vacancies in the lattice.  Oxygen vacancies acted as recombination centers of 

generated electron-hole pairs, resulting decreased photocatalytic activity (Lv et al. 2014). 
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Fig. 38. Photocatalytic conversions of glucose under UV irradiation for 120 min with Ag-loaded 

on TiO2(30%)/ZeY catalyst prepared by wetness impregnation with MW techniques. 

 

 

Fig.  39.  Product yields of formic acid, gluconic acid, arabinose, and xylitol at 120 min with Ag-

loaded on TiO2(30%)/ZeY catalyst prepared by wetness impregnation with MW techniques. 

 

1.3.8.3 Characterization of Cu and Ag-Cu bimetallic loading TiO2/ZeY photocatalyst 
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Cu is one of the transition metals that was found to be an effective dopant for TiO2 
which could enhance the photocatalytic activity. The Cu doped TiO2/ZeY affected the crystal 

phase and the crystallite size of anatase. The comparison of XRD patterns of 1 wt.%Cu doped 

TiO2/ZeY and 1 wt.%Ag-Cu doped TiO2/ZeY, 1 wt.% Ag doped TiO2/ZeY and undoped prepared 

by wetness impregnation technique are shown in Fig. 40. The phase identification and 

crystallite size of the photocatalyst from XRD analysis are shown in Table 13. All of 

photocatalysts presented diffraction peaks of anatase but it could not observe neither the 

characteristic peaks of Cu nor those of Ag as shown in Figure 60. In addition, both of Cu-doped 

TiO2/ZeY and Ag-Cu-doped TiO2/ZeY increased crystal phase of anatase. It indicated that Cu and 

Ag-Cu bimetallic dopant inhibited phase transformation from anatase to rutile. The 

phenomena occurred due to the incorporation of Cu and Ag-Cu bimetallic into the TiO2 lattice. 

Cu2+ (0.73A ̊) and Ti4+ (0.64A ̊) have similarity in the ionic radius, so, the Cu ions can substitutional 

to replace Ti ions in TiO2 lattice and might exist in the form of Ti-O-Cu three elements around 

the anatase crystallites which possibly inhibited the transformation to rutile phase (Francisco 

et al, 2002). Moreover, the crystallites size of anatase increased after Cu and Ag doped 

TiO2/ZeY. It can be explained by metal ions doped into TiO2 lattice, which tended to present in 

the grain boundary regions or on the surface of particles which could inhibit the growth of 

TiO2 crystallites size (Christoforidis and Fernández-García 2016). 

 

 

Fig. 40. XRD patterns of doped Cu (1%) and bimetallic (1% Ag-Cu) compared with 1% Ag on TiO2 

(30%)/ZeY and undoped. 
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Table 13. Summary of crystal phases and crystallite sizes of 1% Ag, 1%Cu, and 1% Ag-Cu loaded 

TiO2 (30%)/ZeY (70%) (A = anatase, R = rutile). 

Photocatalyst Crystal phase (%) Crystallite size (nm) 

Undoped  A(38)/R(62) A(15.14) 

1% Ag A(42)/R(58) A(11.81) 

1% Cu A(40)/R(60) A(11.79) 

1% Ag-Cu A(44)/R(56) A(21.29) 

 

The Cu-doped TiO2/ZeY and Ag-Cu doped TiO2/ZeY on the absorption threshold and the 

band gap energy were also examined by UV-Visible Diffuse Reflectance spectroscopic. The UV–

visible diffuse reflectance spectra of undoped TiO2/ZeY, 1wt.% Ag- TiO2/ZeY, 1wt.% Cu- TiO2/ZeY, 

and 1wt.% Ag-Cu- TiO2/ZeY are shown in Fig. 41. The absorption spectrum for Cu, Ag and Ag-Cu 

doped TiO2/ZeY shifted to an energy region lower than the undoped TiO2/ZeY and the red shift 

of the absorbance edge toward longer wavelengths of Cu, Ag and Ag-Cu doped TiO2/ZeY which 

promoted the decrease in band gap energy of TiO2/ZeY.  Hence, the values of Eg for TiO2/ZeY, 

1wt.% Ag-  TiO2/ZeY, 1wt.% Cu-  TiO2/ZeY, and 1wt.% Ag-Cu-  TiO2/ZeY were 3.18, 3.08, 3.04, and 

3.13 eV, respectively as shown in Table 14. It indicated that Eg values decreased with loading 

metal.  The electron could be easily transferred when Cu-  TiO2/ZeY, Ag-Cu-  TiO2/ZeY have low 

band gap energy (Francisco and Mastelaro 2002) .  In addition, the inducing impurity energy 

level by doping metal (Cu, and Ag) led to separation of electron-hole pair. As the valence band 

of Cu 2+ ion is less than Ti 4+, so Cu doped TiO2 could induce oxygen vacancies, which acted as 

the active sites and could also capture the holes to restrain the recombination of 

hole−electron pairs. Hence, this resulted in high photocatalytic performance of TiO2/ZeY.  
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Fig. 41. UV–vis diffuse reflectance spectra of 1% Ag, 1%Cu, and 1%Ag-Cu-loaded on TiO2(30%)/ZeY 

(70%). 

 

Table 14. Summary of characteristics of 1% Ag, 1% Cu, and 1% Ag-Cu-loaded TiO2 (30%)/ZeY (70%) 

catalyst prepared by wetness impregnation with MW techniques obtained from UV-vis diffuse 

reflectance spectra. 

 

1.3.8.4 Photocatalytic conversion of glucose 

The photocatalytic activity of Ag-Cu-TiO2 compared to Ag-TiO2 and Cu-TiO2 catalysts 

are shown in Fig.  42.  It was found that glucose conversion with 1wt. %  Ag-TiO2/ZeY, 1wt. %  Cu-

TiO2/ZeY and 1wt.% Ag-Cu-TiO2/ZeY achieved by 96.90, 94.71, and 82.23%, respectively. Among 

them, 1wt.% Cu-TiO2/ZeY achieved lowest glucose conversion. The maximum yield of products: 

xylitol, gluconic acid, arabinose and formic acid are 12. 93% , 5. 92% , 20. 49%  and 59. 73% 

respectively. But when compared with undoped (TiO2 (30%)/ZeY), 1wt.% Cu-TiO2 present higher 

Photocatalyst  Wavelength (nm) Eg 

Undoped  386 3.21 

1% Ag  392 3.16 

1% Cu  389 3.19 

1% Ag-Cu  390 3.18 
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glucose conversion because Cu have smaller band gap than TiO2/ZeY, so the electron can 

transfer from the conduction band of TiO2/ZeY to metallic copper ion. This could facilitate the 

charge separation, and hence enhances the photocatalytic performance of TiO2/ ZeY.  The 

bimetallic Ag/Cu were studied for the purpose of increasing the efficiency of photoconversion 

of glucose.  In conclusion, the bimetallic 1 wt. %  Ag-Cu doped TiO2/ZeY present higher glucose 

conversion than 1 wt. %  Cu doped TO2/ZeY.  It can indicate that metallic Ag can promote the 

increased efficiency of Cu. The conversion efficiency by 1 wt.% Ag-Cu doped TiO2/ZeY achieved 

94.71% and the yield of gluconic acid, arabinose, xylitol and formic acid are 5.91% , 20.49%, 

12. 93% , and 59. 73%  respectively ( Fig.  43) .  Moreover, the bimetallic Ag- Cu doped TiO2/ZeY 

enhanced the highest xylitol yield of 12.93% and selectivity of 13.65%.   

 

Fig.  42.  Photocatalytic conversions of glucose under UV irradiation for 120 min with 1% Ag, 

1%Cu and 1%Ag-Cu-loaded on TiO2 (30%)/ZeY catalyst prepared by wetness impregnation with 

MW techniques. 
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Fig. 43. Product yields of formic acid, gluconic acid, arabinose, and xylitol at 120 min with 1% 
Ag, 1%Cu and 1%Ag-Cu-loaded on TiO2 (30%)/ZeY compared with TiO2 (30%)/ZeY. 
 

1.3.9 Photocatalytic performance in photo bio-flow reactor 

 
In this work, TiO2 was coated on supporter (such as glass blead, ceramic, and alumina 

ball) and used as photocatalyst in photo-bio flow reactor. Among our photocatalysts, it was 

found that Ag-N/TiO2 nanoparticles present high performance of photocatalytic glucose 

conversion. Several methods have been reported to prepare TiO2 coatings, including sol gel 

(Ranjitha et al., 2013; Liang et al., 2018), chemical vapor deposition (Quesada-González et al., 
2016), thermal spraying (Mauer et al., 2013), and impregnation (Huang et al., 2011). According 

to coating methods, sol gel and impregnation method have several advantages including 
coating on complicated surface, simple operation and low temperature. So, this work was 

focused on coating methods which base on sol gel and impregnation technique. 
 

1.3.9.1 Type of supporter 

 
In this work, ceramic and alumina balls were selected as supporter to investigate the 

suitable material for coating. Ag-N/TiO2 coated on supporter were prepared by dip coating 

method. The field emission scanning electron microscope (FE-SEM) was used to determine the 

surface morphology, catalyst morphology, and particles size. According to results (Fig. 44a and 

44b), coated on ceramic ball exhibit rough surface morphology than coated alumina ball. This 

indicates the agglomeration of Ag-N/TiO2 nanoparticles on surface. The Ag-N/TiO2 on ceramic 

ball show a smaller particles size (376 nm), while higher dispersion due to roughness surface 
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of ceramic ball compared to alumina ball. It can conclude that the ceramic ball is suitable 

supporter for coating. 

 
Fig.  44.  SEM images of (a)  Ag-N/TiO2 nanoparticles coated on ceramic ball, and (b)  Ag-N/TiO2 

nanoparticles coated on alumina ball Numbers 1, 2, 3 refer to image magnifications of 35 
(scale bar = 1mm), 10.0k (scale bar = 5 μm), and 30k (scale bar = 1 μm), respectively. 
 

1.3.9.2 Comparison of various coating techniques 

 
According to the previous section, ceramic balls were selected as supporter for finding 

the suitable coating method. In this part, Ag-N/TiO2 were coated on ceramic ball by various 

techniques (dip coating, dip coating with binder (PVA), impregnation, aging, and evaporation). 
Fig. 45 shows the SEM images of the catalyst surface with different coating method. The result 

showed that the surface of ceramic in different method were covered with Ag-N/TiO2 

nanoparticles. Dip coating method showed small particles size and some agglomeration of Ag-
N/TiO2 (Fig. 45A). Further, dip coating with binder showed a uniform of thin firm with large 

thickness because the use PVA as binder (Fig. 45B) (Conradi, M., et al. 2020). However, Ag-N/TiO2 

nanoparticles coated on ceramic ball by dip coating with binder was found with no complete 
covering on the surface. Impregnation method showed a well coating with high agglomeration 

of Ag-N/TiO2 on the surface of ceramic ball (Fig. 45C) compared with dip coating method. It was 

found that aging method showed a uniform of thin film with large thickness (Fig. 45D), 
however, cracks formation was observed due to high temperature during hydrothermal 
process. For evaporation method, a rough of surface and some aggregation of catalyst were 

also observed. From the discussion, it can be concluded that dip coating and impregnation are 

the good condition for coating because of the small particles size, and well packed on surface, 
This morphology led to high efficiency and stability of modified photocatalyst. 
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Fig. 45. SEM images of Ag-N/TiO2 nanoparticles coated on ceramic ball by (A) dip coating (B) dip 

coating with PVA, (C) impregnation, (D) aging, and (E) evaporation. Numbers 1 and 2 refer to 

image magnifications of 10.0k (scale bar = 5 μm), and 30k (scale bar = 1 μm), respectively. 
 

1.3.9.3 Photocatalytic degradation of MB 

The photocatalytic performance of Ag- N/ TiO2 immobilized on ceramic balls with 

different coating method was evaluated by the degradation of methylene blue under UVC 
light irradiation.  To reach the adsorption equilibrium, the MB solution and photocatalyst (Ag-
N/TiO2 immobilized on ceramic balls) were continuely stirred in dark condition for 30 min. The 

standard experiment (supporter without photocatalyst and photolysis)  was also carried out 

under the same conditions.  The standard experiment showed that the concentration of 

methylene blue solution remained almost the same for the whole processing.  This indicates 
the stable of methylene blue under irradiation (Fig.  46) .  According to Fig.  47, it can be clearly 

seen that Ag-N/TiO2 immobilized on ceramic balls prepared by dip coating, and impregnation 
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led to achieve performance of photocatalytic degradation of MB.  Both of dip coating and 

impregnation could enhanced the degradation of MB nearly 90%  for 360 min.  The 

impregnation method showed a high degradation of MB at 120 min and remain constant until 
360 min.  The high performance could be described that well packed and high dispersion of 

photocatalyst on ceramic ball. The excellent photocatalytic degradation of Ag-N/TiO2 prepared 

by dip coating and impregnation will be further proposed for photocatalytic glucose 
conversion. 

 
Fig.  46.  Photocatalytic degradation curves of methylene blue (5 ppm)  without photocatalyst 

under UVC. 

 
Fig.  47.  Photocatalytic degradation curves of methylene blue ( 5 ppm)  over Ag/ N- TiO2 

nanoparticles coated on ceramic ball under UVC. 
 

1.3.9.4 Photocatalytic glucose conversion under various solvent mixture 
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The photocatalytic performance of Ag-N/TiO2 immobilized on ceramic balls was further 

evaluated on photocatalytic glucose conversion.  The initial aqueous glucose concentration 

was 1 g/L. The photocatalyst (Ag-N/TiO2 immobilized on ceramic balls) were continue stirred in 
glucose solution under dark condition for 30 min to achieve the adsorption equilibrium.  The 

solvent ratio of DI water and acetonitrile was firstly studied to optimize the best condition for 
glucose conversion and product yields.  It was found that the solvent mixture of 

10%H2O/90%ACN showed the performance of photocatalytic glucose conversion of 16%, which 

achieved 4 times compared with pure DI water (Fig. 48a). The results in this study seems to be 

similar to the previous reported by other researchers ( Colmenares, J.  C. , et al 2013; 

Payormhorm et al., 2017). For product distribution at 180 min (Fig. 48b), it was found that the 

modified photocatalyst in solvent mixture of 10%H2O/90%ACN gave the yield of gluconic acid, 

arabinose, xylitol, and formic of 2.7%, 6.9%, 0.6%, and 3.6%, respectively. Arabinose is the main 

product in this reaction.  On the other hand, the product distribution of pure water showed 

the highest yield of gluconic acid, which equivalent to 2.6%.  Thus, the best solvent ratio for 

enhance high photocatalytic glucose conversion and product yield is 10%H2O/90%ACN. 

 
Fig.  48.  Photocatalytic conversions of glucose (a)  and product yields distribution (b) with Ag-
N/TiO2 immobilized on ceramic balls in different two solvents. 
 

1.3.9.5 Photocatalytic glucose conversion with different coating technique 
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The photocatalytic performance of Ag- N/ TiO2 immobilized on ceramic balls with 

different coating method (dip coating and impregnation)  were investigated by the glucose 

conversion under UVC light illumination for 360 min.  The initial aqueous glucose 

concentration was 1 g/L in a mixture of 10%H2O/90%ACN. The experiment was also carried out 

under the same conditions that mention before.  The photocatalytic glucose conversion over 

Ag-N/TiO2 immobilized on ceramic balls prepared by dip coating and impregnation method are 

demonstrated in Fig.  49.  It was observed that the impregnation method led to higher 

performance of photocatalytic activity than dip coating.  The impregnation method could 

achieve the glucose conversion of 24% for 360 min (Fig. 49a). Both coating methods showed a 

similar trend of product yield.  Arabinose and gluconic acid were the main product in this 

reaction (Fig.  49b) .  The highest yield of gluconic acid, arabinose, xylitol, and formic acid were 

8.6%, 12.0%, 1.0%, and 7.6% respectively. 

 
Fig. 49. Photocatalytic conversions of glucose (a) and yields of the products (b) with Ag-N/TiO2 

immobilized on ceramic balls coated by different methods. 
 

1.3.9.6 Recyclability 
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The recyclability of catalysts is needed to find the stability and the reusability of the 
catalyst. To achieve up-scaling applications, the photocatalytic activity was repeated for three 

consecutive batch. Fig. 50 showed the recycling process and the ability to degrade the MB over 

Ag/N-TiO2 prepared by three coating methods (dip coating, dip coating with binder, and 

impregnation). After recycling, impregnation method showed the same performance in MB 

degradation, while a slightly decrease of dip coating with binder was observed. This clearly 

indicates that Ag-N/TiO2 nanoparticles coated on ceramic balls by impregnation was selected 

for further using in photo bio-flow reactor. 

 
Fig.  50.  Recyclability of Ag/N-TiO2 nanoparticles coated on aluminum ball in photocatalytic 

degradation of methylene blue (5 ppm) using UVC as light source. 
 

1.3.9.7 Design and assembly of photo-bio flow reactor 

 

 The work involves design and assembly of the photo-bio flow prototype for up-scaling 

on sugar conversion by photocatalytic reaction.  In this study, the photo-bio flow reactor was 

designed based on the overall results in lab-scale in term of process characteristic, yield and 

selectivity of the products, and reaction kinetics.  The 3D sketch of photo-bio flow reactor is 

illustrated in Fig. 51a. According to Fig. 51b, a piping and instrument diagram is equipped with 

storage tank. magnetic pump, metering pump, photo reactor, chiller, and controls and sensors 

equipment. The photocatalytic reactor design is shown in Fig. 52. The reactor is equipped with 

light source inside covered by quartz glass.  The available space in the reactor is used for 

packing of photocatalyst with cooling jacket to control the temperature of reaction.  
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Fig. 51. Design of photo-bio flow reactor: (a) 3D sketch and (b) P&ID diagram 

(a) 

(b) 
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Fig. 52. Specific design of photo reactor  

 

1.3.9.8 List of parts and accessory equipment 

 

According to engineering design, the equipment utility for bench-scale process was 

tested for the performance that suitable for work loading and safety requirement of this 

project. 

(1) Photo reactor 

The photo reactor was used to control the rate of chemical reaction under irradiation of 

light with the characteristic of flow-through system. The design reactor was equipped with 

cooling system to control the temperature.  The photo bio-flow reactor was designed by 

ourteam and fabricated from Sp glass Co., Ltd (Fig. 53). 

Specification 

1. All equipment made from stainless steel 304. 
2. The reactor length 685 mm. 

3. Diameter of reaction area (89.5 mm), diameter include cooling area (127 mm). 

4. Diameter of inside core (32 mm), equipped with quartz glass. 

5. Feeding tube in and out. 

6. Cooling tune in and out. 
7. Side glass. 

8. Controller (220 V, single phase). 

9. UVC lamp (32W). 
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Fig. 53. Accessory equipment for the photo-bio flow reactor 

 

(2) Support equipment 

According to the progress work of each equipment shown in Table 15, the photo bio-flow 

reactor was expected to finish in July 2020 and will be test run in Q4 fiscal year 2020. 

 

Table 15 Progress work in design and assembly of the prototype photo-bio flow reactor 

List of 

Equipment 

Equipment status 

Summary 
Step 1: 

Specification 

/Quotation 

Step 2: 

Testing 

Step 3: 

Purchasing 

process 

Step 4: 

Finish 

Photo reactor     Finished 

Chiller      Finished 

Magnetic pump     Finished 

Metering pump     Finished 

Lamp and power 

control 
    Finished 

Storage tank     Finished 
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Control and 

sensor 

equipment  

    Finished 

Fitting     Finished 

Structure 

(Aluminum 

profile) 
    Finished 

Chemicals     Finished 

 
 

1.3.9.9 Assembly of photo-bio flow reactor 

 All equipment was assembled for prototype photo-bio flow reactor as illustrated in 

Fig. 54 

 
Fig. 54. Photo-bio flow reactor prototype. 
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1.3.10 Photocatalytic conversion of lignin to high value fuels and chemicals 

 Cellulose is the main component of lignocellulosic, while lignin is the second abundant 

composition. So, lignin has high potential for production of chemicals. There are many 

techniques to convert lignin to value added chemical, such as pyrolysis, gasification, and 

depolymerization. These technologies use high temperature and high energy consumption. 

So, photocatalytic is an interesting process. The photocatalytic conversion of kraft lignin 

catalyzed by P25 TiO2 under UV irradiation present various products. The main products from 

lignin conversion are 2-methyl-napthalene, 4-hhydroxy-benzaldehyde, and vanillin (Fig. 55 and 

Table 16).  

 

Fig. 55. GC-MS spectra of hydrocarbon compounds derived from photocatalytic conversion 

of kraft lignin catalyzed by P25 TiO2 under UV irradiation for 2 h and 5 h. 

Table 16. Products Obtained from Photocatalytic Lignin Conversion of Pristine TiO2 and 

TiO2/Lignin Composite Photocatalysts (Identified by GC/MS)  
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1.3.11 Combination of photocatalysis to conventional processes for enhancement of biomass 

pretreatment/hydrolysis 

 

 The pretreatment of biomass using photocatalytic process catalyzed P25 TiO2 under 

UV irradiation for 24 h was preliminary carried out. The result showed that the amounts of 

individual sugar, as well as the total sugar yields, were low in the cases of no catalyst and no 

UV irradiation. TiO2 photocatalysts could accelerate the separation of biomass compositions. 

Thus, a lot of products (native) were produced much compared with the photolysis (Fig. 56).  
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Fig. 56. Sugar digestibility yields in photocatalytic pretreatment (solvent = water) compared 

with blanks (no catalyst and/or no UV irradiation). 

1.3.12 Further extension of the catalyst design: Preparation of molecularly imprinted TiO2 

hollow nanofibers 

 According to the procedures confirmed by Roongraung et al. in 2016, we prepared 

TiO2 hollow nanofibers by electrospinning technique. SEM and TEM images of electrospun 

TiO2 hollow nanofibers are indicated in Fig. 57. 

 

Fig. 57. SEM (a, b) and TEM (c) images of electrospun TiO2 hollow nanofibers. 
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Photodegradation of methyl orange (MO) with TiO2 hollow nanofibers under the 

irradiation of uv-vis light with 500 W Xe lamp was performed. Pseudo first order kinetic 

constant (k) for degradation of MO was estimated from the time course changes of the 

absorption peak at 508 nm.  It was found that TiO2 hollow nanofibers has the highest catalytic 

activity [k = (1.57±0.03)×10-2 min-1] as compared with those of TiO2 single nanofibers 

[(1.20±0.03)×10-2 min-1] or TiO2 (P25) nanoparticles [(8.60±0.70)×10-3 min-1]. Furthermore, 

methyl red (MR)-based molecularly imprinted TiO2 hollow nanofibers were also prepared as 

follows: Polymerizable target molecule for imprinting was initially prepared with 

chlorotitanium (IV) triisopropoxide and methyl red in methanol. Thereafter, 

polyvinylpyrrolidone, acetylacetone, and titanium (IV) butoxide were mixed with the above 

solution of the polymerizable target molecule to prepare the precursor solution for shell part 

of the spinning. While mineral oil was used for core part. Electrospinning was performed with 

coaxial needles under 15 kV biased conditions. Soaking in n-octane for 6h and washing with 1

％ NH3 aqueous solution for 3h followed by the desiccation at 60 ˚C for 1d and calcination 

with raising the temperature with 10 ˚C min-1 ramping from room temperature to 600 ˚C and 

hold for 3h at 600 ̊ C in air. Optical images of the obtained fiber mats after soaking in n-octane, 

washing with 1% NH3, and calcination process were shown in Fig. 58.  

 

 

Fig.  58.  Optical images of the obtained fiber mats after soaking in n-octane (a) , washing with 

1% NH3 (b), and calcination (c). 

  

Table 17. Specific surface area and porosity of TiO2 nanoparticles (NPs), nanofibers (NFs), 

hollow nanofibers (HNFs), and MR-based molecularly imprinted hollow nanofibers (MIHNFs). 

TiO2 Specific surface area (m2 g-1) Averaged pore diameter (nm) 

NPs 45.3 9.68 
NFs 63.5 9.70 
HNFs 133.4 9.71 
MIHNFs 123.8 9.64 

 

 

   
(a) (b) (c) 
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Characterization of the specific surface area and porosity of those materials are summarized 

in Table 17. Each of four samples of NPs, NFs, HNFs, and MIHNFs indicated predominant XRD 

patterns of anatase crystalline phase. The evaluations of the photocatalytic activity for 

degradation of MO or MR are summarized in Table 18. 

 

Table 18. Pseudo first order rate constants (k) for photodegradations of MO or MR with TiO2 

NPs, NFs, HNFs, and MR-based MIHNFs. 

TiO2 k (min-1) for MO photodegradation k (min-1) for MR photodegradation 

NPs (8.60±0.70)×10-3 (1.82±0.07)×10-2 
NFs (1.20±0.03)×10-2 (2.60±0.04)×10-2 
HNFs (1.57±0.03)×10-2 (3.09±0.07)×10-2 
MIHNFs (1.69±0.06)×10-2 (3.93±0.09)×10-2 

 

In spite of similar chemical structures of MO and MR, MR-based MIHNFs shows higher 

enhancement of photodegradation activity as compared with that of HNFs without molecular 

imprinting. Therefore, molecular imprinting is effective way for formation of selective 

recognition sites against the target template of MR on the HNFs TiO2 catalyst. 

 

1.4 Conclusions 
Development of biomass conversion system in the combination with utilization of solar 

energy is an important issue to realize sustainable energy systems. That system is going to be 

constructed as “photo-bio flow reactor”. The collaborative work will provide strong platform 

technology for alternative environmentally friendly approach on conversion of biomass-

derived intermediates to value-added chemicals in integrative biorefinery. According to the 

results, the photocatalytic reaction could convert glucose to a mixture of value-added 

chemical such as gluconic acid, arabinose, xylitol and formic acid under UV-light. The surface 

modification of TiO2 by CTAB and zeolite could improve the photocatalytic activity of the 

photocatalyst. Furthermore, modification of the photocatalyst by non-metals and metals also 

enhanced the performance in terms of yield and selectivity. The fabrication technique was 

studied for improving the properties of photocatalyst. This led to the high conversion yield of 

93.1% achieved by non-metal modified TiO2 in the form of B,N-dopedTiO2. The yields of 

products obtained (gluconic acid, arabinose, xylitol, and formic acid) were 9.0, 30.5, 8.9 and 

47.6%, respectively. Compared with previous works, the yields of high value products, i.e. 

gluconic acid and xylitol, in this work (9.0 and 8.9%, respectively) were higher than our previous 

report (7.83 and 4.72%, respectively). The synergistic effects of metal/nonmetal doped TiO2 

were systematically investigated. It was observed that Ag,N-TiO2 showed the best synergistic 

effects in photocatalysis compared with the single doped samples. The presence of Ag,N-TiO2 

gave the highest glucose conversion with 97.7%. The photocatalysts in the forms of modified-

TiO2 and quantum-dot composite especially graphitic carbon nitride showed potential on 



64 
 

glucose conversion under visible-light as an alternative energy source. However, with lower 

glucose conversion yield (77% at 12 h) compared to that achieved using the UV light. In addition, 

the modification of TiO2/ZeY with metal loading were prepared by wetness impregnation 

assisted MW could lead to improved photocatalytic activity. The highest glucose conversion 

of 96.9 % were obtained from 1 wt.% Ag-TiO2(30%)/ZeY. 1wt.% Ag- TiO2(30%)/ZeY showed the 

smallest anatase crystallite size (11.81 nm), the highest SBET (487.5 m2/g), and relatively small 

band gap (3.08 eV). The use of bimetallic 1 wt.% Ag-Cu-TiO2/ZeY led to higher glucose conversion 

(94.71%) than 1 wt.% Cu doped TO2/ZeY (82.23%). In addition, the bimetallic Ag-Cu- TiO2/ZeY 

presented the highest of xylitol yield of 12.93% when compared with other samples. The photo 

bio-flow reactor has already been designed and assembled as a packed-bed reactor for 

immobilized photocatalyst which will be combined with the circulating system for controlling 

flow of reactant solution for further studies on kinetic of the reaction in order to improve the 

selectivities of the derived products. 
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2. Purpose of Collaborative Research 

The effects of climate change caused by the anthropogenic CO2 emission has increased the 
average global temperature by 1 °C above the pre- industrial level.  If this current trend is 
continued, the average global temperature is expected to inevitably elevate by 4- 5 °C by 2100. 
To slow down this global crisis, the greenhouse gas emission must be drastically reduced towards 
zero emission within this century.  These need has led to the blossom of green technological 
concepts including biorefinery and bio- energy devices where renewable resources replace the 
need for fossil fuel in the future.  The catalytic productions of carbon- based materials, biofuels, 
and biochemicals are at the heart of biorefinery industry.  The collaborative researches carried 
out by the groups in NANOTEC/NSTDA (Faungnawakij’s team) and Kyoto University (Sano’s team) 
aim to develop new and innovative knowledge on biomass conversion to useful materials and 
development of bio-energy devices. 

