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 This thesis focused on the synthesis and characterization of semiconductor photocatalysts 

and its application in environmental remediation by photocatalytic reduction of CO2 to 

value-added hydrocarbon products, especially methanol.  We have synthesized and 

extensively characterized two semiconductor photocatalytic materials:  graphitic carbon 

nitride (g-C3N4), which is an excellent solar-harvesting photocatalyst for large scale CO2 

conversion into fuels, and silver-loaded sodium niobate (Ag-loaded NaNbO3), which exhibits 

significantly enhanced methanol product selectivity over pure sodium niobate. These 

photocatalytic materials are extensively characterized to study their electronic, optical, 

morphological and crystallographic properties, to understand how its properties correlate 

with the observed photocatalytic performance.  For this purpose, various advanced 

analytical equipment were employed such as XPS, XRD, UV-Vis, FT-IR, PL, Raman and FESEM, 
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for characterizing the photocatalysts. After materials characterization, these photocatalysts 

were applied for the conversion of CO2 to fuels, especially methanol. 

Firstly, g-C3N4, was tested using 3 different irradiation sources (solar radiation, UV lamp, and 

pulsed laser). After 40 min of irradiation, 355-nm pulsed laser (40 mJ/pulse, 10 Hz) 

rendered the best methanol production yield (510 μmol g-1), followed by solar radiation 

(130 μmol g-1), and UV broadband lamp (110 μmol g-1).  Pulsed laser gave the best methanol 

yield due to its high photon flux and monochromaticity, but the methanol yield of 130 μmol 

g-1 with natural sunlight is a very significant development, as it can be used for the 

development of large-scale solar fuel generation facilities by harnessing the naturally 

abundant solar radiation. 

 Secondly, pure and Ag-loaded NaNbO3 were applied for photocatalytic CO2 reduction under 

UV lamp irradiation exclusively, and the silver loading was found to significantly enhance 

the methanol product selectivity over that of formic acid.  This implies that depositing metal 

atoms on existing photocatalytic materials can alter the product distribution selectivity in 

favour of a particular hydrocarbon compound, such as methanol in this case.  Extensive 

literature review revealed that loading silver changes 3 surface properties of photocatalytic 

materials: surface hydrophobicity, surface electron density and CO2 binding modes.  These 

changes hold the key to understanding the underlying reason as to why silver deposition 

enhances the methanol product selectivity.   
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THESIS ABSTRACT (ARABIC) 

ركزت هذه األطروحة على توليف وتوصيف ضوئي أشباه الموصالت وتطبيقه في المعالجة البيئية عن طريق تقليل التحفيز الضوئي من 

 نثاني أكسيد الكربون إلى منتجات الهيدروكربون ذات القيمة المضافة، وخاصة الميثانول. لقد قمنا بتوليف وتميز على نطاق واسع اثنين م

، وهو ممتاز ضوئي حاصد للطاقة الشمسية لتحويل ثاني أكسيد الكربون  4N3C-(g(مواد أشباه الموصالت ضوئي: نيتريد الكربون غرافيتيك

، والتي المعارض تعزيز كبير االنتقائية المنتج  3NaNbO(تحميل Ag)- على نطاق واسع في الوقود، والفضة نيوبات الصوديوم تحميل

وبات الصوديوم النقي. وتتميز هذه المواد تحفيز ضوئي على نطاق واسع لدراسة خصائصها اإللكترونية والبصرية الميثانول فوق ني

والمورفولوجية والبلورية، لفهم كيف ترتبط خصائصها مع أداء ضوئي. لهذا الغرض، تم استخدام مختلف المعدات التحليلية المتقدمة مثل 

إر، بل، رامان و فيسم، لتوصيف ضوئي. بعد توصيف المواد، تم تطبيق هذه المحفزات الضوئية -فت زس، زرد، األشعة فوق البنفسجية فيس،

 .لتحويل ثاني أآسيد الكربون إلى أنواع الوقود، وخاصة الميثانول

بعد  ر نابض(.مصادر التشعيع مختلفة )اإلشعاع الشمسي، مصباح األشعة فوق البنفسجية، والليز 3، تم اختباره باستخدام 4N3C-gأوال، 

تليها  ,1-ميكرومول ز 105 هرتز( أفضل إنتاج إنتاج الميثانول 10مللي جول / نبض،  40نانومتر ) 355دقيقة من التشعيع، قدم الليزر  40

. أعطى الليزر نابض أفضل 1-ميكرومول ز 110النطاق العريض ، واألشعة فوق البنفسجية مصباح  1-ميكرومول ز 130 اإلشعاع الشمسي

مع أشعة الشمس الطبيعية هو تطور  1-ميكرومول ز 130ة الميثانول من عائد الميثانول بسبب تدفقه الفوتون عالية وحيدة اللون، ولكن الغل

كبير جدا، كما أنه يمكن استخدامها لتطوير واسعة النطاق مرافق توليد الوقود الشمسي عن طريق تسخير اإلشعاع الشمسي الوفير بشكل 

 .طبيعي

تحت أشعة مصباح األشعة فوق البنفسجية حصرا، وتم العثور على  2CO لوادد للتحليل الضوئي-نقية و أغ 3NaNbO ا، تم تطبيقثاني

 تحميل الفضة لتعزيز كبير االنتقائية المنتج الميثانول أكثر من حمض الفورميك. وهذا يعني أن إيداع ذرات معدنية على مواد تحفيز ضوئية

انتقائية توزيع المنتجات لصالح مركب هيدروكربوني معين، مثل الميثانول لهذه الدراسة. وكشفت مراجعة األدب واسعة قائمة يمكن أن يغير 

سائط و كثافة اإللكترون السطحيةخصائص سطح المواد التحفيز الضوئي: هدروفوبيسيتي السطح، و 3النطاق أن تحميل الفضة التغييرات 

 .االنتقائية منتج الميثانول يزيدالفضة  مضيفافتاح لفهم السبب الكامن وراء هذه التغييرات تحمل الم .2CO ملزم
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CHAPTER 1                            

INTRODUCTION AND OVERVIEW 

Global warming is widely perceived as one of the most pressing environmental 

concerns grappling humanity today [1-4]. According to a report published by the IPCC 

(Intergovernmental Panel on Climate Change), the average increase of the earth’s 

surface temperature was as great as 0.9 °C between 1906 and 2005, and the rate of 

increase virtually doubled during the last half a century [5]. It is alarming to know that 

by 2100, the mean global temperature could potentially increase by 2 °C [6]. The 

consequences of global warming are catastrophic and universal; for instance, molten 

ice caps at the earth’s poles could flood and drown low-lying lands [7] and cause 

extreme weather-related natural calamities like heat waves, droughts, hurricanes etc. 

[8].  

There are many harmful gases like methane, nitrous oxides and carbon dioxide, which 

are being excessively released to the fragile atmosphere through heavy 

industrialization and reckless human activities. Through the greenhouse effect, these 

gases lead to global warming. Amongst these, CO2 wreaks more havoc to the 

environment owing to its high concentration and long lifetime [9]. More significantly, 

since the dawn of industrialization two centuries ago, atmospheric CO2 levels have 

been steadily rising. Measurements obtained from Antarctic ice cores emphatically 

demonstrate that CO2 levels are higher today than at any point in the past 800,000 



2 
 

years [10], having risen by 40% between 1750 and 2011 and, for the first time in 

human history, exceeded 400 ppm in 2013 [11]. The major source of human-induced 

CO2 emission is invariably from the combustion of fossil fuels for energy production. 

For instance, in the United States, fossil fuel combustion accounted for 93.3% of CO2 

emissions in 2015 [12]. Realistically, in the modern society, man’s overdependence on 

energy cannot be reduced. In this context, the development of a technology that caters 

to the energy demands of humanity without jeopardizing the environment is 

imperative.  

Amongst all the alternate energy sources explored, solar energy is more promising as 

it is ubiquitous and convertible to other energy forms. Solar energy can be harvested 

by many techniques such as photovoltaic cells, solar power towers [13-17] and 

photochemical reactors. The former two processes convert solar irradiation into 

electricity and molten salt [18-22] respectively and, though encouraging, the low-

density energy storage is a major limiting factor of these technologies. On the other 

hand, in photocatalytic processes, CO2 and H2O are converted into value-added 

hydrocarbon fuels like HCHO, HCOOH, CH4, CH3OH etc. using solar radiation and a 

photocatalyst. For instance, molten salt (1:1 mixture by weight of NaNO3:KNO3) stores 

approximately 0.9 GJ/m3 [23] whereas methanol stores an order of magnitude more 

at 15.6 GJ/m3. This process helps sequester atmospheric CO2 into valuable 

hydrocarbon fuels, thus simultaneously catering to global energy needs whilst 

reducing the excessive CO2 content in the atmosphere.  

To achieve the aforementioned green objectives, the quest is on to develop an artificial 

photosynthetic (APS) system, which is a cost-effective method for efficiently 
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transforming carbon dioxide gas into value-added hydrocarbon fuels in the presence 

of solar energy and a suitable photocatalyst. There are numerous review articles 

discussing photocatalytic reduction of CO2 to generate a variety of C1/C2 products [24-

39]. Amongst these reduction products, methanol is the most promising and sought 

after, as it is a high-density liquid fuel, that can be easily transported using existing 

pipeline infrastructure. It also finds widespread usage as a chemical precursor [40-42] 

in the industrial sector. The greater significance of methanol lies in the near-

simultaneous development of direct-methanol fuel cells (DMFCs), which can easily 

convert it to electricity in a single step. DMFCs are very actively being studied 

nowadays [43-53]. Also, methanol can be mixed with gasoline and injected directly 

into cars [54-58], whereby the emitted CO2 can be converted back into fuel by an APS. 

This process is envisioned as part of a methanol economy [59-61] that finally 

accomplishes true “green cars” by closing the carbon loop. Hence, for this study, we 

select methanol as the ideal reduction product from the photocatalytic reduction of 

CO2.  

To achieve this noble vision, frenzied scientific research has been ongoing to improve 

the efficiency of the CO2-to-fuel conversion process, technically known as 

photocatalytic CO2 reduction. Improving efficiency, in this context, is broadly defined 

as increasing the yield of fuels for a given set of input parameters (CO2 flow rate, 

photon intensity, amount of catalyst used). For the photochemical conversion of CO2 

into methanol, most contemporary researchers focus on three areas: photocatalyst 

synthesis, photoreactor design and engineering, and optimising experimental 

parameters.  
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In brief, we synthesise and characterize suitable photocatalysts for this process.  Next, 

these photocatalysts are applied for CO2 reduction to methanol. In addition, 

experimental parameters are optimised to enhance the methanol production yields 

even further. These endeavours will pave the way for a “green” methanol economy, by 

eventually using naturally abundant solar radiation with the help of inexpensive 

photocatalysts to convert atmospheric CO2 into methanol.  

In this thesis, we will investigate the photocatalytic conversion of CO2 into value-added 

hydrocarbon fuels, especially methanol.  Firstly, a thorough literature search will be 

conducted to understand the current technological state of this process. This literature 

review will be presented in Chapter 2, where suitable photocatalysts (section 2.2) and 

experimental parameters (section 2.3) are explored in depth.  Insights gleamed off this 

literature review will then guide the experimental phase of this study.  

The primary objective of this thesis is twofold: firstly, to develop a solar-harvesting 

photocatalyst that can convert CO2 to methanol directly using natural sunlight, and 

secondly, to enhance the methanol product selectivity of a reported photocatalyst. 

After extensive literature review and trial-and-error experimentation, we have 

decided upon graphitic carbon nitride (g-C3N4) as the solar-harvesting photocatalyst, 

and Ag-loaded NaNbO3 as the methanol-selective CO2 reduction photocatalyst.    

In chapter 3, the experimental details (synthesis procedures, reactor set-up etc.) are 

presented for this study.  In chapter 4, the materials characterization results are 

presented for the two aforementioned photocatalysts selected for this study.  

Subsequently, these photocatalysts are applied for the photocatalytic CO2 reduction 

reaction into hydrocarbons. Results obtained are presented in chapter 5. The results 
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will be explained from first principles in those instances where the reaction 

mechanism has been properly understood, and suitable hypotheses will be offered if it 

has not yet been fully clarified. This study ends off with concluding remarks presented 

in chapter 6, along with recommendations for future study.  
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CHAPTER 2                                

LITERATURE REVIEW 

2.1 A brief overview 

As noted in chapter 1, the vast majority of contemporary photocatalytic CO2 reduction 

researchers focus on three areas: photocatalyst synthesis, photoreactor design and 

engineering, and optimising experimental parameters.  This thesis will investigate the 

first (photocatalyst synthesis – section 2.2) and third (experimental parameters – 

section 2.3) areas. For the literature review hereunder, we will explore several 

reported photocatalysts (section 2.2) for the CO2-to-methanol reduction process, and 

also analysing the theoretical basis for several experimental parameters (section 2.3) 

that affect the CO2-to-methanol conversion rate.   

 

2.2 Review of semiconductor oxide photocatalysts 

There are numerous photocatalysts that have been reported for the photocatalytic CO2 

reduction process, and they can be broadly classified into 3 groups: semiconducting 

materials, layered double hydroxides (LDHs) and carbon nanomaterials [62].   

Under semiconductor-based photocatalysts, there are various sub-classes like oxides, 

nitrides, carbides [63], halides [64-66], sulfides [67-72] etc. Photocatalysts based on 

semiconducting oxides can be further classified into TiO2-based and non-TiO2-based 
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oxides. An enormous amount of work has been carried out for TiO2 using different 

variants of pure, doped and nanostructured TiO2 as it is a pioneering photocatalyst 

material [73-79].  

In addition, there are many carbon nanomaterials-based catalysts like g-C3N4 [80-88], 

graphene [89-92], graphene oxide [93-95], multi-walled carbon nanotubes [96-98], 

carbon quantum dots [99] etc. which have been applied for the photocatalytic 

conversion of CO2 into methanol.  

In this section, we will study the less-reviewed non-TiO2-based semiconducting oxide 

photocatalysts for converting CO2 into methanol. As mentioned earlier, the inherent 

limitations such as poor visible-light sensitivity, low reactants’ adsorption, high charge 

carrier recombination rate, slow reaction kinetics and consequently low methanol yield 

have significantly hampered the progress of this technology. Hence, the discussion of 

this section will be centered on various creative strategies adopted, for each 

photocatalyst, to minimise the aforementioned limiting factors so that methanol yield 

through photocatalytic reduction of CO2 is maximized. The trends deduced here can be 

extrapolated for developing novel photocatalytic materials with improved methanol 

yield. 