 In this year, 3 major research activities have been done as follows. 

 Influence of hydrogen spillover on Pt- decorated carbon nanocones for enhancing 
hydrogen storage capacity: A DFT mechanistic study 

 DFT study of catalytic CO2 hydrogenation over Pt- decorated carbon nanocones:  H2 
dissociation combined with the spillover mechanism 

 Doped- Carbon Nanohorns catalysts for efficient electrosynthesis of H2O2 from O2 
reduction 
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3. Research Outcome 

 Influence of hydrogen spillover on Pt-decorated carbon nanocones for 
enhancing hydrogen storage capacity: A DFT mechanistic study 

Nuttapon Yodsin,1 Chompoonut Rungnim,2,* Vinich Promarak,3 Supawadee Namuangruk,2 
Nawee Kungwan,4,5 Rattanawalee Rattanawan1 and Siriporn Jungsuttiwong1,*  

1Center for Organic Electronic and Alternative Energy, Department of Chemistry and Center for 
Innovation in Chemistry, Faculty of Science, Ubon Ratchathani University, Ubon Ratchathani 
34190, Thailand 

 2 National Nanotechnology Center, National Science and Technology Development Agency, 
Pathum Thani 12120, Thailand 

3School of Molecular Science and Engineering, Vidyasirimedhi Institute of Science and 
Technology, Wangchan, Rayong 21210, Thailand 

4Departments of Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai 50200, 
Thailand 

5Center of Excellence in Materials Science and Technology, Chiang Mai University, Thailand 

Reproduced from N. Yodsin, C. Rungnim, V. Promarak, S. Namuangruk, N. Kungwan, R. 
Rattanawan and S. Jungsuttiwong, Phys. Chem. Chem. Phys., 2018, 20, 21194 with permission 
from the PCCP Owner Societies. 

Abstract 

 We used density functional theory (DFT) to investigate hydrogen adsorption and diffusion 
on platinum- decorated Carbon nanocone ( Pt- CNC) .  The curvature presented in the conical 
section of CNC materials effect Pt binding stability.  The role of Pt atom as an active catalyst for 
H2 adsorption and dissociation has been investigated in perfect Pt- 4CNC and defect Pt- v4CNC 
systems.  Then, the spillover mechanism of dissociated hydrogen atom in Pt- v4CNC is explored 
via two reaction steps i) H-migration from Pt to carbon atoms and ii)  H-diffusion over C-C route 
thought out the CNC surface. Our results show that the presence of hydrogen atom on Pt catalyst 
can efficiently induced H- diffusion process through C- C surface, the Pt- H significantly facilitates 
the H- migration from C- H bonds near by the active Pt catalyst to its adjacent carbon atom with 
energy barrier < 0.5 eV under ambient conditions. Altogether, the theoretical results support the 
concept of spillover mechanism as a key role for enhancing hydrogen storage capacity of metal-
decorated CNC.  These results improve our understanding about hydrogen spillover mechanism 
and the catalytic reactions which are very important for the development of high efficient 
hydrogen storage material.  
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1. Introduction 

 Energy demand increases with population size.  Most of the energy we use comes from 
nonrenewable sources, such as coal, oil shale, oil sand, crude oil, gasoline, and natural gas.  Use 
of these resources raises environmental issues, such as toxic gas and waste emissions, and 
aquatic pollution. Associated issues include: greenhouse gas emissions, acid rain, climate change, 
and our dependency on depleting supplies of fossil fuels.  Alternative renewable energy sources 
such as wind, water, sunlight, geothermal and biomass have received attention in recent decades. 
In the future, hydrogen could join electricity as an important energy source for the fuel cell. 1 
Hydrogen energy offers an alternative technology to petrochemicals, such as gasoline. Utilization 
of hydrogen as an energy storage technology to serve as fuel requires innovation in many areas 
such as delivery, production, conversion, storage, and end- use.  Hydrogen can be generated by 
chemical reaction and stored  in liquid and gas forms, such as compressed fuel storage,2 liquid 
hydrogen storage, and solid- state conformable storage. 3 Compressed fuel cylinders use 
high-pressure, heavy equipment and offer low efficiencies for hydrogen storage.  

Carbon-based nanomaterial is one of promising materials for hydrogen storage systems.4-

31 Carbon nanohorn ( CNH)  is a carbon- based materials synthesized by using arc- discharge 
methods without the need for a catalyst. 32 CNH have two main key advantages over carbon 
nanotubes:  ( i)  the absence of toxic metal catalyst in synthesis procedure, and ( ii)  the mass 
production can occurr at room temperature. 33 The structure, synthesis, and topology of CNH as 
well as its chemistry and applications are reviewed by  N.  Karousis et al.  33.  CNH is a novel form 
of carbon which can provide a suitable support for various metals to form new carbon–metal 
nano- composite materials.  Such composites have many potential applications, including 
supercapacitors34, drug delivery35- 36, lithium ion batteries,37 biofuel cells38, energy storage 7, 8, 12, 

17-19, and solar cells39.  In terms of structural geometry, CNH is an aggregated in spherical form of 
carbon nanocones (CNCs) .  The CNC is describing as conical nanocarbon.  The shape of CNC is 
defined by declination angle of n(π/ 3)  where n is the number of pentagon at the cone tip, 33 as 
shown in Figure 1.   We note that each cone tip of CNH typically has declination angle 19° or five 
pentagon rings at the cone tips, as suggested from the TME image and theoretical study. 33, 40, 41  
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Figure 1. Representation of CNC with (a) single, (b) two, (c) three, (d) four, (e) five, and (f) six 
pentagon at cone tips, respectively.  

The physical properties of CNCs as novel substrates for hydrogen storage applications 
have attracted a great deal of interest in recent years. 8, 12, 17- 19, 42- 44 For example, Gotzias et al. 8 
investigated hydrogen adsorption on CNCs with five different cone angles by applying the grand 
canonical Monte Carlo method.  Wang et al. 45 performed hydrogen storage capacity of AlN 
nanostructures, including AlN- CNC, by using gradient- corrected density functional theory (DFT) 
and suggested that AlN nanostructure are proper for hydrogen storage under ambient conditions. 
In 2012, Ming- Liang Liao 46 explored the confinement of CNC toward hydrogen physisorption 
behaviors on open- tip CNCs by using molecular dynamics simulations.  The hydrogen 
chemisorption on CNC can be promoted by using hydrogen dissociation catalysts, such as 
transition metals.  For example, A.  S.  Shalabi et al.  18 studied hydrogen storage reactions on Ti 
decorated CNC, the results showed that Ti atoms preferentially bind with CNC at bridging sites 
between two hexagonal rings and the system can bind up to 6 hydrogen molecules, with 
adsorption energies of -1.73, -0.74, -0.57, -0.45, -0.42, and -0.35 eV per hydrogen molecule. In 
addition, Valencia et al.  22 reported hydrogen activation by 3d transition metal functionalized 
graphene and (8,0)  single- walled carbon nanotubes (SWCNT)  by using DFT calculations.  They 
found that two expected coordination modes of H2 were identified; dissociated dihydride (D) and 
molecular Kubas coordination (K).  

Enhanced hydrogen storage capacity on an adsorbent support arises by a process of 
hydrogen dissociation, followed by spillover. Hydrogen spillover has occurred as one of the most 
promising techniques for the accomplishment of high hydrogen capacity under lightweight 
materials at ambient conditions. Spillover can be defined as ‘the transport of active species that 
have sorbed or formed on a first surface, migrated onto another surface that does not sorb or 
form active species under the same conditions’47. The spillover mechanism is crucial in adsorption 
process and as a mechanistic step in heterogeneous catalysis48- 51.  It has been proposed that 
hydrogen spillover mechanism accounts for enhanced hydrogen storage capacity 52- 54. The 
hydrogen spillover mechanism comprises several steps.  Initially, a hydrogen molecule 
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coordinates on a transition metal catalyst, such as Pt, in close contact with a carbon- based 
nanomaterial.  The hydrogen molecule dissociates to form two ligated hydrogen atoms, which 
then migrate from the metal onto the substrate.  The evidence of catalytic dissociation of 
hydrogen molecules by metal nanoparticles and spillover of atomic hydrogen onto CNC was 
observed by using inelastic neutron scattering measurements in an experimental study from Liu 
et al.12. Additionally, Sano et al. 17 synthesized single-walled carbon nanohorns containing Pd−Ni 
alloy nanoparticles (Pd−Ni/ SWCNHs)  for hydrogen storage applications by using a gas- injected 
arc- in- water method.  They found that Pd− Ni alloy nanoparticles on CNHs can catalyzed H2 
dissociation and remarkable absorption occurs via the spillover effect. Event many experimental 
studies propose that the spillover effect is the key mechanism for H2 storage, the detail of the 
mechanism is still under discussion, especially for CNHs and CNCs. 
 Therefore, the aim of this work is to investigate hydrogen spillover mechanism on Pt-
decorated CNCs.  We utilize DFT calculations to explore dissociative adsorption, migration and 
diffusion of 1 to 3 adsorbed H2 molecules.  The details of spillover mechanism are provided via 
the hydrogen migration from metal to carbon support and hydrogen diffusion over C-C route. We 
anticipate that these observations improve our understanding about hydrogen spillover 
mechanism and catalytic reactions which are very important for the development of high efficient 
hydrogen storage material.  

2. Computational details 

All calculation at ground state were performed in Gaussian09 software suite.   Firstly, all 
structures were optimized using Becke’s three parameter gradient-corrected exchange potential 
combined with the Lee-Yang-Parr gradient-corrected correlation potential (B3LYP)55-57 with the 
6-31G(d,p)  basis set for C and H atoms and LANL2DZ basis set for Pt atom.  Then, energies of all 
structures were corrected by single point calculation using B3LYP functional including Grimme's 
D3 dispersion correction (B3LYP-D3)58 with  6-311G(d,p) basis set for C and H atoms and cc-pVTZ-
PP basis set for Pt atom. The details of method validation are provided in supplementary data.   

Suggesting from the CNC construction of N.  Karousis et al. 33, we created six CNCs with 
different numbers of pentagons named as xCNC where x is number of pentagon rings (x = 1 to 6). 
All models were hydrogen-free CNC edges which successfully applied in the studies related to H2 
adsorption on CNC based material18, 44.  The xCNC’ s tips sharpen when increase numbers of 
pentagons, as shown in Figure 1. After fully optimizations, we measured cone declination angles 
( see Table S1)  and obtain values in the same range with Karousis et al. 33 who calculate the 
declination angle by n(π/3) with 0 ≤ n ≤ 5, where n is the number of pentagons.  After that, the 
stability of Pt on xCNC has been investigated.  The Pt binding energy (Ebind) is calculated following 
the equation (1). 

 
𝐸௕௜௡ௗ =   𝐸௉௧ି௫஼ே஼ − 𝐸௉௧ − 𝐸௫஼ே஼   (1) 

 
where EPt-xCNC  is a total energy of xCNC with a Pt atom, EPt  and ExCNC represents the total energy 
of free single Pt atom and an isolated xCNC, respectively.  The Ebind of Pt on defective- CNC (Pt-
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vxCNC) is calculated in the same manner.  Then, the H2 adsorption is explored. The H2 adsorption 
energy (Eads) is calculated by  
 

𝐸௔ௗ௦ =   𝐸௡ுమ/௦௨௕௦௧௥௔௧௘ − 𝑛𝐸ுమ
− 𝐸௦௨௕௦௧௥௔௧௘  (2) 

 
where EH2/ surface is the total energy of hydrogen molecule adsorbed on Pt- xCNC or Pt- vxCNC 

substrate, Esubstrate represents the total energy of Pt- xCNC or Pt- vxCNC, EH2
 is total energy of 

hydrogen molecule and n is the number of H2 adsorbed on the substrate.  The average H2 
adsorption energy or Eads per H2 molecule is calculated by divide the Eads with number of adsorbed 
H2 molecules.  
 The H- spillover mechanism is divided in three steps; i)  dissociative adsorption of H on Pt 
atom, ii) H-migration from Pt to an adjacent C atom and iii) H-diffusion from C to C atoms. Here, 
all steps of spillover mechanism are explored step by step and all transition states during reaction 
pathway are verified by vibrational frequency analysis.  All atomic charges are obtained from 
Mulliken population analysis. 
 

3. Results and discussion 

3.1 Stability of Pt on carbon nanocone 

We investigated all possible adsorption sites for Pt binding on top of CNC with difference 
cone shape, Pt-xCNC structures (x = 1 to 6). The sites of interest are consisted of bridge positions 
(B:  above a C- C bond) , hollow positions (Hh:  above a hexagon and Hp:  a pentagon)  and top 
positions ( T:  above a C atom) , as illustrated in Figure S1 of the supplementary data.  From 
geometry optimization at B3LYP/6-31G(d,p),LANL2DZ, we found that the most stable Pt binding 
site on each xCNC is located at the B site, as shown in Figure S2.  From the optimized geometries, 
we recalculate the Pt binding energies from the most stable structure of each CNC model using 
single point calculation at B3LYP- D3/ 6- 311G( d,p) ,cc- pVTZ- PP level of theory as presented in 
Figure 2.  The Pt binding energies of all six xCNC models (-3.33 to -2.67 eV) are noticeable stronger 
than those of graphene (-1.86 eV).  Among all Pt- xCNC structures, Pt-4CNC has the strongest Pt 
binding energy ( - 2. 83 eV)  which corresponds to its curvature effect suggested from high 
pyramidalization angle (θP) of the carbon atoms. See more detail about the π-orbital axis vector 
(POAV) analysis for θP calculation in the supplementary data. 



 

Annual Activity Report on Japan-ASEAN Science, Technology and Innovation Platform (JASTIP),             P a g e  8 | 51 

Work Package 2 (WP2) - Energy and Environment 

 

  
Figure 2. Pt binding energy diagram of Pt-xCNC structures (x = number of pentagon on the CNC 
tip).  

The structural properties of the most stable Pt-xCNC complexes are shown in Table S3 of 
the supplementary data. The Pt atomic charges are in the range of 0.10e to 0.22e while those of 
the nearest neighbor C atom detected around -0. 31e to -0. 21e.  The results suggest that Pt 
transfers electrons to its conjugated carbon atoms.  The similar phenomena was detected in Ti-
CNC system from shalabi et al. , 18 who explain the overlap between Ti d-orbital with sp2 orbitals 
of the C-C bonds to create mixed sp2d hybridization. These charge transfer can induce Lewis acid 
characteristics of Pt leading to an active site for hydrogen adsorption.  
 Since the Pt-4CNC shows the strongest Pt binding energy, we generated the monovacancy 
on 4CNC called as Pt- v4CNC and calculated the Pt binding energy at this vacancy site.  We found 
that the Pt binding energy in Pt- v4CNC is - 7.35 eV that is much stronger than the binding in Pt-
4CNC (-3.33 eV). The Pt atom in Pt-v4CNC firmly settles down at the vacancy site with Pt-C bond 
length around 1.9 Å, as depicted in Figure 3b.  The Pt binding energy at the vacancy site is greater 
than the Pt cohesive energy ( - 5.84 eV/ atom)  59.  Thus, Pt binding at this vacancy site tends to 
prevent the metallic aggregation or formation of large metal cluster. 
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Figure 3. Geometrically optimized structures of (a) Pt-4CNC, (b) Pt-v4CNC. Mulliken charges are 
showed in box. Bond distances are in Å 

3.2 H2 Adsorption on Pt-4CNC and Pt-v4CNC 

 The H2 adsorption on Pt-4CNC is explored since it is a model with the strongest Pt binding 
energy among the six Pt-xCNC. In comparison, the H2 adsorption on Pt-v4CNC is also performed. 
In general, there are typically two modes of H2 adsorption, i.e. , D-mode (dissociated dihydride) 
and K-mode (Kubas mode) bonding. The D-mode is a η1 bonding while the K-mode identified by 
Kubas 60 occurs via η2 coordination from H2 to a metallic center with the H-H bond length of 1.0-
1.4 Å, or approximately 20% longer than its equilibrium distance of 0.74 Å.  

In this work, we found that a preferable mode for H2 molecule adsorption on Pt- 4CNC is 
the K-mode rather than the D-mode. As shown in Table 1, the Eads for H2 adsorption in K-mode is 
-1.02 eV with H-H bond length of 0.87 Å, while those of D-mode is -0.94 eV with H-H bond length 
of 1.44 Å. This result agrees well with characteristic of H2 adsorption of group 10 transition metal 
such as the Ni-doped graphene and carbon nanotube. 22 In order to find maximum H2 adsorption 
in K- mode, the adsorption capacity is investigated by increasing number of H2 molecules, as 
shown in Figure 4.  We found that the Pt- 4CNC reaches its saturation after two adsorbed H2 
molecules because the third H2 molecule cannot adsorbed on Pt atom indicated from Pt- H 
distance of 3.16 Å.  After the Pt- 4CNC is saturated with two H2 molecules, the Eads is steady at -
1.39 eV or -0.70 eV/H2. 

For Pt- v4CNC, the system reaches its maximum H2 adsorption capacity after the first H2 
molecule in K-mode. The second and third H2 molecules cannot adsorb on Pt atom and the Eads is 
steady at -0.41 eV after the first H2 adsorption.  For the adsorption in D-mode, its Eads (-0.36 eV) 
is weaker than that of the adsorption in K-mode (-0.41 eV). Therefore, the K-mode adsorption is 
preferable either for Pt- 4CNC or Pt- v4CNC.  On the top of that, the Eads values of saturated Pt-
4CNC and Pt- v4CNC is in energy window of 0.2− 0.6 eV/ H2 that is suited energy for reversible 
hydrogen storage at near standard conditions. 

61  

However, in this work we focus on the enhancement of the hydrogen adsorption by 
assuming spillover mechanism.  In this mechanism, the hydrogen molecules are first adsorbed 
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and dissociated on the surface of the metallic nanoparticles, and are next transported onto the 
surface of CNC. Therefore, we are interested in the adsorption of H2 dissociated mode (D-mode). 
Interestingly, after the H2 adsorption ( D- mode)  on the perfect Pt- 4CNC, the Pt- C bond is 
significantly elongated to be 2.22 Å. In this case, the Pt atoms may diffuse on the carbon surface 
leads to the metallic aggregation along with dramatic decrease of the hydrogen adsorption rate. 
In order to solve this problem, the defect Pt- v4CNC has been used, we found that Pt- C bond in 
the defect Pt- v4CNC decrease to 1. 92 Å after the H2 adsorption in the D- mode, see Figure 4. 
Therefore, Pt aggregation on Pt-v4CNC is prevented due to the hydrogen saturated Pt complex is 
firmly settle down at the vacancy site of the v4CNC model. 

 
Figure 4 Optimized hydrogen adsorption geometries on Pt- 4CNC and Pt- v4CNC (K-  and D-
mode of adsorptions). Carbon, platinum, and hydrogen are displayed in gray, blue, and white, 
respectively.  
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Table 1 Structural properties of hydrogen adsorption on CNC: H2 adsorbed on Pt-4CNC and 
Pt-v4CNC. Adsorption energy (Eads), bond distance between Pt atom and C atom on on Pt-
v4CNC tips (dPt-C) in Å, distance between the Pt atom and hydrogen molecules (dPt-H2) in Å, 
and H2 bond length (dH-H) in Å 

Substrate H2 adsorption Eads (eV) dPt-C dPt-H2 dH-H 

Pt-4CNC 

H2  
K-mode -1.02 2.12  1.73 0.87 

D-mode -0.94 2.22 1.56 1.44 

2H2 (K-mode) -1.39 2.09  
1.84 (1), 
1.84 (2)  

0.81 (1), 
0.81 (2) 

3H2 (K-mode) -1.44 2.09  
1.84 (1), 
1.84 (2), 
3.16 (3) 

0.81 (1), 
0.81 (2), 
0.74 (3) 

Pt-v4CNC 

 

H2 

K-mode -0.41 
1.98, 

2.03, 2.00 
1.94 0.80 

D-mode -0.36 
1.92, 

2.08, 2.08 
1.64 2.22 

2H2 (K-mode) -0.42 
1.95, 

2.02, 2.02 
1.98 (1), 
4.79 (2) 

0.79 (1), 
0.74 (2) 

3H2 (K-mode) -0.42 
1.95, 

2.02, 2.02 

1.98 (1), 
4.91 (2), 
5.13 (3) 

0.79 (1), 
0.74 (2), 
0.74 (3) 

 

3.3 H2 spillover mechanism  

 3.3.1 H2/Pt-v4CNC: hydrogen migration 
To maximize hydrogen storage capacity, metal clustering should be avoided. In Pt-v4CNC, the Pt 
strongly binds to the dangling carbons with binding energy of approximately -7.35 eV. In addition, 
after reach the maximum H2 adsorption, hydrogen- saturated Pt complex remain depositing at 
the vacancy site. For that reason, we examined spillover mechanism only in the Pt-v4CNC 
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Figure 5 Migration reaction pathway and energy profile of H2/Pt-v4CNC 
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The hydrogen spillover process involves dissociative adsorption of H atoms on Pt- based 
nanoparticles, followed by H-migration to an adjacent carbon receptor. The reaction pathway for 
the spillover of the first H2 over Pt-v4CNC is shown in Figure 5. Our calculated activation barrier, 
Ea, for H1-migration from Pt to C1 of the CNC surface is around 0.44 eV (TS1, Figure 5). This energy 
barrier is smaller than that reported for graphene ( 2. 72 eV)  11.  The calculated imaginary 
frequency for TS1 is -1023.86 cm- 1.  At the TS1 transition state, hydrogen spillover distances of 
H1- Pt and H1- C1 are 1. 81 and 1. 82 Å, respectively.   The final energy state after the first 
H-migration (IS2) is at -1.70 eV with H1-C1 bond of 1.10 Å. After H1 is completely migrated, the 
Ea for TS2 or the migration of the second hydrogen atom ( H2 atom)  is 0. 83 eV ( imaginary 
frequency of -1014.14 cm-1) with the distance of H2-Pt and H2-C2 of 1.74 and 1.53 Å, respectively. 
The final step of the migrations ( FS2)  with both hydrogen atoms separately adsorbed to the 
carbon atoms of the CNC surface gains reaction energy of around - 1. 35 eV.  Further structural 
parameters of each reaction step is provided in Table S4 in the supprementary data.  

3.3.2 H2/Pt-v4CNC: hydrogen diffusion 

 

 
Figure 6 The H-diffusion reaction partway through C-C route of Pt-v4CNC 
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Normally, the spillover process consists of two step 62.  Firstly, H atoms migrate from the 
Pt catalyst to the nearest carbon atoms.  The second is a diffusion of the migrated H atoms 
throughout the carbon support. The H-diffusion through possible C-C route of a carbon nanocone 
material surface is proposed in Figure 6 and the optimized structures at each step are shown in 
the Figure S4 of the supplementary data.  The H-diffusion process via C- C route starts from FS2 
configuration.  Then, the H1 atom diffuses from C1 to C6 via TS1cc with Ea of 1. 89 eV.  Next, the 
H1 atom migrates from C6 to C9 with Ea at TS2CC of 1.94 eV and an imaginary frequency of -
1420.79 cm-1. As shown in Figure 6, the calculated Ea for diffusion from C9 to C10, C10 to C11 and 
C11 to C12 are 1.43, 1.60 and 1.06 eV, respectively.  The Ea values are smaller when the H1 is 
diffused to the area having low curvature.  Therefore, the H- diffusion on C1, C6 and C9, which 
tend to possess more character of sp3-like hybridization, are more difficult compared with the H-
diffusion on planar carbon or sp2- like carbon atoms (C9-12) .  This phenomena is in line with the 
study from Liang Chen et al.  62 who investigated the H- migration on graphene and carbon 
nanotube. They reported that the Ea for H-migration is depending on stability of the adsorbed H. 
The weaker of hydrogen adsorption, the smaller of the Eads of H- migration.  In this work, the H-
adsorption on carbon atoms located near CNC cone tip ( e.g.  C1 and C6)  is stronger than the H-
adsorption over CNC side wall (e.g.  C10 and C11)  as a result of its curvature.  Thus, it indicates 
that the first H2 molecule is likely to be allocated on the nearest adjacent carbons of Pt because 
the strong hydrogen adsorption at the cone tip area make it difficult to diffuse H atom to the side 
wall of the CNC. 

3.3.3 Hydrogen migration and diffusion in 2H2/Pt-v4CNC 
To examine the effect of spillover mechanism, we investigate the adsorption of the 

second adsorbed H2 molecule by adding a new H2 molecule to the system called as 2H2/Pt-v4CNC. 
As shown in Figure 7, the adsorption on the new H2 (IS3) has Eads of -0.90 eV. The spillover process 
of the second H2 begins with dissociation of H2 (H3- H4) .  The migration of H3 from Pt to the C3 
atom that is an adjacent atom of Pt occurred via TS3 with a calculated activation barrier of 0.45 eV 
and an imaginary frequency of -1060.38 cm- 1.  Details of structural parameters are disclosed in 
Table S4.  

For the H4-migration, there are two possible pathways, i.e., A- and B- route as shown in 
Figure 7.  The A- route is the H4- migration from Pt to C4 that is not directly bonded to Pt (Pt- C4 
distance of 3.29 Å) .  The A- route occurs through TS4A with energy barrier of 1.34 eV and an 
imaginary frequency of -1435.35 cm- 1.  In the B-route, the H4 migrates from Pt to C1 that is the 
adjacent carbon atom of Pt atom.  In order to regenerate an available site on the C1, the H1 is 
diffused to other carbon atom (C6)  via TS4B transition state with Ea of 1.03 eV.  Compared with 
the H1 migration to C6 via TS1CC (1.89 eV) of the system with single H2 adsorption (H2/Pt-v4CNC) 
in Figure 6, the energy barrier for H-diffusion to C6 via the TS4B is significantly smaller. The data 
suggest that the second H2 molecule adsorption on Pt-v4CNC acts as an assistant to help H1 atom 
spill over into other C atom more easily. Then, the H4 is migrated from Pt to C1 with Pt-C1 bond 
distance of 1. 95 Å via TS5B transition state with small Ea of 0. 23 eV.  After the H4- migration 
through the B-route, the product (FS5B) containing four migrated H atoms is a final product and 
the reaction is exothermic with the energy of -1.18 eV. 
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Figure 7 Spillover reaction pathway and energy profile of 2H2/Pt-v4CNC 

From these results, we found two important points.  The first one is that the H4- migration 
via B- route is more preferable than A- route or one can say that the H- migration from Pt to its 
adjacent carbon atom is easier than the migration to other carbon atoms.  The second point is 
that in the presence of H4 on Pt atom as shown in IS4 make the H1-migration over C-C bond near 
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Pt catalyst more easily. The adjacent carbon atoms of Pt are re-available (C1) for an upcoming H-
migration after the diffusion of prior migrated hydrogen.  It is also imply that H atom sticking on 
Pt catalyst facilitating H-diffusion throughout CNC surface. 