This following section covers the following non-TiO2-based semiconducting oxide 

photocatalysts: bismuth (V) vanadate (BiVO4 – Section 2.2.1), bismuth (III) tungstate 

(Bi2WO6 – Section 2.2.2), copper (II) ferrite (CuFe2O4 – Section 2.2.3) and sodium niobate 

(NaNbO3 – Section 2.2.4).  
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2.2.1 Bismuth (V) vanadate (BiVO4)  

Bismuth vanadate is a stable, visible-light sensitive photocatalyst, with proven 

performance for converting CO2 into methanol. Synthetic BiVO4 exists in 3 crystalline 

phases: zircon structure with tetragonal system (z-t), scheelite structure with 

monoclinic (s-m) and scheelite structure with tetragonal (s-t) systems. The phase 

transformation from the s-m to s-t crystalline phase is achieved by heating to 255 oC 

[100-101], whilst the z-t to s-m phase transformation occurs by heating at 

approximately 400 – 600 oC [102]. The photocatalytic activity of the z-t phase is low 

[103-104], whilst that of the s-m phase is the highest owing to its small band energy-

gap (∼ 2.4 eV) [105-107].  

   

2.2.1.1 Photocatalytic reduction of CO2 to methanol 

Mao et al. [108] used the pure monoclinic (s-m) phase (i.e. lamellar BiVO4) for 

photocatalytic CO2 conversion to methanol and obtained a methanol yield of ~ 175 

mol/g-cat (after 9 hours) and an O2/CH3OH ratio of ~ 1.22, which is less than the 

theoretically predicted value of 1.5. This discrepancy is attributed to errors in O2 

detection and/or O2 dissolution in the reaction medium.   
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Mao et al. [108] also proposed a charge transfer mechanism (Fig. 2.1), and noted that 

the optimum catalyst loading and NaOH concentrations were 2 g/L and 1.0 M 

respectively. It was hypothesized that increased basicity enhanced the methanol yield 

by improving CO2 solubility in the reaction medium, and the hydroxyl ion scavenges 

holes to enhance charge-carrier separation. However, when the NaOH concentration 

exceeded 1.0 M, only a marginal increase of methanol yield was observed, and it is not 

worth risking damage to chromatographic column caused by a strongly-basic solution. 

Also, after 9 hours of irradiation, the methanol yield saturated and remained 

unchanged, which is often ascribed to methanol re-oxidation. Gondal et al. [63] noted 

that two competitive reactions (i.e. photo-reduction with rate kr and photo-oxidation 

with rate ko – Fig. 2.2) occur during photocatalytic conversion of CO2 to methanol. 

Initially, the photoreduction rates (kr) will be faster than photooxidation rates (ko) 

because of the low concentration of methanol produced. As the methanol concentration 

gradually builds up and approaches its threshold value, the two photoreaction rates 

Fig. 2.1  Proposed mechanism of CH3OH production 
from the CO2 reduction. Reproduced from [108]. 
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become equal (i.e. kr = ko), and the absolute methanol concentration becomes stationary 

in batch-phase reactions, provided the photocatalyst’s valence band edge is sufficiently 

oxidizing to catalyse the methanol-to-CO2 back-oxidation reaction.  

 

 

 

In a more elaborate study, Liu et al. [109] also reported superior photocatalytic 

performance of monoclinic over tetragonal BiVO4 for the photocatalytic CO2 reduction 

to fuels. Their work extended to study the effects of illumination intensity on product 

selectivity (Table 2.1), where they found that under high-intensity irradiation (300W 

Xe-arc lamp – Table 2.1), ethanol was the major product obtained by dimerization and 

the methanol yield was almost negligible. At high intensity, more  photogenerated 

charge carriers are generated, leading to a large concentration of C1 intermediate 

species bound to the BiVO4 surface, which dimerize to  form ethanol. Adding a UV cut-

off filter to the high-intensity lamp drastically reduced the ethanol yield (Table 2.1), 

which indicates that poor visible-light-responsiveness of BiVO4 still exists, and this 

Fig. 2.2 Representation of the forward photoreduction and competing 
backward photooxidation reactions. Reproduced from [63]. 
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study necessitates further investigation on how to extend it further across the entire 

visible spectrum. Under low-intensity illumination (36W fluorescent lamp), 

comparable amounts of methanol and ethanol were produced. Recyclability tests on 

BiVO4 for the photocatalytic conversion of CO2 into methanol demonstrated excellent 

reusability, with no measurable degradation in catalytic performance up to 5 cycles of 

reaction. The superior photocatalytic behaviour of the monoclinic BiVO4 was explained 

by Liu et al. [109] as follows: the local electronic environment around the Bi3+ cation 

has greater asymmetricity in the monoclinic phase than in the tetragonal phase, 

resulting in the cation bearing greater lone pair character in the monoclinic phase; this 

facilitates the formation of a Bi…O bond with CO32- (i.e. dissolved form of CO2), which 

allows efficient transfer of photoexcited electron from V3d orbitals (CB) to the adsorbed 

CO32-.  

 300W Xe-arc lamp (Ethanol) 36W fluorescent lamp 

Phase Vis (UV filter 
present) 

UV/Vis (UV 
filter absent) 

Ethanol Methanol 

Monoclinic 
 

21.6 406.6 2.3 1.8 

Tetragonal 1.1 4.9 0.6 0.6 

 

 

 

 

 

 

 

 

 

 

Table 2.1 Ethanol yields (mol/hr) for both phases of BiVO4 
under 300W Xe-arc lamp in the presence (Vis) and absence 

(UV/Vis) of a UV filter, and methanol/ethanol yields (mol/hr) 
for both phases of BiVO4 under 36W fluorescent lamp 
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2.2.2 Bismuth (III) tungstate (Bi2WO6) 

Bismuth tungstate is another well-established photocatalyst for photocatalytic 

reduction of CO2 to methanol, and this catalyst has been nanoengineered to synthesise 

an extraordinary array of nanostructured photocatalysts. Bulk Bi2WO6 is typically 

synthesized by traditional solid-state reaction (SSR) route, and several groups have 

synthesized various nanostructured versions of Bi2WO6, that have two advantages over 

its bulk counterpart: (a) an increased surface area, which offers abundant active 

catalytic sites for greater reactants’ adsorption/reaction and (b) a shorter charge 

migration distance to the catalyst surface which reduces the electron-hole 

recombination rate, leading to enhanced photocatalytic activity. The various 

nanostructured versions of Bi2WO6 are atomically-thin single-unit-cell layers, ball-

flower-like nanoplates, ultrathin square nanoplates, hollow microspheres (HMS), 

hierarchical hollow microspheres (HHMS) and g‑C3N4/Ag co-modified microsphere, 

summarised in Table 2.2. 

 

2.2.2.1 Photocatalytic reduction of CO2 to methanol 

The photocatalytic CO2-to-methanol conversion yield from the various Bi2WO6-based 

nanostructures and heterostructures are summarised in Table 2.2. 
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No. Nanostructure Precursors Synthesis procedure Methanol Formation Rate  Ref. 

1 Atomically-thin 

single-unit-cell 

Bi2WO6 layers 

Bi(NO3)3·5H2O, 

Na2WO4·2H2O,  

sodium oleate 

Bi(NO3)3·5H2O and sodium oleate vigorously stirred in water to form a 

lamellar Bi-oleate hybrid complex (the oleate ions interact with Bi3+ via 

self-assembly process). Next, Na2WO4 added in followed by 

hydrothermal treatment (140 °C for 24 h) 

451.7mol g-1 (after 5 hrs);  

3- and 125-times higher than 

Bi2WO6 nanocrystals & bulk 

Bi2WO6 respectively 

[110] 

2 Ball-flower-like  

Bi2WO6 nanoplates 

Bi(NO3)3·5H2O, 

Na2WO4·2H2O, 

HNO3 

Bi(NO3)3·5H2O and Na2WO4·2H2O dissolved in HNO3 and deionized 

water respectively; both solutions mixed dropwise, stirred vigorously, 

followed by hydrothermal treatment (160 °C for 20 h)  

None; only CO detected [111] 

3 Ultrathin square  

Bi2WO6 nanoplates 

Bi(NO3)3·5H2O, 

Na2WO4·2H2O, 

HNO3, NH3·H2O, C18H37N 

Generally same as above, except for addition of 1 mL C18H37N, pH 

adjustment to ~ 7 with NH3·H2O and hydrothermal treatment at 200°C 

for 20 h 

None; only CH4 detected [112] 

4 Bi2WO6 hollow 

microspheres (HMS) 

BiOBr solid microspheres, 

Na2WO4·2H2O 

BiOBr solid microspheres stirred in Na2WO4 solution, followed by 

hydrothermal treatment (160 °C for 24 – 48 h) 

32.6 mol g-1; 25.5 times 

higher than bulk Bi2WO6 

[113] 

5 conducting 

polymers-modified 

Bi2WO6 hierarchical 

hollow microspheres 

(CP-modified Bi2WO6 

HHMS) 

Bi(NO3)3·5H2O, PVP, 

ethylene glycol (EG),   

Na2WO4·2H2O 

BiOBr: Bi(NO3)3·5H2O and PVP added slowly to EG solution with 

ultrasonic treatment and magnetic stirring, followed by hydrothermal 

treatment (120 °C for 12 h) 

HHMS: BiOBr suspended in Na2WO4 solution, stirred followed by 

hydrothermal treatment (160 °C for 36 h)   

CP-modified HHMS: HHMS stirred in ethanol placed in ice bath, 

monomer added and stirred at 0 oC, then HCl/FeCl3 mixture added 

dropwise. Resulting mixture stirred (6 h @ 0 oC), followed by washing, 

filtering, drying  

Methanol: 56.5 mol g-1 (4 

hrs) 

Ethanol: 20.5 mol g-1 (4 hrs) 

2.8 and 2.5 times higher than 

bulk Bi2WO6 respectively 

 

[114] 

6 g‑C3N4/Ag co-

modified Bi2WO6 

microsphere 

Bi(NO3)3·5H2O, 

Na2WO4·2H2O, 

AgNO3, 

Melamine, 

Acetic acid, 

 

Microsphere: Na2WO4·2H2O dissolved in dilute acetic acid solvent, 

Bi(NO3)3·5H2O added next under stirring, followed by hydrothermal 

treatment (160 °C for 12 h) 

Ag-modified Microsphere: Photodeposition method – AgNO3 solution 

added to Microsphere dispersion under vigorous stirring, followed by 

UV irradiation 

g-C3N4/Ag co-modified Microsphere: g-C3N4 and Ag-modified 

microsphere added to methanol, ultrasonicated and stirred followed by 

filtering, washing, and drying    

None;  photocatalysts used 

for dye degradation only 

[115] 

Table 2.2 Synthesis procedure and methanol production yield from various nanostructures and heterostructures of Bi2WO6 
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2.2.3 Copper (II) ferrite (CuFe2O4) 

Copper ferrite (CuFe2O4) is a well-known catalyst that has been extensively used in 

numerous fields such as the synthesis of spiro-pyrimidine scaffolds [116], dye 

degradation [117], water splitting [118], gas sensing [119-120] and CO2 photocatalytic 

reduction to methanol [121]. The crystallographic structure and active catalytic 

surface area of CuFe2O4 depends on the chosen synthesis procedure and it can 

crystallize either in the tetragonal or cubic phase due to the Jahn–Teller effect [122]. 

CuFe2O4 in the tetragonal structure is stable under ambient conditions (i.e. room 

temperature) and it is converted into the cubic phase at a temperature above 360 oC. 

The photocatalytic activity of tetragonal CuFe2O4 is much better than cubic CuFe2O4 

[123]; hence, numerous synthesis methods like sol-gel [119, 124], co-precipitation 

[117, 124], microwave-assisted co-precipitation [125] and solid-state reaction [120, 

124] have been used to synthesize tetragonal-phase CuFe2O4. 

 

2.2.3.1 Photocatalytic reduction of CO2 to methanol 

Unfortunately, there is a dearth of CO2 reduction studies using this stable, recyclable 

material.  Uddin et al [121] synthesized CuFe2O4/TiO2 heterostructure (at 1:1 weight 

ratio by adopting sol–gel synthesis method for preparing CuFe2O4, followed by a high-

temperature calcination with TiO2.  

 

 

 



15 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3 PL emission spectra of prepared photocatalysts; 
excitation at 350 nm. Reproduced from [121]. 

Fig. 2.4 The mechanism of enhanced charge separation over CuFe2O4/TiO2 
heterojunction – electrons excited from VB  CB (CuFe2O4), then rapidly swept 

across interface to CB (TiO2) which prevents their recombination with VB 
(CuFe2O4) holes, thus enhancing carrier lifetime. Reproduced from [121]. 
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Photocatalyst properties CuFe2O4 CuFe2O4/TiO2 

Band gap (eV) 1.24 2.61 

Surface area (m2 g-1) 1.4837 1.9791 

Average pore diameter (nm) 3.36 25.52 

Specific pore volume (cm3 g-1) 0.0012 0.0013 

Methanol yield (mol/g-cat L) 220 651 

Fig. 2.5 Methanol yield of CuFe2O4 (filled square) and CuFe2O4/TiO2 (filled 
circle); Reaction conditions: 8 hours irradiation under visible light (light 

intensity ~ 240 W/m2) at room temperature. Reproduced from [121]. 

Table 2.3 Comparison of optical, structural and morphological 
properties of CuFe2O4 and CuFe2O4/TiO2 
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The reduced PL intensity (Fig. 2.3) for CuFe2O4/TiO2 catalysts compared to CuFe2O4 is 

caused by the hindered electron–hole recombination as electrons and holes are swept 

in opposite directions (Fig. 2.4) at the CuFe2O4/TiO2 interface. Therefore, TiO2 loading 

on CuFe2O4 promotes charge carrier separation, resulting in higher CO2 reduction 

efficiency and higher methanol formation rate (Fig. 2.5). The mesoporous 

characteristics of CuFe2O4 and CuFe2O4/TiO2 samples are summarised in Table 2.3, and 

this structure was achieved not by using any surface directing agents, but rather simply 

by controlling the hydrolysis process.  

  

2.2.4 Sodium niobate (NaNbO3) 

Perovskite photocatalysts such as niobates, titanates and strontates are another well-

known class of semiconductor photocatalytic materials, of which sodium niobate 

(NaNbO3) is the most extensively studied (see Table 2.4).  NaNbO3 exists in cubic and 

orthorhombic crystal phases and they can be synthesized either by solid state reaction 

(SSR) yielding bulk photocatalyst, or by various hydrothermal techniques resulting in 

an impressive array of exotic nanostructures (nanocube, nanorods, nanowire etc) [126, 

127]. The advantages of nanostructured NaNbO3 over its bulk counterpart are: 

increased surface area which enhances CO2 adsorbability and lowered charge 

recombination rate, both of which are highly reminiscent of Bi2WO6.  

Besides nanostructuring, several NaNbO3-based bulk composites, like CdS/NaNbO3 

and g-C3N4/NaNbO3 have lower charge recombination rate owing to heterostructure 

formation [127, 128]. Also, nitrogen-doped NaNbO3 (N-doped NaNbO3) has been 

synthesized to enhance the visible light responsiveness through the formation of 
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impurity states in the forbidden zone [129]. Lastly, NaNbO3 has also been loaded with 

various co-catalysts such as Cu, Pt, Au etc and applied for various photocatalytic 

applications [130-132]. 
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 Photocatalyst Name Catalytic properties Photocatalytic performance Ref. 

 

Different  

crystallographic 

phases 

cubic-NaNbO3  

(with 0.5 wt% Pt) 

3.29 eV,  28.6 m2 g-1 H2 evolution = 127 mol/hr 

CH4 evolution = 0.486 mol/hr 

 

[133] 

orthorhombic-NaNbO3  

(with 0.5 wt% Pt) 

3.45 eV,  26.4 m2 g-1  H2 evolution = 72.3 mol/hr 

CH4 evolution = 0.245 mol/hr 

 

 

 

 

 

 

 

 

 

Co-catalyst 

loading 

Cu/NaNbO3 3.3 eV  Improved H2 evolution for low Cu loading; 

worsened for high Cu 

[131] 

Pt/NaNbO3  

NaNbO3 NC:  

NaNbO3 NW:  

Pt/NaNbO3 NC:  

Pt/NaNbO3 NW:   

 

NaNbO3 NC: 0.5 mol/hr    

NaNbO3 NW: 3.2 mol/hr   

Pt/NaNbO3 NC: 1.1 mol/hr 

Pt/NaNbO3 NW:  26.6 mol/hr 

 

 

[126] 

Au/NaNbO3  

Au/NaNbO3     : -- 

NaNbO3 (100 oC) : 7 m2 g-1, 3.4 eV 

NaNbO3 (150 oC) : 9 m2 g-1, 3.3 eV 

NaNbO3 (200 oC) : 13 m2 g-1, 3.2 eV 

NaNbO3 (250 oC) : 16 m2 g-1, 3.1 eV 

 

MG dye degradation rate  (a.u.) 

Au/NaNbO3           : 1980 

NaNbO3 (100 oC)  : 90 

NaNbO3 (150  oC) : 198 

NaNbO3 (200  oC) : 220 

NaNbO3 (250 oC)  : 495 

TiO2 (P25)                : 495 

 

 

 

[130] 

Others/NaNbO3 (Fe, Ni, 

Co, Ag) 

 

NaNbO3: 3.34 eV 

Fe/NaNbO3: 3.2 eV, 2.29 eV, 1.48 eV 

Ni/NaNbO3: 3.62 eV  

Co/NaNbO3: 3.16 eV, 2.38 eV, 1.60 eV 

Ag/NaNbO3: 3.34 eV, 1.08 eV 

H2 evolution (mol) 

NaNbO3: 160 

Fe/NaNbO3: 118 

Ni/NaNbO3: 72 

Co/NaNbO3: 80 

Ag/NaNbO3: 192 

 

 

[132] 

 

 

 

 

Heterostructure 

formation  

CdS/NaNbO3  

NaNbO3: 3.35 eV, 7.18 m2 g-1 

CdS: 2.60 eV, 9.61 m2 g-1 

CdS/NaNbO3: 2.95 eV, 77.0 m2 g-1 

MB dye degradation rate (min1) 

NaNbO3: 9.15 x 10-5 

CdS: 1.07 x 10-2 

CdS/NaNbO3: 6.33 x 10-2 

 

[128] 

g-C3N4/NaNbO3 NaNbO3: 12.0 m2 g-1  

g-C3N4: 6.5 m2 g-1 

g-C3N4/NaNbO3: 10.7 m2 g-1 

  CH4 evolution (mol/g/hr) 

Pt/NaNbO3                   : Trace 

Pt/g-C3N4                 : 0.8 

Pt/g-C3N4/NaNbO3  : 6.4 

 

[127] 

Table 2.4 Comparison of hydrocarbon yields of several composites of NaNbO3 photocatalysts 
 

band gap & surface 

area not given 
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2.2.4.1 Photocatalytic reduction of CO2 to methanol 

Like copper ferrite, few CO2 reduction studies have been reported using this high-

performance photocatalyst. Fresno et al [134] have used NaNbO3, NaTaO3 and TiO2 for 

photocatalytic CO2 reduction and obtained various hydrocarbon products as per Fig. 

2.6. Without using metal co-catalysts, the product selectivity is geared towards CO 

instead of highly-reduced carbon products like CH3OH and CH4.  However, on a positive 

note, the competition for electrons between CO2 reduction and water-splitting is 

interestingly shifted towards the former, as H2 evolution is suppressed whilst CO 

production is enhanced in using perovskite photocatalysts rather than TiO2. The 

slightly higher carbon product evolution using NaTaO3 instead of NaNbO3 is ascribed 

to the conduction band electrons of NaTaO3 having a higher energy (more negative 

reduction potential) than those in NaNbO3. 

 

 

 

 

Fig. 2.6 Hydrocarbon products obtained from photocatalytic CO2 reduction using 
NaNbO3, NaTaO3 and TiO2 photocatalysts. Reproduced from Fresno et al [134]. 
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2.2.5 Closing remarks 

This section touches upon the research advances made in improving the material 

characteristics of semiconductor metal oxide photocatalysts, which are crucial for 

developing a technology based on photocatalytic CO2 reduction to value-added 

hydrocarbon products, especially methanol. In principle the development of this 

process could be potentially a revolutionary solution to tackle two pressing global 

issues in energy and environment, where the much needed energy is generated using 

ever increasing excessive levels of atmospheric CO2, which is a major threat for the 

earth due to its active contribution to global warming. In addition, this technology helps 

to harvest the abundant solar energy in the form of transportable and easily storable 

value added high energy density fuel using menacing atmospheric CO2 as the raw 

material.   

Although many value added hydrocarbons can be generated using this process, this 

section mainly focuses on semiconductor metal oxide photocatalysts developed and 

improvised for photocatalytic reduction of CO2 into methanol. Methanol is a fuel with 

higher energy density, easier transportability, and capable of less cumbersome and 

direct conversion into electrical energy, compared to other hydrocarbon products. The 

photocatalytic performance of a material can be enhanced by optimizing the key 

properties like increasing the adsorption of the reactants on the catalyst by increasing 

the surface area, improving the visible light sensitivity, lowering the rate of 

photogenerated charge recombination. It is rather hard to find a catalyst that possesses 

all these positive attributes simultaneously. Hence novel materials need to be 

engineered to improve the weakness, while harnessing the natural positive attributes 
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of a catalyst. These material engineering techniques include synthesizing 

nanostructured material, transforming into different crystal phases, annealing, doping 

with other metals, forming heterojunction with composite materials, and the various 

combinations of these strategies.  Several of these improvisations on different classes 

of metal oxide semiconductor photocatalysts to improve photocatalytic CO2 reduction 

to methanol have been discussed in this section.  
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2.3 Review of experimental parameters 

Besides the nature of photocatalysts used, several experimental parameters such as 

temperature, pressure, solvents used, energy and wavelength of the radiation, addition 

of scavengers, addition of H2 gas, presence of dissolved oxygen, catalyst loading 

systems and catalyst concentration play a crucial role in the photocatalytic production 

yield and the selectivity of the reaction product. The success of the photocatalytic 

reaction leading to the conversion of CO2 into methanol depends on determining the 

optimal value of experimental parameters that enhance the total methanol production 

yield. However, it is not always easy to determine the optimal experimental parameters 

for a particular photocatalytic reaction mediated through a specific photocatalyst. If we 

take temperature as the experimental parameter for instance, lowering the 

temperature favourably increases the availability of CO2 molecules due to increased 

CO2 solubility, but the reaction rate constant and the collision frequency decrease, 

which is an undesirable factor. Hence, it is readily apparent that there are many factors 

and mechanisms, competing with one another in the same reaction system, leading to 

a particular end product. The net effect depends on the aggregate of the influence of 

each parameter on the different mechanisms in the same reaction system. Hence each 

reaction system with a particular catalyst has a unique set of optimum experimental 

parameters that enhances the yield of a particular reaction products. This complexity 

opens the door for novel research endeavours in the photocatalytic conversion of CO2 

into methanol in terms of discovering the optimum operating conditions and 

explaining the experimental results with possible theoretical models. 
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There are two kinds of experimental parameters pertaining to photocatalytic 

conversion of CO2 into methanol: the parameters such as the concentration of CO2 and 

the photocatalyst availability are called dependent parameters because they are not 

directly controllable, rather they change with variations of other parameters like 

temperature and pressure. On the other hand, the experimental parameters that can be 

easily controlled and do not change with the change of other parameters are known as 

independent parameters. Since the CO2 conversion process is highly complicated, there 

is no simple one-to-one correlation between the set of independent and dependent 

parameters. Certain dependent parameters (like CO2 availability) are affected by 

multiple independent, controllable parameters such as temperature, pressure and 

solvent used; likewise, certain independent, controllable parameters (like 

temperature) influence several dependent parameters like reaction constant, CO2 and 

Catalyst availability. The various dependent and independent parameters, and their 

inter-dependences are presented in Table 2.5.  
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In this upcoming section we will be focusing on a few selected parameters, in the 

following sequence: temperature, solvent used, illumination settings, addition of hole 

scavenger and catalyst concentration.   

 

2.3.1 Temperature  

Like any chemical reaction, photocatalytic CO2-to-methanol conversion is influenced 

by the reaction temperature; hence, choosing the optimal temperature is not easy since 

the temperature influences the methanol yield in 4 different ways, as summarised in 

Table 2.6. 

 

 

 CO2 
availability 

Hole 
conc. 

Electron 
conc. 

Catalyst 
availability 

Photon 
availability 

Rate 
constant 

Temperature       

Pressure       

Solvent Used       

Irradiation       

Addition of 
Hole 

scavenger 

  

 

    

Catalyst 
loading 
system 

    

 

  

Catalyst 
Concentration 

    

 

  

Dissolved O2       

Independent 
Variables 

Dependent 
Variables 

Table 2.5 Interrelationships between independent and dependent 
variables affecting photocatalytic CO2 reduction to methanol 
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Firstly, the temperature affects the amount of CO2 that can dissolve in water, and 

decreasing the temperature raises the solubility of CO2 in water. This increased amount 

of dissolved CO2 in water can enhance the methanol production yield. In general, the 

solubility of CO2 in water increases by approximately 2.5 times when water is cooled 

from 25 °C to 0 °C, which results in a 2.5-times increase of dissolved CO2. The 

corresponding increase in the methanol production yield is based on Equation 1, where 

the methanol production is stoichiometrically-related to the CO2 availability. 

𝐂𝐎𝟐  +  𝟔𝐇+  +  𝟔𝐞−  →  𝐂𝐇𝟑𝐎𝐇 + 𝐇𝟐𝐎   (𝟏) 

Secondly, the temperature influences the ease of reactants’ adsorption onto the surface 

of the catalyst. Under low temperature conditions, reactants absorb more readily onto 

the catalytic surface due to lower thermal agitation. It is quite natural that the 

photocatalytic reaction rate increases with the amount of reactants adsorbed on the 

catalyst surface.  

Thirdly, it affects the rate of product desorption, thus determining the degree of 

catalyst poisoning and, consequently, catalyst availability. At lower temperatures, the 

reactive intermediates and products are more likely to remain adsorbed on the catalyst 

surface, impeding any further catalytic activity and this adverse effect is called catalyst 

poisoning. Consequently, fresh reactants are unable to adsorb on the surface owing to 

 CO2  

solubility 

Reactant 

Adsorption 

Catalyst 

availability 

Reaction 

constant 

Increase Decrease Decrease Increase Increase 

Decrease Increase Increase Decrease Decrease 

Table 2.6 Effect of temperature on various factors indirectly 

affecting the photocatalytic CO2 reduction rate 

Temperature 

Effect of Temp.  
change 
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a lack of vacant catalytic adsorption sites and this leads to the slowing down of the 

photocatalytic CO2 reduction. Lastly, another adverse effect of lower temperature on 

the photocatalytic CO2 reduction process is that it leads to a decrease in the reactants’ 

diffusion rates and collision frequencies, resulting in lower reaction rate constant for 

methanol production. These four effects of temperature on the photocatalytic reaction 

suggests that there is an optimum temperature at which the adverse effects taking 

place at high and low temperatures can be minimized, without compromising on the 

positive effects.  

The temperature dependence on the production yield of value added hydrocarbons by 

photocatalytic CO2 reduction reaction was studies by many research groups. Mei Gui et 

al [135] reported that the photocatalytic reaction rate rises with temperatures, which 

they attribute to the increased rate of molecular diffusion and collision frequency of 

the reactants; this helps to fulfil the requisite activation energy for the photocatalytic 

reaction to proceed. Anpo et al. [136] discovered that the yields of CO2 reaction 

products like CH3OH, CH4 and CO were greater at 323 K than 275 K using ultraviolet 

irradiation. This agrees with the trend observed by Slamet et al. [137], who 

investigated the temperature dependence of CO2 photoreduction in the temperature 

range of 43 °C to 100 °C and concluded that high temperatures improve methanol yield 

owing to enhanced product desorption from catalytic surfaces; their methanol yield 

after 6 hours of illumination was greater at 100 °C than 43 °C. At high temperatures, 

products desorb more easily, and they deduce that product desorption is the rate 

determining step from the activation energy values of the photocatalytic reaction.  
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Koci et al [138] attributed an increase in reaction rate at elevated temperatures to 

increased molecular diffusion and collision, and reported that the optimal temperature 

needed for CO2 reduction generally lies between 293 and 353K, with reduced 

photocatalytic activity outside this temperature range [139], which they attributed to 

the exothermic adsorption of reactants. Yamashita et al. [140.] observed increased CH4 

and CH3OH yield under UV illumination at 323 K relative to 275K, from which they 

confirmed that the photocatalytic CO2 reduction rate (in a system using anchored 

titanium oxide catalysts), is accelerated at   temperatures higher than 275 K.  

 

2.3.2 Solvent used 

 The solvent medium used for the photocatalytic reduction of CO2 has several functions, 

such as acting as a hydrogen source, hole scavenger and a medium to dissolve CO2.  The 

pH is a major factors to be considered when choosing a solvent.  

The pH of the solvent is also crucial in semiconductor-based photocatalytic reactions 

because it alters the theoretical reduction potential of CO2 due to varied proton 

concentration and consequently influences the photocatalytic reaction process, based 

on the following Equation 1, wherein the methanol yield depends on the H+ 

concentration. There have been a few works investigating the effects of acidic, basic 

and neutral solvents as a medium in the photocatalytic CO2 reduction.   

 

2.3.2.1 Acidic  

In acidic conditions, the proton concentration is quite high (low pH) and this leads to a 

lower theoretical CO2 reduction potential [141], which is more favorable to reduce CO2 
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to CH3OH. On the contrary, if the proton concentration were even higher, water 

splitting would preferentially occur over CO2 reduction, leading to H2 production.   

 

2.3.2.2 Neutral and Alkaline 

Between neutral and alkaline medium, there are conflicting reports about the optimal 

solvent conditions that favor CO2 reduction process. In general, the increased solubility 

of CO2 in the alkaline medium leads to the enhancement of the methanol production 

rate. However, the dissolved CO2 in alkaline media creates carbonates or bicarbonates, 

which tend to be more difficult to reduce than even CO2. Neatu et al [142] proposed 

that even though higher pH increases the CO2 solubility in water, this does not 

necessarily work favourably for CO2 reduction, because under these conditions, more  

carbonates and/or bicarbonates are formed (Equations (2) and (3)).  