3.3.4 Hydrogen migration and diffusion in 3H2/Pt-v4CNC 
We investigated the hydrogen migration process of the system with three hydrogen 

molecules (3H2/ Pt- v4CNC)  by adding new H2 adsorption on Pt atom of the FS5B structure.  As 
shown in Figure 8, adsorption of the third hydrogen molecule is name as IS6 with adsorption 
energy of - 0.76 eV.  As all three carbon adjacent (C1, C2 and C3)  to Pt atom is already full with 
hydrogen adsorptions, the spillover process of the third adsorbed H2 starts with H- diffusion 
through C- C bonds.  The first step of this pathway is the H4 atom migration from C1 to C7 atom 
via TS6 with energy barrier of 0.48 eV and an imaginary frequency of - 1177.17 cm-1.  At the TS6 
transition state, we also investigated the physical properties as demonstrated in Table S4.  The 
H4- C1 and H4- C7 distances are 1. 41 and 1. 29 Å, respectively.  Next, migration of the third 
adsorbed H2 (H5-H6) is begun with the H5- migration from Pt to C1 atom via TS7 with a simulated 
energy barrier of 0. 12 eV and an imaginary frequency of -819. 49 cm-1.  The H5- migration is 
exothermic step with an energy release of -1.05 eV. Likewise, by following the reaction pathway 
shown in Figure 8, the migrations of H6 come through TS8 and TS9 with energy barriers of 0. 82 
eV ( -1376.51 cm-1)  and 0.14 eV ( - 411.83 cm-1) , respectively.  For the structural and electronic 
properties of each transition state are showed in Table S4. The interesting point from this data is 
that the energy barriers for H-migration from Pt to C atom (TS7 and TS9) are very smaller (< 0.2 
eV). Furthermore, the H-diffusions trough C-C surface (TS6 and TS8) are easier compared to the 
H- diffusion in the other systems such as H2/ Pt- v4CNC and 2H2/ Pt- v4CNC.  Taken together, our 
results show that adsorption of the new H2 molecules induce the H-migration from Pt to C and H-
diffusion through C- C surface in the Pt- v4CNC.  Altogether, the theoretical results support the 
concept of spillover mechanism as a key role for enhancing hydrogen storage capacity of metal-
decorated CNC. 
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Figure 8 Spillover reaction pathway and energy profile of 3H2Pt-v4CNC  
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4. Conclusions 

 In summary, we investigated six standard cone shaped CNCs and calculated cone angles 
for several different configurations.  We performed DFT studies of platinum decorated CNC and 
of the H2 adsorption characteristics of these complexes.  Our calculations reveal that the most 
stable position for a Pt atom deposited locates at pentagonal bridge sites. Due to the 4-pentagon 
complex offers the greatest stability, we generate a v4CNC model with single vacancy and 
compare the Pt binding stability and H2 adsorption with the non- defective 4CNC system.  We 
found that the Pt atom is the active site for H2 adsorption.  The average hydrogen adsorption 
energy in K-mode bonding is -0.47 eV/H2 for Pt-4CNC and -0.56 eV/H2 for Pt-v4CNC. The spillover 
mechanism provides a significant improvement in hydrogen adsorption capacity for Pt-v4CNC, by 
first dissociating hydrogen molecules into atomic hydrogen, which then migrates and diffuses 
into the CNC substrate.  The H- migrations of the first two- dissociated H atoms are spontaneous 
while the next H- migrations are trigger by the adsorption of new H2 at the Pt active site.  The 
preferable sites for H- migration from Pt are the three neighboring C atoms connected to the 
metal.  Those preferable sites for H- migration are re- available via H-diffusion from C to other C 
atoms.  Our result suggest that spillover mechanism can increases the maximum number of 
hydrogen adsorption at least three H2 molecules at ambient conditions.  
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Abstract  
Carbon dioxide (CO2) , a greenhouse gas is one of the most prominent pollutants that must be 
resolved immediately.  Among the CO2 chemical conversion, formic acid (FA)  is an interesting 
value-added product used in numerous applications. For the catalytic conversion of CO2, carbon 
nanocones (CNC)  are one of the most interesting materials for CO2 hydrogenation to FA.  In this 
work, we addressed the potential catalytic role of platinum decorated on defective CNC (Pt-dCNC) 
in CO2 hydrogenation reaction to FA following equation; CO2 + H2 → HCOOH, by density functional 
theory ( DFT)  approach.  We illustrate that the combination of highly reactive Pt atoms and 
defective CNC makes the Pt- dCNC a reactive mono- dispersed atomic catalyst for CO2 

hydrogenation reaction. We propose three possible reaction pathways which are i) co-adsorption 
pathway, ii)  H2-dissociation pathway and iii)  H2-dissociation together with H-spillover pathway. 
The CO2 hydrogenation reaction via co- adsorption of CO2 and H2 is not a favorable pathway 
because of a high activation energy (1.49 eV) at the rate determining step. For the H2-dissociation 
pathway, the H-H dissociation over Pt/dCNC to generate Pt-H atoms easily undergoes with energy 
barrier only 0.09 eV and the activation energy for FA formation via Pt- formate intermediate is 
lower than the reaction processes through the Pt-carboxylate intermediate. In the H2-dissociation 
together with H-spillover pathway, the reaction mechanism starts with H2 dissociation and follow 
by a spillover of the dissociated H atom to the CNC surface before the CO2 adsorption and 
hydrogenation through the formate intermediate. Then, this Pt-formate specie can be converted 
to FA by the H2-dissociation of a new H2 molecule. The reaction in this H2-dissociation together 
with H-spillover pathway is energetically favorable with a small activation energy (0.76 eV) at the 
rate determining step.  Our results demonstrated that the rate of FA production is controlled by 
the H2 amount.  The Pt- dCNC would be a promising candidate catalytic material for the CO2 
hydrogenation reaction to FA when the system has high H2 concentration. 
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1. Introduction 

At present, the increased population, rapid development of cities, industrial activities and 
transportation have resulted in raising the level of greenhouse gases in the Earth’ s atmosphere. 
Most of the current energy utilization comes from fossil fuels such as coal, crude oil, gasoline, 
and natural gas. The main disadvantages of these fossil fuels are toxic gas emission, pollution and 
toxic wastes which are principal contributors to global warming and climate change.  Carbon 
dioxide (CO2) is the main greenhouse gas and one of the most prominent pollutants that must be 
resolved instantaneously. Elevated technologies have been applied to reduce CO2 such as carbon 
capture storage (CCS)  and carbon capture utilization (CCU)  by conversion into a value- added 
product. The most important challenge for the CCU process is to find reactive and cost-effective 
catalysts.  Therefore, a lot of effort has been made for the design and development of new 
inexpensive catalysts with high stability and efficiency for the CO2 conversion into valuable 
products such as formic acid, methane, and methanol.  Hence, the indispensable key benefit of 
the CO2 conversion is not only to decrease the amount of greenhouse gas but also to reduce fossil 
utilization in the petrochemical industry.  

Formic acid (FA)  is widely used as a principle reagent for chemical applications and also 
received considerable attention because it is related in numerous industrial application. 1- 6 
Nowadays, there are many experimental and theoretical studies have investigated the chemical 
and CO2 conversion to FA7- 24.  Recent catalytic materials for CO2 hydrogenation to FA are highly 
toxic material, expensive, easy to explore and low efficiency of CO2 conversion.1, 9, 17, 25 Therefore, 
exploring and developing a more cost-effective catalyst for CO2 conversion to FA is really crucial.  

Here, we are interested in carbon-based nanomaterial as a catalytic supporter because of 
its low cost, high purity, and high surface area. Carbon nanocones (CNCs) is a novel form of carbon 
which could act as a suitable support for various metal to form new carbon- metal 
nanocomposites. 26- 27 These composites could be used in several applications, including 
supercapacitors28, drug delivery29- 30, lithium ion batteries31, biofuel cells32, conversion and 
storage of energy33- 34, and solar cells35.  The CNCs as a new substrate for CCU application has 
attracted a great deal of interest in recent years.  Therefore, CNCs have been selected for 
investigating the catalytic reaction of CO2 conversion to FA. The perfective CNCs, there are many 
advantages, but it is inert and low efficiency to be useful for catalytic CO2 hydrogenation reaction. 
Therefore, to enhance CO2 conversion to FA, carbon nanomaterial surfaces should be decoration 
with transition metals.  

After 10 years later from the first observed, high purity single- walled carbon nanohorns 
( SWCNHs)  by using the arc- discharge study to produce materials directly used a pulsed arc-
discharge. 36 From the synthesis, the researchers found that the arc- discharge method can 
synthesize high purity of SWNHs reached higher than 90%.  For the CO2 hydrogenation by using 
metal surface, there are many kinds of transition metals have been used for CO2 hydrogenation 
such as the group 11 element. 37- 40 The experimental study of Cu- metal surface have been used 
to be an active catalyst for CO2 conversion to FA.37, 39-41 Due to the reaction mechanisms and the 
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support effects remain unclear.  Theoretical calculations can help to understand fundamental 
processes, the structures of reactants and transition state along with the catalytic path.  For 
example, the mechanisms of CO2 hydrogenation catalyzed by copper was reported by using DFT 
calculations. 41 Recently, due to metal catalysts are toxic material and more expensive, the 
theoretical study reported that the atomic copper deposited into the organic linker of the MOF-
5 can catalyze the CO2 hydrogenation to produce FA to reduce metal amount11. Sirijaraensre and 
Limtrakul14, Esrafili, M. D., et al.8, and Nguyen, L. T. M., et al.13 showed that carbon-based catalyst 
could efficiently catalyze the hydrogenation reaction of CO2 to FA.  Moreover, experimental and 
theoretical studies of other metal were also considered.  The Pt- metal and Ni- metal surface for 
CO2 hydrogenation reaction were investigated. 9, 25, 42 Concerning the cost of pure metal, the Pt- 
and Ni- doped on defective graphene for formic production were studied through CO2 
hydrogenation reaction. 8 Interestingly, in 2018, Pt nanoparticle- loaded carbon nanohorns 
(Pt/ CNHs)  materials were synthesized by using FA as a reducing agent at the mild condition. 
Comparing with commercial Pt/ C, the small size of Pt nanoparticle on Pt/ CNHs nanocomposites 
showed higher catalytic activity, electrocatalytic activity and durability in FA oxidation reactions.43 
Very recently, M.  Melchionna and coworker21 successfully synthesized inorganic 
Pd@TiO2/ carbon nanohorn electrocatalysts to convert CO2 to FA directly at thermodynamic 
equilibrium. From their study, the CNHs with transition metal can be used as a promising catalytic 
supporter for hydrogenation reaction of CO2 to FA. 
 In this work, the adsorption of CO2 and its subsequent hydrogenation reduction to FA are 
studied over Pt-doped defective CNC (Pt/dCNC) using DFT calculations. The geometry, electronic 
structure and the catalytic activity of Pt/dCNC studied and compared with other reported carbon-
based materials in details.  To the best of our knowledge, this is the first report on the 
hydrogenation reaction of CO2 molecule to FA over Pt/ dCNC material.  Our simulated results 
illustrated that the spillover mechanism on CNC can be helpful for increasing of the active site of 
Pt/ dCNC material.  Our results of this study could clarify the chemical and catalytic properties of 
metal- doped dCNC material and in designing highly efficient carbon- based catalysts for the 
conversion of CO2 to useful chemicals.  In facts, this study could be helpful for environment 
cleanly. 

2. Computational methodology 

All DFT calculations were investigated by using the Gaussian 09 programs package.  The 
optimized geometries and the frequency calculation of all complexes were performed with 
Becke’ s three parameters gradient- corrected exchange potential combined with the Lee- Yang-
Parr gradient- corrected correlation potential (B3LYP) 44- 46.  In DFT calculations, all- atom on our 
systems were calculated with the 6-31G (d, p) basis set except for the Pt atom using the LANL2DZ 
basis set. Then, energies of all structures were corrected by single point calculation using B3LYP 
functional including Grimme's D3 dispersion correction (B3LYP-D3)47 with  6-311G(d,p) basis set 
for C, O and H atoms and cc-pVTZ-PP basis set for Pt atom.  
 In this work, the CNC cluster model consists of 112 carbon atoms with four pentagon rings 
at the cone tip and hydrogen termination at the cone edge as suggested from our previous 
study. 34 The defective carbon nanocones ( dCNC)  complexes were created by removing one 
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carbon atom at the top of the cone tip. Then, a Pt atom was placed at the vacancy of dCNC called 
as Pt/ dCNC substrate.  The stability of the Pt atom on the dCNC support was calculated by the 
following equation  
 

Ebind = EPt/dCNC −EPt – EdCNC 
 
where EPt/dCNC, EPt, and EdCNC are the total energies of Pt/dCNC, Pt atom (Pt) and dCNC substrate, 
respectively. 
 The gas adsorption on Pt/ dCNC was monitored via adsorption energy ( Eads)  which 
calculated in Eq. 
 

Eads = Egas-Pt/dCNC − EPt/dCNC – Egas 
 
where Egas-Pt/dCNC, EPt/dCNC, and Egas correspond to total energies of the adsorbed gas over Pt/dCNC, 
the bare Pt/dCNC and the isolated gas, respectively. 

In the CO2 hydrogenation mechanism over Pt/ dCNC, three possible mechanisms are 
proposed. The transition state of each sequence of step was confirmed by frequency calculation, 
which showed only one imaginary frequency. The activation energy (Ea) of each step is defined in 
Eq. 

 
Ea = Etransition - Ereactant 

 

where Etransition and Ereactant represent total energies of the transition state and reactant prior to 
the transition state, respectively. 

3. Results and discussion 

 To understand the catalytic material behavior, the electronic, structural, energetic 
properties of Pt/ dCNC are investigated and discussed in detail.  From the optimized structure of 
Pt/ dCNC, the metal atom is located preferably on top of the single vacancy site of the pentagon 
on the cone to form covalent bonds with three coordinated carbon atoms, as demonstrated in 
Figure S1.  The binding energy of Pt on dCNC is about -6.60 eV with Pt-C bond length around 1.9 
Å, which is corresponding to our reported value34, 48.  Comparing with Pt cohesive energy ( 5.84 
eV/ atom) 49, the strength of Pt binding on vacancy site tend to prevent the aggregation and 
formation of Pt metal cluster. According to the Mulliken charge population analysis, the Pt metal 
atom has a positive charge of 0.618e and net charge of the dCNC is negative as a result of electron 
transferred from a Pt metal to the carbon support. Additionally, there is a strong hybridization of 
Pt and dCNC in the lowest occupied molecular orbital ( LUMO), see more details in Figure S2 of 
the supplementary data. Therefore, the Pt atom behaves like Lewis acid and it is expected to get 
a strong interaction toward CO2 hydrogenation with the adsorption mode corresponded to the 
LUMO orbital.  

In the next part, the adsorption of CO2 and H2 over Pt/ dCNC together with possible 
catalytic mechanisms for hydrogenation reaction to convert CO2 into FA will be focused. 
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3.1. Adsorption of CO2 and H2 molecules on Pt/dCNC 

To understand the mechanism of CO2 conversion to FA, we first consider the adsorption 
of individual CO2 and H2 molecules on Pt/dCNC surfaces. The position and orientation of the two 
gases are varied in order to find the most stable adsorption mode.  The most energetically 
favorable configuration of CO2, H2 and CO2/H2 co-adsorptions is demonstrated in Figure 1. 

The adsorption energy of CO2 over Pt/ dCNC is - 0. 40 eV which is stronger than its 
adsorption energy on the perfect surface of CNC ( - 0. 13 eV) .  The Pt- O intermolecular bond 
distance is around 2.68 Å as shown in Figure 1. Compared with the Pt decorated on single vacancy 
graphene (Eads = -0.33 eV8, -0.23 eV50), the CO2 adsorption energy on Pt/dCNC is slightly stronger. 
For the H2 adsorption, the H2 molecule adsorbed on the Pt metal atom with an adsorption 
energies Pt/ dCNC of - 0. 44 eV.  By comparison with CO2 adsorption on the Pt/ dCNC, the H2 
adsorption is more favorable than the CO2.  

Additionally, we also investigated the co-adsorption of the two gas molecules. As depicted 
in Figure 1, the CO2 and H2 can be co-adsorbed on the Pd/dCNC but the Pt-O and Pt-H bonds are 
slightly weaker than those of individual adsorption modes.  The Pt- O bond distance in the co-
adsorption mode is prolonged by 0.33 Å (from 2.68 to 3.01 Å). Considering on adsorption energy 
in this co- adsorption mode, the CO2 and H2 adsorption energies are - 0. 28 and - 0. 38 eV, 
respectively.  The result implies that both gas molecules can cover on the metal surface when a 
CO2/ H2 mixture has flowed as the reaction gas.  To confirm the gas adsorption, the analysis of 
frontier orbitals of gas-Pt/dCNC is investigated. As shown in Figure S3, the hybridizations between 
gas adsorbent and Pt/dCNC substrate mainly correspond to the Pt-O and Pt-H bonds, confirming 
the strong interaction of the Pt towards CO2 and H2 molecules.  

 

 
Figure 1. Optimized configurations of the gas adsorption on the Pt/dCNC surface: CO2, H2, and 
CO2/H2 co-adsorption complexes. Bond distances are in Å. 

3.2. Reaction mechanism of CO2 Hydrogenation on Pt-dCNC surface 

In this section, the reaction mechanism of CO2 hydrogenation to FA is proposed and 
investigated with three possible reaction pathways.  The first pathway is the co- adsorption 
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pathway ( route A) .  Secondly, hydrogen dissociation pathways are studied called a hydrogen 
dissociation pathway ( route B) .  Lastly, to gain more active site, the pathway with hydrogen 
spillover after hydrogen dissociation is considered ( route C) .  All possible mechanisms of CO2 
hydrogenation to FA illustrate in Figure 2. 

 
Figure 2. All possible reaction pathways of CO2 hydrogenation to FA. 

3. 2. 1 CO2 hydrogenation reaction on Pt- dCNC surface via CO2 and H2 co- adsorption 
pathway 

We endeavor to propose the CO2 hydrogenation reaction through the co- adsorption 
pathway (route A). After the co-adsorption of CO2 and H2, the CO2 hydrogenation could convert 
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CO2 molecules into FA through carboxylate intermediate as can be seen the sequence of a step 
following equation (1)-(3) 

CO2 + H2· · ·Pt/dCNC → CO2/H2· · ·Pt/dCNC   (1)  

CO2/H2· · ·Pt/dCNC → H-Pt-COOH/dCNC    (2)  

H-Pt-COOH/dCNC → HCOOH· · ·Pt/dCNC    (3) 

The optimized structures and catalytic pathway with the conversion CO2 to FA via route A 
are demonstrated in Figure 3.  At the first transition state of route A or TS1- Route A, the CO2 
molecule is hydrogenated at oxygen atom ( O1- atom)  to generate – COOH ligand (carboxylate-
intermediate) .  At the same time, the hydrogen molecule is dissociated and the bond distance 
between H1- H2 is elongated from 0. 79 to 0.95 Å.  The H1 atom is located at the middle of O1 
atom of CO2 and H2 atom with the distance of 1.34 and 0.95 Å, correspondingly.  The calculated 
activation energy barrier (Ea) for carboxyl functional group (–COOH) formation at the TS1-Route 
A, is around 1.49 eV with a single imaginary frequency around -1425.17 cm-1. The obtained energy 
barrier is in line with a value of 1.50 eV for Cu deposited graphene surface14, but it is smaller than 
the reaction on Ni/Graphene material8 (2.08 eV) by similar DFT calculations. After the TS1-Route 
A step, the carboxylate intermediate or H-Pt-COOH (INT1-Route A) is formed with relative energy 
around -0.69 eV.  Then, the H2 atom is transferred from Pt catalyst to the –COOH ligand via TS2-
Route A transition state with an energy barrier of 0.78 eV and single imaginary frequency of -
559.23 cm-1. At the TS2-Route A, the distance between C atom of –COOH ligand and H2 atom is 
decreased to form HCOOH over Pt/dCNC surface. Finally, the FA is produced on Pt/dCNC complex 
with an adsorption energy of -0.95 eV. Remarkably, the rate determining step for the CO2 and H2 

co- adsorption pathway is the formation of carboxylate intermediate at the TS1- Route A, as 
represented in Figure 3. 
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Figure 3. Catalytic reaction pathways (eV) of the Pt/dCNC for the CO2 hydrogenation 
to FA via CO2 and H2 co-adsorption pathway (route A). Distances are in Å. 
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3.2.2 CO2 hydrogenation reaction on Pt/dCNC surface via H2-dissociation pathway 

From the early section, we observed that the H2 adsorption on Pt/ dCNC is slightly 
favorable than the adsorption of CO2.  In addition, the H- H bond of the hydrogen molecule is a 
strong covalent bond with bond-dissociation energy (BDE) of 4.51 eV14. However, the hydrogen 
bond can be easily dissociated over Pt/ dCNC complex with small energy barrier ( 0. 09 eV) . 
Compared to hydrogen dissociation on other material, the H2 molecules dissociations hardly 
process over Pt-Gr (0.29 eV) as shown in Figure S6, Cu-Gr (1.31 eV)14, CoN3-Gr (0.95 eV)20, which 
is similar to the results of CO2 hydrogenation over other surfaces. 11, 14, 20, 51 Hence, the CO2 
hydrogenation reaction on Pt/ dCNC surface via hydrogen dissociation pathway (called Route B) 
is very attractive.  In this pathway, we found that there are two possible pathways.  The first one 
is pathway with carboxylate intermediate (-COOH; Route B1) and another one occurs via formate 
intermediate ( - OOCH; Route B2)  as disclosed in the following equations.  These possible 
mechanisms are also reported in the CO2 hydrogenation over Cu-alkoxide-functionalized MOF11, 
alkali metal zeolites52, Cu-graphene14.  

H2 + Pt-dCNC → H-Pt-H/dCNC    (4) 

CO2 + H-Pt-H/dCNC → CO2 · H-Pt-H/dCNC    (5) 

CO2 · H-Pt-H/dCNC → HOOC-Pt-H/dCNC    )6.1); Route B1 

CO2 · H-Pt-H/dCNC → HCOO-Pt-H/dCNC    )6.2); Route B2 

HOOC- or HCOO-Pt-H/dCNC → HCOOH· ·Pt-dCNC   (7) 

As shown in Figure 4, the CO2 hydrogenation through the Route B pathway starts with 
hydrogen molecule adsorption over the Pt atom on Pt/ dCNC.  So, this configuration is set as the 
initial state ( H2- Pt/ dCNC) .  Next, the hydrogen molecule is dissociated via the TS1- Route B 
transition state which is an almost barrierless reaction (0.09 eV) with a single imaginary frequency 
of - 953. 83 cm−1.  After hydrogen dissociation step, the bond distance between the hydrogen 
atoms of H2 is noticeably increased from 0. 80 to 2. 18 Å at the INT1- Route B intermediate. 
Afterward, the CO2 is subsequently adsorbed on the platinum hydride species over CNC surface 
named as CO2-INT1-Rounte B. 

In the Route B1 or carboxylate intermediate, the CO2 molecule bend to interact with H1 
atom and form the carboxylate- species via TS2- Route B1.  The formation of carboxylate- 
intermediate requires a high energy barrier of 2.91 eV. Subsequently, the H2 is transferred from 
Pt to the carbon of the -COOH moiety through the TS3-Route B1 with an activation energy of 0.78 
eV. The observed TS2-Route B1 and TS3-Route B1 are confirmed by the frequency analysis with 
one imaginary frequency of -1,765.73 and -559.23 cm−1, respectively.  Form this result, the CO2 
hydrogenation on Pt/ dCNC hardly occur through carboxylate intermediate in the hydrogen 
dissociation pathway. 

In formate intermediate or Route B2, the formate intermediate ( - OOCH)  is generated 
through the TS2- Route B2 transition state with an activation energy of 0. 66 eV.  Frequency 
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calculation demonstrates one imaginary frequency at -106.55 cm−1 in the direction related to the 
movement along the reaction coordinate. At transition state, the C-H1 is formed simultaneously 
with the bond distance of C-H1 and Pt-H1 around 1.37 and 1.84 Å, respectively. Finally, the FA is 
formed via TS3- Route B2 with an energy barrier of 1.15 eV.  Therefore, the CO2 hydrogenation 
reaction over Pt/ dCNC catalyst via formate intermediate is more favorable than carboxylate 
intermediate, which is in good agreement with the CO2 hydrogenation reaction on Faujasite-
supported Ir4 Clusters23.  

 

 

Figure 4.  The energy profile, optimized geometries of the initial states, transition 
states, and final state ( FS)  for CO2 hydrogenation reaction on Pt/ dCNC surface via H2-
dissociation pathway (route B). All distances are in Å. 
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3.2.3 CO2 hydrogenation reaction on Pt/dCNC surface via H2-dissociation together with 
H-spillover pathway  

Another pathway for CO2 hydrogenation reaction to FA over Pt/ dCNC surface is carried 
out by considering the hydrogen spillover mechanism suggested from our previous work34.  The 
energetic profile of this mechanism was investigated as presented in Figure 6.  Following 
introductory reaction step proposed by J.  Sirijaraensre and J.  Limtrakul in 201614, the CO2 
hydrogenation to FA over Pt/ dCNC complex through the H2- activated intermediate is 
demonstrated in the following equations: 

H2··· Pt/dCNC → Pt-H/H-dCNC     (8) 

CO2 + Pt-H/H-dCNC→ CO2··· Pt-H/H-dCNC   (9) 

CO2··· Pt-H/H-dCNC → HOOC-Pt/H-dCNC    (10.1) ; route B1S 

CO2··· Pt-H/H-dCNC → HCOO-Pt/H-dCNC    (10.1) ; route B2S 

HOOC- or HCOO- Pt/H-dCNC → HCOOH··· Pt/dCNC   (11) 

The hydrogen molecule can be dissociated over Pt/dCNC material and generated a metal-
hydride in the INT1- Route B intermediate, as mention earlier.  After the hydrogen dissociation 
step, the hydrogen spillover from the Pt to three neighbor carbons (marked as ‘C1’, ‘C2’ and “C3” 
in Figure S4) is explored. From our calculations, the energy barrier for H-spillover to C1, C2, and 
C3 are 0.76, 0.92 and 0.92 eV, respectively. Thus, the H-spillover to C1 via TS2-Route BS transition 
state is selected for further reaction step. After the H-spillover, the C-H is formed on dCNC called 
as INT2-Route BS.  
 Then, the CO2 is adsorbed to the complex system named as CO2- INT2- Route BS with the 
adsorption energy of -0.45 eV. Following the formic reaction partway, the CO2 hydrogenation is 
proposed through the –OOCH intermediate. At the TS3-Route B2S transition state, the H2 atom 
on metal hydride is elongated from 1.63 to 1.79 Å and form a covalent bond with the carbon 
atom of the CO2 molecule. The activation energy of –OOCH formation was 0.64 eV as illustrated 
in Figure 6.  Moreover, the single imaginary frequency of this transition state was calculated, 
which is - 584. 76 cm- 1.  After that, the format intermediated ( INT3- Route B2S)  is created. 
Comparing with CO2 hydrogenation without H spillover step, the activation energy for the 
formation of format intermediate slightly decreases from 0.66 eV to 0.64 eV.  
This evidence suggests that hydrogen spillover mechanism can facilitate the CO2 hydrogenation. 
Further details corresponding to the adsorption property of CO2 gas as depicted in Figure 5 and 
Table 1.  

Considering of the effect of hydrogen spillover mechanism for CO2 adsorption reaction, 
the results show that the first hydrogen spillover into the dCNC surface can increase adsorption 
energy of CO2 molecule from - 0.37 eV to - 0.45 eV.  Supported by Pt- O distance, the Pt- O bond 
distance of CO2-INT1-Route BS structure is 2.52 Å, while the Pt-O distance of CO2-INT1-Route B is 
2.55 Å that is a little bit larger than CO2- INT1- Route BS intermediate.  The strong interaction 
between gas adsorbed on the substrate can reduce the energy barrier of formate intermediate 
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formation.  From the best of our knowledge, we can conclude that Pt/ dCNC is increased active 
site by spillover one hydrogen atom into the CNC surface after hydrogen molecule dissociation 
for CO2 hydrogenation reaction. 

 

 
Figure 5. CO2 adsorption properties of with and without hydrogen spillover mechanism over 
the Pt/dCNC surface. Distances are in Å. 

 

Table 1. The effect of hydrogen spillover mechanism for CO2 adsorption 

System 
CO2-INT1-Route B 

structure 
CO2-INT1-Route BS 

structure 

Eads (eV) -0.37 -0.45 

Ea (eV) 0.66 0.64 

d(Pt-O) 2.55 2.52 

d(C-H) 2.99 3.20 
Note: Distances are in Å; Energy barrier of formate formation (Ea) 

At the INT3- Route B2S intermediate, the format intermediate arranges in bidentate 
orientation with the distances between Pt- O1 and Pt- O2 of 2.27 and 2.26 Å, respectively.  The 
format intermediate in the INT3-Route B2S is quite stable with relative energy of -2.49 eV.  For 
the formic formation from the INT3- Route B2S intermediate, two possible pathways are 
proposed as demonstrated in Figure 6-8. 

The first one is the FA formation via the protonation from C- H1 on dCNC to an oxygen 
atom of HCOO– ligand via TS4-Route B2S. The bond distance between H1 atom and C1 atom on 
the surface is elongated from 1.10 to 1.55 Å and H1 atom interacted with O1 atom of – OOCH 
intermediated with a distance of 1.14 Å.  The transition state has one imaginary frequency of -
949.95 cm−1. We found that the barrier of TS4-Route B2S transition step is 2.24 eV, which is the 
rate-determining step of the CO2 hydrogenation reaction in the Route B2S.  
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Figure 6.  Energetic profile in eV of the Pt/ dCNC surface for the CO2 hydrogenation to FA 
through route B2S and C pathways. Distances are in Å. 

 

Figure 7. Structural properties of hydrogen dissociation and spill over on the Pt/dCNC for 
formic production by using the CO2 hydrogenation reaction via route BS mechanism. 
Distances are in Å. 
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To reduce the rate-determining step, a new pathway for the FA formation is proposed by 

adding the second hydrogen molecule (Route C) with the following sequence of reaction steps: 

H2 + HCOO-Pt/H-dCNC → H2··· HCOO-Pt/H-dCNC  (12) 

H2··· HCOO-Pt/H-dCNC → HCOOH···Pt-H/H-dCNC   (13) 

After hydrogen spillover step and the format intermediate formation, the Pt on Pt/ dCNC 
is available for the approach of the second hydrogen molecule. As shown in Figure 8, the second 
hydrogen molecule is weakly adsorbed with –OOCH group on Pt-dCNC complex (-0.20 eV). At the 
TS4-Route C transition state, the H3-H4 bond length is elongated from 0.75 to 0.90 Å, while the 
intermolecular of H3-O1 and Pt-H4 distances are decreased to 1.44 and 1.87 Å, respectively. The 
data confirms a dissociation of the second hydrogen and a forming of FA with a single imaginary 
frequency of -499.68 cm−1 at the transition state. As illustrated in Figure 6, the activation energy 
of TS4-Route C is 0.38 eV. The energy barrier via the TS4-Route C transition state is much lower 
than the calculated barrier from the direct hydrogenation of formate over the Cu(1 1 1)  surface 
(Ea= 0.91 eV)17, over the Cu-MOF-5 (Ea= 0.79 eV)11 and over the Cu doped graphene (Ea= 0.50 
eV)14. 

 

Figure 8. Structural properties of FA production on the Pt/dCNC by using the CO2 hydrogenation 
reaction via route C mechanism. Distances are in Å. 

From these results, we can suggest that the FA production on Pt/ dCNC would be 
generated through the second hydrogen dissociation on HCOO- Pt/ dCNC rather than direct H-
transfer from the hydrogenated dCNC surface (H1 atom).  When the FA is released, the catalyst 
component (Pt-H/H-dCNC) is similar to the INT2-Route BS complex, which is suddenly used as a 
catalytic active site for CO2 hydrogenation to FA in the next cycle. Our results demonstrated that 
the rate of FA production is controlled by H2 amount.  At the high H2 ratio, the FA is accelerate 
produced via second H2 dissociation through TS4- Route C transition state requiring activation 
energy only 0.38 eV.  For the next cycle of FA production, the rate- determining step is formate 
production step via route B2S having activation energy only 0.64 eV, see the catalytic cycle in 
Figure 2. From our calculated results, the Pt/dCNC is a reactive catalyst for the CO2 hydrogenation 
to FA via the proposed reaction pathway. 
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4. Conclusion 

 The Pt decorated over defective 4 pentagon carbon nanocone (Pt/ dCNC)  is a candidate 
catalytic material for CO2 transformation to FA. The reaction in CO2 and H2 co-adsorption pathway 
has a high energy barrier of 1. 49 eV.  Interestingly, we found that the hydrogen dissociation 
generating metal hydride easily occurs with an energy barrier only 0. 09 eV.  Therefore, the 
hydrogen dissociation over Pt/ dCNC before the CO2 hydrogenation are investigated.  Our 
calculations show that the CO2 hydrogenation in hydrogen dissociation pathway through formate 
intermediate is more favorable than the carboxylate intermediate.  However, the rate-
determining step of CO2 hydrogenation in hydrogen dissociation pathway with formate 
intermediate requires a high activation energy of 1.15 eV. To reduce such high activation energy 
of the reaction, the hydrogen dissociation together with hydrogen spillover is considered as 
alternative reaction pathway.  In this new pathway, the dissociated hydrogen is spillover to the 
carbon surface of dCNC and promotes the CO2 hydrogenation via the formate intermediate. The 
insertion of the second hydrogen molecule significantly facilitates the FA formation in this new 
pathway with a small activation energy of 0.38 eV.  Taken together, the Pt/ dCNC catalyst is a 
reactive catalyst for the FA production when the reaction process via the hydrogen dissociation 
together with hydrogen spillover mechanism.  
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Abstract 

Hydrogen peroxide (H2O2) is one of the most important oxidizing agents utilized 
worldwide in many industrial applications. The complexity of the anthraquinone process, which 
is the current method of industrial H2O2 production, and the instability of H2O2 limit the use of 
this chemical in remote areas. An electrosynthesis process is a promising method for 
decentralized production of H2O2, enabling on-site generation from the two-electron reduction 
reaction of O2. To achieve an economically-viable process, an active, stable, scalable, and 
selective electrocatalyst is required. Carbon-based catalysts are promising for this reaction due 
to their high selectivity, low cost, and highly tunable surface properties. Among the reported 
carbon-based catalysts, carbon nanohorns (CNH) catalyst exhibits superior selectivity and 
activity, as well as exceptional stability in wide range of pH. While the chemical modification 
seems to play an important role in enhancing the selectivity, the effects of O and N dopants in 
CNH catalysts are not well understood. Herein, we present a highly active and selective catalyst 
for O2 reduction reaction (ORR) to H2O2 based on CNH, synthesized by gas-injected arc-in-water 
(GI-AIW) method. The effects of O and N dopants by chemical modifications of CNH are 
investigated. Using x-ray photoelectron spectroscopy (XPS) and Near-edge x-ray absorption fine 
structure (NEXAFS), the dopant species were identified, shedding insights onto the active sites 
for H2O2 production on CNH catalysts.  

Keywords: Hydrogen Peroxide, Oxygen reduction reaction, Carbon Nanohorns, Surface 
modification, Electrosynthesis 

Introduction 

Hydrogen peroxide (H2O2) is one of the most important chemicals produced worldwide 
with a global market of 4.5 million metric tons per year in 2014.1 H2O2 is a strong oxidizing agent 
and is employed as an oxidizer or a bleaching agent in many industrial applications such as pulp 
paper mill, textiles, pharmaceutical manufacturing and healthcare, paint and polymer 
production, and semiconductors. The current method for production of H2O2 is the 
anthraquinone process, which is highly energy-consumed and limited to large-scale facilities. The 
complexity of the anthraquinone process and the instability of H2O2 limit the use of H2O2 in 
remote areas. Hence, there is an increasing interest in a small-scale decentralized production 
process of H2O2.2 
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One promising method for decentralized H2O2 production is an electrochemical 
reduction process in which H2O2 can be generated on-site from the two-electron reduction 
reaction of O2 (eq. 1). In order to lower the energy intensity of the system, an active, stable, and 
scalable electrocatalyst that is also selective towards two-electron reduction over a four-electron 
reduction product (eq. 2) is required.3  

 

O2 + 2e- + 2H+ → H2O2   E° = 0.70 V vs. RHE  (1) 

O2 + 4e- + 4H+ → 2H2O   E° = 1.23 V vs. RHE  (2) 

 

The reaction for H2O2 production is an intermediate reaction step of the four-electron 
transfer process. The sole reaction intermediate of the H2O2 production is *OOH species, which 
can be oxidized further to form *O and *OH intermediates for the four-electron transfer process. 
It was theoretically postulated that the *OOH preferentially binds to a top site of a Pt atom, while 
*O would bind to a hollow site between two Pt atoms. This idea was experimentally confirmed 
with a PtHg4 material, in which Pt atoms are physically isolated by inert Hg atoms, making it less 
favorable for *O to form. As a result, the catalyst exhibited the highest selectivity of 96% at 50 
mV overpotential.4 Several other catalysts such as Pt-Au, Pt-Sn, and Ag3Pt were designed using a 
similar concept and demonstrated good activity and selectivity for H2O2 production. However, all 
of the high performing catalysts contain noble metals, which is less industrially scalable from a 
cost perspective.  

Another class of material that is promising for electrochemical H2O2 production from O2 
is carbon-based catalysts, especially those with mesoporous structures and doped with N or O.5–

9 For example, commercial carbon black and carbon cloths have been reported previously to have 
moderate activity and selectivity for the electrochemical reduction reaction of O2 to H2O2.6,10 
Recently, Chen et al. investigated the effects of the pore size of the carbon catalysts and found 
that mesoporous carbon showed higher activity compared to the microporous carbon catalyst. 
They suspected that higher activity was potentially caused by better mass transport of the 
reactant and the product in a bigger pore size. Interestingly, both micro and mesoporous carbon 
exhibit highest activity in strong alkaline electrolyte but require over 400 mV higher overpotential 
to drive the same rate of reaction in acidic conditions. Additionally, the activity of the carbon 
catalyst is governed by the nature of its defects and so far quaternary nitrogen, pyrrolic nitrogen, 
vacancy or edge sites, and the surface oxygen-containing functional groups were identified as 
promising candidates.7 N-doped mesoporous carbon exhibits high selectivity and moderate 
activity.8 It was also demonstrated that the activity of carbon nanotubes increases drastically with 
the amount of oxidized sites.9 Recently, N-doped carbon nanohorn catalyst was shown to have 
comparable activity and selectivity to noble metal catalysts. However, the H2O2 production was 
deactivated after 5 hours of continuous production.11  

Despite the promising selectivity and scalability nature of doped-mesoporous carbon, the 
activity of this class of catalyst remains subpar to that of noble metal catalysts. Designing a highly 
active catalyst requires that the effects of morphology and dopant on catalytic performance are 
well understood. Herein, we present highly active and selective H2O2 production catalysts based 
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on carbon nanohorns. The effects of O and N contents in the catalysts have been investigated. 
We found that the presence of moderate amount of N content results in high selectivity towards 
2-electron reduction, while high N content lead to 4-electron pathway. On the other hand, O 
content introduced by oxidation increases the surface area and onset of ORR drastically, making 
it suitable to be used in a H2O2 generation device.  

Experimental Methods 

CNH Catalyst Preparation 

Carbon nanohorns (CNH) were synthesized using the gas-injected arc-in-water (GI-AIW) 
method. As shown in Figure 1 a set of graphite anode and cathode was submerged in de-ionized 
water contained in a beaker. Direct electrical current of 80 amperes was supplied from a power 
source for generating arc discharge between both electrodes. The anode was moved toward the 
inner surface of the cathode hole by a step motor with a speed of 5.25 mm/s. A graphite rod with 
a diameter of 6 mm and a length of 75 mm (99.9995% purity) was used as anodes. A graphite rod 
with a diameter of 20 mm and a length of 55 mm was used as a cathode. Typically, CNH samples 
were synthesized in a N2 environment. However, to avoid the introduction of N dopant, Ar gas 
were employed instead of N2, resulting in a N-free CNH sample, denoted CNH(Ar). The 
synthesized products were collected after being dried in an oven set at 90 °C overnight.  

Oxygen-doped CNH catalyst (O-CNH), O-CNH, was synthesized by immersing a mixture of 
CNH and KOH with 1:4 weight ratio in water for 8 hours. The mixture was dried in an oven at 80 
°C overnight, followed by heating in air with a heating rate of 3 °C/min ramp and hold at 600 °C 
for 1 hour. The catalyst was washed and dried again at 90 °C overnight.  

Nitrogen-doped CNH catalyst (N-CNH), was synthesized by immersing a mixture of CNH 
and melamine with 1:6 weight ratio in 80% ethanol-water for 5 hours. The mixture was dried in 
an oven at 105 °C overnight, followed by heating in N2 atmosphere using a ramp rate of 10 °C/min 
ramp and hold at the 850 °C for 2 hours.  
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Figure 1. Gas-injected arc-in-water (GI-AIW) method for CNH synthesis.  

Characterizations 

Crystallographic identification of each typical catalyst was performed by X- ray 
diffractometry (XRD, Bruker, D8 advance)  using CuKα radiation operated at 40 kV and 100 mA 
with a scanning step of 0.03°/ min in a range of 10– 80°.  Samples were prepared using Si low 
background as a sample holder. Raman microscope spectroscopy (HORIBA Scientific/LabRAM HR 
Revolution) was used to determine ID/IG ratio of catalysts. Morphology of each catalyst sample 
were investigated by transmission electron microscope (TEM, JEOL, JEM-2100Plus). BET surface 
area of each carbonaceous support material and catalyst samples was characterized by N2 
sorption. Surface areas were determined by Brunauer-Emmett-Teller (BET) method using Nova 
2000e physisorption analyzer at liquid nitrogen temperature. 

The chemical compositions of catalysts were analyzed by X- ray photoelectron 
spectroscopy ( XPS)  on a SHIMADZU KRATOS/ AXIS SUPRA.  C1s, O1s, and N1s spectra were 
collected for all carbon nanohorns samples.  CasaXPS software was used for interpretation and 
the C1s peak was calibrated to be 284. 8 eV.  The near edge X- ray absorption fine structure 
(NEXAFS) spectroscopy was measured at BL3.2 of the Synchrotron Light Research Institute (SLRI), 
Thailand. The K-edge NEXAFS spectra of carbon, oxygen and nitrogen were obtained using energy 
resolution of 0.5 eV (FWHM) in the total electron yield mode. 12 The spectra were normalized 
using the clean Si(100) and were calibrated to their peak position by HOPG program.  

Electrochemical Testing 

Glassy carbon disks (geometrical surface area of 0.196 cm2, single-side polished, Sigradur 
G HTW Hochtemperatur-Werkstoffe GmbH) were cleaned by sonication in acetone, isopropanol, 
and water for an hour each. Catalyst inks were prepared by mixing 5 mg of the CNH catalyst, 980 
µL of 200 proof ethanol, and 20 µL of 5 wt% Nafion solution. The mixture was dispersed by 
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sonication for 1 hour. 10 µL of the ink solution was added to the 5 mm diameter glassy carbon 
disk and spin-dried at 300 rpm for at least 1 hour. 

All electrochemical experiments were operated at ambient temperature and pressure 
and the measurements were conducted using PARSTAT MC multichannel potentiostat 
(PMC1000). The electrochemical O2 reduction reaction (ORR) activity of each catalyst was 
measured using a rotating ring-disk electrode (RRDE) setup (Princeton Applied Research), 
which is a 4-electrode electrochemical system consisting of a carbon disk working electrode, 
a platinum ring working electrode, a platinum wire counter electrode, and a Ag/AgCl 
reference electrode. The ORR was performed in 0.1M KOH (99.99%, Sigma-Aldrich), which 
was continuously purged with 99.99% O2 gas with a flow rate of 50 mL/min. The RRDE 
experiment was carried out by scanning the disk potential from 0.2 V and 1.1 V vs. the 
reversible hydrogen electrode (RHE) at 10 mV/s while holding the Pt ring at 1.2 V vs. RHE to 
oxidize H2O2 formed on the disk electrode. The rotating speed of the RRDE was 1600 rpm. 
The background capacitance was collected in a similar manner in an Ar (99.995%) saturated 
electrolyte. All potentials are reported with respect to RHE scale, calculated by the following 
equation: 

ERHE = EAg/AgCl + 0.0591 × pH + 0.197 V 
 

The system's ring collection efficiency was determined using the reversible [Fe(CN)6]4-

/3- redox couple. RRDE measurement using Pt disk and Pt ring was performed in 10 mM of 
K4Fe(CN)6 in 0.1 M KOH at varying rotating speed (400, 900, 1600, 2500, 3600 rpm). The 
selectivity of H2O2 can be calculated as follow: 

HଶOଶ(%) = 200

Iୖ
N

Iୈ +
Iୖ

N

  

 
Where IR is the ring current, ID is the disk current, and N is the ring collection efficiency, which 
was found to be 25.38% in our experiment. 

The ORR activity was measured by subtracting the current density of the catalyst 
measured in O2-purged electrolyte by current density measured in Ar-purged electrolyte. The 
CV was corrected for 100% ohmic loss, determined by potentiostatic impedance 
spectroscopy at the open circuit potential. Lastly the electrochemical active surface area 
(ECSA) was assessed by CV scans between -0.2 to 0.2 V vs. Ag/AgCl at varying scan rate (5, 10, 
25, 50, 100 mV/s) in an Ar-purged electrolyte.  

Result and Discussion 

XRD patterns in Figure 2a demonstrate that all CNHs catalysts exhibit a characteristic peak 
at 2 of 26.8 degree, representing the graphitic structure.  The ratios between the area of D and 
G bands from Raman spectra in Figure 2b indicate the level of defects in the carbon materials. 
CNH and O-CNH appear to contain higher levels of defects compared to the N-CNH and CNH(Ar), 
implying higher degrees of broken sp2 bonds due to the effects of dopants or vacancies.  TEM 
images in Figure 3 show that the structure of pristine and doped CNH catalysts similar.  The 
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nanohorn clusters with around 5 nm diameter and 20 nm in length can be easily observed in all 
samples, with an exception of O- CNH.  In O- CNH, the nanohorns seem to be slightly collapsing, 
likely due to the microporous defects introduced by the oxidation process.  

 
Figure 2. (a) X-ray diffraction patterns and (b) Raman spectra of all CNH catalysts  
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Figure 3. TEM images of CNHs with various surface treatments. 

 

BET analysis of the CNH catalysts (Table 1) show that the as-prepared CNH in both N2 and 
Ar were mesoporous in nature with surface area of 303 and 385 m2/g respectively. The doping 
processes significantly increased the surface area of CNH. O-CNH exhibited microporous 
structure, likely due to the micro-windows opening on the side of the nanohorns, resulting in the 
BET surface area as high as 872 m2/g. On the contrary, most of the pore sizes in N-CNH remained 
in the mesoporous range but the surface area was increased up to 469 m2/g. 

 
Table 1. BET measurement of CNH catalysts 

Catalysts Surface area (m2/g) Pore volume (cc/g) Pore size (nm) 

CNH 303 1.11 19.7 

O-CNH 872 0.281 3.67 

N-CNH 469 0.963 17.4 

CNHs(Ar) 385 1.61 17.1 
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Figure 4. XPS spectra of C1s (left column), O1s (middle column), and N1s (right column) of (a) 

CNH, (b) O-CNH, (c) N-CNH, and (d) CNH(Ar). Atomic composition of (e) O1s species and (f) N1s 
species. 



 

Annual Activity Report on Japan-ASEAN Science, Technology and Innovation Platform (JASTIP),             P a g e  47 | 51 

Work Package 2 (WP2) - Energy and Environment 

 

XPS spectra of the CNH prepared in N2 atmosphere contained both O and N contents 
(Figure 4a), while no N1s was detected in CNH(Ar) sample (Figure 4d). These results confirm that 
N can be introduced intro the structure of CNH during GI-AW synthesis process. Oxidation process 
of CNH introduce C=O into the structure and oxidized off some of the N dopants. N-CNH exhibit 
higher N1s content.   

The characteristic peaks of C K- edge (Figure 5a) are mainly including unoccupied *  and 
excited *  states .  The fingerprint region from 282 -  290 eV is the *  resonance that is due to 
electronic excitation from the C 1s level to the unoccupied orbital or conduction *  states .  A 
sharp excitonic transition 1s  *  was also observed at the range between 290 .5 -  294 .5 eV 
which is assigned to the correlation effects of electron–hole pairs within the nanostructures . This 
is followed by broad transitions of mixed symmetry peaking at 297 –  310 eV .  The difference 
between those spectra appears at 286– 290 eV where an increase in the intensity of the 
absorption signal for CNHs is observed .  The O K- edge NEXAFS (Figure 5b) confirm the existence 
of oxygen-containing functional groups in samples . Upon treatment with oxygen gas, the NEXAFS 
of O-CNHs provide a broad peak of 1s* transition, indicating the fruitful of carboxylic )530 eV( 
and quinone )531 eV( groups . However, the charge transfer peak between C and O from C=O and 
C-O was diminishing after treating with oxygen or nitrogen gasses . More importantly, NEXAFS N 
K-edge spectra (Figure 5c) of all samples are totally differences .  The sample treated with Ar was 
not shown a characteristic peak of N species .  It is very evident that the atmosphere plays an 
important role on the species of nitrogen incorporate in the CNHs .  

 
Figure 5. Normalized (a) C K-edge, (b) O K-edge, and (c) N K-edge NEXAFS spectra of all CNH 

catalysts. 

Electrochemical measurements from the RRDE show that the CNHs catalyst and its 
derivatives are highly active for the ORR . Doping with O and N can drastically improve the current 
onset )at -0 .1 mA ͭ cm2( from 0 .75 V vs . RHE to 0 .81 and 0 .83 for O-CNH and N-CNH respectively 
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)Figure 6a( .  However, doping reduces the selectivity of CNH catalyst towards H2O2 .  At 0 .5 V vs . 
RHE, the selectivity towards H2O2 of CNH, O- CNH, N- CNH, and CNHs(Ar) are 88 .06%, 85 .03%, 
54 .43%, and 83 .52% respectively )Figure 6b(.   

 

 
Figure 6. ORR activities of CNH catalysts; (a) current density of H2O2 production (anodic 

current) and current density of overall oxygen reduction (cathodic current), (b) selectivity 
towards H2O2 production at varying potentials.  
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4. Outputs 

4.1 Publication 

 Yodsin, N. ; Rungnim, C. ; Promarak, V. ; Namuangruk, S. ; Kungwan, N. ; Rattanawan, R. ; 
Jungsuttiwong, S. Influence of Hydrogen Spillover on Pt-Decorated Carbon Nanocones for 
Enhancing Hydrogen Storage Capacity: A DFT Mechanistic Study. Phys. Chem. Chem. Phys. 
2018, 20 (32), 21194–21203. https://doi.org/10.1039/C8CP02976H. 

 Yodsin, N.; Rungnim, C.; Tungkamani, S.; Promarak, V.; Namuangruk, S.; Jungsuttiwong, S. 
DFT Study of Catalytic CO2 Hydrogenation over Pt- Decorated Carbon Nanocones:  H2 
Dissociation Combined with the Spillover Mechanism.  J.  Phys.  Chem.  C 2020, 124 (3) , 
1941–1949. https://doi.org/10.1021/acs.jpcc.9b08776. 

 Butburee, T. ; Chakthranont, P. ; Phawa, C. ; Faungnawakij, K.  Beyond Artificial 
Photosynthesis:  Prospects on Photobiorefinery.  ChemCatChem 2020, cctc. 201901856. 
https://doi.org/10.1002/cctc.201901856. 

4.2 Conference and Forum 
 Japan–Thailand Joint Seminar under JASTIP Program 2019, NSTDA, 3rd September 2019 

Innovations in Biomass Application for Catalytic Material Synthesis and Energy Devices 
 Japan–Thailand Joint Seminar under JASTIP Program 2019, Kyoto University, 12th 

November 2019 

4.3 Book 
 P.  Chakthranont, “ Ch. 7 Photoelectrochemical Processes for Energy & Environmental 

Applications: Handbook of Nanotechnology Applications” Elsevier, In prep 

4.4 Award 
- 

4.5 Exchange and Visitation 
 Two JASTIP seminars of the project were held in 2019 at NANOTEC (Sep, 3:  6 Japanese 

members visited NANOTEC and at Kyoto university (Nov, 18: 5 Thai members visited Kyoto 
University.). 
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Report of International Collaborative Research Program in Kyoto University under  
“Japan-ASEAN Science, Technology and Innovation Platform (JASTIP)” 

 
Progress of collaborative research in the title of “Synthesis and characterization of new 
photocatalytic nano-materials” 

Research team: 
 Prof. Dr. Keiichi N. Ishihara, Kyoto University (Project leader, Japan side) 
 Assoc. Prof. Dr. Wisanu Pecharapa, College of Nanotechnology, KMITL (Project leader, 
Thai side) 
 Asst. Prof. Dr. Wanichaya Mekprasart, College of Nanotechnology, KMITL 

Asst. Prof. Dr. Sorapong Pavasupree, Faculty of Engineer, RMUTT 
Dr. Chakkaphan Wattanawikkam, Faculty of Science, RMUTT 
Mr. Thanaphon Kansa-ard, College of Nanotechnology, KMITL 
  

1. Project Propose  

This project is the collaborative research under JASTIP fund in Kyoto University 
cooperated with Prof. Dr. Keiichi Ishihara at Social-Environmental Energy Science, Graduate 
School of Energy Science and Assoc. Prof. Dr. Wisanu Pecharapa at Nanocomposite Material 
Research Laboratory, KMITL. Main topic in this research is focused on searching and sharing 
new photocatalytic nano-materials to apply in photodegradation application under solar light 
activation. Meanwhile, new knowledges of the best photocatalyst candidates are revealed in this 
project relating to the improvement of functionality of new functional materials. Moreover, the 
appropriate preparation and deep characterization of new nano-materials based on metal oxide 
have been investigated. The crucial properties especially in optical properties of new nano-
materials and their mechanisms were analyzed and utilized as photocatalyst and luminescent 
materials.  