CO2 + OH− ⟶ HCO3
  −                           (2) 

HCO3
  − + OH− ⟶ CO3

  2−                       (3) 

CO3
  2− + h+ ⟶ CO3

  •−                             (4) 

2CO3
  •− ⟶ 2CO2 + O2 + 2e−               (5) 

2H2O +  4h+ →  O2 +  4H+                 (6) 

       𝐂𝐎𝟐  +  𝟔𝐇+  +  𝟔𝐞−  →  𝐂𝐇𝟑𝐎𝐇 + 𝐇𝟐𝐎         (𝟕) 

As carbonates or bicarbonates are even more difficult to reduce than CO2, the 

advantages of having increased CO2 solubility in water cannot be harnessed. Moreover, 

as carbonates and bicarbonates are negatively-charged, they function as good hole-

quenchers, by donating electrons to the photocatalyst, as seen in Equations (4) and (5). 

Hence, according to Neatu et al [142], in this process, the outcome is the evolution of 

oxygen (Equation (6)) rather than the real reduction of CO2 (Equation (7)). The 
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reduction potentials of various carbonaceous species (CO2, H2CO3, CO3
  2−) have been 

compiled by Tahir et al [143]. 

The above perspective was substantiated by the work of Gonell et al [144], who studied 

the photocatalytic reduction of CO2 using Cu-TiO2 as a photocatalyst in the medium of 

aqueous suspensions of NaOH (0.1 M) under UV irradiation. They reported that the 

addition of NaOH led to the production of only a trace of CO and did not produce any 

liquid phase products like methanol or formic acid. Their work concluded that 

hydroxide salts are of limited benefit in terms of increasing the dissolved CO2 amount 

in the form of carbonate and bicarbonate ions. 

Quite contrary to the above finding, Tseng et al [145] noted that an alkaline medium 

was beneficial in the photoreduction of CO2. They observed a substantial increase of 

methanol yield with the addition of NaOH, which they attributed to 2 factors: (1) the 

strong hole-scavenging ability of OH− ions [146] in aqueous solution helps to reduce 

the electron–hole recombination rate and maximizes the lifetime of free electrons, 

which considerably helps the CO2 reduction process, (2) the higher solubility of CO2 in 

aqueous NaOH solution than in pure water.  
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2.3.3 Irradiation settings 

2.3.3.1 Wavelength of irradiation source  

In the process of photocatalytic CO2 reduction, the wavelength of the incident radiation 

plays a substantial part in affecting the production yield of the reaction products. For 

photocatalysis to occur, the incident radiation should at least have the threshold 

photon energy [147], which exceeds the photocatalyst band-gap energy (𝐸𝒈). This is 

essential to transfer electrons from the valance band to the conduction band. Matthews 

and McEvoy [148] demonstrated that the threshold wavelength alone is often 

insufficient and having an incident photon energy that is in excess of the threshold 

energy drastically improves the CO2 reduction rate. They studied CO2 reduction with 

TiO2 as a photocatalyst under the incident radiation of different wavelengths and 

reported that light with shorter wavelength (254 nm) is significantly more effective 

(60 times) than longer wavelength light (350 nm) for CO2 reduction, even though both 

illumination sources satisfy the threshold wavelength criteria. Koci [149] studied the 

wavelength effect on photocatalytic reduction of CO2 using Ag/TiO2 photocatalyst and 

reported that the concentrations of the main products (CH4 and CH3OH) were higher 

with the radiation of wavelength 254 nm lamp than with the radiation of wavelength 

365 nm while no products were observed with an illumination wavelength of 400 nm 

as the catalyst was not active under visible light. 
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2.3.3.2 Intensity of irradiation source  

Intensity of an illumination source is proportional to the number of photons falling on 

a unit area in unit time. In a photocatalytic process, the generation of the crucial 

electron-hole charge pair depends on the number of incident photons and thus the 

methanol yield is proportional to the intensity of the incident radiation. The 

geometrical design of the photoreactor, the lamp-to-photoreactor distance and usage 

of fiber optics are all appropriate techniques to maximize the radiation intensity on the 

reaction medium, in addition to the obvious method of using a higher intensity 

radiation source.  

 

2.3.4 Addition of hole scavengers 

The addition of a hole scavenger [150], which is an independent, controllable 

experimental parameter, controls the density of holes present in the aqueous solution. 

Kamat [151] noted the importance of scavenging one type of charge carrier, so as to 

make surplus the opposite charge type and allow it to accumulate within the 

photocatalyst particles. Hence, hole scavengers reduce the electron density, thereby 

suppressing the charge carrier recombination rate, converting the system into a 

reducing condition [152] and improving the photocatalytic reaction efficiency. In the 

case of CO2 reduction, electrons reduce CO2 molecules; hence, the scavenging of holes 

to reduce the hole density is vital to ensure that an appreciable electron density builds 

up for rapid photocatalytic CO2 reduction. Na2SO3 is typically used as a hole scavenger 

[153] to consume the valance band holes generated in the photocatalyst, based on the 

mechanism in Equation (8). Also, the longer decay time of surface electrons facilitates 
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the reduction of CO2 [154]. Reli et al [72] have investigated the consequence of Na2SO3 

addition for photocatalytic CO2 reduction in an alkaline medium, and have observed an 

increase in the methanol yield using both NaOH and NH4OH, as summarised in Table 

2.7.   

2(SO3
  2− + h+) ⟶ 2SO3

  •−(+H2O) ⟶ SO4
  2− + SO3

  2− + 2H+  

                                                                          𝐎𝐑 ⟶  S2O6
                                           (8) 

 

 

 

 

 

 

 

      

    

2.3.5 Catalyst concentration 

The concentration of photocatalyst is an important experimental parameter to be 

considered in the photocatalytic reduction of CO2. When the catalyst concentration is 

very low, there will be insufficient active catalytic sites for CO2 and H2O adsorption and 

reduction to occur, which leads to low methanol yield. A high catalyst concentration, 

on the other hand, scatters the incident radiations and hinders proper illumination of 

the entire reaction volume. Hence, a significant proportion of the photocatalyst 

particles do not get activated by photons, which decreases the maximum methanol 

yield attained [155]. The ideal concentration of photocatalyst reported for 

photocatalytic CO2 reduction is 0.1 – 1 g per 100 ml of aqueous reductant.  

Reaction conditions Methanol yield (mol/g-cat) 

NaOH 2.2 

NaOH + Na2SO3 3.0 

NH4OH 0.95 

NH4OH + Na2SO3 1.55 

Table 2.7 Methanol yields under various reaction mediums (type 
of alkaline medium, presence/absence of hole scavengers) 
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Liu et al [156] reported an optimal value of 0.25 g of CoPc–TiO2 catalyst per 100 ml of 

NaOH aqueous medium, which gave a peak in the methanol yield and they also found 

that varying the catalyst concentration even slightly to 0.3 g drastically reduced the 

methanol yield. The same trend of drastic and sensitive effect of catalyst concentration 

on methanol yield was observed by Tseng et al [145], where the optimal catalyst 

concentration was 1 g per 100 ml.  In fact, the optimal catalyst concentration depends 

on many other factors such as photoreactor design [157], geometry [68], and the 

photocatalyst scattering cross-section and hence it is recommended to initially 

estimate the optimal concentration prior to conducting detailed CO2 reduction 

experiments. Also, the optimal catalyst concentration value should be independent of 

the catalyst used, provided all other experimental parameters (photoreactor design, 

particle size etc) are the same.  

 

2.3.6 Closing remarks 

This section focuses on various operational parameters that affect the activities of CO2 

photocatalytic reduction to methanol. Since the effect of the parameters on the 

photocatalytic conversion rate is sometimes controversial, it is imperative for detailed 

empirical and theoretical studies to better understand the detailed and precise manner 

in which the parameters affect this process. By optimising the operational parameters 

discussed in this section, the photocatalytic CO2 conversion rate to methanol could be 

significantly enhanced, thus giving a major boost to this process that has been 

languishing inefficiently for decades.  
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CHAPTER 3                                  

Experimental details 

 

3.1 Overview 

In this chapter, we present the experimental details pertaining to the choice of 

photocatalyst, its synthesis and the materials characterization equipment used for 

this study. In addition, we present the reactor setup used for photocatalytic CO2 

reduction used in this thesis.  

This chapter is organised as follows:  

(a) choice of photocatalyst, its synthesis and materials’ characterization equipment 

(section 3.2), and  

(b) photoreactor setup and photocatalytic experimental details (section 3.3).  

 

3.2 Photocatalyst 

3.2.1 Choice of photocatalysts 

The objective of this thesis is twofold: firstly, to develop a solar-harvesting 

photocatalyst that can convert CO2 to methanol using natural sunlight, and secondly, to 

enhance the methanol product selectivity of a reported photocatalyst. After extensive 
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literature review and trial-and-error experimentation, we have decided upon graphitic 

carbon nitride (g-C3N4) as the solar-harvesting photocatalyst, and Ag-loaded NaNbO3 as 

the methanol selective CO2 reduction photocatalyst.  

The suitability of each photocatalyst for CO2 conversion to methanol is explained 

hereunder. As mentioned earlier, photocatalytic reduction of CO2 can take different 

reaction pathways each leading to different reaction products like HCHO, CO, HCOOH, 

CH3OH and C2H5OH. In order to selectively target any particular reaction product, like 

methanol in our case, the photocatalyst should be chosen in such a way that its valance 

and conduction band edges are compatible with the redox potential of the redox 

reaction that leads to the desired product. Therefore, the photo-generated charge 

carriers in such photocatalysts should be potent enough to catalyze the photocatalytic 

reaction by oxidation and reduction. Particularly, in the case of photocatalytic reduction 

of CO2 to methanol, the following reactions are suggested: 

                                         2H2O +  4h+ →  O2 +  4H+                                                  +  0.82 V 

                𝐂𝐎𝟐  +  𝟔𝐇+  +  𝟔𝐞−  →  𝐂𝐇𝟑𝐎𝐇 +  𝐇𝟐𝐎                          −  𝟎. 𝟑𝟖 𝐕 

As is clear from the schematic diagram depicted in Fig. 3.1, the valance band edge of 

g-C3N4 (+1.85 V) is more positive than the water splitting oxidation potential (+0.82 

V) and the conduction band edge of g-C3N4 (-0.85 V) is more negative than the 

CO2/CH3OH reduction potential (-0.38 V). Likewise, from Fig. 3.2, the valance band 

edge of NaNbO3 (+2.52 V) is more positive than the water splitting oxidation potential 

(+0.82 V) and its conduction band edge (-0.78 V) is more negative than the 

CO2/CH3OH reduction potential (-0.38 V). These band structures justify the suitability 
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of g-C3N4 and NaNbO3 to catalyse the photocatalytic reaction that leads to the 

conversion of CO2 into methanol. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2 Band edge positions of NaNbO3 [159] 

Fig. 3.1 Band edge positions of g-C3N4 [158] 
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3.2.2 Synthesis of photocatalysts 

3.2.2.1 graphitic carbon nitride 

Pure graphitic carbon nitride (g-C3N4) was synthesized by direct pyrolysis of melamine 

at 500 °C, heated at a ramp rate of 20 °C/min. After maintaining the melamine at 500 °C 

for a duration of 2 hours, it was further heated to 550 °C at a ramp rate of 5 °C/min for 

de-amination treatment [160]. During the heating phase, the single melamine units 

condense into tri-s-triazine units, which subsequently condense into large sheets of 

graphitic carbon nitride, as shown in Fig. 3.3 [160]. 

 

 

 

Fig. 3.3 Synthesis of graphitic carbon nitride by heating 

melamine precursor leading to repeated condensation  

 

melamine tri-s-triazine 

graphitic 
carbon 
nitride 
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3.2.2.2 Ag-loaded NaNbO3 

Pure NaNbO3 was synthesized by a solid state reaction process. Nb2O5 and Na2CO3 were 

carefully ground together using a pestle and mortar; Na2CO3 was taken in 5% excess 

with respect to the stoichiometric amount to compensate for volatilisation losses. The 

mixture was then heated in air in a muffle furnace at a heating rate of 10 °C min−1 until 

900 °C, then held at 900 °C for 12 h [159], before allowing it to cool naturally to room 

temperature. 

The Ag-loaded NaNbO3 photocatalyst was prepared by a wet impregnation method 

starting from an aqueous solution of silver nitrate (AgNO3) and the as-synthesized 

NaNbO3. The mass content of metal ions in NaNbO3 was 5%. In the first step of 

Ag/NaNbO3 preparation, NaNbO3 and the silver nitrate solution were put into a ceramic 

dish. The obtained suspension was stirred whilst evaporating of water. After drying the 

resultant powder was thoroughly ground finely.  Afterwards, the dried/ground powder 

was placed in a high-temperature crucible and calcined at the temperature of 400 °C for 

4h, before being allowed to cool naturally to room temperature. 

 

3.2.3 Materials’ characterization equipment 

For the X-ray photoelectron spectra (XPS), VG scientific ESCALAB MKII spectrometer 

was used and in this, a dual aluminium–magnesium anode X-ray gun and a concentric 

hemispherical analyser using Al Kα radiation were used. FTIR (Fourier transform infra-

red spectroscopy) spectra were acquired with a Thermo scientific NICOLET 6700 in an 

ATR mode. Raman spectra were acquired using a Horiba Jobin Yvon Modular Raman 



40 
 

Spectrometer, using a Stellar Pro Argon-ion laser emitting 50 mW at 514 nm (Green), 

with a data acquisition time of 10 s, and a total of 3 accumulations. The system was 

calibrated using a silicon reference before the measurement (520.5 cm-1). For solid-

state UV-vis spectroscopy, a Shimadzu UV-2450 UV-vis spectrophotometer was used, 

with BaSO4 used as a reference. The measurement range and resolution are 200 – 900 

nm and 0.5 nm respectively. For photoluminescence spectroscopy, a Horiba Fluorolog-

3 Spectrofluorometer equipped with a broadband 450 W Xenon lamp as the excitation 

source was used. The crystalline phase was characterized by powder X-ray diffraction 

(XRD) using a Rigaku MiniFlex II diffractometer (40 kV, 30 mA with Cu Kα radiation of 

λ = 1.5406 Å). The data were collected in 2θ–θ scanning mode at a scan speed of 3° min−1 

and a step-size of 0.02°. The morphology was examined using a Tescan Lyra-3 field 

emission-scanning electron microscopy (FE-SEM) operating at an accelerating voltage 

of 20 kV. 

 

3.2.3.1 XRD 

X-Ray Diffraction (XRD) is a tool used for determining the crystallographic structure, 

phase and lattice parameters of unknown materials. In 1912, Max von Laue discovered 

that crystalline samples behave like 3D diffraction gratings when an X-ray beam is 

incident upon them [161]. One year later, in 1913, the Bragg father-son team (William 

and Henry Bragg) derived the equation that now bears their name (Bragg’s law) [162], 

by regarding a crystal as being comprised of parallel equidistant atomic planes. 