In addition, this research project is the collaboration including both local and international 
academic institutes, i.e, Kyoto University, Japan, NSTDA, industrial sector and local 
communities. This cooperation will effectively lead to the research exchanges, characterized 
techniques and sharing specific equipment. The outcomes of this project will result in the novel 
knowledge in functional materials, multi-sector and multidisciplinary collaboration and 
practically commercialized applications. Moreover, the research relationship between Thailand 
and Japan will be stably for Lab connection. Meanwhile, the production of the world’s highest 
level of wastewater filter, publishing the results and lab prototype will be proposed following this 
project. 
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2. Project progress 

Research Topic 2.1: X-ray absorption spectroscopy analysis and magnetic properties of     M-
doped TiO2 nanoparticles (M=Co, Mn, Ni and Zn) Prepared by co-precipitation method 

Titanium dioxide (TiO2)-based materials have been extensively studied and researched for 
decades because of their excellent potential chemical, electrical and optical properties. TiO2 
represents the high chemical, electrical and mechanical stability and ease of doping with active 
ions [1]. During recent decades, the exhibition of magnetic behavior on TiO2 semiconductor 
materials by doping with a small percent of magnetic impurity ions have attracted great attention 
(as call dilute magnetic semiconductors; DMSs) with promising application for use in the 
spintronic and magnetoelectronic devices [2-4]. Numerous experiments and researches have been 
performed on DMSs of TiO2-based materials doped with transition magnetic ions. Among these 
transition magnetic ions with high magnetic ions behavior such as Co, Mn and Ni are the most 
selected ions dopants [5-10] B. Choudry et al. [6] and A. Bouaine et al. [5] reported the 
ferromagnetic and paramagnetic properties of Co-doped TiO2. The magnetism at room-
temperature of transition metal ions (Mn and Co) doped TiO2 was claimed by M. M. Rashad and 
colleague [11]. The mechanisms for the occurrence of magnetic behavior in DMSs still remain 
controversial. Many experimental investigations have claimed that the oxygen vacancy or the F-
centers in a gap of host matrix played crucial roles on the ferromagnetic behaviors of DMSs [12]. 
A super-exchange mechanism between the 3d ions dopant associated to the oxygen vacancy is 
also the key factor for the magnetic properties of DMSs [13]. Furthermore, it had been reported 
that that the transition metal dopant is essential for paramagnetic and ferromagnetic behavior to 
the spurious phase such as the metal oxide or clusters [14].  

The structural phase and effect of transition metal ions dopant on TiO2 structure attracts 
interesting as well, herein, it is important to accurately understand local structure and the doping 
effectiveness.  X-ray absorption spectroscopy (XAS) technique is a powerful technique which 
provides insight into the electronic structure and local order around a selected type of atom. XAS 
can be divided into two techniques, the X-ray absorption near edge spectroscopy (XANES) and 
extended X-ray absorption fine structure (EXAFS). XANES technique provides the information 
on oxidation state, coordination number and site symmetry of absorbing atoms [15]. Meanwhile, 
EXAFS region spectra offer short-order information on the crystal structure and local structure 
information of elements such as a number and type of coordinating atom, the distances to 
neighboring atom and distance order [16]. Some research reports revealed the XAS analysis for 
transition metal incorporated in TiO2 matrix such as O. Yildirim et al. (2015) investigated a non-
magnet-to-ferromagnet and the local structure of Mn+-implanted TiO2 employing the XAS 
technique. [17].  

However, there are few publications focusing on the local structure investigation for 
transition metal ion incorporated into TiO2 nanoparticles. Thus, this work aims to investigate of 
structural phase and magnetic properties of TiO2 nanoparticles doped with different transition 
metal ions at various dopant concentrations. The influence of transition metal ions doping on phase 
structure, physicochemical state and magnetic properties of TiO2 samples have been evaluated 
using X-ray diffractometer (XRD), X-ray photoelectron microscopy (XPS), X-ray absorption near 
edge spectroscopy (XANES), and vibrating samples magnetometer (VSM). The effect of different 
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dopant ions with different doping concentrations on the structural phase and magnetic properties 
of TiO2 nanoparticles were also discussed in this paper. 
 
• Material and methods  

M-doped TiO2 nanoparticles (M=Co, Mn, Ni and Zn) with doping concentrations of 0.5, 
1, 3 and 5 mol% were synthesized by co-precipitation method. Titanium isopropoxide 
[Ti(OCH(CH3)2)4] purchased from Nacalai tesque, was used as a precursor of Ti source. Cobalt 
nitrate hexahydrate (Co(NO3)2⋅6H2O), manganese nitrate tetrahydrate (Mn(NO3)2⋅4H2O), zinc 
nitrate hexahydrate (Zn(NO3)2⋅6H2O) and nickel nitrate hexahydrate (Ni(NO3)2⋅6H2O) purchased 
from Wako were used as precursors of Co, Mn, Zn and Ni source, respectively. Ammonium 
solution (NH3) and absolute ethanol was employed as a precipitation agent and solvent, 
respectively.  

The starting precursor of cobalt nitrate and titanium isopropoxide were weighed according 
to the required stoichiometric proportion and separately dissolved in absolute ethanol under 
magnetic stirring to form the starting precursor solution. The starting precursors were mixed 
together under magnetic stirring to form the homogeneous solution. The precipitation agent of 
NH3 was slowly added in the homogeneous solution until the pH became 9. The mixing solution 
was constantly stirred for 3 h then the solution was aged for 12 h to obtain the precipitated product. 
After this stage, the precipitate was washed by DI water until the pH became neutral and then 
dried at 100°C for 12 h. Finally, the green powders were annealed at 500°C in atmosphere for 2 
h. 
 The phase structure of M-TiO2 samples was identified by XRD diffractometer model 
Rigaku Rint2100 CMJ with CuKα radiation (λ= 0.154 nm) in the scan range from 20–60°. The X-
ray absorption spectroscopy (XAS) technique was used to identify the chemical state of all 
samples. The chemical states of samples were investigated by X-ray photoelectron spectroscopy 
(XPS); JEOL Ltd. X-ray absorption near edge structure (XANES) of Ti K-edge in transmission 
mode and Co K-edge, Mn K-edge, Ni K-edge and Zn K-edge in fluorescent mode were recorded 
at room temperature using Ge(220) double crystal monochromater at Beamline-8, Synchrotron 
Light Research Institute (SLRI), Nakhonrachasima, Thailand. Reference standards of transition 
metal ions such as TiO2, CoO, MnO, Mn2O3, MnO2, NiO and ZnO which known decisive 
oxidation state were measured as well for comparison purpose. The magnetic behavior of all 
samples was observed at room temperature by vibrating samples magnetometer (VSM); Riken 
Denshi, BHV-50 model with the external applied magnetic field range of ±10 kOe. 
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• Results and Discussion 

XRD- X-ray diffraction pattern of undoped and TiO2 nanoparticles doped with transition 
metal ions of Co, Mn, Ni and Zn at different concentration are shown in Fig. 1. All diffractogram 
peaks of undoped and doped samples exhibit main diffraction peaks of (101), (004), (200), (105) 
and (211) positioned at around 25..4°, 36.8°, 48.9° and 54.7°, respectively, which confirmed the 
tetragonal anatase phase of TiO2. It is noteworthy that no diffraction peak corresponding to metal 
oxide dopant and any impurity peak, indicating that the transition metal ions dopants are well 
dispersed within the TiO2 matrix. 
XAS- To investigate the atomic structure of TiO2 doped with Co, Mn, Ni and Zn, K-edge XANES 
data analysis for each ions was performed. The normalized Ti K-edge XANES spectra of TiO2 
reference standard and M-TiO2 samples are shown in Fig. 2 (a)-(d). The Ti K-edges of M-TiO2 
samples represent the feature of spectra similar to TiO2 reference standard comprising a triplet 
pre- edge peak. This major feature of pre-edge peak (A1, A2 and A3) is a characteristic fingerprint 
to assign the coordination number of materials, which arises from the X-ray induced electronic 
transitions from the valence band to the conduction band. The pre-edge features were observed at 
~4968 (A1), ~4970 eV (A2) and ~4972 eV (A3). A1 peak generally attributes to a quadrupole 
transition from 1s to 3d (t2g) in the Ti absorber, A2 peak arises from a dipole transition from 1s to 
hybridized p-d (t2g) on theneighboring Ti atom and A3 peak is dipole transition from 1s to 
hybridized p-d (eg) on the Ti neighboring atom [18-21]. The shoulder B feature peak of XANES 
spectra may attribute to the interactions of the central Ti 4p orbital hybridized with the near Ti 
and O atom. For the post-edge spectrum, C feature (~4988 eV) can be assigned to 3s-np dipole-
allowed transition [22-23]. From the pre-edge and post-edge feature data of all samples, it could 
be concluded that the Ti in Co-, Mn-, Ni- and Zn-TiO2 samples contains six coordinated Ti4+ ions. 
In addition, a small change in proportion of A1, A2 and A3 feature implies the substitution of Ti4+ 
ion in the samples by the transition metal ions dopant. 

 

 
Fig. 1. XRD patterns of M-TiO2 nanoparticles calcined at 500°C for 2 h. 
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Fig. 2. Normalized XANES spectra of M-TiO2 samples for Ti K-edge with (a) Co-TiO2, (b) Ni-

TiO2, (c) Zn-TiO2 and (d) Mn-TiO2 samples. 
 
 
 
 
 
 
 
 
 
 
 

(b) 

(c) (d) 

(a) 
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Fig. 3. Normalized XANES spectra of M-TiO2 samples for (a) Co K-edge (b) Ni K-edge, (c) Zn 

K-edge, (d) Mn K-edge and (e) high resolution Mn K-edge. 
 

The normalized X-ray absorption near edge structure (XANES) of Co-, Mn-, Ni- and Zn-
doped TiO2 nanoparticles including their reference standard in fluorescent mode are shown in Fig. 
3 (a)-(d). Fig. 3(a) displays the Co K-edge for Co-TiO2 nanoparticles with doping content of 0.5-
5 mol%. It can be clearly seen that the position of absorption edge spectra is observed at ~7710 
eV without pre-edge peak which similar to the CoO reference standard. This result suggests that 
the oxidation state of Co ions in Co-doped TiO2 samples is 2+. When the Co concentration 
increases to 3 and 5 mol%, the XANES spectrum character shows small broaden peak around 
~7745 eV situated at same location with CoO standard peak. This manner may originate from the 
beginning formation of CoO cluster in the samples. For Ni-doped TiO2 samples, the XANES 
spectra are represented in Fig. 3(b). The absorption-pre-edge and post-edge spectra obviously 
exhibit the strong absorption energy of ~8336-8345 eV that is similar to NiO standard. These 
results confirm that it contains 2+ formal valence state of Ni ions for Ni-doped TiO2 sample. At 
the higher Ni concentration, a small broaden peak around ~8365 eV is observed due to the NiO 

(a) (b
) 

(c) (d
) 

(e) 
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phase formation in the sample. As seen in Fig. 3(c) displaying the XANES spectra of Zn K-edge, 
it is noticeable that there is the strong absorption edge around 9653 eV for all dopant 
concentrations, which corresponds to the oxidation state of 2+. In case of Mn-doped TiO2 samples, 
the Mn K-edge XANES spectra are shown in Fig. 3(d). The spectra of all samples represent strong 
absorption energy edge in a range of ~6538-6553 eV between the standard spectrum of Mn2O3 
and MnO2, as clearly seen in Fig. 3(e). This tendency of data suggests the existence of mixture of 
Mn ions in different oxidation states in Mn-doped TiO2 sample. Linear combination fitting (LCF) 
of Mn spectra was performed to confirm the oxidation states of Mn dopant in Mn-doped TiO2 
sample using MnO, Mn2O3 and MnO2 as a reference model. The best LCF with three of reference 
standards suggests that the decrease of Mn3+ component and the increase of Mn4+ of oxidation 
state occurs when the Mn dopant concentration increases, as seen in Table 1. 

XPS- X-ray photoelectron spectroscopy was employed to determine insight of oxidation 
states for titanium, oxygen and dopant metal cations in the samples and to ensure the chemical 
composition at surface layer of M-TiO2 nanoparticles. The XPS survey scan (0-1300 eV) of 
5mol% M-doped TiO2 nanoparticles is shown in Fig. 4(a). The rough scanning spectra of each 
doped sample reveal the existence of each dopant ion, with main peaks coming from Mn, Co, Ni, 
Zn, O and Ti, confirming the chemical composition of major elements of M-doped TiO2 samples. 
It is noticed that that the splitting of Ti 2p3/2 and 2p1/2 binding energy located at ~458.6-458.8 and 
~464.5-464.5 eV, respectively is observable for all samples. The separation of splitting binding 
energy of all samples is ~5.5-5.7 eV,demonstrating a normal state of Ti with 4+ of oxidation state, 
which is attributed to the spin-orbit splitting of Ti2p3/2 and 2p1/2 for Ti4+ in TiO2. The binding 
energy of O1s for all samples could be deconvoluted into two constituents, corresponding to 
oxygen containing chemical bonds of water molecule (H-O-H) at ~531.4-531.8 eV and hydroxyl 
(Mn-O-H) at ~530.0-530.2 eV. The XPS core level spectra of Mn, Co, Ni and Zn ions in the TiO2 
matrix are illustrated in Fig.4. For the Mn-doped TiO2 sample, Mn 2p3/2 and 2p1/2 peaks are 
observed at 642.0 and 653.6 eV, respectively, which correspond to those for Mn2O3 [21] as seen 
in Fig. 4(b). This result suggests that the surface of sample mainly contains Mn ion with a valency 
number 3+ of Mn. Fig. 4(c) demonstrates the binding energy values of Co2p3/2 and 2p1/2 positioned 
at 781.1 and 796.9 eV, indicating that the Co elements could be in 2+ state. For the Ni-doped TiO2 
sample, the XPS spectra show complex structure with binding 

 
Table 1. Weight of component from XANES linear combination fitting in TiO2 doped with Mn 

at various concentrations. 

samples 
Component 

MnO Mn2O3 MnO2 

TiO2: Mn-0.5% 0.021 0.885 0.094 

TiO2: Mn-1% 0 0.613 0.387 

TiO2: Mn-3% 0 0.767 0.233 

TiO2: Mn-5% 0 0.591 0.409 
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energies of 855.9 and 862.4 eV for Ni 2p3/2 and 873.5 and 881.4 eV for Ni 2p1/2, respectively. 
These can be suggested that the sample contains Ni with 2+ of valence state on the surface of 
sample. In case of Zn-doped TiO2 sample, the XPS spectrum is shown in Fig. 4(e). The Zn 2p3/2 
and 2p1/2 characteristic spectra are detected at 1022.2 and 1045.0 eV, which is close to the value 
of Zn2+ in ZnO. This feature implies that the Zn-doped TiO2 sample contains Zn2+ on the surface 
of sample.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. (a) XPS survey spectra for M-doped TiO2 samples and core level spectra of (b) Mn,       (c) 

Co, (d) Ni and (e) Zn. 
 
 
 
 
 
 
 
 
 
  
 
 
 

 
 
 

Fig. 5 FESEM images of undoped and M-doped TiO2 nanoparticles. 
 

 

(a) (b) (c) 

(d) 
(e) 
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Morphology- Fig. 5 represents the FESEM micrographs of the undoped and transition-
metal-doped TiO2 nanoparticles.  As seen in micrographs, the powdered particle of undoped 
sample consists of clusters of nanosized spherical primary particles. The average particle size is 
around 330 nm. Meanwhile, the samples doped with different transition metal ions exhibit slightly 
smaller particle size at higher percentage of dopant and more agglomeration occurs with 
increasing doping content. The average particle size of doped samples slightly decreases with 
increasing doping concentration. A slight decrease in the particle size with increasing doping 
content could be due to the inhibition of the grain growth and lattice distortion of crystal structure 
with doping. The FESEM investigation suggests that the primary particle size could be responsible 
for the specific surface area of the powder. The BET surfaces of all samples were measured. The 
undoped sample shows BET surface area of 48 m2/g. For the doped samples, the Mn-, Co-, Ni- 
and Zn-doped TiO2 show their BET surface areas are in a range of 54-64 m2/g, 53-58 m2/g, 60-67 
m2/g and 51-57 m2/g, respectively. In overall, the doped samples represent the higher surface area 
compared with undoped samples. This may be originated from the fact that the transition metal 
dopant could provide the additional nucleation during the precipitation process and subsequent 
calcination step, leading to the solid materials with greater surface area. Overall, the transition-
metal-doped TiO2 exhibit higher BET surface area, that could result to the enhancement of 
photocatalytic behavior of the doped samples. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. The plot of M-H hysteresis loop at room temperature of M-TiO2 samples with (a) Co-TiO2, 

(b) Mn-TiO2 and (a) Ni-TiO2. 
 

(a) (b) 

(c) 
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VSM- The magnetic properties of the samples were investigated by VSM for +-10 kOe at 
room temperature. Fig. 6 shows the plot of magnetization; M and magnetic field; H curve recorded 
for Co-, Mn-, Ni- and Zn-doped TiO2 samples. Pure TiO2 sample presents the diamagnetic 
behavior. Meanwhile, all transition metal ion doped samples exhibit typical magnetization loop 
indicating paramagnetic behavior. The slope of linear paramagnetic increases with the increase of 
Co-, Mn-, Ni- doping concentration. The magnetic properties of the samples were investigated by 
VSM for ±10 kOe at room temperature. Fig. 4(a)-(c) shows the plot of magnetization; M and 
magnetic field; H curve recorded for Co-, Mn- and Ni-doped TiO2 samples. Pure TiO2 sample 
presents the diamagnetic behavior. Meanwhile, all transition metal ion doped samples exhibit 
typical magnetization loop indicating paramagnetic behavior. The paramagnetism presented in 
prepared samples may be originated form the isolated transition metal dopant ions dispersed on 
the TiO2 host matrix. This result is in harmony with the XANES results that indicate the existence 
of Co-, Mn- and Ni-dopant occurring as Co2+, Ni2+ and Mn3+,4+ insertion into the TiO2 lattice [11]. 
In addition, the substitution of Ti4+ ions in TiO2 by Co2+, Ni2+ and Mn3+,4+ will result in the creation 
of oxygen vacancies and charge carriers playing significant role for the magnetism origin in 
magnetic oxide.  
 
• Conclusions 

TiO2 nanoparticles doped with different transition metal ions of Co, Mn, Ni and Zn at 
various concentrations were prepared by co-precipitation method and calcinations at 500°C for 
2h. The XRD results confirm the structural phase belonging to tetragonal anatase TiO2 phase for 
all samples without secondary phase of doped metal oxide phase. XANES results clearly show 
tripped pre-edge fingerprint of Ti with 4+ of valence state for Ti in all samples. The 2+ oxidation 
state was found in Co-, Ni- and Zn- doped samples. The mixing oxidation state of 3+ and 4+ was 
observed in the Mn-doped TiO2 samples. Magnetic measurement on the samples indicates the 
existence of paramagnetic behavior at room temperature for Co- Mn- and Ni-doped samples, and 
diamagnetic behavior for undoped and Zn doped samples. Higher Co-, Mn- and Ni- concentration 
leads to greater magnetization value. The isolate magnetic ion of Co, Mn and Zn dispersed in the 
host oxide matrix is a key factor for magnetic behavior 
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Research Topic 2.2: Synthesis of Samarium doped ZnAl2O4 powder by vibrational ball 
milling method assisted with calcination process  
 

Zinc Aluminate (ZnAl2O4) or natural name in ganite has been recently considered as a 
functional material in host luminescent applications due to its wide bandgap energy, high chemical 
and thermal stability. Moreover, ZnAl2O4 has been widely employed as a good host phosphor 
material as a result of uniform particle and narrow size distribution. ZnAl2O4 product as spinel 
crystalline structure was synthesized by vibrational ball milling method assisted with sintering 
treatment. Oxide precursor materials as Al2O3 and ZnO powder were used in the process. Several 
milling round and sintering treatment were the important parameters for studying phase 
transformation between Al2O3/ZnO to ZnAl2O4 phase.  

Luminescent materials are considered as a kind of prominent technologies in various 
applications, for example, displays, luminescent pigments, luminescent lamp and X-ray detection. 
An increased number of the investigations of inorganic phosphor materials has received great 
attention for potential applications especially in solid state lighting technologies [1]. For effective 
doping candidate, rare earth or lanthanide-doped oxides are widely used as activators in 
luminescent materials due to high emission properties. Strong activator in red phosphor under 
ultraviolet excitation was successfully fabricated by the cooperation of Eu3+ ion in Lu2O3 
nanofibers prepared by a simple sol-gel and electrospinning process researched by Z. Hao and co-
worker [2]. Meanwhile, Z. Lou and J. Hao reported that luminescent material containing Tb3+ and 
Tm3+ ions in zinc aluminate films exhibited green and blue cathodoluminescence, respectively 
[3]. Host support material is a key parameter to concerning the enhancement of luminescence 
properties. Among various available host matrixes, oxide material is fascinatedly interested as an 
important host of phosphorescent materials. Due to trivalent ions and intra 4f shell luminescence 
of rare earth dopant, many oxide materials are properly studied for the possiblity of host matrix. 

There are various techniques for the synthesis of phosphor material in host oxide materials. 
Normally, wet chemical processes including hydrothermal process, sol-gel method, molten salt 
synthesis and co-precipitation method have been developed for ultrafine, homogenous powders 
and well-defined doping distribution [4,5]. Meanwhile, solid state reaction is convenient potential 
process for the synthesis in form of metal oxide precursors. The requirement by the process is high 
temperature system for its material formation. Therefore, several mechanical milling and heating 
process is proposed to good formation of homogenous phase [6]. However, high emission by the 
product in nanoscale should be significantly shown due to larger surface area per unit volume. 
Meanwhile, the homogeneity of dopant in a phosphor matrix is also a significant effect on 
luminescence properties. In this work, the authors believe that the product of homogenous powder 
and distributed doping material can be facilely synthesized via mechanical milling and calcination. 
Structural properties of as-synthesized samples and sintered powders in each condition were 
characterized by X-ray diffraction (XRD) and scanning electron microscope (SEM). Meanwhile, 
chemical structure of the product was investigated by FTIR spectroscopy. For optical properties, 
the products were analyzed via diffuse reflectance and photoluminescence spectroscopy. 
 
 
• Materials and Method 
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  Sm:ZnAl2O4 materials were prepared by vibrational ball milling process assisted with 
calcined treatment. Al2O3 and ZnO powder supplied from Wako Company were used as oxide 
precursor materials. Sm metal phase was an alkaline element represented as doping material. 
Firstly, Al2O3 and ZnO powder was loaded in stainless steel holder with the ratio of material 
weight and ball at 1:10. For Sm loading, the amount of Sm doping was loaded in host matrix at 0, 
0.5, 1 and 2 wt.%, respectively by vibrational ball milling process at 710 rpm for 4 h. Then, green 
powder was sintered at 1200 °C for 6 h. After that, obtained powder was re-milled in vibrational 
ball milling process and sintered at 1200 °C for 6 h to provide strong crystalline and uniform 
product. After third milling, the samples were annealed at 450 °C for 2 h to eliminate contaminated 
phase. Finally, Sm:ZnAl2O4 nanopowders were obtained as illustrated in Fig. 7. The structural 
and morphological samples were characterized by powder X-ray diffraction (XRD) and Fourier 
transform infrared spectroscopy (FTIR). The optical properties of phosphor materials were 
analyzed by UV-vis spectrometer and photoluminescence spectroscopy. 

 
• Results and discussion 

 Structural properties - XRD patterns of Sm:ZnAl2O4 nanopowder prepared by vibrational 
ball milling process with different Sm doping are depicted in Fig. 8. Prominent XRD peaks of the 
sample without Sm loading were identified to ZnAl2O4 structure located at 2θ = 30.8º, 36.5º, 44.4º, 
48.7º, 55.3º, 59.0º, 65.0º, 74.0º and 77.0º corresponding to (220) (311) (400) (331) (422) (511) 
(440) (620) and (533) planes of spinel phase, respectively (JCPDF, No. 05-0669). The XRD 
pattern was certainly similar to well-defined ZnAl2O4 spinel phase. Owing to oxide precursor 
materials as Al2O3 and ZnO, several milling and sintering process are necessary to produce new 
phase in ZnAl2O4 formation. The decrease of precursor material size is obtained by milling process 
that easily to the diffusion of metal atoms under sintering method. In case of Sm doping, XRD 
patterns were identically with ZnAl2O4 pattern resulting in the interstitial position of Sm 
metal in ZnAl2O4 structure. The improvement of ZnAl2O4 could be occurred after Sm doping 
at 0.5 wt.% due to the partly replacement of Sm atoms in Zn atomic position [7]. However, 
ZnAl2O4 crystallite size was decreased by the addition of Sm concentration especially ratio at 1 
wt.%. It can be seen that contaminated peak was also occurred at 2θ = 33.6º and 34.3º relating to 
SmAlO3 (112 plane) and ZnO (002 plane) phase. This result indicated that Sm atoms were 
substituted in Zn atoms position due to milling and heating process leading to the decrease of 
ZnAl2O4 crystallite size. 

 
 

Fig. 7. Photograph of Sm:ZnAl2O4 nanopowder at different Sm doping. 
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Fig. 8. XRD patterns of Sm:ZnAl2O4 nanopowder at different Sm doping. 

 

 
 

Fig. 9. FTIR spectra of Sm:ZnAl2O4 nanopowder at different Sm doping. 
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  The infrared spectra of Sm doped ZnAl2O4 nanopowder prepared by vibrational milling 
process assisted with sintering method are shown in Fig. 9. The FT-IR spectra show a series of 
transmission peaks in the range of 3000–380 cm−1 which are related to spinel type pattern. 
Dominant peaks at  656, 550, and 491 cm−1 are same pattern in all samples corresponding to Al-
O symmetric stretching vibration (ν1), Al-O symmetric bending vibration (ν2), and Al-O 
asymmetric stretching vibration (ν3), respectively [10]. All peaks in FTIR spectra located in range 
of 750-450 cm−1. This result can be suggested that Al3+ ions are in octahedral sites of AlO6 group 
related to normal spinel in the structure [11]. 

 

 
 

Fig. 10. Diffuse reflectance spectra of Sm:ZnAl2O4 nanopowder at different Sm doping. 
 
 Optical and luminescence properties - The optical properties in diffuse reflectance spectra 
of Sm:ZnAl2O4 nanopowder in range of 250-800 nm are depicted in Fig. 10. High absorption in 
UV region was obtained in all conditions. Optical reflectance spectra of Sm:ZnAl2O4 samples in 
visible range were enhanced by the influence of Sm metal compared to pure ZnAl2O4 material. 
Moreover, the absorption edge of Sm:ZnAl2O4 slightly shifted to higher wavelength by the 
increase of Sm dopant. These results showed that absorption edge of Sm:ZnAl2O4 had shifted to 
lower energy value by the addition of Sm content associated with the impurity energy level in 
ZnAl2O4 host matrix [10]. 

Luminescence spectra of ZnAl2O4 nanopowders with the amount of Sm dopant are shown 
in Fig. 11. The phosphor materials were measured at room temperature under excited at 404 nm 
in harmony with Sm excitation. Normally, the emission spectra of Sm characteristic produced in 
red-orange region at three strong peaks at 565, 601 and 645 nm attributing to the direct emission 
of Sm3+ at 4G5/2→6H5/2, (4G5/2→6H7/2) and (4G5/2→

6H9/2), respectively [11]. However, the 
prominent structured band in the range of 630-730 nm as shown in the spectra was corresponding 
to the emission of residual chromium impurity [12]. Due to the operation at high speed vibrational 
process, the contamination of chromium phase can be blended by the stainless- 
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Fig. 11. Photoluminescence spectra of Sm:ZnAl2O4 nanopowder at different Sm loading. 
 
steel container during the synthesis. The strongest emission was performed at 0.5 wt.% Sm in 
ZnAl2O4 matrix. Therefore, the enhancement of ZnAl2O4 spectra at 0.5 wt.% Sm was interpreted 
that Sm phase could be activated under this light irradiation relating to the energy transfer from 
Sm to luminescence material in the system. For 1 and 2 wt.% Sm doping in ZnAl2O4 samples, PL 
intensity was decreased owing to concentration quenching resulting in the increase of non-radiant 
energy transfer between adjacent activators [13]. 
 
• Conclusion 

Sm:ZnAl2O4 nanopowders with different Sm loading were synthesized by vibrational ball 
milling process assisted with calcination treatment. XRD patterns of Sm:ZnAl2O4 were identically 
patterns compared with pure ZnAl2O4 material. Well-defined ZnAl2O4 spinel phase was enhanced 
by several milling and calcination process. FTIR result confirmed that the formation of ZnAl2O4 
spinel was obtained after this synthesis accompanying with the presence of Al-O symmetric 
vibrational mode in octahedral sites of AlO6 group. This bonding was related to normal spinel in 
the crystalline structure. Meanwhile, reflectance spectra revealed that absorption edge of ZnAl2O4 
powder had shifted to lower energy by the addition of Sm content at less concentration due to the 
impurity level of Sm doping in the matrix. The emission spectra produced red-orange region at 
three strong peaks at 562, 600 and 645 nm corresponding to the influence of Sm dopant. However, 
the prominent structured band in the spectra was related to the emission of residual chromium 
impurity by stainless steel balls in high speed vibrational process. The strongest emission was 
performed at 0.5 wt.% Sm in ZnAl2O4 owning to the energy transfer from Sm to ZnAl2O4 matrix. 
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Research Topic 2.3: Synthesis of bismuth oxide photocatalyst by thermal treatment assisted 
quenching process 

Among functional metal oxide semiconductors, TiO2 is currently one of the most widely  
used  materials due to its distinguished properties including wide optical band gap (~3.2 eV), 
strong ultraviolet absorptivity, and non-toxicity [1]. Owing to its excellent properties, TiO2 is 
utilized in various applications ranging from photocatalyst for organic pollutants degradation, the 
filler in polymer matrix in optical function as photo-carrier collector, and electron transport layer 
in optoelectronic device applications [2-3]. However, the rather high recombination of 
photogenerated electron-hole pairs and the weak absorption in visible region are its main 
drawbacks.  Therefore, various techniques have been proposed in order to modify TiO2 powder to 
overcome these inferiorities. A number of research works have employed the advantage of 
comparably large surface area of TiO2 nanostructures such as thin film structure, nanoparticle, 
nanorod, nanosheet and nanotube to improve its performance. Recently, it was also reported that 
bismuth oxide (Bi2O3) is one of alternating method for efficient photocatyst material [4]. The 
enhancement of the absorption in visible region is studied by Bi2O3 photocatyst comparing with 
TiO2 conventional material. The polymorphic forms of Bi2O3 are mainly in five phases as; α-, 
β-,γ-, δ- and ω- Bi2O3 [5]. The α-phase bismuth oxide is widely studied in photocatalytic properties 
due to stable phase at room temperature and direct band gap of 2.85 eV. Moreover, some 
researchers have been discovered high photocatalytic activity by β-phase bismuth oxide especially 
under visible light irradiation due to its small band gap (about 2.4 eV). 

 
• Materials and Method 

  Bi2O3 powder was prepared by thermal treatment assisted quenching process. Bismuth 
oxide carbonate ((BiO)2CO3) supplied from Wako Company was used as precursor materials. 
Firstly, 3 g of (BiO)2CO3 in white powder was loaded in alumina crucible following by annealed 
at 370 °C for 1.5 h. After that, obtained powder in orange color was contained in quenching 
process at 5 °C and 20 °C for 2 h. Finally, Bi2O3 powder was obtained in different color due to 
the effect of different phase as illustrated in Fig. 12. Bi2O3 powder at quenching temperature 5 °C 
appeared in strong orange powder, while, light yellow powder was obtained from Bi2O3 powder 
at quenching temperature 20 °C. The structural property was characterized by powder X-ray 
diffraction (XRD). The optical and photocatalytic properties of Bi2O3 powder were analyzed by 
UV-vis spectrometer. The photocatalytic efficiency of Bi2O3 powder with different phases was 
scrutinized by the photodegradation of aqueous methyl orange (MO) under Xenon lamp 
illumination and selected wavelength by solar simulator. 
 
• Results and discussion 

  Structural properties - XRD patterns of (BiO)2CO3 precursor and Bi2O3 powder prepared 
by thermal treatment with different quenching temperatures were shown in Fig. 13. Prominent 
XRD peaks of (BiO)2CO3 precursor as labeled at Fig. 10(a) were identified to (BiO)2CO3 structure 
located at 2θ = 23.7º, 26.7º, 30.0º, 32.5º, 35.1º, 39.2º, 42.0º, 46.7º, 48.7º, 52.0, 53.2º, and 56.7º 
corresponding to (011) (004) (013) (110) (112) (006) (114) (020) (022) (116) and (113) planes of 
tetragonal phase, respectively (JCPDS No. 36-2450). Meanwhile, XRD peak at 50.1° 
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corresponded to graphite phase was clearly observed in precursor material. After thermal 
treatment and quenching process, XRD characteristics of the products were slightly different from 
(BiO)2CO3 XRD pattern resulting in different crystalline structure by the effect of different rapid 
cooling system. XRD pattern of Bi2O3 powder at quenching temperature 20 °C was certainly 
similar to well-defined alpha-Bi2O3 structure (JCPDS No. 71-0465). For Bi2O3 powder at 
quenching temperature 5 °C, XRD characteristic was identified to beta-Bi2O3 structure (JCPDS 
No. 77-5341). This result indicated that the different phases of Bi2O3 powder were obtained due 
to the influence of quenching process leading to the color appearance of the products. 

                     
 

Fig. 12. Photographs of Bi2O3 powders by thermal treatment at different temperatures (a) 5 ºC  
and (b) 20 ºC. 

 
Fig. 13. XRD patterns of (a) (BiO)2CO3 precursor and the products of (b) alpha-Bi2O3 and        (c) 

beta-Bi2O3 powder at different quenching temperatures. 
 
 

Optical properties - Reflectance spectra in the range 250-800 nm of (BiO)2CO3 precursor 
and the products of Bi2O3 powder with different quenching temperatures are illustrated in Fig. 14. 
The strong absorption of (BiO)2CO3 precursor in UV range as seen in Fig. 14(a) is originated from 

(a) (b) 

(a) 

(b) 

(c) 
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a typical band gap energy at 2.94 eV [6]. The enhancement of optical absorption in visible light 
was clearly observed in the product of Bi2O3 powder after synthesized process. Moreover, the 
absorption edge of beta-Bi2O3 phase (Fig. 14(c)) slightly shifted to higher wavelength compared 
with alpha structure (Fig. 14(b)). These results showed that beta phase of Bi2O3 powder may 
associate with the absorption in visible region relating to the decrease of band gap energy in the 
material [7]. Therefore, the absorption spectra of β- Bi2O3 powder exhibits an obvious red-shift to 
higher wavelength in visible region relating to the study of its photcatalytic property in dye 
degradation under Xenon irradiation and solar simulator at specific wavelength. 

 
Fig. 14. UV-Vis spectra of (a) (BiO)2CO3 precursor and the products of (b) alpha-Bi2O3 and    (c) 

beta-Bi2O3 powder at different quenching temperatures. 
 

 

(a) (b) (c) 
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Fig. 15. Absorption spectra of MO under Xenon lamp irradiation using β- Bi2O3 photocatalyst. 
 

Photocatalytic properties The photocatalytic efficiency of β-Bi2O3 photocatalyst was 
scrutinized by the photodegradation of aqueous MO under Xenon lamp illumination and 
corresponding results in term of reflectance spectrum are illustrated in Fig. 15. The photocatalytic 
activity by β-Bi2O3 photocatalyst is more effective, accompanying the continous decrease of the 
absorption spectrum of the degradation of MO within 100 min. The hydroxyl and active oxygen 
groups from Bi2O3 photocatalyst play an important role in photocatalytic reaction to decompose 
a structure of organic molecules. If the photogenerated electron - hole pairs are unoccupied by 
water molecule or oxygen in the air to produce the radical groups. 
 
• Conclusion 

Bi2O3 powder was successfully prepared by facile process of heat treatment assisted with 
quenching process. For Bi2O3 photocatalyst utilization in MO degardation, excellent efficiency of 
the photocatalyst can be activated under visible light condition. In absent of light, MO 
concentration was decreased resulting in the adsorption on catalyst surface. Owing to high 
absorption in visible region, β-phase Bi2O3 can efficiently active in the catalytic performance  in 
the photodegradation of aqueous MO. This feature could be explained by the decrease of band 
gap energy in this structure that synchronize with good absorption in visible light.  
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Research Topic 2.4: Efficiency Enhancement of Natural-mineral-derived Titanium Dioxide 
Nanoparticle for earthenware-roof tile coating material. 

Nowadays, titanium dioxide (TiO2) materials are populating in many industrials because 
of their various properties such as self-cleaning application, antibacterial, white pigment and 
sunscreen component in cosmetic industrial [1] resulting to the increase of TiO2 demand. 
Therefore, several research try to studying the product of synthesize TiO2 from natural because 
TiO2 is found in the natural in form of mineral ores such as ilmenite, leucoxene and rutile ores. 
There are various processes to synthesize TiO2 from mineral, for example, hydrothermal and 
leaching process [2-3]. The leaching process was interested method due to non-complex system 
and facile equipment during synthesis. Meanwhile, high energy ball milling process is one of 
potential process for the reduction in precursor size relating to the enhancement of leaching 
reaction between precursor and acid solution [4]. TiO2 material is proposed to good photocatalyst 
material in photocatalytic application. The applications of TiO2 surface coating base on 
photocatalytic application were used in public furniture, manufacturing and building [6,7]. TiO2 
coating process on substrate has been reported by various methods such as thermal evaporation 
method, sputtering and wet chemical process [8]. Among of these methods, wet chemical 
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processes via spin coating and dip coating process is proposed due to facile operation and low 
cost. Mostly, TiO2 films prepared from sol-gel solution process were chosen by optimized method 
depending on the application and specimen size.  

• Materials and Method  

On this research, tetraethyl orthosilicate (TEOS) was purchased from Sigma Aldrich, 
hydrochloric acid from Ajax Finechem, absolution ethanol from Merck. Leucoxene ores was 
supported by Sakorn Minerals Co.,Ltd. Leached leucoxene or synthetic rutile was derived from 
leucoxene mineral with high energy balling assist using speed at 600 rpm for 30 minutes. After 
milling process, fine leucoxene powder was treated with heated 7 M hydrochloric acid at 80 °C 
as reagent in acidic leaching process. This solution was continuously 
stirred for 5 h. After completely retention time, the residual was separated from the suspension. 
The leached residue was several washed with deionized water to obtain pH 7 and dried at 100 °c 
for 24 h to remove the moisture in the residue. For leucoxene ore, synthesized process was used 
as same condition for leached leucoxene residue. Completely, leached leucoxene or synthetic 
rutile was appeared as brown powder. Optical properties of synthetic rutile-based were 
investigated by UV-Visible spectroscopy technique; meanwhile, the relevant crystalline structure 
was characterized by X-ray diffraction.  For coating material on earthenware-roof tile, leached 
leucoxene was coated on ceramic tile from Thailand by dip-coating method with TEOS or PEG 
as binder solution. After coating process, leached leucoxene coated on ceramic tiles were calcined 
by furnace at 500 °C for 2 h to obtain testing specimens. Degradation of organic dye (Rhodamine 
B) was used to study of photocatalytic activity of leached leucoxene under visible light exposed 
from solar simulator machine. 

 

• Results and discussion 

o TiO2-based Material results 
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Fig. 16. XRD pattern of (a) raw leucoxene and (b) synthetic rutile residue. 

Crystalline structure - Crystallinity of raw leucoxene and synthetic rutile were 
characterized by X-rays Diffraction technique. Crystalline structure of raw leucoxene was shown 
in Fig. 16. The majority crystalline fingerprint of raw leucoxene and synthetic rutile were indexed 
as rutile (R) structure at 2θ = 27.4°, 36.1°, 39.2°, 41.4°, 44.2°, 54.3° and�56.6° [JCPDS 01-075-
1755] corresponding to ( 110) (101) (200) (111) (210) (211) and ( 220). Meanwhile, the other 
diffracted peaks located at 2θ = 25.4° [JCPDS 21-1272] were related to anatase (A) phase at 101 
plane. Comparison of crystalline structure between raw leucoxene and synthetic rutile, strong 
intensity of rutile phase was obviously appeared in synthetic rutile sample because of the influence 
of acidic leaching process relating to high crystallinity.   

    Optical property - The optical band gap of raw leucoxene and synthetic rutile were shown 
in Fig 17. Tauc – Plot equation was used to calculate optical band gap of both specimens. 
Calculation of optical band gap of raw leucoxene was appeared at Eg = 3.07 eV related to active 
wavelength about 400 nm while Eg = 2.82 eV was appeared for synthetic rutile refer to 440 nm 
was visible light active region. Optical band gap of synthetic rutile was decreased because of 
extraction of leucoxene mineral. Compared with TiO2 (P25) commercial was 3.02 eV for optical 
band gap relate to ultraviolet active region. Synthetic rutile was had optical band gap lower than 
TiO2 commercial because of behaviorism of impurity in mineral liked metal doped titanium 
dioxide. 
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Fig 17. Tauc – Plot calculation of (a) raw leucoxene powder and (b) synthetic rutile powder. 
 

Photocatalytic activity - Photocatalytic activity of raw leucoxene and synthetic rutile was 
studied by the degradation of Rhodamine B (RhB) organic dye under specific wavelength 
irradiation. In Fig.18, slightly changing of RhB concentration by raw leucoxene and synthetic 
rutile photocatalyst was occurred because of low intensity of solar light from simulator machine 
in photocatalytic reaction. Therefore, photocatalytic test under Xenon lamp illumination was 
instead of solar simulator as shown in Fig. 19. The decrease of RhB concentration was obviously 
occurred following by the increase of illumination time. RhB concentration was degraded to 40% 
by synthetic rutile photocatalyst. Meanwhile, raw leucoxene photocatalyst reduced RhB 
concentration to 30% due to the presence of rutile phase in the structure. 

(a) 

(b) 
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Fig. 18. Degradation of Rhodamine B organic dye under solar simulator light source using      (a) 
raw leucoxene and (b) synthetic- rutile as photocatalyst materials. 

 

Fig. 19. Degradation rate of Rhodamine B organic dye under Xenon lamp irradiation using raw 
leucoxene and synthetic rutile as photocatalyst materials. 

 
o The results of TiO2-based Material coating on tile  

  Morphology- The morphologies of leucoxene/TEOS films were investigated by SEM 
images in Fig. 20. The morphology was obtained flack liked structure from TEOS used as binder 
solution and dispersion of leached leucoxene residue particle in film were obtained in SEM image. 
To confirm the presence of leached leucoxene residue in film, the element compositions of film, 
raw mineral and leached leucoxene powder were investigated by EDX technique as shown in 
Table 2. Ti element on the film from EDX data was identified by the leached leucoxene in film. 
However, high concentration of silicon element detected because of TEOS binder and glass 
substrate. The low concentration of Ti element on films because the TiO2 was dispersed as particle 

(a) (b) 
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Fig. 20. SEM images of leached leucoxene film varied dip coating speed (a) 70 mm/min and    (b) 
100 mm/min 

Table 2. Chemical elements on leucoxene/TEOS film by EDX analysis. 
 

 

 Hydrophilic property-The hydrophilic property on leucoxene/TEOS films with different 
dip coating speed was investigated by contact angle measurement under various light source 
irradiation. The contact angle measurement data of leucoxene/TEOS films was shown in Table 3. 
High values of contact angle on leucoxene/TEOS films in non-irradiation condition were 
approximately 68° and 49° by dip coating speed at 70 and 100 mm/min, respectively. For UV 
irradiation on the films, the contact angle value of dip coating speed 70 and 100 mm/min were 
22.28° and 15.12°. Meanwhile, the reduction of contact angle value on the film under visible light 
irradiation was approximately 40.18° and 22.00°, respectively. The improvement of hydrophilic 
property by leucoxene/TEOS films was obtained at dip coating speed at 70 mm/min due to high 
Ti content on the film according to EDX result in Table 2. The decrease of contact angle of leached 
leucoxene films under light irradiation was obtained due to hydrophilic property from the amount 
of TiO2 on the films. The lowest value of contact angle by leucoxene/TEOS film was occurred 
under visible irradiation corresponding to the proper activated region of this material due to Fe 
impurity in leached leucoxene. Therefore, the active wavelength of leached leucoxene 
photocatalyst showed high absorption spectra in visible region compared with non-irradiation and 
UV treatment 
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Table 3. Contact angle measurement of leucoxene/TEOS films using different light source 
irradiation. 

 

 
 

Fig. 21. Reflection results of synthetic rutile (leached powder), uncoated ceramic (ceramic), 
ceramic coated with PEG (ceramic-PEG) and TEOS (ceramic-TEOS) binder solution.   

 

 
Fig. 22. Photocatalytic activity of synthetic rutile coated ceramic tile using different binder 

solution. 
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Optical and photocatalytic properties- For coating on earthenware-roof tile, synthetic 
rutile or leached leucoxene was used as coating materials on ceramic tile combined with binder 
solution such as polyethylene gycol (PEG) and Tetraethyl Orthosilicate (TEOS). Coating solution 
was coated on ceramic tile by dip coating method varies binder solution. After coating process, 
coated ceramic tiles were calcined in furnace at 500°c for 2 hours to obtain brown layer on ceramic 
tile. The optical property of synthetic rutile coated ceramic tile was studied by Diffuse Reflectance 
Spectroscopy (DRS) as shown in Fig. 21. Reflection spectra wavelength 400 – 550 nm was 
increased comparing with uncoated because of coating of synthetic rutile on ceramic. This result 
was confirmed the composition on ceramic surface composed with synthetic rutile. Photocatalytic 
activity of coated ceramic tile using different binder solution was studied by decomposition of 
RhB organic dye under visible irradiation as shown in Fig. 22. The good property of photocatalytic 
activity of coated ceramic tile was appeared 20% decomposition of RhB for synthetic rutilecoated 
ceramic tile using PEG as binder solution while TEOS as binder solution was slightly 
decomposed. This result presented PEG binder solution was good binder for coating of synthetic 
rutile on ceramic tile substrate.   

 
• Conclusion 

In this research, synthetic rutile photocatalyst dervied from natural mineral was 
successfully obtained by milling and acid leaching process. Band gap energy of synthetic rutile 
decreased to 2.8 eV after the acid purification relating to high photocatalytic activity under visible 
light irradiaiton. XRD results showed that the increase of anatase phase and synthetic rutile phase 
of leached leucoxene residue was evidently occurred. For the application of coated synthetic rutile 
on ceramic tile, well-defined formation of TiO2 structure was occurred after leaching process as 
corresponding to absorbance spectrum. The photocatalyst and hydrophilic properties were 
depended on TiO2 from leached leucoxene. The improvement of hydrophilic property of leached-
leucoxene/TEOS film was shown by the decrease of contact angle under light irradiation. Due to 
the highest Ti element concentration on dip coating speed at 70 mm/s on the films as shown in 
EDX results, the lowest value of contact angle was obtained under visible light approached by 
mean of contact angle at 15.120° from 68.497° compared with non-irradiation condition. 
Meanwhile, the photocatalytic activity of leucoxene/TEOS film was higher than pure TEOS film 
due to the influence of high Ti composition and Fe dopant by leached leucoxene residue in the 
film. These propose can be increased valuable of leucoxene mineral and ceramic tile industry. 
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Research Topic 2.5: Size Reduction of Ultrafine ZnO Powder by High Energy Mechanical 
Milling Process 

In presence, Zinc oxide (ZnO) is widely used as a functional material regarding its 
prominent properties including wide band gap semiconducting behavior (3.37 eV), high electron 
mobility, thermal and chemical stability, large exciton binding energy and non-toxicity [1]. 
Therefore, ZnO materials have been implemented in many demanding technological applications 
such as photocatalytic oxidation technology, transparent electronic device, ultrasonic transducers 
and gas sensors [2-5]. To enhance ZnO properties for specific applications, synthesis of ZnO 
particles in nano-scaled is required. Bottom-up process is a proper process to synthesize ZnO 
nanoparticles, for instance, chemical vapor deposition, hydrothermal process, spay pyrolysis, 
precipitation method [6-9]. However, commercial ZnO powder has been found in micron scale. 
Bottom-up techniques are unsuitable in ZnO powder precursor. On the other hand, top-down 
process could be alternative route to reduce material particles down to nano-scale and could be 
properly applied in industrial process. High energy ball milling process is a kind of appropriate 
technique for size reduction of materials by mechanical mechanism relating to high surface area 
of the product [10]. In milling process, the 
containers are rotated with high speed resulting to high centrifugal force for particle reduction. 
Hence, precursor material is milled by large energy in the process with the collision and friction 
of balls with the container wall under high speed milling process. 
 
• Materials and Method  

Commercial zinc oxide (ZnO) powder with average particle size of 800 nm was used as 
precursor material for high energy planetary ball milling method. 5 g of ZnO powder and 150 g 
of zirconia balls with diameter 1 mm were loaded in zirconia containers. The ball milling process 
was operated at room temperature and ambient air atmosphere. The milling speed was varied from 
200 to 600 rpm for 10 min while milling time was varied in range of 0 to 30 min at speed 500 
rpm. ZnO ultrafine powders after milling process were investigated by various techniques. 
Crystalline structure and phase identification was characterized by X-ray diffractometer (XRD). 
Surface morphologies of before/after-milled products were monitored by scanning electron 
microscopy (SEM). Meanwhile, averaged ZnO particle sizes were monitored by particle analyzer. 
 
• Results and discussion 

Particle size analysis- The average particle size of ZnO powders milled at different milling 
speeds and times is depicted in Fig. 23. Precursor ZnO powder is found to be in 0.5-0.8 
microcrystal particles. Regarding the effect of milling speed, ZnO particle size is drastically 
decreased with increasing milling speed as shown in Fig. 23(a). Based on experimental result, the 
optimized speed for ZnO powder in high energy milling process is found to be at 500 rpm that 
results to the smallest average particle size of about 225 nm. Due to strong high impact in milling 
process, the fractures and collisions between balls and material are enhanced by higher speed 
resulting to particle size reduction in the product [11]. Meanwhile, size reduction of ZnO powder 
can be affected by milling time (Fig. 23(b)). In our case, the smallest particle size is 
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Fig. 23. Average particle size of ZnO powder with (a) different milling speeds during 10 min and 

(b) different milling times operated at 500 rpm. 
 

 
Fig. 24. XRD patterns of ZnO powder milled at (a) different milling speeds during 10 min and (b) 

different milling times operated at 500 rpm. 
 

obviously occurred at 10 min operation time with milling speed of 500 rpm. After milling time 
increase beyond 10 min, ZnO particle size tends to increase owing to the agglomeration of ZnO 
particle by the accumulation of high energy in milling process. 
 

Crystal structure- XRD patterns of ZnO powders milled at different speeds and times are 
shown in Fig. 25. The prominent peaks located at 2θ of 31.3º, 34.4°, 36.9º, 47.7º, 56.5º, 63.0º, 
68.0º, 69.0º and 72.5º correspond to (100) (002) (101) (102) (110) (103) (200) (112) (201) and 
(004) planes, respectively (JCPDS No. 36-1451). All diffraction peaks of milled ZnO 
nanopowders with various operated speeds and times exhibit same pattern without impurity or 
contaminated phase comparing to precursor ZnO. For the samples operated at different milling 
speeds as illustrated in Fig. 24(a), the XRD patterns of milled ZnO powder show identical peak 
pattern and sharp intense peak of pure crystallite ZnO powder at low speed around 200 to 300 
rpm. Moreover, peak intensity insignificantly drops by the effect of high attraction in high speed 
rotation around 500 rpm. Meanwhile, XRD patterns of ZnO nanopowders with various milling 
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times are also depicted in Fig. 24(b). As milling time increases, the (002) main peak is noticeably 
widened indicating the size reduction of the sample. The crystallite size of all samples by 
prominent three peaks at 2θ = 31.7º, 34.5° and 36.6º were calculated by Scherrer’s 
equation [12] as shown in Table 4. These results suggest that size of ZnO nanopowders could be 
significantly reduced by high energy milling method without post-annealing process 
corresponding to XRD patterns. 
 
Table 4. Crystallite size of ZnO nanopowders with different milling speed and time by high 

energy ball milling process. 

 

 

Fig. 25. SEM images of ZnO powder milled for 10 min with different speeds; (a) as-received, 
(b) 200 rpm, (c) 300 rpm, (d) 500 rpm and (e) 600 rpm. 
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Fig. 26. SEM images of ZnO powders milled at 500 rpm with different times; (a) as-received, 

  (b) 10 min, (c) 20 min, (d) 30 min. 
 