To proceed, X-ray diffraction works on the principle of constructive interference when 

monochromatic X-rays interact with a sample. X-rays are generated by a cathode ray 
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tube, wherein an electric current passing through a filament heats it (i.e. the filament), 

leading to thermionic electron ejection. The high-energy electrons impinge on a copper 

target, where they decelerate, and emit bremsstrahlung (braking radiation) i.e. X-rays, 

which are monochromatized, collimated and fired on a sample. The interaction of the 

incident X-rays with the sample produces constructive interference (and a strongly-

diffracted X-ray beam) when the aforementioned Bragg's Law (nλ = 2d sin θ) is fulfilled. 

This law links the lattice spacing (d) of a crystalline sample to the incident X-ray 

wavelength (λ), the diffraction angle (θ) and the diffracted beam order (n). The basic 

idea of constructive interference is illustrated in Fig. 3.4 below. 

 

 

 

The diffracted X-rays are then detected and counted, leading to a diffractogram which 

plots the X-ray diffraction intensity against the scattering angle 2. This diffractogram 

gives a series of peaks, wherein each peak represents x-rays diffracted from a distinct 

set of atomic planes characteristic of the sample. By scanning the sample through a 

complete angular range of values for 2θ, all possible diffraction directions of the lattice 

should be attained due to the random orientation of the powdered material. By 

Fig. 3.4 Bragg diffraction. Two monochromatic beams strike a crystalline solid and are 

scattered by different atoms. The path difference of the 2 beams is 2dsinθ, leading to 

constructive interference if this length equals an integer multiple of incident wavelength. 
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comparing the diffraction peak positions against a standard crystallography database, 

we can identify the unknown sample, as each sample possesses a unique set of 

diffraction peaks [163].  

 

3.2.3.2 SEM 

The scanning electron microscope (SEM) is a powerful magnification tool that utilizes 

focused electrons beams to obtain information about the sample under study. It scans 

a focused beam of electrons on a sample of interest.  Primarily, an SEM set-up 

comprises the following: an electron source, a long column along which electrons 

travel, an electron detector, a sample chamber and a computer to display the images 

[163]. 

In modern FE-SEM devices, electrons are produced by a field-emission cathode that 

provides well-collimated, narrow electron beams, resulting in enhanced spatial 

resolution, reduced sample charging and damage [165]. Electrons are produced at the 

top of the column by an electron gun, accelerated downwards by an applied electric 

potential difference and passed through a series of electromagnetic lenses and 

apertures to focus and collimate the electron beam, which strikes the sample surface. 

In the sample chamber, the sample is mounted on a stage and the electron column and 

sample chamber are evacuated by vacuum pumps to avoid eletron-air collisions. The 

position of the electron beam on the sample is moved systematically over the sample 

in a raster scanning manner, which enables information about a defined area on the 

sample to be collected [166]. Due to the various electron-sample interaction 



43 
 

mechanisms, a number of signals are produced, including secondary and backscattered 

electrons, which are then detected by appropriate electron detectors [167]. These 

signals are then converted to images which are displayed on a computer. 

 

3.2.3.3 XPS 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative technique 

that measures the elemental composition, empirical formula, chemical and electronic 

state of elements within a material [168]. To obtain an XPS spectra, the sample under 

study is irradiated with a beam of collimated, monochromatic X-rays, which strikes the 

sample and causes photoelectron emission from it [169]. The kinetic energy and 

number of these ejected electrons is measured, which gives a characteristic plot of 

intensity against binding energy [170]. It operates under high vacuum conditions to 

avoid the X-rays and electrons from getting perturbed by colliding with air molecules 

[171].  

We now elaborate on the beam-sample interaction process. When an X-ray photon 

strikes an atom, it can knock out an electron. The kinetic energy (KE) of the emitted 

electron depends upon the incident X-ray energy (hν) and the electron binding energy 

(BE) (energy required to remove the electron from the surface). By measuring the KE 

of the emitted electrons, we can obtain the BE values of the photoelectrons. From these 

BE values, one can determine which elements are near a material’s surface, and their 

chemical states [172]. The most interesting feature of XPS is its ability to distinguish 

between the same element existing in different electronic environments.  For instance, 

a nitrogen atom in a C-N bond is not chemically-identical to a nitrogen atom in an N-H 
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bond, which implies that the binding energy of electrons emitted from both nitrogen 

atoms will be different.  This is known as a chemical shift in XPS analysis.  From these 

shifts we can identify the precise electronic environments in which a particular 

element (e.g. nitrogen) is located, from which we can arrive at the detailed sample 

composition and bonding. 

 

3.2.3.4 UV/Vis spectroscopy 

UV-Vis spectroscopy is a characterization technique for measuring the optical 

properties of solid/liquid samples by the transmission or reflection of light in the 

visible and UV region. There are 2 modes of operation: UV-VIS absorption 

spectroscopy, measured by transmittance, and UV-Vis diffuse reflection spectroscopy 

(DRS) measured by diffuse reflectance. In general, the former is used for solutions/thin 

films, whilst the latter is used for solid, powdered samples.  

Solid powders are defined by their internal inhomogeneities. Light propagation 

through inhomogeneous media is very different from that through homogeneous 

material, because the light scatters off at various points along its path. The 

mathematical description of diffuse reflectance (R) is most commonly approximated 

by the Kubelka-Munk (KM) function, F(R): 

F(R) =
(1−R)2

2R
   

Originally, the Kubelka-Munk (KM) function was developed to analyse paint-coated 

surfaces [173] and thus makes the following assumptions: the surface under analysis 

is completely flat, of infinitesimal thickness and is semi-infinite. These assumptions 
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allow all geometric peculiarities of the inhomogeneous sample to be subsumed into 

one parameter, known as the scattering coefficient (s). The so-called KM function is 

approximately equal to the absorption coefficient. The justification for this lies in the 

fact that the degree of scattering is not strongly wavelength- or absorption-

dependent, so the KM model considers it a constant. However, scattering does change 

significantly with packing density, so powdered samples must be packed as 

identically as possible to ensure reproducible results. 

The band gap, Eg, of the materials was determined by a Tauc plot [174], which 

typically plots the quantity hν (photon energy) and (Fhν)1/n on the horizontal and 

vertical axis respectively. The value of the exponent n depends on the nature of the 

electron transition. In this work, the value of n = 2 was used since all the 

semiconductor materials used exhibit direct transition. The extrapolation of the 

linear part of the Tauc plot to the horizontal axis gives the band gap energy of the 

material [174]. 

 

3.2.3.5 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is a non-destructive technique to probe the 

electronic structure of materials. The sample under study is exposed to an incident 

broadband excitation source, which gets absorbed by the material, i.e. electrons are 

photoexcitation from the ground to allowed excited state. Upon returning to the 

original equilibrium state, energy is released and it may (radiative process) or may 

not (non-radiative process) include the emission of light. It is the former process 

(radiative emission) that constitutes photoluminescence spectra. The energy of the 
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emitted light (photoluminescence) relates to the difference in energy levels between 

the two energy states (the excited and ground state). The quantity of the emitted light 

is related to the relative contribution of the radiative process [175]. In 

semiconductors, the most common radiative transition in semiconductors is between 

the conduction and valence bands, with the energy difference being known as the 

band gap. The PL spectrum intensity is an indicator of the number of electron–hole 

recombination centres present in the material. 

 

3.2.3.6 Raman spectroscopy 

When monochromatic radiation is incident upon a sample, it interacts with the latter, 

in a process known as light-matter interaction. There are various scattering processes 

that occur when photons strike matter, and by analysing the scattered radiation, we 

can obtain useful information pertaining to the samples’ molecular structure. For 

Raman scattering, the relevant scattering processes are Rayleigh scattering, Stokes 

and Anti-Stokes Raman scattering  

In Rayleigh scattering, the wavelength of the incident and scattered radiation is the 

same, whereas in Stokes (and Anti-Stokes) Raman scattering, the wavelength of the 

scattered radiation is shorter (longer) than the incident radiation. From this 

wavelength change of the scattered photon, we can obtain chemical and structural 

information of the sample under study. In molecular systems, the characteristic 

wavelength shift values are principally associated with rotational, vibrational and 

electronic level transitions in the sample. Raman shifted photons of light can be either 

of higher or lower energy, depending upon the vibrational state of the molecule. In 
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retrospect, Raman spectroscopy probes the chemical structure of a material and 

provides information about chemical structure and identity [176]. 

3.2.3.7 FTIR spectroscopy 

FTIR is an analytical testing technique used to identify organic and some inorganic 

materials through the application of infrared radiation (IR). When IR is passed 

through a sample, some radiation is absorbed by the sample and some passes through 

(gets transmitted). FTIR uses interferometry to record direct information about a 

material placed in the IR beam. The Fourier Transform results in a wavenumber 

spectrum that analysts can be used to identify the sample, representing a molecular 

‘fingerprint’ of the sample. The usefulness of infrared spectroscopy arises because 

different chemical structures (molecules) produce different spectral fingerprints. 

Once the spectrum is produced, computer searches of reference libraries assist in the 

material’s identification. There are four major sampling techniques in FTIR: 

transmission, attenuated total reflection (ATR), specular reflection, and diffuse 

reflectance.  

Thick samples often produce intense peaks when measured in the transmission 

mode. Hence, ATR works better for thick samples because the intensity of the 

evanescent waves decays exponentially with distance from the surface of the ATR 

crystal, making the technique generally insensitive to sample thickness. 

We used the ATR technique owing to its several advantages: minimal sample 

preparation (just place the sample on the crystal and acquire the data), easy clean-up 

(simply remove the sample and wipe the crystal surface), ability to analyse samples 
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in their natural states (no heating or pelletizing is necessary), and it is excellent for 

thick (e.g. powders) or strongly absorbing samples.  

A common FTIR spectrometer consists of a source, interferometer, sample 

compartment, detector, amplifier, A/D convertor, and a computer. The source 

generates radiation which passes the sample through the interferometer and reaches 

the detector. Then the signal is amplified and converted to digital signal by the 

amplifier and analog-to-digital converter, respectively. Eventually, the signal is 

transferred to a computer in which Fourier transform is carried out.  

The Michelson interferometer, the heart of modern FTIR spectrometers, splits a light 

beam into 2 so that their optical paths are different. Then the interferometer 

recombines the 2 beams and channels them to the detector, where the intensity 

difference of the 2 beams is recorded against the path difference of the 2 paths. Fig. 

3.5 [177] is a schematic of the Michelson Interferometer. 
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Usually, a Michelson interferometer comprises 2 mutually-perpendicular mirrors, 

along with a beamsplitter. One mirror is stationary and the other is movable. The 

beamsplitter transmits 50% of the incident light and reflects the remaining 50%. The 

transmitted portion is incident on the stationary mirror, whilst the reflected one 

strikes the movable mirror. After being reflected back, the 2 beams recombine at the 

beamsplitter.  

If both beams travelled exactly the same optical path length, the situation is called a 

zero path difference (ZPD). But if the moving mirror moves away from the 

beamsplitter, the corresponding light beam travels longer than the other beam, and 

this extra path length is known as the optical path difference (OPD). If the OPD is an 

Fig. 3.5 Michelson interferometer set-up illustration [177] 
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integer multiple of wavelengths OPD = 𝑛𝜆, constructive interference occurs based on 

the principle of wave superposition. Conversely, if the OPD fulfils this criteria: 

𝑂𝑃𝐷 =  (𝑛 +
1

2
) 𝜆 

destructive interference occurs because crests overlap with troughs. If the OPD is 

neither 𝑛𝜆 nor (𝑛 + 1/2)𝜆, there is incomplete cancellation and the intensity 

obtained is somewhere between maximum and minimum. Therefore, as the mirror 

moves back and forth, the signal intensity increases and decreases, yielding a 

sinusoidal wave, known as an interferogram. The interferogram is a function of OPD, 

which is in the spatial (r) domain. This spatial domain (r) is Fourier transformed into 

the wavenumber (k) domain, which is the final FTIR spectrum of intensity against 

wavenumber [178]. 

 

3.3 Experimental set-up and details 

3.3.1 Graphitic carbon nitride  

3.3.1.1 Photoreactor set-up and details 

The photocatalytic reduction of CO2 to methanol was carried out in a vacuum tight 

cylindrical aluminium vessel, fitted with a quartz window (UV-permeable) on the top 

circular surface. This allows radiation to pass through it into the reaction chamber. The 

reaction chamber has a CO2 gas inlet port with a pressure gauge to monitor the chamber 

gauge pressure. The sample for analysis is dispensed through a quarter inch outlet 

fitted with an airtight septum; 100 ml of deionized water is mixed with 100 mg of 
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photocatalyst in the chamber, and the mixture is purged with continuously flowing CO2 

gas for 30 min prior to experiment, during which the solution is continuously stirred 

with a magnetic stirrer.  

𝐂𝐎𝟐  +  𝟔𝐇+  +  𝟔𝐞−  →  𝐂𝐇𝟑𝐎𝐇 + 𝐇𝟐𝐎              −  𝟎. 𝟑𝟖 𝐕    

𝐎𝟐  +  𝟒𝐇+  +  𝟒𝐞−  →  𝟐𝐇𝟐𝐎                                    + 𝟏. 𝟐𝟑 𝐕    

From the above redox equations, the reduction potential of O2 is more positive than that 

of CO2, which indicates that O2 is a better electron scavenger than CO2 and hence more 

easily reduced. This stronger electron scavenging by O2 reduces the amount of electrons 

available for CO2, leading to a decrease in the CO2 photocatalytic reduction rate. The 

dissolved oxygen should be completely depleted, as far as possible, from the reaction 

medium by thorough purging to enable the efficient reduction of CO2 to methanol. 

Hence, the reactor was purged for 30 mins prior to irradiation. 

Before initiating the reaction with irradiation exposure, the CO2 outlet valve was closed 

and the CO2 gas pressure was maintained at 50 psi. While the reaction is in progress, 

3.0 μL of the liquid sample was collected through the outlet septum using a micro 

syringe and filter system at regular intervals for gas chromatography mass 

spectrometry (GC/MS) analysis of the methanol concentration.  

Since the amount of sample extracted is a very small proportion of the total liquid 

reaction medium, (0.003/100 = 0.003%), sample extraction did not cause the reactor 

pressure to fall, which was experimentally verified by the pressure gauge reading 

remaining virtually unchanged after extraction. 
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The analysis of the sample was carried out using an integrated gas 

chromatograph/mass spectrometry (Agilent 7890B), which is capable of analyzing the 

mass chromatograph and mass spectrum of the injected sample simultaneously. A brief 

schematic outline of the setup used for this study is presented in Fig. 3.6 below. 

 

3.3.1.2 GC calibration and retention time 

In order to confirm the production of methanol/formic acid and also to quantify the 

respective amounts of each product, we first calibrated our GC/MS using standard 

aqueous methanol and formic acid solutions having known concentrations and plotted 

this against GC peak area. For the method used on our GC/MS, the retention time of 4.08 

min and 8.69 min was observed for formic acid and methanol respectively. The 

calibration curves in Fig. 3.7 and 3.8 were obtained by using formic acid and methanol 

samples of known concentrations. 

Fig. 3.6 Schematic diagram of the experimental 
setup for CO2 reduction using g-C3N4. 
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These samples were injected to the GC inlet, and the peak area for each product, at the 

relevant retention time, was observed. This calibration curve is then subsequently used 

to quantify the amount of methanol/formic acid produced in the photochemical 

reaction through CO2 reduction. Prior to injecting each standard solution, several blank 

runs were performed to ensure that no residual methanol contaminant remained from 

previous experiments. 
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Fig. 3.8 Calibration curve showing gas chromatography 
peak area versus standard methanol concentration 

Fig. 3.7 Calibration curve showing gas chromatography 
peak area versus standard formic acid concentration 
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3.3.1.3 Illumination sources used 

The synthesized g-C3N4 was used for converting CO2 into methanol using three 

different radiation sources: (i) 355-nm pulsed laser beam, which is the third 

harmonic of the Spectra Physics (Model GCR 250) Nd: YAG laser; (ii) Xe–Hg lamp; and 

(iii) natural solar radiation. The results obtained are presented in section 5.2. The 

various photoreactor configurations are shown in Fig. 3.9 (a) - (c) for pulsed laser, 

Fig. 3.9 (d) - (e) for the UV lamp and Fig. 3.9 (f) for natural solar radiation. 

 

 

 

 

 

 

 

 

(a) 

(b) (c) 

Fig. 3.9 (a) – (c) Photoreactor setup and 
configuration for the laser irradiation source 
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(d) 

(e) 

(f) 

Fig. 3.9 (d) – (f) Photoreactor setup and configuration 
for the (d), (e) UV lamp and (f) natural solar radiation  
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3.3.2 Silver-loaded NaNbO3 

The experimental part involving photocatalytic testing of the pure and Ag-loaded 

NaNbO3 photocatalyst is pretty much identical to that described above pertaining to 

graphitic carbon nitride, with two noteworthy exceptions.  

Firstly, only the UV broadband lamp (Newport Xe–Hg lamp) was used for this part 

and it was kept at a fixed distance of approximately 2 cm from the reactor. Secondly, 

instead of using a pressurised reactor, we simply used a small 20 ml glass scintillation 

bottle as the reactor. This was inspired from reading published papers where some 

groups even used simple test tubes as the reactor. Since the focus of this thesis is on 

photocatalyst synthesis and parameter studies, we have learnt through experience 

that there is not much need to invest excessive amounts of time and resources into 

developing advanced reactors. Any vessel that performs the basic function of allowing 

the four basic reactants (CO2, H2O, photons and photocatalyst) to come within 

reaction range of each other is suitable for photocatalyst testing. Of course, there is 

always room for developing novel photoreactor designs but that is not the focus and 

objective of this study. Hence, for the aforementioned reasons, we used a 20 ml glass 

scintillation vial and filled it with 15 ml of deionized water for all parts of the 

experimentation involving NaNbO3; i.e., for section 5.3. The reactor set-up is shown 

in Fig. 3.10(a) and (b). 

The exact experimental procedure is as follows.  Typically 25 mg of photocatalyst was 

dispersed in 15 ml of deionized water and this was sonicated for 15 to 20 minutes 
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until we could visually confirm that the catalyst had formed a uniform homogeneous 

dispersion throughout the entire reactor volume. This is an extremely important 

criteria to prevent catalyst segregation and settling.  After ensuring proper catalyst 

dispersion, CO2 gas was bubbled into the reactor medium continuously for 

approximately 20 minutes to ensure proper saturation of CO2 in the water.   Whilst 

bubbling the CO2, the reactor was immersed in freezing water to increase CO2 

solubility. In addition, during the bubbling phase, the reactor was left uncapped to 

allow CO2 to flow through and out of the reactor volume. After 20 minutes of bubbling, 

the glass vial was immediately capped shut tightly (to create an airtight solution) with 

a septum cap. This cap allows sample extraction at periodic time intervals without 

having to open the reactor and disturb the reaction progress.  The lamp position was 

set at a fixed orientation (i.e. both distance and angle were held fixed) with respect to 

the glass vial and this was consistently maintained for all parts of this experiment. A 

note was placed on the lamp head to instruct other personnel not to make any 

changes to the position of the lamp, to ensure consistency of all experiments 

performed in this section.  In this manner, we tested 2 photocatalysts: pure NaNbO3 

and Ag-loaded NaNbO3, over a time interval of roughly 10 hours, with hourly sample 

measurements taken via the septum. The products were analysed using the GC/MS 

system that has been detailed previously. 
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Fig. 3.10 Photoreactor setup and configuration using a 
20 ml vial when the UV lamp is (a) switched off & (b) on 

(a) 

(b) 
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CHAPTER 4                                     

MATERIALS CHARACTERIZATION OF 

PHOTOCATALYSTS 

4.1 An overview 

In this chapter, we present the materials characterization results pertaining to the 

following photocatalysts:  

(c) graphitic carbon nitride (g-C3N4) as the solar-harvesting photocatalyst (section 

4.2), and  

(d) Ag-loaded NaNbO3 as the methanol-selective (section 4.3) photocatalyst. The 

characterization results for each catalyst are classified in Table 4.1: 

 

Material properties Characterization techniques 

Crystallographic X-ray diffraction (XRD) 

Morphological  Scanning electron microscope (SEM) 

  Transmission electron microscope (TEM) 

Electronic  X-ray Photoelectron Spectroscopy (XPS) 

Optical  Ultraviolet-visible spectroscopy (UV-Vis)  

 Fourier transform infrared spectroscopy (FT-IR) 

  Photoluminescence spectroscopy (PL)  

Raman spectroscopy 

 

 

Table 4.1 Classification of materials characterization 

techniques based on the material properties it studies  
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4.2 Solar-harvesting graphitic carbon nitride 

4.2.1 Crystallographic and Structural Properties  

 
Fig. 4.1 shows the X-ray diffraction (XRD) pattern of g-C3N4, where we observe a mostly 

flat profile, with the exception of two peaks: a weak peak at 13.0° due to the in-plane 

ordering of tri-s-triazine units and a stronger peak around 27.4° due to the graphite-

like interlayer-stacked structure [179]    

 

 

 

Fig. 4.1 X-ray diffraction pattern of g-C3N4 
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The physical origin of these peaks is accounted for by the structure of graphitic carbon 

nitride. As the term graphitic implies, g-C3N4 is comprised of stacked layers of atomic 

planes arranged in a parallel manner, wherein each layer is composed of repeating tri-

s-triazine units (Fig. 4.2).  

 

 

 

 

 

 

 

 

 

When the stacked layers act as diffraction planes, out-of-plane diffraction occurs (Fig. 

4.3(a)). In-plane diffraction occurs when repeating tri-s-triazine units within each 

plane act as diffraction planes (Fig. 4.3(b)).   

 

 

 

 

 

 

 

 

 

The information obtained from these XRD peaks is summarised in Table 4.2 below. 

Interestingly, the (002) graphite plane also exhibits a sharp diffraction peak at 2 = 

26.5° [180], which is relatively close to our g-C3N4 peak at 2 = 27.4°. This confirms 

Fig. 4. 3 (a) Out-of-plane and (b) in-plane diffraction in g-C3N4 

(a) (b) 

Fig. 4.2 X-ray diffraction pattern of g-C3N4 
with a tri-s-triazine unit circled in black. 
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that g-C3N4 indeed has a graphitic-stacked structure. The other diffraction peak at 2 

= 13.0° has been obtained by several groups [181-186], and has been consistently 

attributed to the in-plane diffraction caused by repeating tri-s-triazine units. The 

foregoing points indicate that these two peaks are a unique fingerprint of g-C3N4 and 

can be used to positively confirm its successful formation. 

 

 

 

 

 

 

 

 

 

 

To further clarify the chemical composition and bonding information of g-C3N4, we 

acquired its Fourier transform infrared (FTIR) spectra (Fig. 4.4).  

 

 

 

 

 

XRD peak Cause of peak What we learn? 

(100) at 

13.0o 

in-plane ordering of 

tri-s-triazine units 

(in-plane diffraction) 

Indicates presence of tri-s-

triazine (heptazine) units 

within each layer 

 

(002) at 

27.6o 

interlayer-stacking 

peak (out-of-plane 

diffraction) 

Confirms presence of graphite-

like layered structures in              

g-C3N4 

 

Table 4.2 Information obtained 
from XRD spectra of g-C3N4 
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The FTIR spectra exhibits 3 main groups of peaks: 2 solitary peaks at 803 and 3133 cm-

1 and a cluster of peaks in the range of 1200 – 1600 cm-1, as summarised in Table 4.3 

below.  

 

 

 

 

 

 

 

 

The absorption peaks in the 1200–1600 cm−1 interval are assigned to various stretching 

modes of g-C3N4 heterocycles [187-190], whilst that at 803 cm−1 is attributed to the 

bending mode of tri-s-triazine rings [191-195]. Bending and stretching modes involve 

Wavenumber (cm-1) Cause of peak What we learn? 

803 breathing modes of tri-

s-triazine  (i.e. 

heptazine) units 

Confirms XRD (100) peak 

i.e. existence of tri-s-

triazine 

1200–1600 stretching vibrations of 

aromatic CN 

heterocycles 

Confirms CN cyclic 

structure, a characteristic 

of g-C3N4 

3000–3500 N–H stretching 
vibration modes  

Existence of unreacted 
melamine precursors 

Fig. 4.4 FTIR spectra of g-C3N4. 

Table 4.3 Information obtained from FTIR spectra of g-C3N4 
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changes in the bond angle and bond length respectively. To rule out the possibility of 

this ring structure being graphene instead of tri-s-triazine, we note that the FTIR 

spectra of both graphite and graphene [196] possess no peak in the vicinity of 800 cm-

1, as per Fig. 4.5.  

The solitary peak at 3133 cm−1 is assigned to residual N–H groups, which arises due to 

incomplete condensation of the melamine precursor [197-200]. This point will be 

elaborated upon at length under the analysis of XPS results. 

 

(f) 

Fig. 4.5 FTIR spectra of graphite and graphene  
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4.2.2 Morphological Properties 

 

The magnified transmission electron microscopy (TEM) image of as-synthesized g-

C3N4 is displayed in Fig. 4.6(a). The energy-dispersive X-ray spectroscopy (EDS) 

elemental mapping images in Fig. 4.6(b) and (c) identify the distribution of carbon and 

nitrogen respectively as uniform and continuous. The SEM images in Fig 4.6 (d) – (g) 

show the particle morphology as generally rounded and somewhat elongated, with 

particles being approximately 0.8 to 1.2 m in length. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6 TEM (a) and elemental mapping images – carbon (b) and nitrogen (c)  

(a) (b) (c) 

(a) (b) (c) 

(d) (e) 
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4.2.3 Electron Properties 

 
X-ray photoelectron spectroscopy (XPS) characterization is shown in Fig. 4.7, where 

the survey scan in Fig. 4.7(a) indicates the presence of C, N and a small amount of O as 

evidenced by the weak O1s peak centered at 531.0 eV. This could be due to the 

presence of adsorbed oxygen molecules, adsorbed water, oxygen-containing terminal 

groups and/or oxides on the sample surface [201]. 

The deconvolution of the C 1s peak in Fig. 4.7(b) implies the existence of 2 carbon 

species, in which the peak centered at 283.4 eV is due to the sp2 carbon atoms, which 

are bonded to nitrogen inside trigonal carbon configuration of the aromatic structures 

[202-205] and the peak centered at 286.1 eV is accounted for by carbon being in a 

tetrahedral configuration owing to sp3-hybridization [206-208]. These 2 peaks are 

(f) (g) 

Fig. 4.6 (d) – (g) SEM images of as-synthesized g-C3N4 at various magnifications. 
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derived, respectively, from two-coordinated C2 and C1 atoms in tri-s-triazine rings.  

The deconvolution of N 1s shown in Fig. 4.3(c) exhibits two peaks, in which the one 

centered at 397.1 eV is due to tetrahedral dinitrogen (N2) bonded to an sp3-hybridized 

carbon in a heptazine unit (i.e. C–N–C groups) [209], and the other peak at 398.9 eV 

arises from tertiary nitrogen (i.e. N–(C)3 groups) [210]. The integration of the carbon 

and nitrogen peak intensities yielded a C/N ratio of 0.69, which amounts to 8% excess 

of nitrogen, compared to the theoretical value of C/N = 0.75. This is due to the 

incomplete amine condensation when g-C3N4 is synthesized by heating melamine. The 

results are in good consonance with the FTIR spectra (Fig. 4.4), wherein the 3133 cm-1 

peak was attributed to the amine N-H group. We now understand that this belongs to 

uncondensed amine groups. Thomas et al [211] observe that typical C/N values are 

0.72, indicating great difficulty in fully eradicating the hydrogen content by simple 

heating beyond this limit. This indicates the existence of an energetic hindrance in the 

final elimination steps. Yan et al [212] agree that the C/N ratios of g-C3N4 obtained by 

heating melamine almost always falls short of the 0.75 expected for an ideal g-C3N4 

sample. They also ascribe the excess nitrogen content to amine groups arising from 

incomplete condensation of melamine precursor. These residual amino groups 

indicate that it becomes increasingly difficult to completely eliminate the hydrogen 

content by simply heating melamine at ambient pressure, in agreement with the 

aforementioned conclusion arrived at by Thomas et al [211]. 
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 Fig. 4.7  XPS of g-C3N4 for the (a) survey scan, (b) C 1s and (c) N 1s orbitals 

398.9 397.1 
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4.2.4 Optical Properties 

Fig. 4.8 shows the absorption spectrum of g-C3N4 presented using the KM function, 

where it is seen that this material exhibits good light absorption in the UV-Visible region 

with the absorption peak centered at 396 nm.  The absorption band in the visible region 

from 400 to 500 nm is in accordance with the literature [213-214], and is due to the 

electronic transition of π–π* or n–π* in the tri-s-triazine ring system [215]. The inset of 

Fig. 4.8 shows the Tauc plot for g-C3N4; the band gap energy is estimated to be 2.7 eV, 

which is in good agreement with the literature [216].  

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 Diffuse reflectance spectra represented as Kubelka–Munk function for g-C3N4. 

The inset contains the Tauc plot from which the band gap energy is enumerated. 
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4.3 Methanol selective Ag-loaded NaNbO3 

4.3.1 Structural Properties  

 
The phase structures of both pure NaNbO3 and Ag-loaded NaNbO3 were studied by X-

ray diffraction (XRD) analysis. As shown in Fig. 4.9, the as-prepared pure NaNbO3 

photocatalyst was well crystallized, as evidenced by most peaks being rather sharp and 

narrow. The excellent crystallinity is attributed to the high calcination temperature. All 

the peaks of pure NaNbO3 are accounted for by the characteristic peaks of 

orthorhombic-phase NaNbO3 (JCPDS card no. 01-072-7753 – Fig. 4.9). This indicates 

that no other crystalline phase was present, alluding to the high degree of phase purity 

of the as-synthesized NaNbO3 samples. The aforementioned step confirms that the as-

prepared photocatalyst is indeed pure NaNbO3.  