Morphology- SEM morphologies of ZnO powders milled at different speeds at 0 to 600 
rpm are depicted in Fig. 25. As-received ZnO powder exhibits the difference in its size and its 
morphology is found to be quasi spherical and rod shape. After milling process, ZnO particle size 
and shape significantly change to fine powder depending on the milling speed. In Fig. 26, the 
milling time was varied, ZnO particle size was slightly changed to small particles with good 
dispersion, specifically at operating time of 10 min corresponding to particle size analysis. 
However, ZnO particles could be aggregated with prolong milling time due to high accumulation 
of thermal energy relating to the induction of large particles. Therefore, particles size, size 
distribution, homogenous powder is highly influenced by milling speed and time. In addition, it 
is suggested that particle size reduction and shape morphology could be controlled by high speed 
and optimized milling time in milling process 
 
• Conclusions 

In summary, ZnO nanopowders were prepared by high energy ball milling process. ZnO 
particle size was reduced from 500 nm to 250 nm after milling process at 500 rpm in 10 min due 
to mechanical force with ball and material mechanism. XRD patterns of ZnO nanoparticles exhibit 
single phase of ZnO hexagonal structure without any impurities. Meanwhile, the reduction of ZnO 
crystallite size after milling process was obviously occurred depending on the variation of milling 
speed and time. Meanwhile, SEM images indicated that surface morphology of ZnO structures 
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were in small and fine particles corresponding to the deterioration of crystallite size at (101) plane 
in XRD. 
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Research Topic 2.6: Characterization of BiVO4 Nanoparticles Prepared by Sonochemical 
Process 

Nowadays, environmental pollution has considerably increased and has been concerned 
with human health. Wastewater from many industries such as textile and paper industries highly 
contain various hazardous organic compounds [1]. Decomposition of highly toxic organic 
compound to the lowest toxic or nontoxic composition using photocatalytic reaction has been 
considered as an effective treatment route. Metal oxide photocatalyst materials such as BiWO4 
and BiVO4 have obtained considerable interest regarding beneficial and green technology for 
addressing environmental pollutant problems. BiVO4 is the one of effective photocatalyst 
materials because of its stability in environment, low toxicity, low energy band gap for octahedral 
structure (c-BiVO4) that can be activated by visible light [2] and ease of synthesis by various facile 
synthesis processes. Referring to previous reports, BiVO4 could be prepared by different processes 
including high temperature hydrothermal process (∼200 °C), solid state reaction, coprecipitation 
with and without calcination treatment process (∼700 °C for 8 h) [3]. However, those mentioned 
synthesis methods typically require many processing steps or using high temperature and long 
reaction time for synthesis. Hence, it is mandatory to find the simple and eco-friendly process or 
synthesis route for preparing BiVO4 particles. Sonochemical technique has become a great 
challenge way for nanoparticle preparation that can shorten time of fabrication and provide 
uniformity of the product [4, 5]. During sonochemical process, collapse bubbles induced by 
ultrasonic wave can potentially generate extremely localized hot spot with high transient 
temperature ∼5000 K and pressure ∼20 MPa. This uttermost condition can effectively quicken the 
hydrolysis, condensation or correlated chemical reactions [6]. From the literature survey, BiVO4 

prepared by single step has been so far reported. In this report, the single step of sonochemical 
method was employed for synthesizing functional BiVO4 nanoparticles proposed as a visible-
driven photocatalyst. The crystallinity, morphology, chemical bonding of as-synthesized particles 
was scrutinized. The photocatalytic activity was tested by degradation of Rhodamine B dye in 
aqueous model solution under visible light irradiation. 
 
• Materials and Method  

Bismuth nitrate pentahydrate (Bi(NO3)3•5H2O), Ammonium metavanadate (NH4VO3) 
purchased from Ajax Finechem were used as starting precursors of Bi and V sources. For 
preparation of BiVO4 powder, the sononochemical process was used according to the following 
steps. Firstly, Bi(NO3)3•5H2O and NH4VO3 powder was separately dissolved in deionized water 
(DI water) under continuous magnetical stirring at room temperature to obtain homogeneous 
aqueous solution. After that, both precursors were mixed then ammonium hydroxide (NH4OH) 
solution was added dropwise into the mixed solution until designated pH value (3, 5, 7, 10 and 
11) was reached. Finally, the mixed precursor was poured in sonochemical chamber and irradiated 
under ultrahigh sonicator (750W, 20kHz) operated at room temperature for 30 minutes. The after-
sonicated colloidal solution was washed with DI water until the pH became neutral and then dried 
at 100 °C for 24 hours. 
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X-Ray diffraction technique was used to investigate the crystalline structure of the 
prepared samples. The synthesized particle size was measured by particle analyzer spectrometer 
by suspension in DI water. Relevant chemical bondings of the samples were characterized by 
Fourier transform infrared spectrometer (PerkinElmer Spectrum Two) and Raman spectroscopy 
(Thermo Scientific DRX SmartRaman). 

The photocatalytic performance of prepared samples was evaluated using RhB degradation 
as a testing reaction. The photocatalytic activity was carried out by the degradation of aqueous 
Rhodamine B (0.01mmol) dye under visible light irradiation using the samples synthesized at 
various pH as photocatalysts. The 0.1 g of as-prepared catalyst was 
added into 100 ml of dye solution then the suspension was stirred for 30 min without 
irradiation to ensure the establishment of adsorption/desorption between dye and catalyst followed 
by the irradiation with visible light. During the phototocatalytic reaction, 
5mL of dye solution was taken at selected time interval. The concentration of RhB was 
measured by mean of its absorbance using UV-Vis spectroscopy. The degradation rate 
of RhB solution was defined by following equation: D = At/A0 x 100%. Where A0 is the 
absorbance value of initial RhB solution, At is a absorbance value of degraded RhB solution at the 
irradiation time t. 
 
• Results and discussion 

 
 
Fig. 27. X-rays diffractogram of as prepared BiVO4 with different pH value of solution (pH = 3, 

5, 7,10 and 11). 
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The crystallinity of as-prepared samples was investigated by X-ray diffraction technique 
and the corresponding XRD results are illustrated in Fig. 27. The majority of XRD diffractograms 
of all samples are clearly corresponded to BiVO4 monoclinic structure [JCPDS No. 00-058-0430]. 
The strong diffraction peak at 2θ = 28.9° assigns to (-1,1,2) plane of BiVO4 monoclinic. It is 
observable that the impurity phases at 2θ =  24.5°, 32.8° and 48.5° ascribed to V2O3 crystalline 
structure [JCPDS No. 85-1411] were obtained in the samples synthesized at pH = 3, 5 and 10 
while the samples prepared at pH = 7 and 11 possess only BiVO4 monoclinic structure without 
any existence of impurity phases. This feature suggests that BiVO4 particles can be successfully 
prepared by facile and single-step sonochemical process at certain preparing precursor and pH of 
the precursor could be considered as a crucial synthesis factor. The possible reactions and 
mechanism taking the key role on the formation of BiVO4 particles via sonochemical process can 
be proposed. During extreme ultrasonic radiation in sonochemical process, cavitation effect is 
initiated via rapid collision by great amount of ultrasound energy. This collision could quickly 
heighten specific temperature area 

The possible reactions and mechanism taking the key role on the formation of BiVO4 
particles via sonochemical process can be proposed. During extreme ultrasonic radiation in 
sonochemical process, cavitation effect is initiated via rapid collision by great amount of 
ultrasound energy. This collision could quickly heighten specific temperature area that can 
effectively expedite the condensation reactions of hydroxyl groups and generate the nucleation of 
fine nanoparticles of BiVO4 via following chemical reactions [7]: 
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Fig. 28. Raman spectra of BiVO4 specimens synthesized by sonochemical method with different 
pH= 3, 5, 7, 10 and 11. 

Raman spectra of as-prepared BiVO4 were measured using green laser (532 nm) as an 
excitation source and corresponding spectra are shown in Fig. 28. Raman shift around 210, 324, 
366 and 826 cm-1 are observed for all prepared samples. Raman spectrum at around 210 cm-1 is 
correlated to the BiVO4 structural formation while the higher band around 810–826 cm-1 is 
referred to the V-O vibration. Vibration peaks at 324 and 366 cm-1 are typically associated to the 
symmetric and asymmetric deformation mode of VO4

3- [8]. The trifling redshift in Raman bands 
at 809, 814, 812, 816 and 824 cm-1 can be noticed for the samples prepared with different pH of 
3, 5, 7, 10 and 11, respectively. This shift is correlated to the variation in bond length of V-O that 
is very sensitive for degree of crystallinity, defects, disorder aggregation and particle size [8]. The 
relation between metal-oxygen bond length and Raman stretching frequency shares an inverse 
relationship that is able to lower metal-oxygen bond length corresponding to the high stretch 
frequency [9, 10]. This feature implies that the pH value of starting precursor has significant 
influence on chemical bonding and related structural properties of the prepared BiVO4. 
 FTIR spectroscopy was used to verify chemical bondings of as-synthesized BiVO4 
prepared with different pH. Fig. 29 shows the corresponding results of all samples. The absorption 
spectra at wavenumber of 474 cm-1 could be assigned to the symmetric bending mode of VO4

3-  
[11] while the broad band at 500–900 cm1 of all specimens are generally characteristic band of 
asymmetric stretching and symmetric stretching vibration of the metal and oxygen bond. The 
strong peaks around 608, 615, 610, 624 and 626 cm-1 of BiVO4 prepared with different pH value 
3, 5, 7, 10 and 11, respectively are correlated to Bi-O vibration bonding [12]. Furthermore, the 
broad peak around 1200–1500 cm-1 is ascribed to O-H stretching due to incomplete reaction from 
the precursors and moisture. 
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Fig. 29. FTIR spectra of BiVO4 specimens synthesized by sonochemical method with different 
pH = 3, 5, 7, 10 and 11 

 
 
Fig. 30. Photocatalytic testing for decomposition of RhB dye solution with different photocatalyst 

materials under visible light irradiation. 
 

The visible-light driven photocatalytic activities of the as-synthesized samples were 
evaluated through the photo-degradation of RhB dye solution. Fig. 30 shows the degradation curve 
of RhB using different catalysts under visible irradiation. It is clearly observed that the dye 
solution was degraded with increasing reaction time. The slight decrease of dye concentration 
before light illumination could be due to self-adsorption of the catalysts. At 60 min of irradiation 
time, 30% decomposition of dye solution was obtained in BiVO4 catalyst prepared at pH 3. The 
superior degradation of dye solution was found in BiVO4 prepared at pH 11 with almost 90% 
degradation while BiVO4 prepared at pH = 5, 7, and 10 exhibited 70%, 40% and 60% of RhB 
degradation, respectively. According to the results, the high performance of photocatalytic 
behavior was found in BiVO4 synthesized at pH 11 due to the complete formation of monoclinic 
BiVO4 without impurity as shown in XRD and Raman spectra results and great active surface 
area of exceptional needlelike low-dimensional nanostructure of the obtained product. 
 
• Conclusions 
 

BiVO4 nanoparticles can be synthesized by single-step sonochemical method operated at room 
temperature at different pH value of starting precursor without further thermal treatment process. 
The crystalline structures of as-prepared samples belong to monoclinic phase with V2O3 impurity 
phase when the samples were prepared at pH = 3, 5 and 10. The morphologies of as-prepared 
samples appear in various shapes depending on pH value of starting precursor. The superiority in 
photocatalytic performance of the sample acting as visible light activated catalyst is found in 
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BiVO4 synthesized at higher pH value. The excellent photocatalytic activity could be attributed 
to the good crystallinity and great active surface area of low dimensional structure of BiVO4 
monoclinic sample. 
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3. Project output  

3.1 Publications 

1. C. Wattanawikkam and W. Pecharapa, “Synthesis and characterization of Zn-doped TiO2 
nanoparticles via sonochemical method”, Integrated Ferroelectrics Vol. 165, issue 1, pp. 
165-173.  

2. W. Mekprasart, T. Tangcharoen, P. Nakhanivej and W. Pecharapa, “Synthesis and 
characterization of cubic-like zinc stannate powders prepared by co-precipitation method”, 
Chiang Mai Journal of Science, 43(2), (2016), pp 345-350.  

3. Chakkaphan Wattanawikkam and Wisanu Pecharapa, “Sonochemical synthesis, 
characterization and photocatalytic activity of perovskite ZnTiO3 nanopowders”, IEEE 
Transactions on Ultrasonics Ferroelectrics and Frequency Control, Vol. 63, Issue 10, 
(2016) pp. 1663-1667.  

4. Chakkaphan Wattanawikkam, Weerachon Phoohinkong and Wisanu Pecharapa, 
“Structural, Optical and Magnetic properties of Diluted Magnetic Perovskite ZnTiO3 
doped with Co and Mn Prepared by Sonochemical Method”, Journal of Nanoscience and 
Nanotechnology, 17, (2017), pp. 3620-3628. 

5. Chakkaphan Wattanawikkam, Wisanu Pecharapa and Keiichi Ishihara, “X-ray absorption 
spectroscopy analysis and magnetic properties of M-doped TiO2 nanoparticles (M=Co, 
Mn, Ni and Zn) Prepared by co-precipitation method”, Ceramics International, Vol. 43 
S1, (2017) pp. s397-s402  

6. Weerachon Phoohinkong, Sorapong Pavasupree, Anucha Wannagon, Kanokthip 
Boonyarattanakalin, Wanichaya Mekprasart, Wisanu Pecharapa, “Characterization and X-
ray Absorption Near Edge Spectroscopy of Nanoparticles Derived from Natural Ilmenite 
Ore via Acid-assisted Mechanical Ball-milling Process”, Advances in Natural Sciences: 
Nanoscience and Nanotechnology, 8, (2017) 035012 (8 pages)  

7. W. Charerntanom, W. Pecharapa, S. Pavasupree, S. Pavasupree, “Effect of Calcination 
Temperature on Structure and Photocatalytic Activity Under UV and Visible Light of 
Nanosheets from Low-cost Magnetic Leucoxene Mineral”, Photonics and 
Nanostructures-Fundamentals and Applications, 25 (2017), pp. 38-45  

8. Thanaphon Kansaard, Weerachon Phoohinkong, Wanichaya Mekprasart, Samanya 
Sanguanpak, Anucha Wannakon, Wisanu Pecharapa, “Comparison Study of 
Photocatalytic Activity of Titanium-Rich Materials Derived from Natural Minerals Ores 
Using Acidic Leaching”, Key Engineering Materials, 751 (2017), 813-818. 

9. Wanichaya Mekprasart, Kanokthip Boonyarattanakalin, Wisanu Pecharapa, Keiichi N. 
Ishihara, “Optical Characteristics of Samarium doped ZnAl2O4 Nanomaterials 
Synthesized by Vibrational Milling Process”, Materials Today: Proceedings, 5 (2018) 
14126-14130. 

10. Thanaphon Kansa-ard, Wadweaw Yimwan, Weerachon Poohinkong, Wanichaya 
Mekprasart, Samunya Sanguanpak, Anucha Wannakon and Wisanu Pecharapa, 
“Hydrophilic and Photocatalytic Properties of Dip-coated Synthetic Rutile-based Thin 
Films Derived from Minerals Ores”, Materials Today: Proceedings, 5 (2018) 11068-
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11073. 
11. C. Prommalikit, W. Mekprasart, W. Pecharapa, “Effect of Milling Speed and Time on 

Ultrafine ZnO Powder by High Energy Ball Milling Technique”, IOP Conference Series: 
Journal of Physics, 1259 (2019) 012023. 

 

3.2 Conference 

1. C. Wattanawikkam, W. Pecharapa, K. N. Ishihara, “Preparation and characterization of 
M-TiO2 (M=Co, Mn, Zn, Ni) nanoparticles via co-precipitation method”, 23rd 
International Symposium on Metastable, Amorphous and Nanostructured Materials 
(ISMANAM 2016), 3-8 July 2016, Nara, Japan. 

2. C. Wattanawikkam, W. Pecharapa, K. N. Ishihara, “Synthesis and Photocatalytic Activity 
of Perovskite Co-doped ZnTiO3 Synthesized by Sonochemical Method”, Japan Society of 
Powder and Powder Metallurgy (JSPM) spring meeting, 2016, Kyoto Institute of 
Technology, Kyoto, Japan. 

3. Thanaphon Kansa-ard, Wadweaw Yimwan, Weerachon Poohinkong, Samunya 
Sanguanpak, Anucha Wannakon and Wisanu Pecharapa, “Preparation of Synthetic Rutile 
by Acidic Leaching of Ilmenite Ores using HCl Acid as Leaching Agent”, International 
Conference on Science and Technology of Emerging Materials (STEMa2016), 27-29 Jul 
2016, Pattaya, Thailand. 

4. Thanaphon Kansa-ard, Wadweaw Yimwan, Weerachon Poohinkong, Wanichaya 
Mekprasart, Samunya Sanguanpak, Anucha Wannakon and Wisanu Pecharapa, 
“Hydrophilic and Photocatalytic Properties of Dip-coated Synthetic Rutile-based Thin 
Films Derived from Minerals Ores, The 5th Thailand International Nanotechnology 
Conference (Nano Thailand 2016), 27-29 Nov 2016, Nakorn Ratchasima, Thailand. 

5. T. Kansaard, W. Phoohinkong, W. Mekprasart, S. Sanguanpak, A. Wannakon and W. 
Pecharapa, “Comparison Study of Photocatalytic Activity of Titanium-rich Materials 
Derived from Natural minerals Ores using Acidic Leaching”, Southeast Asia Conference 
on Thermoelectrics (SACT2016), 15-18 Dec 2016, Danang, Vietnam. 

6. Wanichaya Mekprasart, Titarat Thongpradith, Wisanu Pecharapa and Keiichi N. Ishihara, 
“Photocatalytic Properties and Plastic Degradation of Synthetic Rutile TiO2 from Natural 
Ore”, JSPM International Conference on Powder and Powder Metallurgy ～ 60th 
Anniversary～ (JSPMIC2017), 7-9 Nov 2017, Kyoto, Japan. 

7. Thanaphon Kansa-ard and Wisanu Pecharapa, “Characterization of BiVO4 Nanoparticles 
Prepared by Sonochemical Process”, Southeast Asia Conference on Thermoelectrics 
(SACT2018), 14-17 Dec 2018, Siem Reap, Cambodia. 

8. Thanaphon Kansaard, Wisanu Pecharapa and Chatpong Bangbai, “Effect of ultrasonic 
irradiation time on physical properties and photocatalytic performance of BiVO4 
nanoparticles prepared via sonochemical process”, The 2nd Materials Research Society of 
Thailand International Conference (MRS-Thailand 2019), 10-12 Jul 2019, Pattaya, 
Thailand. 
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9. Thanaphon Kansaard, Wanichaya Mekprasart, Keiichi Ishihara and Wisanu Pecharapa, 
“Optical and Structural Properties of BiVO4 Nanoparticles Derived Via Rapid Synthesis 
Sonochemical Process”, The International Conference on Radiation and Emission in 
Materials (ICREM2019), 15-18 Dec 2019, Bangkok, Thailand. 

 

3.3 Award 

 1. The Best Poster Award in The International Conference on Radiation and Emission in 
Materials (ICREM2019) (Mr. Thanaphon Kansaard) 

 

3.4 Staff and student exchange  

Name Exchange period Research Topic 

Asst. Prof. Dr. Wanichaya 
Mekprasart 

5 Oct – 25 Nov 2016 Synthesis of Samarium doped 
ZnAl2O4 Nanomaterials by 
Vibrational Milling Process 

Ammar   

Tittee   

Mr. Thanaphon Kansaard 28 May - 28 Jun 2017 Preparation of Synthetic Rutile by 
Acidic Leaching of Ilmenite Ores 

Miss Titarat Thongpradith 28 May - 28 Jun 2017 Study of Synthetic Rutile TiO2 

Photocatalyst Efficency 

Miss Kittiya Pluamjai 28 May - 28 Jun 2017 Synthesis of TiO2/cellulose 
nanocomposite material 

Asst. Prof. Dr. Wanichaya 
Mekprasart 

2 Oct – 12 Nov 2017 Solid Sate Degradation of Plastic by 
Titania Nanocomposite 
Photocatalyst Synthesized from 
Natural   Mineral 

Mr. Thanaphon Kansaard 2 Oct – 2 Nov 2017 Photocatalytic Properties of Dip-
coated Synthetic Rutile-based Thin 
Films Derived from Minerals Ores 

Mr. Hambalee Mahamu 8-27 Oct 2019 Fabrication of ZnO rod pattern for 
optoelectronic device 

Ms. Arisa Pornpugdewatana  8-27 Oct 2019 Preparation of Synthetic Rutile by 
Acidic Leaching of Hydroilmenite 
Ores 

Mr. Thanaphon Kansaard 5 - 11 Jan 2020 Characterization of BiVO4 
Nanoparticles Prepared by 
Sonochemical Process 

 



45 
 

3.5 Activities under collaborative research in the title of “Synthesis and characterization of 
new photocatalytic nano-materials” 

Activity 1: Training and workshop on High energy ball milling machine by Mr.Daisuke Nagao, 
Managing Director, Nagao System INC. in College of Nanotechnology, KMITL. 

 
 

 

 

 

Activity 2: Presentation in TiO2 workshop for the production of TiO2 nanomaterial by high energy 
ball milling machine at Rajabhat Rajanagarindra University, Chachoengsao, Thailand. 

 
Activity 3: Mechanical Presentation of High energy milling machine with Tanaka Chemical 
(Thailand) Co., Ltd. to join the research in the topic of “How to decrease volcano clay size in 
nanoscale” 
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Activity 4: Presentation and Operation on High energy ball milling machine by Mr.Daisuke 
Nagao, Managing Director, Nagao System INC. in STEMa International conference at Pattaya, 
Thailand. 
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Activity 5: Usability table of High energy ball milling machine obtained from JASTIP Fund 
during March 2016 to August 2017 at College of Nanotechnology, KMITL 

 

Date  
Name 

Affiliation Propose Usability 

2016/03/02 3rd year bachelor 
student 

College of 
Nanotechnology, 
KMITL 

To study milling mechanism of  
high energy ball milling system 
to produce nanoscaled product as 
the part of composite class in 
College of Nanotechnlogy, 
KMITL 

1 
  

2016/03/23 Assist. Prof. Dr. 
Wanichaya 
Mekprasart 

College of 
Nanotechnology, 
KMITL 

Presentation in TiO2 workshop 
for the production of TiO2 
nanomaterial by high energy ball 
milling machine at Rajabhat 
Rajanagarindra University, 
Chachoengsao, Thailand. 

1 

2016/03/28 Ms. Talatda Saradat Tanaka Chemical 
(Thailand) Co., Ltd 

Mechanical Presentation of this 
machine to join the research in 
the topic of “How to decrease 
volcano clay size in nanoscale” 

2 

2016/05/12 Assist. Prof. Dr. 
Sorapong Pavasupree 

Faculty of  
Engineering, 
RMUTT 

To reduce mineral size and use 
the product in photocatalytic 
application as part of the project 
“Synthesis of Titanium Dioxide 
from Natural Minerals Used as 
Solar-light-activated Catalyst for 
dye degradation from laundry 
Industrial Applications” 

3 

2016/06/17 Dr. Samunya 
Sanguanpak 

MTEC, NSTDA To reduce mineral size and use 
the product  in tile coating 
process as part of the project 
“The Application of Titanium 
Dioxide from Natural Minerals 
Used as coating material for Tile 
Industrial” 

3 

2016/07/27
to 29 

Mr.Daisuke Nagao Nagao System INC. Product presentation in STEMa 
International conference at 
Pattaya, Thailand 

- 

2016/08/08 
to 
2016/11/14 
 
 
 
 
 

Miss  Nisarat huilek 
 
 
 

Suratthani Rajabhat 
University 

Use the machine in cooperative 
project at College of 
Nanotechnology, KMITL in the 
topic of “ Effect of the crucial 
parameters in High-Energy Ball 
Milling and calcination process 
on the product of ZnO–Al2O3 
mixture”  

60 
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2016/10/06, 
13 and 20 

Miss Tasama Pothang College of 
Nanotechnology, 
KMITL 

Mixed precursor materials of 
Sr2CO3, Fe2O3, Fe2Mo3O12 and 
ZnO 

3 

Date Name Affiliation Propose Usability 

2017/03/23 Assist. Prof. Dr. 
Wanichaya 
Mekprasart 

College of 
Nanotechnology, 
KMITL 

Milling of PE and PP sample 1 

2017/04/21 
to 
2017/05/22 

Ms. Ratchadaporn 
Chailor 

Ubonrachatani 
Rajabhat University 

Use the machine in cooperative 
project at College of 
Nanotechnology, KMITL in the 
topic of “ Mechanical Synthesis 
and Investigation of BiVO4 
Nanomaterial as the Possibility of 
Visible-light Photocatalyst ” 

5 

2017/06/12 
to 
2017/08/01 

Assist. Prof. Dr. 
Winnadda 
Wongwiriyapan 

College of 
Nanotechnology, 
KMITL 

To reduce carbon black powder 5 

2017/08/04 
to 
2017/08/08   

Mr. Kittipob 
Sermsukpradit 

College of 
Nanotechnology, 
KMITL 

To synthesize Sm2O3 doped in 
Zn2SnO4 material 

4 
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Abstract 

We analyze the impacts of rural electrification on the quality of life of four 
Southeast Asian rural villages in Malaysia, Cambodia, and Myanmar using the effect of 
different electrification schemes, namely grid extension, centralized solar system and 
solar home system. In a multidimensional approach we look into the effects on 
subjective well-being of the community through a quality of life index (QoLI), as well as 
objective indicators such as the multidimensional energy poverty index (MEPI) and 
active time usage by using two sets of interview data, a first one is prior to or right after 
the electrification, and the second one is after the electrification. Despite the common 
perception that the grid extension is a preferable scheme than the solar systems, we find 
no meaningful difference in terms of the impacts on the communities’ quality of life, 
both from the subjective QoLI perspective as well as the objective MEPI and active time 
usage measures. As a matter of fact, one out of the two villages electrified through grid 
extension shows a reduction in satisfaction. Our findings highlight the level of 
deprivation of the villagers, their specific human needs, and their context (geography, 
demographics, and culture), which all play essential roles on the effect of any 
electrification scheme. 
 
Keywords: rural electrification, QOL, energy poverty, Southeast Asia, before-and-after 
 
1. Introduction 

In 2017, the UN reported that about one billion people still live without 
electricity, especially in rural areas of developing countries [1]. While grid extension is 



considered the conventional way of improving access to electricity, such a scheme is 
sometimes too expensive. The recent advancements in renewable energy technology, 
particularly solar energy, have opened new possibilities for supplying power via off-
grid/microgrid systems. Over the past decades, various rural electrification projects have 
been implemented under each countries’ national energy plan in line with the 7th 
objective in the Sustainable Development Goals (SDGs): “Energy for all”[2]. The topic of 
rural electrification has gained popularity among the researchers, with many papers 
dedicated to the feasibility or techno-economic studies on different rural electrification 
schemes [3]–[7] as well as rural electrification policies and framework [8]–[11].  

With the enormous efforts and investment dedicated to rural electrifications, it 
is important to quantify their impacts. Some specific studies on the social-economic 
implication of rural electrification have been reported in the past, particularly for South 
Asia and African countries such as India [12], Bangladesh [13], Ghana [8], Nepal [14] 
Rwanda [15], etc. Generally, these studies concluded that electrifications brought 
positive changes to the rural communities with improved health, income, opportunity 
for education and jobs, environmental sustainability, creation of facility for social 
activities, etc., which are considered to improve the overall quality of life (QoL). However, 
in most of these studies, either macro-level data (such as those from World Bank or 
national statistics) were used or qualitative discussions were elaborated mostly based 
on authors’ observations.  

In some cases, the macro-level data might not be effective in reflecting the 
actual conditions of the rural communities. To understand the actual impacts of 
electrification on specific communities, detailed data collected via surveys or interviews 
were used for some studies. In [15], actual household data was collected, specifically on 
hours of lighting usage and children’s study time at home, energy expenses as well as 
household income. In [14], national living standard survey data were used to relate 
access to electricity with the level of income, education, etc. Another study using surveys 
done in Nigeria [16] focused on the relation between electricity and household poverty. 
Analysis using village panel data in Cambodia [17] also suggested electrification 
increases the household energy expenditure but gives a positive change in terms of 
school enrollment. In [18], the authors developed a “user perceived value” framework 
to identify the priorities of the rural villagers in Uganda in terms of 64 categories. 
Another survey-based study was reported in [19] for villages in Bangladesh, using data 
collected from solar home system users. Despite the different contexts, these studies 
generally confirm a positive relation between electrification and household gain, in 
terms of the extent of energy utilization (in heating, cooling, cooking, etc), life 



expectancy, or physical and material gains like the lighting hours and income. Yet, the 
effect on QoL measures is not as straightforward, particularly on subjective measures 
and dimensions indirectly related to electrification. 

The concept of quality of life is a subject of open debate and can take different 
forms, where measurements can be done based on objective social indicators or on 
subjective indicators of well-being [20][21]. Between the two, the objective approach is 
more common and existing literature on the impact of rural electrification focuses 
mainly on objective indicators such infant mortality rate, life expectancy, mean years of 
schooling, gross domestic product, gross national income and water access [22]. There 
are less discussions on the subjective well-being of rural community related to access to 
electricity. Researchers in subjective well-being argue that people’s own evaluation of 
their lives is important and needs to be considered as an aspect a “good quality life” [23]. 
As pointed out in [21], it is important to understand not just objective indicators, but 
also the subjective well-being of a community in order to fully comprehend the effects 
on quality of life. While there can be various approaches to measure subjective well-
being of an individual or community, [24] provided the fundamental guidelines for such 
measurements, where three domains, i.e. Life Satisfaction, Affect and Eudaimonic well-
being should be included. Alternatively, the five-domains approach was also suggested, 
covering material and physical well-being, relationships with other people, social, 
community and civic activities, personal development and fulfillment, as well as 
Recreation [25]. A notable method for representing subjective QoL is the use of Quality 
of Life Index [25] [26], where scores are given based on the perceived importance and 
satisfaction on various domains, and an index is obtained by aggregating the scores into 
a single figure. From the literature, it is clear that electrification brings improvements in 
terms of the objective indicators [14], [16], [27]. However, it is interesting to understand 
the perceived quality of life for a rural community by looking into the satisfactions they 
have on various aspect of their life with and without electrification. 

Impact of rural electrification would also be dependent on the scheme adopted. 
Grid extension is considered the best option as it usually guarantees continuous supply 
with high power capability. However, numerous studies have demonstrated the 
feasibility of rural electrification using solar photovoltaic systems, in the forms of extra-
low power solar lantern/solar light (usually not more than 100W) and low power solar 
home system (typically few tenths or hundreds Watt) [28] or even higher power 
centralized solar system (few to tenths of kilo Watts) [29]. While the systems’ power 
capability (in terms of the loads that can be driven) is clear, there is a lack of unified 
discussion on the impacts of rural electrification using different schemes. 



This paper intends to study the impacts of different rural electrification schemes 
in a multi-dimensional manner, considering both objective indicators as well as 
subjective QoL. Interviews were conducted in four different villages in the three 
Southeast Asian countries where different rural electrification schemes (grid extension, 
solar home system, centralized solar system) were implemented. In order to perform a 
unified discussion on the impacts of rural electrification using different schemes, two 
sets of interview data were taken, a first one to capture the condition prior to or right 
after electrification, and the second taken several months after electrification. 

 
2. Rural Electrification Sites 

To allow a comparative evaluation of different electrification schemes and 
communities, four separate villages have been included for this study, namely Kampung 
Sungai Merah and Menangkin in Malaysia, Oak Pho in Myanmar and Thmor Keo in 
Cambodia.  

Table I: Rural Electrification Sites and Survey Details 

Village Country Cultural 
profile Demographics Electrification 

Scheme Surveys 

Kampung 
Sungai Merah  

Malaysia 

Iban 

5 households 
(20 inhab.) 

 
Mostly 

fishermen 

Solar Home 
System 

First: Prior to 
electrification 
(6 interviews) 
Second: 
Approximately 17 
months after 
electrification 
(5 interviews) 

Menangkin Iban 
22 households 

(100 inhab.) 
 

Mostly farmers 
Grid Extension 

First: Prior to 
electrification 
(19 interviews) 
Second: 
Approximately 18 
months after 
electrification 
(12 interviews) 

Oak Pho Myanmar Bamar  

400 
households 

(2000 inhab.) 
 

Mostly farmers 

Centralized 
Solar System 

First: 4 months after 
electrification 
(19 interviews) 
Second: 
Approximately 15 
months after 
electrification 
(35 interviews) 

Thmor Keo Cambodia Khmer 

215 
households 

(1200 inhab.) 
 

Mostly farmers  

Grid Extension 

First: Prior to 
electrification 
(17 interviews) 
Second: 
Approximately 13 
months after 
electrification 
(21 interviews) 

 



The selected villages represent the typical un-electrified households in the 
respective countries, with income level below their respective national average, and 
most of them are at the primary education level. Even though the culture for the four 
villages are slightly different, they have similar economic activities, where the 
community are mainly farmers and fishermen. The climate conditions for the selected 
villages are also similar, which is tropical climate typical to the Southeast Asian region. 
Other than Oak Pho (Myanmar), the first visits to the villages were done prior to 
electrification, while the second visit was done at least 1 year after electrification. A 
summary of the key data for the four rural electrification sites is given in Table I. 

 
2.1. Malaysia - Kampung Sungai Merah and Menangkin 

The electricity coverage in Malaysia was reported to be 100% in World Data 
Bank data since 2015. However, in reality, the coverage of electrification is not uniform, 
with the eastern states of Sabah and Sarawak still having some of their population living 
off-grid. As a matter of fact, it was reported that the electrification rate for Sarawak was 
around 89.8% in 2017 [30]. Over the past two decades, there has been a substantial 
effort by the government to improve electricity coverage in Sarawak, including the 
implementation of small-scale rural electrification projects using grid extension as well 
as standalone system utilizing hydro-diesel, solar-diesel hybrid system as well as solar 
home systems. For this study, two villages with different electrification schemes, i.e. grid 
extension and solar home system were considered. The communities in both villages are 
from the Iban tribe, which is the biggest aboriginal tride in Sarawak. Traditionally, the 
Iban community lives in “Rumah Panjang”, or longhouse, where different families living 
in rooms of a single long and narrow building sharing a common varenda. While modern 
Iban communities such as in Menangkin and Kampung Sungai Merah no longer stay in 
longhouse, they still maintain the tradition of having strong knitted relation, where 
villagers usually socialize in the house of the prominent person, usually the head of 
village, during the evening time. 

The first site, Kumpung Sungai Merah, is small village located at the west side of 
Borneo Island and one-hour boat from the nearest town of Sebuyau. The village has a 
population of 20 inhabitants and 5 households (as of Dec 2018) who are mainly farmers 
and fishermen. The village was electrified using a 300W Solar Home systems (SHS) in 
February 2017 [31]. Prior to this, the villagers relied on their own diesel generators for 
powering lights, TV, and even freezer (for one household) during night time. The first 
survey was conducted in December 2016, prior to the installation of SHS. The follow-up 
survey was done in August 2018, approximately 17 months after electrification. 



The second village, Menangkin, is located in the Pantu district of Sarawak, which 
is accessible by car around 4 hours’ drive from the city of Kuching. The village has 22 
households with approximately 100 residents. The villagers are mainly farmers, working 
on commercial crops, particularly pepper and oil palm. At the same time, paddy is 
planted in low volume for self-consumption. Due to its relative proximity to the main city, 
the village was electrified through grid extension in mid of 2017. The first survey was 
taken in April 2016, prior to the electrification, while the second survey was in July 2018, 
approximately one year after electrification. Prior to the grid extension, the villagers 
relied on individual gasoline generators for lighting at night. 

 
2.2. Cambodia – Thmor Keo 

Thmor Keo is an inland village located in Batheay district of Kompung Cham 
province, which is accessible by car around 2 hours’ drive from the city of Phnom Penh. 
The village has around 215 households, where the villagers are mainly farmers. Prior to 
electrification, some houses were running their own diesel generator typically for 3-4 
hours a day during evening and night time, and some houses used batteries for lighting, 
radio, and TV. 

Electrification was done in August 2018, through grid extension from the private 
sector under the electricity authority and supplied by EDC (Electricite du Cambodge). 
The households are charged based on power meter installed. The first interview was 
done in March 2017 (prior to electrification), while the second interview was conducted 
in September 2018, approximately 13 months after electrification. 

 
2.3. Myanmar – Oak Pho 

The village of Oak Pho is in the Bago province of Myanmar, which is accessible 
by car around 6 hours’ drive from the city of Yangon. There are about 400 households 
and approximately 2,000 residents in the village, where the villagers are mainly farmers. 
The village was partially electrified (180 households) in July 2017, where a hybrid mini-
grid system (a 20 kW centralized PV system with 2 kAh lead acid battery and 30 kW diesel 
back-up generator system) has been installed. The villagers were charged based on 
prepaid meters installed in each household.  

Since its installation, the diesel generator has not been turned on, due to the 
low energy usage in the village. Hence, the system can be considered as a centralized PV 
system. Unlike the previous 3 villages, the project team was unable to arrange the first 
visit to the village before electrification. However, the first interview was done in 
November 2017, just 4 months after the electrification. The second interview was then 



conducted in October 2018, approximately 15 months after the installation. 
 

3. Methodology 
In order to have a multi-dimensional view on the impact of rural electrification, 

the interview has been structured to cover both objective indicators as well as subjective 
well-being indicators of the villagers. Each category contains several scale items from 
which questions will be asked to obtain responses terms of “satisfaction” and 
“importance” [26]. On the other hand, objective indicators will rely on items that can be 
easily quantified, such as physical properties and daily life patterns.  

For this interview, the questions are structured to cover ten domains, as shown 
in Table II. Domains 2 till 7 covers the subjective well-being, while domains 8 and 9 
addresses the objective indicators. On top of that, the “perceived” QoL is also asked, 
where the interviewee was instructed to rate his/her QoL based on a scale of 1 to 10. 
This overall perceived QoL is used to compare with the QoL Index.  

 
3.1 Quality of Life Index (QoLI) 

To allow numerical comparison of subjective well-being, QoL Index (QoLI) can 
be utilized by assigning values to the answers in the questionnaire and aggregating them 
into a single value. The calculation of QoLI here follows the similar procedures of the 

Table II: Ten Domains Used in the Interview. 
No Domains Scope 
1 Background Information • Demographic information, such as age, gender, 

education, family member, living place, and occupation 

2 General Satisfaction  
• General level of satisfaction as well as level of 

importance on time spent, housing, food, clothing, 
neighborhood, family and personal safety 

• Answers are in 5 level Likert scales  
3 Occupational activities  • Current occupation and feeling toward these activities. 

• Answers in 5 level Likert scales 
4 Psychological Well-Being  • Perceptions/ feeling on life 

• Answer in the form of yes/no response. 
5 Symptoms /Outlook • Outlook on life as well as symptoms of stress/anxiety 

• Answers in yes/no as well as 5 level Likert scale 

6 Social Relations 
• Social relation between neighborhood, family member, 

and outsiders  
• Answers in 5 level Likert scale 

7 Money • Satisfaction level and importance in 5 level Likert scale 

8 
Personal (family) 
Properties & Daily Life 
pattern 

• Personal (family) belonging, including TV/radio, 
refrigerator, cell phone, bicycle/motorbike/car, livestock 
etc. 

• The fuel and method for cooking is also asked. 
9 Electricity Demand & 

Affordability 
• Electricity demand, current and affordable expenditure 

for the future expansion 

10 Perceived Quality of Life 
• The interviewee is asked to rate his/her quality of life on 

the scale of 1-10, with 1 being terrible and 10 being 
excellent. 

 



Wisconsin Quality of Life Index coding method [26], which will be explained briefly.  
For the calculation of the QoLI, only six domains, i.e. Domain 2 to 7 (according to 

Table II) are considered. Each domain contains questions from one or more of the 
following three categories:  

a. First is the satisfaction & importance question. For example, in terms of the 
relationship with family, the set of questions asked was “How satisfied or 
dissatisfied are you with the relation between you and your family?” and “How 
important is the relation with your family to you?”. The response for the 
satisfaction question is assigned a satisfaction level (SL) of -1 to 1 on a 5 level 
Likert scale, with -1 being very dissatisfied and 1 being very satisfied. Similarly, 
the importance question will be assigned an importance level (IL) value of 0 to 1, 
with 0 being not important at all and 1 being extremely important. The second 
type of questions.  

b. The second type is the multiple-choice question. For example, the interviewee is 
asked if he/she has “experienced symptoms of emotional distress in the past four 
weeks” and given five choices of “Not at all”, “A little”, “Some”, “A moderate 
amount” and “A lot”. Multiple-choice score (MS) are allocated such that 1 is given 
for “Not at all” and -1 for “A lot”. 

c. The third type is the “Yes-or-No” question, which is used mainly on the 
Symptom/Outlook part of the survey and marks of 1 or -1 will be given to 
depending if the question refers to a positive or negative outlook. For example, 
the interviewee will be asked if he/she “felt proud for having accomplished 
something in the past four weeks”. Accomplishment Score (AS) given will be 1 for 
Yes and 0 for No. On the other hand, scores of -1 and 0 will be given for negative 
outlook question, such as if he/she “felt upset for being criticized in the past four 
weeks”. 

 
  From these, the Domain Score (DS) of each domain can be calculated. For 
Domain 2, which contains satisfaction & importance question, the DS can be calculated 
as:   

𝐷𝐷𝐷𝐷 =
(∑ 𝐼𝐼𝐼𝐼𝑖𝑖 × 𝑆𝑆𝑆𝑆𝑖𝑖𝑚𝑚

𝑖𝑖=1 ) + �
∑ 𝑀𝑀𝑀𝑀𝑗𝑗𝑛𝑛
𝑗𝑗=1 + ∑ 𝐴𝐴𝐴𝐴𝑘𝑘

𝑝𝑝
𝑘𝑘=1

𝑛𝑛 + 𝑝𝑝 �

∑ 𝐼𝐼𝐼𝐼𝑖𝑖𝑚𝑚
𝑖𝑖=1

 

where m, n and p are the number satisfaction & importance, multiple-choice and Yes-or-
No questions, respectively. For Domains 3, 4, 6, and 7, which do not contain satisfaction 
& importance question, the domain score is given as: 



𝐷𝐷𝐷𝐷 =
∑ 𝑀𝑀𝑀𝑀𝑗𝑗𝑛𝑛
𝑗𝑗=1 + ∑ 𝐴𝐴𝐴𝐴𝑘𝑘

𝑝𝑝
𝑘𝑘=1

𝑛𝑛 + 𝑝𝑝
 

In addition, the interviewees are asked on the importance level of Domains 3 to 7. These 
are considered as the weighting factor (w), with values in the range of 0 to 1 given on a 
5 level scale, similar to the importance level question explained earlier. Since there is no 
weightage assigned to Domain 2, two different variables were considered: 
Average Domain Score (ADS) for Domain 2, defined as 

𝐴𝐴𝐴𝐴𝐴𝐴2 =
∑ 𝑆𝑆𝑆𝑆𝑖𝑖𝑚𝑚
𝑖𝑖=1

𝑚𝑚
 

and Average Weight Score (AWS), defined as 

𝐴𝐴𝐴𝐴𝐴𝐴2 =
∑ 𝐼𝐼𝐼𝐼𝑖𝑖𝑚𝑚
𝑖𝑖=1

𝑚𝑚
 

The overall quality of life index is then calculated based on the following equation:  

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄 =
𝐴𝐴𝐴𝐴𝐴𝐴2 + �∑ 𝑤𝑤𝑖𝑖𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖=7

𝑖𝑖=3 �
𝐴𝐴𝐴𝐴𝐴𝐴2 +∑ 𝑤𝑤𝑖𝑖𝑖𝑖=7

𝑖𝑖=3
 

with the subscript representing the Domain index. Since the QoLI is a weighted average 
of the total domain satisfactions from the interviewees, any missing data will severely 
skew the calculation. To ensure that the QoLI can accurately reflect the average 
satisfaction of the interviewees, the survey with incomplete data in one or more of the 
six domains were completely excluded from the calculation whose number are indicated 
as the interview number of Table I. In addition, we interviewed the same households for 
the before-and-after surveys as far as possible to ensure the changes of QoLI reflects the 
actual changes experienced by the same households. 
 
3.2. Multidimensional Energy Poverty Index and Active Time  

Apart from the subjective well-being determined using QoLI explained in the 
previous section, the impact of electrification should also be quantified using some 
objective indicators. One of the common measurement of energy poverty is based on 
the subsistence approach by measuring the percentage of income used for purchasing 
fuel [32]. This, however, is not too applicable for the communities concerned for two 
reasons: Firstly, because of difficulty in getting accurate information on the actual 
household income since the villagers are mainly farmers and fishermen with highly 
seasonal income; secondly, the villagers have a very low need to spend money on food 
and house, as they usually grow their own food and build their own house. This means 
that they can afford to spend more than 10% on fuel, without seriously affecting their 
financial condition. For this study, Multidimensional Energy Poverty Index (MEPI) [33], 
[34], as shown in Table III, is used. The MEPI allows the micro-level analysis on five 



important fundamental energy use, which allow better insights on a community’s 
development form the energy perspective.  

Apart from that, the interviewees were also asked on their daily routine 
(Domain 8), such that their Active Time, defined as the duration from the time they wake 
up till the time they go to sleep, can be obtained. This can be seen as an indirect 
measurement of the lighting hours, which is considered as one of the common indicators 
of rural electrification [3]. Together with MEPI, this forms the objective indicators used 
to correlate the impact of different rural electrification schemes on the quality of life.     
 
4. Results and discussion 
4.1. QoLI and Perceived QoL 

Figure 1 shows the average QoLI (calculated based on Section III-A) and the 
perceived QoL (Domain 10) for the four villages during the first and second visits. It can 
be observed that both QoLI and perceived QoL showed a similar trend of changes: Out 
of the four villages, only the villagers in Mengankin showed a reduction in QoLI and 
perceived QoL, while the remaining three villagers reported a positive increase in both 
indicators.  

However, it is insufficient to just observe the increase or decrease in these 
indicators, but instead, it is important to understand what constituted to such changes. 
For the case of the perceived QoL, it is simply impossible to know the reason for this 
change. However, we could observe a correlation between QoL and QoLI, and for the 
average QoLI, more insights can be obtained by looking at the six domain scores within 
the index (Fig. 2). 

Generally, it can be observed that SHS associates with a positive increase in 
most QoL domains. For the case of Kampung Sungai Merah, the villagers reported 

Table III: Multidimensional Energy Poverty Index 
Energy Service Indicator Condition to be considered deprived Weight 

Cooking Modern cooking fuel Using any fuel besides electricity, LPG, 
kerosene, natural gas or biogas 

0.2 

Indoor Pollution Food cooked on stove or open fire (no 
hood/chimney) if using fuel beside 
electricity, LPG, natural gas or biogas 

0.2 

Lighting Electricity access Does not have access to electricity  0.2 
Service provided by 
means of household 

appliances 

Household appliances 
ownership 

Does not have a fridge 0.13 

Entertainment/ 
education 

Entertainment/ 
education appliance 
ownership 

Does not have a radio OR television 0.13 

Communication Telecommunication 
means 

Does not have a phone land line OR a 
mobile phone 

0.13 

 



increase in all six domains in the second visit, which took place after electrification. For 
Thmor Keo and Oak Pho, however, there is almost no change in General Satisfaction, 
Occupation, and Symptom/Outlook. As a matter of fact, a slight decrease in Social 
Relation satisfaction was observed in the two villages. However, this reduction was 
compensated by greater improvements in Money and Psychology. For Menangkin, slight 
reductions were observed in most of the domains, particularly in Psychology. The 
marginal increase in Symptom/outlook was not able to offset the negative changes in 
other domain, resulting in an overall reduction in QoLI. 

The results showed that there is no considerable difference in terms of the 
subjective well-being of different rural electrification schemes. Grid extension, which are 



traditionally considered to be the best form of rural electrification, does not necessarily 
result in more satisfaction among the rural community. As a matter of fact, between the 
two villages that were electrified by grid extension, Menangkin showed a reduction in 
QoL while Thmor Keo showed an increase in QoL. The difference can be attributed to the 
different community style and distance from nearby villages. Compared to Thmor Keo, 
Menangkin is a more modernized society with more access to technologies. Furthermore, 
the villagers often gather and socialize in a one house, a practice that was not seen in 
Thmor Keo. Prior to electrification, the difference in electricity usage between 
households in Menangkin is not obvious, as most of the households rely on their 
generator sets for electricity. However, after grid extension, the project team observed 
that there was a greater difference between the households, where richer families can 
afford more electrical appliances (such as washing machines and rice cookers), while 
poorer families can only afford to use electricity for basic needs like lightings and fans. 
This can be a factor affecting the psychological satisfaction of the less well-off villagers, 
resulting in a drop of the QoLI. In case of Thmor Keo, the distance from neighbor villages, 
which have already been electrified, is very close, within few km. Therefore, villagers 
have been desiring to have electricity for a long time. On the other hand, Menangkin 
locates very far from the electrified villages. 

Among the three rural electrification schemes, solar home system is considered 
to be inferior compared to centralized solar system (micro-grid) and grid extension due 
to its limited power capability. However, this study showed that the highest QoL 
improvement is for Kampung Sungai Merah, which is electrified via solar home system 
when compared to the other three villages which received “more superior” 
electrification scheme. 
 
4.2. MEPI and Active Time   

Figure 3 shows the MEPI and Active Time results obtained from the four villages. 
In terms of MEPI, it is observed that all villages experience positive changes, where the 
energy poverty level has reduced. The reduction level is much lower in the two 
Malaysian villages when compared to the Cambodian and Myanmar villages. This is 
understandable, as the Malaysian villages already have relatively low energy poverty 
level prior to the electrification scheme. In particular, the two villages were using 
liquefied petroleum gas for cooking and have some access to electricity using generator 
sets. The changes in MEPI is mainly driven by the changes in the ownership of household 
appliance and communication. On the other hand, Thmor Keo and Oak Pho experienced 
more improvement due to the increased access to lightings as well as entertainment and 



communication. 
In terms of active time, the changes are almost negligible for Kampung Sungai 

Merah and Menangkin. For Thmor Keo, the active time showed some increase, but 
relatively lower than expected with only 5% (approximately 1 hour) from 63% to 68%. 
Interestingly, the active time for Oak Pho reduced from 73% to 69% between the two 
visits. It should be recalled here that for Oak Pho, the first visit was shortly after the 
electrification was done while the second visit is around 1 year after electrification. The 
changes in active time here may be considered as the diminished hype from 
electrification: at the early stage, the villagers were excited with the newly installed lights 
and were staying up later than usual, increasing their active time to around 73%. 
However, after some time, the excitement has reduced and the active time settled at a 
more reasonable percentage of 69%, which is consistent with the other 3 villages. 

From the MEPI and Active Time results, it can be concluded that the different 
electrification schemes did not have considerably different impacts. Again, grid 
extension did not provide higher improvements when compared to electrification 
through solar systems. Overall, rural electrification brings positive changes to energy 
poverty reduction and time usage of the rural community, regardless of the scheme used. 
 
4.3. Other Qualitative Observations 

 
Fig. 3. MEPI (top) and Active/Non-Active Time usage (bottom) for the Four Villages. 

 

 
             



Apart from the QoLI, MEPI and Active Time reported in the preceding sections 
of this paper, and some notable qualitative observations from the villages should be 
highlighted here. 

It is noted that electrification in the four villages did not translate directly into a 
substantial increase in income or working time as suggested in some literature. This is 
mainly due to two reasons: Firstly, the villagers, who were mostly farmers and fishermen 
who could not directly increase their working time or productivity through the use of 
electricity. Instead, they improved their comfort level through more extensive use of 
electric power for light bulbs and fans. In other words, electrification translated into the 
possibility to spend income on housing as observed in the official household survey in 
Cambodia [35]. This also evoked the energy services ladder hypothesis, where 
subsistence needs among low-incomes shift to “comfort and cleanliness” as income 
increase [36]–[38]. Our analysis might be testifying how electrification associates with 
such a shift in needs, directing preferences for household equipment associated with 
energy services connected with such “new” needs. As a matter of fact, the income of the 
villagers was heavily influenced by the commodity prices, which fluctuate with market 
demand and thus supports our argument. 

Secondly, the actual utilization of electricity greatly depends on the level of 
deprivation of the villagers prior to electrification. Some of the villagers were already 
accustomed to electricity, using generators or individual small power solar systems. For 
instance, the villagers in Malaysia (Kampung Sungai Merah and Menangkin) were 
generally running generators for 3-4 hours prior to the electrification, so the 
electrification scheme did not influence their active time meaningfully. In contrast, the 
villagers from Cambodia were generally on a more deprived condition with limited or no 
access to electricity before electrification. Consequently, there was a more notable 
increase in their active time after electrification. This also showed that there is an upper 
limit to which access to electricity can do in terms of extending the active hours. 

Another aspect is that the existing objective indicators, including the MEPI 
presented here, is not able to clearly quantify the impact of electrification on the rural 
communities. For instance, the replacement of kerosene light with electric light is 
commonly regarded as a substantial change in measuring energy poverty. However, 
based on our observations, kerosene lamps are almost non-existing in the Southeast 
Asian villages due to the low cost and wide availability of solar lamps. The increasing use 
of smartphones in rural villages blur the line between communication and 
entertainment, where TV and radio are no longer considered the main sources of 
entertaining or channels for information. 



Additionally, some aspects related to geography, demographics or culture might 
be in connection with the outcomes. As pointed out in our first analysis of electrification 
in Malaysia [31] and briefly mentioned in section II, Iban communities are close-knitted 
societies with traditions of socializing in one specific communal area of the households, 
i.e. the “rumah panjang”, reducing the use of electricity in private space for diverse 
energy services, e.g. room temperature regulation, entertainment, etc. While both 
communities in Menangkin and Kampug Sungai Merah still maintain such culture, the 
increase electrification can reduce the communal activities as each individual household 
starts to have their own entertainment and other electrical appliances. On the other 
hand, climate needs can also affect certain appliance use, and cultural preferences such 
as ingredients in the regular diet do not reflect on higher electricity needs for food 
preservation. 

Finally, although the rural electrification scheme did not show significant 
differences between grid extension and solar panels, there might be long-term effects 
of SHS and central solar systems which are not considered in our analysis, e.g. problems 
arising from system management and maintenance, as well as post-operation waste 
management. All of these aspects are interesting and important to consider in more 
inclusive studies on implications of the selection of the electrification scheme. This is 
one fertile ground for future studies. In addition, in terms of the long-term effect, we 
should note that the impact of the electrification on the education and physical health 
did not measure in this study. Different electrification schemes could also make some 
significant differences in these long-term effects. 

 
5. Conclusion and Policy Implications 
This paper presented a comparative impact study of different rural electrification 
schemes in four Southeast Asian rural villages using both objective indicators and 
subjective well-being measurements. Despite a common belief that rural electrification 
through grid extension is superior to using solar systems, there was no major change in 
terms of the quality of life felt by the community as well as the objective indicators using 
MEPI and active hours. Regardless of the scheme, improving access to electricity 
generally bring positive changes to the rural community. Furthermore, it is observed that 
existing objective indicators, such as MEPI is not able to accurately highlight the impacts 
of rural electrification. Yet, several aspects elucidated through the examination of the 
outcomes point to suggest that the level of deprivation of the villagers, their specific 
human needs, and their context (geography, demographics and culture) also play 
important roles on the effect of any electrification scheme. The present study is a first 



approximation to the analysis of electrification schemes in South East Asia. A long term 
observation and more comprehensive assessment approach, taking into account the 
utilization of electricity as well as the pre-electrification conditions of the rural 
community is necessary to allow holistic evaluation on the impact of rural electrification.  
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