We next study the changes induced in the XRD spectra by loading silver onto NaNbO3. 

Fig. 4.10 shows the XRD spectra of (a) pure NaNbO3, (b) Ag-loaded NaNbO3 and (c) 

their difference spectra. The difference spectra is simply an arithmetic subtraction of 

the pure spectra from the Ag-loaded one (i.e. XRD of Ag-loaded NaNbO3 minus XRD of 

pure NaNbO3), and it reveals two types of variations - oscillatory and non-oscillatory. 

Oscillatory variations are symptomatic of peaks shifting sideways, whilst non-

oscillatory variations indicate the presence of new compounds/phases. These terms – 

oscillatory and non-oscillatory – are illustrated in Fig. 4.11. We first consider the 

oscillatory variations. When peaks shift sideways, there will inevitably be 2 angular 

ranges, in each of which one spectrum exceeds the other numerically.  
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Fig. 4.9 X-ray diffraction results of pure NaNbO3 and its matching JCPDS Card 
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Fig. 4.10 XRD results of (a) Ag-loaded NaNbO3, (b) pure NaNbO3 and the (c) difference spectra 

(a) 

(b) 

(c) 
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For instance, in Fig. 4.11(a), the two peaks intersect at 33°. Below 33°, the XRD 

spectrum of pure NaNbO3 is numerically greater than Ag/NaNbO3 and above 33°, the 

Ag/NaNbO3 spectrum is higher than its pure counterpart. Hence, when the difference 

spectrum is computed, it will have a positive and negative segment, resulting in 

oscillatory behaviour about the horizontal axis, as per Fig. 4.11(a). In contrast, when a 

new peak appears in the Ag-loaded spectrum, which is absent in the corresponding 

pure NaNbO3 spectra, the difference spectrum is simply a positive non-oscillatory 

spectrum as per Fig. 4.11(b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 4.11 An illustration of (a) oscillatory and (b) non-oscillatory variations 

(a) 

(b) 
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However, before any reliance can be placed on the peak shifts, it is necessary to 

ascertain that the shifting is exclusively caused by the silver loading and not by machine 

irreproducibility issues.  This was investigated by repeating the XRD analysis of the 

pure NaNbO3 sample thrice, which was recorded in Table 4.4. The angular values of the 

XRD peaks are highly reproducible with negligible variation over 3 repetitions. This 

offers convincing evidence that the peak shifts are indeed due to the silver loading and 

not due to irreproducibility issues. As a specific example of how Table 4.4 was obtained, 

the 3 runs of the 23.2° peak are shown in Fig. 4.12.  

 

 

 

 

 

 

 

 

 

Run 1 (°) Run 2 (°) Run 3 (°) 

23.20 23.20 23.20 

32.96 32.96 32.96 

47.26 47.26 47.26 

52.72 52.74 52.72 

58.38 58.36 58.36 

68.28 68.28 68.28 

72.76 72.76 72.78 

77.96 77.96 77.98 

Table 4.4 XRD results of pure and Ag-loaded NaNbO3. 

Fig. 4.12 X-ray diffraction results of pure and Ag-loaded NaNbO3. 
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We now proceed with a detailed discussion regarding the oscillatory and non-

oscillatory peaks. The former occurs at 23.20°, 32.96°, 47.26°, 52.9°, 58.3°, 68.3°, 72.8° 

and 78.0° (Fig. 4.13(a) – (h)) whilst the latter is seen at 38.6°, 44.8° and 64.8° (Fig. 

4.14(a) – (c)).   

Regarding the peak shifts, Qianqian Liu et al [221] have studied in detail the effect of 

doping pure NaNbO3 nanowires and nanocubes with platinum nanoparticles (Pt NPs), 

resulting in the synthesis of Pt/NaNbO3 nanowires and nanocubes respectively.  From 

the XRD spectra, slight characteristic diffraction peak shifts were observed in 

Pt/NaNbO3 nanowires, but not in the corresponding nanocubes. From this, they 

concluded that Pt NPs incorporate well into the NaNbO3 nanowire lattice, but not into 

the NaNbO3 nanocube lattice. Hence, XRD peak shifts are a suitable indicator of the 

degree of penetration of deposited metal particles into the crystal lattice of the primary 

photocatalyst.   

From our difference spectra (Fig. 4.10(c)), we locate 8 diffraction angles (Fig. 4.13(a) – 

(h)) at which significant XRD peak shifting is observed, which demonstrates strong 

interaction between the Ag particles and the primary NaNbO3 lattice. It is known that 

strong metal-catalyst interaction helps promote rapid electron transfer and further 

enhances the separation of electron-hole pairs, thus contributing to the enhancement 

of photocatalytic activity over Ag-loaded NaNbO3 photocatalyst.  

The non-oscillatory variations at 38.6°, 44.8° and 64.8° (Fig. 4.14(a) – (c)) indicate the 

presence of new crystal phases in Ag-loaded NaNbO3, that are absent in pure NaNbO3. 

Hence, these peaks belong to either pure Ag or its oxide Ag2O.  The peaks at 44.8° and 

64.8° are known to belong to Ag [217] whilst the origin of the 38.6° peak is still 
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ambiguous because there is both an Ag peak at 38.3° [217] and an Ag2O peak at 38.5° 

[218]. If the peak belongs to elemental Ag, then its presence is self-explanatory. If it 

belongs to Ag2O then its occurrence can be accounted for by studying the synthesis 

procedure. To produce elemental silver particles, silver nitrate is heated, whereby it 

decomposes as follows:  

2 AgNO3(l)  →  2 Ag(s) +  O2(g) +  2 NO2(g) 

Qualitatively, decomposition is negligible below the AgNO3 melting point (209.7 °C), 

but becomes appreciable around 250 °C and complete decomposition occurs at 440 °C 

[219]. This reaction must be performed under a fume hood because toxic nitrogen 

dioxide gas evolves during the reaction. However, the elemental silver formed can 

undergo oxidation at temperatures below 195° C, in the presence of atmospheric 

oxygen, as follows: 

4Ag (s)  + O2 (g)  →  2Ag2O (s) 

This explains the possible presence of Ag2O peaks appearing in the XRD spectra of Ag-

loaded NaNbO3. Possibly, during the cool down procedure, the elemental silver reacted 

with atmospheric oxygen to form Ag2O. 
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Fig. 4.13 (a) – (d) XRD spectra of pure and Ag-loaded NaNbO3 showing lateral peak shifts at 23.2o, 32.95o, 47.3o and 52.9o 

(a) (b) 

(c) (d) 
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(f) 

Fig. 4.13(e) – (h) XRD spectra of pure and Ag-loaded NaNbO3 showing lateral peak shifts at 58.3o, 68.3o, 72.8o and 78.0o 

 

(e) (f) 

(g) (h) 
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Fig. 4. 14 (a) – (c) XRD spectra of pure and Ag-loaded NaNbO3 showing new peaks at 38.6o, 44.8o and 64.8o. 

(a) (b) 

(c) 
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4.3.2 Morphological Properties  

 
Fig. 4.15 and 4.16 shows the scanning electron microscope (SEM) images of pure and 

Ag-loaded NaNbO3 respectively, at various magnification settings. The images show 

well-developed, somewhat rounded particles having an average size of 1 m.  The 

particle morphology is predominantly categorised by a rectanguloid shape with 

somewhat smoothened and flattened edges. The presence of silver is not obvious from 

the SEM images alone, hence we refer to the EDS elemental mapping of pure NaNbO3 

[Fig. 4.17(a) – (c)] and Ag-loaded NaNbO3 [4.18(a) – (d)], which show excellent 

homogeneous distribution of the various elements (Na, Nb, O, Ag).  More significantly, 

silver [Fig. 4.18(d)] is also well scattered throughout the area of observation, indicating 

the well-dispersed presence of silver in the NaNbO3 lattice. The EDS elemental spectra 

confirm the presence of the expected elements in pure [Fig. 4.17(d)] and Ag-loaded 

NaNbO3 [Fig. 4.18(e)], as shown by the various elemental peaks.  

Table 4.5 gives the percentage elemental composition by mass for both pure and Ag-

loaded NaNbO3. There is good qualitative agreement between the theoretical 

(calculated from the stoichiometric formula) and experimental values obtained from 

EDS elemental analysis data. Most importantly, the actual, experimental silver loading 

by mass is approximately 5% in Ag-loaded NaNbO3, which was indeed the 

stoichiometric loading during synthesis.  This indicates that our Ag-loaded 

photocatalyst contains approximately 5% silver by mass. 
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Fig. 4. 15 (a) – (d) Scanning electron microscopy images of pure NaNbO3 at various magnification. 

(a) (b) 

(c) (d) 
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Fig. 4.16 (a) – (b) Scanning electron microscopy images of Ag-loaded NaNbO3 at various magnifications. 

 

(a) (b) 
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(c) (d) 

Fig. 4.16(c) – (d) Scanning electron microscopy images of Ag-loaded NaNbO3 at various magnifications. 
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Fig. 4.17 Elemental mapping 

[(a) – (c)] and EDS elemental 

analysis (d) of pure NaNbO3  

(a) (b) (c) 

(d) 
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(a) (b) (c) (d) 

Fig. 4.18 Elemental mapping [(a) 
– (d)] and EDS elemental analysis 

(e) of Ag-loaded NaNbO3  

 

(e) 
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 O Na Nb Ag 
 Theoretical Experimental Theoretical Experimental Theoretical Experimental Theoretical Experimental 

NaNbO3 29.29 30.34 14.03 13.14 56.68 56.52 - - 

Ag/NaNbO3 27.82 29.29 13.33 10.84 53.85 54.60 5.00 5.27 

Table 4.5 Theoretically-calculated (based on stoichiometric formula) and experimentally-

obtained (by EDX elemental analysis) composition of pure and Ag-loaded NaNbO3 by mass 
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4.3.3 Electron Properties 

To investigate the chemical state of the as-prepared samples, XPS measurements were 

carried out and the results are shown in Fig. 4.19, where the spectra results indicate 

the Na 1s, Nb 3d, O 1s and Ag 3d energy levels of pure and Ag-loaded NaNbO3. As shown 

in Fig. 4.19(a), the peak located at 1072.5 eV corresponds to the binding energy of Na 

1s in NaNbO3 which is in agreement with the literature value of ~1071 eV [220]. 

 

 

 

For the Nb 3d peak doublet presented in Fig. 4.19(b), our results are 205.5 eV (Nb 

3d5/2) and 208.0 eV (Nb 3d3/2), which represents a systematic deviation of 2.5 eV from 

the literature values of 208.0 eV (Nb 3d5/2) and 210.5 eV (Nb 3d3/2) [220]. Compared 

to those of pure NaNbO3, the Nb 3d peaks of Ag-loaded NaNbO3 migrate to the direction 

of stronger binding energy, indicating the strong interaction of silver particles with the 

NaNbO3 lattice. This greatly facilitates the interfacial electrons transfer from the 

Na 1s 

Fig. 4.19 (a) XPS Na 1s peak of pure and Ag-loaded NaNbO3 
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photocatalyst to the silver particles [221]. We have not thus far been able to ascertain 

the cause of this systematic deviation of 2.5 eV, and resolving it forms an integral part 

of our future plans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ag/NaNbO3 

NaNbO3 

Fig. 4.19(b) XPS Nb 3d peak of pure NaNbO3 

 

Fig. 4.19(c) XPS Nb 3d peak of Ag-loaded NaNbO3 
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The O 1s can be deconvoluted by 2 curves (O 1s A & B – Fig. 4.19(d)) in the pure sample, 

and 3 curves (O 1s A, B & C – Fig. 4.19(e)) in the Ag-loaded one, indicating that oxygen 

exists in 2 and 3 oxidation states in the pure and Ag-loaded samples respectively. The 

2 common peaklets (O 1s A and O 1s B) have almost the same binding energy (A: 531.9 

vs 532.0 eV; B: 528.8 vs 528.9 eV) in both samples, implying self-consistent results. 

They are assigned to the oxygen in H2O (adsorbed water) and NaNbO3 respectively, 

which are 532.8 eV [222] and 529.7 eV [223]. The unique O 1s C peaklet at 530.5 eV, 

which exists only in Ag-loaded NaNbO3, is assigned to Ag2O, whose binding energy is 

roughly 530.9 eV [224]. This concurs with the hypothesis under the XRD results, which 

alluded to the presence of Ag2O.  
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The assignment of the Ag 3d orbitals (Fig. 4.19(f)) is far less trivial; hence, we referred 

to the NIST XPS database [225]. The database values for both orbitals (3d5/2, 3d3/2) are 

given for all realistic options (Ag, AgO, Ag2O). It is clear that there is significant variance 

even in the database values for each orbital, hence exact values are difficult to attain in 

XPS analysis. Based on the database values, and keeping in mind the previous 

observation that there is an underestimate of ~ 1–3 eV in our XPS values, we arrive at 

Table 4.6, where we offer postulated assignments for 3 of our peaklets (B, C and D). No 

(d) NaNbO3 

Fig. 4.19 (d), (e): XPS O 1s peak of (d) pure NaNbO3 and (e) Ag/NaNbO3 

(e) Ag/NaNbO3 
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suitable assignments were found for peaklet A till date. In retrospect, the assignment 

of the Ag 3d orbitals is still far from complete, and completing this assignment forms 

part of our plans for continued research in this exciting endeavour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formula Orbital NIST Database (eV) Possible matches 

Ag 3d5/2 367.9 – 368.4 D (363.7 eV) 

Ag 3d3/2 373.4 – 374.2 B (372.3 eV) 

AgO 3d5/2 367.3 – 368.1 C (366.3  eV) 

AgO 3d3/2 Data not available – 

Ag2O 3d5/2 367.7 – 368.4 C (366.3  eV) 

Ag2O 3d3/2 373.9 B (372.3  eV) 

Fig. 4.19(f) XPS O 1s peak of Ag-loaded NaNbO3 

Table 4. 6 Postulated assignment of XPS Ag 3d peaks of Ag-loaded NaNbO3 
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4.3.4 Optical Properties 

Photoluminescence (PL) spectroscopy has been investigated to verify the separation 

efficiency of the photoinduced electron−hole charge carrier pairs. The theory 

connecting PL spectroscopy and electron−hole recombination is as follows. When a 

photon strikes a photocatalyst, an electron is promoted from the valence band to the 

conduction band, leaving a hole in the valence band.  This electron – hole pair causes 

reduction and oxidation reactions to occur, respectively, on the photocatalyst surface, 

provided the electron can migrate to the surface rapidly enough where it catalyses, say, 

CO2 reduction. However, if the electron mobility is too low, instead of migrating to the 

surface, it may de-excite back to the valence band and recombine with the hole therein 

[226].  This downward electron transition results in a photon emission, which is 

measured by the PL spectrometer. Hence, a lower PL output corresponds to a lower 

rate of electron – hole recombination.  

For this purpose, the PL spectra of pure and Ag-loaded NaNbO3 were recorded and are 

shown in Fig. 4.20, where both samples exhibit similar emission profiles (similar shapes 

and peaks positions) under an excitation wavelength of 300 nm. The main part of the 

spectra is composed of a broad emission band in the 370–460 nm region, as is generally 

observed in ABO3 perovskites [227], and is formed by several contributions related to 

excitons and oxygen vacancies [228].  

In agreement with the aforementioned theory, several groups observe that a higher PL 

intensity implies greater recombination of electron−hole pairs, leading to lower 

photocatalytic activities [229-231]. Remarkably for Ag/NaNbO3, the PL emission 

intensity was lower than that of pure NaNbO3 at similar emission wavelengths. The 
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spectra presented in Fig. 4.20 are based on the absolute numbers obtained directly from 

the spectrometer, without performing any artificial rescaling or shifting, to ensure that 

the 2 spectra can be fairly compared against each other. Based on this information, we 

can conclude that the Ag-loaded NaNbO3 has a substantially lower recombination rate 

of photogenerated charge carriers, which possibly originates from the rapid charge 

transfer between the silver and NaNbO3. Owing to the superior conductivity of silver, 

there is excellent electron transport across the metal-semiconductor interface, which 

facilitates the charge transfer process [232].  Silver particles possibly act as electron-

trapping centres, whereby electrons are momentarily stabilized within the silver lattice 

and thus prevented from recombination, leading to enhanced electron density on the 

silver particle surface.  This point, on enhanced electron density, will be investigated 

more deeply in sub-section 5.3.2.2. 

 

 

Fig. 4.20 PL spectra of pure and Ag-loaded NaNbO3  
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Raman spectroscopy has been investigated to verify changes in vibrational modes 

arising from the silver loading. The strong Raman band at ∼600cm−1 corresponds to 

the stretching mode of NbO6 octahedron [233]. After Ag particles were incorporated 

into the NaNbO3 lattice, this characteristic band shifts to a lower wavenumber and is 

remarkably broadened (Fig. 4.21). To understand the physical interpretation of Raman 

band broadening/shifting, we refer to the literature. Qianqian Liu et al [221] observe 

that the “shift and broadening [of the Raman spectra] can be assigned to the 

incorporation of Pt nanoparticles into the NaNbO3 lattice”, which is consistent with our 

Raman spectra. Unfortunately, the detailed underlying mechanism of why metal 

dopants cause Raman peaks to broaden has not been clarified in the literature yet. 

Nonetheless, we hypothesize that the peak broadening arises due to the energy level 

transitions losing its discreteness. In general, as is well known, sharp, narrow peaks 

correspond to discrete energy level gaps.  Conversely a broadened peak implies that the 

initial and/or final energy levels have smeared out, or become less discrete, leading to 

broadened Raman peaks.   The exact reason why adding metal atom causes the peaks 

to lose discreteness is not clear yet, and understanding it forms part of our plans for 

future research.  

In addition, it is known that the Raman shifts near 600 cm-1 is closely related to the Nb-

O bond lengths in crystalline inorganic niobate compounds. A lower wavenumber for 

the Raman stretching bands corresponds to longer Nb-O bond lengths [234]. Thus, the 

observed shifts can be ascribed to changes in the Nb-O bond lengths Again, the detailed 

physical reason for the increased bond length has not been expounded upon yet in the 

literature. However, we hypothesize that the difference in atomic radii between silver 
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and the original atoms (Na, Nb, O) perturbs the pure NaNbO3 lattice, causing its atoms 

to be pushed further apart, which increases the equilibrium bond length.  This 

hypothesis can be tested by performing numerical computations that calculate the bond 

length of NaNbO3 from first principles, and then studying the effect of adding dopant 

silver atoms on the bond length values. This is a suitable test for the above hypothesis.  

 

 

Moving on, it has also been reported that the O 2p and Nb 4d orbitals mainly contribute 

to the formation of the valence and conduction bands of NaNbO3 respectively [235]. 

Therefore, the changes in the NbO6 octahedral local structure, such as Nb-O bond 

lengths, may influence the band structure of NaNbO3, thus resulting in the variation of 

the optical band gap, which will be discussed in the UV-vis results part hereunder. 

Fig. 4.21 Raman spectra of pure and Ag-loaded NaNbO3 
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The optical absorption properties of pure and Ag-loaded NaNbO3 were measured by 

UV–vis diffuse reflectance spectra analysis using the Kubelka-Munk function, which has 

been elaborated upon in section 4.2. As shown in Fig. 4.22, pure NaNbO3 absorbs 

incident radiation mainly in the near UV region, with an absorption edge of 

approximately 365 nm, which is consistent with other reports [236]. Compared with 

pure NaNbO3, the Ag-loaded NaNbO3 exhibits enhanced photoabsorption in the whole 

visible light region (400–800 nm), along with a marginally reduced band gap (3.3  3.2 

eV). This can be attributed to the strong interaction between the metal particles and the 

semiconductor photocatalyst NaNbO3, which has already been suggested by XRD and 

Raman spectroscopy. The decreased band gap of Ag-loaded NaNbO3 means that more 

lower-energy radiation can stimulate the photocatalysts to generate electron–hole 

pairs. Therefore, better photocatalytic performance of the composite can be expected 

by longer-wavelength electromagnetic radiation.  
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Fig. 4. 22 Kubelka-Munk functions of pure and Ag-loaded NaNbO3 (with Tauc plots as insets) 
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CHAPTER 5                                

Photocatalytic CO2 conversion to fuels 

 
5.1 Overview of results 

In this chapter, we present the photocatalytic CO2 conversion to fuel results 

pertaining to the following photocatalysts:  

(a) graphitic carbon nitride (g-C3N4) as the solar-harvesting photocatalyst 

(section 5.2), and  

(b) Ag-loaded NaNbO3 as the methanol-selective photocatalyst (section 5.3). 

 
5.2 Solar harvesting graphitic carbon nitride 

5.2.1 Methanol production yield  

Using the visible-light responsive, solar-harvesting graphitic carbon nitride, we 

conducted CO2 photocatalytic reduction reactions using three radiations and the 

results are presented in Fig. 5.1. The radiation sources are as follows: (i) 355-nm 

pulsed laser beam, which is the third harmonic of the Spectra Physics (Model GCR 

250) Nd: YAG laser; (ii) Newport Xe–Hg lamp; and (iii) natural solar radiation. All 

other variables (CO2 concentration, catalyst loading, illumination time, reactor 
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geometry etc.) were kept constant for this part, and only the illumination source – the 

independent variable – was varied for this experiment. 

From Fig. 5.1, we observe that, for all three radiation sources, the methanol yield 

initially increases with irradiation time, reaches a maximum and then starts to 

decline. For the laser radiation, the maximum methanol yield achieved is 510 mol g-

1 after 40 minutes of irradiation, and the corresponding values for solar radiation and 

the UV lamp are 130 mol g-1 and 40 mol g-1 respectively. The best-performing laser 

radiation is due to its characteristically high photon intensity and high beam 

collimation. However, the most encouraging result achieved with g-C3N4 is its 

capability reduce CO2 to methanol using inexpensive and abundant solar radiation.  

To place these figures in a broader context, the methanol yield achieved by our 

catalyst is much higher than the reported values using Ag-doped TiO2 (1.5 wt% Ag), 

Ag-doped AgCl and Cu-In2O3/TiO2 with the methanol yields of 4 mol g-1 h-1 [237], 38 

mol g-1 h-1 [238] and 40 mol g-1 h-1 [239] respectively. Hence, this indicates that 

graphitic carbon nitride is potentially a suitable photocatalyst for large-scale solar 

harvesting. There are many requisites a catalyst must satisfy before it can be 

considered for industrial-scale photocatalysis of CO2 to fuels, of which one is that the 

photocatalyst must be solar-responsive, so that it can utilise the abundant and 

ubiquitous solar radiation to convert CO2 into fuels. The successful testing of the 

graphitic carbon nitride catalyst using natural solar radiation above indicates that it 

can potentially be used for large scale solar harvesting.  
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The decreasing methanol yield, after 40 minutes of irradiation (see Fig. 5.1), can be 

attributed to the photo-catalytic oxidation (or degradation) of methanol back to CO2, 

which has reportedly been used to test the performance of a photocatalyst [240]. This 

undesired back reaction occurs because hydrocarbon products like methanol have 

higher solubility and reactivity in water than CO2. Methanol has higher reactivity than 

CO2 because methanol oxidation (Equation 5.2) is thermodynamically favourable 

(exothermic) whilst CO2 reduction (Equation 5.1) is thermodynamically 

unfavourable (endothermic).  

                                                    2CO2 + 4H2O ⟶ 2CH3OH + 3O2          (5.1)  

              2CH3OH + 3O2  ⟶  2CO2 + 4H2O        (5.2) 

Fig. 5.1 Methanol yield at different irradiation times. 
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Hence, for batch-phase experiments, the methanol formed is eventually expected to 

degrade back to CO2, unless it is simultaneously harvested during production, i.e. 

removed from the reactor before it can undergo degradation to CO2. This necessitates 

research in the field of continuous-flow photoreactors, whereby the products formed 

are removed without degrading. This forms part of our future plans for further 

research. 

As for the dependence of methanol yield on various light sources, the 2 primary 

factors are the geometric and spectral characteristics of the illuminations source.  

Firstly, the illumination source must have a large intensity in the high-photon-energy 

region, to ensure that the maximum amount of photons can be utilised by the 

photocatalyst. The threshold wavelength for graphitic carbon nitride is 458 nm 

(corresponding to 2.7 eV); hence, only photons having energy in excess of this 

threshold figure can effect photocatalytic conversion of CO2 to fuels. We hypothesize 

that the laser has the largest integrated power in the ultraviolet region ( < 458 nm), 

followed by the sun and lastly the UV lamp. This hypothesis can be tested by using an 

electromagnetic spectrum analyser to find the integrated power ( < 458 nm) for 

each illumination source. 

Secondly, geometric factors also play a part in affecting the methanol yield. Since the 

laser radiation is highly collimated, it is able to illuminate the entire reactor volume 

more effectively, compared to the UV lamp and sun, whose beams undergo 
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substantial divergence and thus may not be able to illuminate the entire reactor 

volume as completely as in the case of the laser beam. 

 

5.2.2 Quantum efficiency 

Quantum efficiency is a benchmark parameter commonly used to evaluate the 

efficiency of any photochemical reaction. It represents the ratio of the desired product 

of the photochemical process to the amount of incident photons. Several definitions 

exist in the literature, but the one recommended by the International Union of Pure 

and Applied Chemistry is [241]:  

Φ =
amount (mole) of methanol formed

number of incident photons 
 

The numerator term is easily available from the quantity of methanol produced, and 

denominator term for the laser beam can be reasonably estimated from the laser pulse 

energy, photon energy, and the duration of laser irradiation. 

The variation of quantum efficiency with irradiation time, depicted in Fig. 5.2, is only 

for the laser radiation (we could not ascertain the denominator values for solar and 

broadband UV lamp to a reasonable degree of precision due to the broadband nature 

of their spectrum; hence, the values were not pursued further); the quantum efficiency 

starts from zero, attains a maximum value of 0.44% after 40 min of irradiation, starts 

to decrease, and finally, reaches 0.04% after 100 min of irradiation. A considerable 

methanol production yield with g-C3N4 in the presence of solar radiation is an 

encouraging result as the production of methanol can be achieved from abundant solar 
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radiation, and this production yield might be further improved by proper materials 

engineering. However, the decline of the methanol production after certain duration of 

irradiation, because of the back-reaction, is a big challenge to be faced. Ideally, the 

quantum efficiency should remain constant for a long time in order to carry on this 

photochemical reaction uninterrupted, but because of the drop in quantum efficiency 

and consequent decline in the methanol yield, the reaction needs to be restarted quite 

frequently, which is not practical for mass production. Our future focus in this area of 

research is to explore the field of continuous-flow photoreactors, whereby the 

methanol formed is simultaneously harvested before degrading. 

 

 

 

 

Fig. 5.2 Quantum efficiency of the photocatalytic process at different irradiation times. 
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5.3 Methanol selective Ag-loaded NaNbO3 

5.3.1 Hydrocarbon production yield  

Using both pure and silver-loaded NaNbO3 photocatalyst, 2 main products were 

observed, formic acid (Fig. 5.3) and methanol (Fig. 5.4). In general, both products 

displayed increasing yield as a function of time. However, the rate of increase slowed 

down with time and the concentrations appeared to approach a stationary state, 

possibly due to the back-reactions described in the previous section under graphitic 

carbon nitride. The most noteworthy trend is that silver loading tends to suppress the 

formic acid yield (by 40.1%) and enhance the methanol yield (by 60.2%). In other 

words the methanol product selectivity over formic acid is preferentially enhanced 

by adding silver. This will be addressed in detail in the subsequent sections.  
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Fig. 5.3 Formic acid yield with respect to time. 

Fig. 5.4 Methanol yield with respect to time. 
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5.3.2 Theoretical investigation for enhanced methanol 

selectivity 

It is very interesting to note that there has been a significant enhancement of the 

methanol product selectivity over formic acid upon loading silver particles onto the 

primary photocatalyst, NaNbO3. A detailed explanation from first principles 

necessitates a rigorous understanding of the underlying reaction mechanism, which 

has eluded photocatalyst researchers thus far. We have conducted extensive 

literature review – which would be listed in the subsequent sub-sections – and have 

obtained 3 plausible reasons that account for the enhanced methanol product 

selectivity upon silver loading. In brief, the reasons pertain to silver:  

(1) increasing the surface hydrophobicity, 

(2) enhancing the electron density and 

(3) changing the reactant binding mode. 

These postulated causes have already been reported in connection with enhanced 

methanol product selectivity. Of course, which one, or perhaps even a combination of 

the above, applies to the specific case of silver loading onto NaNbO3, is still uncertain, 

since the particular Ag-loaded NaNbO3 photocatalyst has not been studied thus far. 

Further research using advanced empirical and computational techniques could be 

able to elucidate the atomic-level mechanism further, which would hopefully 

illuminate the real reason why silver improves the methanol product selectivity. 
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5.3.2.1  Surface hydrophobicity 

The presence of metallic atoms can influence the product selectivity. Yamashita and 

co-workers Y[242] demonstrated improved selectivity for methanol formation with 

the addition of fluorine in titanium catalyst supported on mesoporous silica. 

Fluorination increases hydrophobicity of the photocatalyst surface, altering the 

product selectivity. Hydrophobic photocatalyst exhibited higher selectivity for longer 

chain hydrocarbons. For instance, hydrophilic Ti-Beta(OH) zeolites showed higher 

selectivity for CH4, but hydrophobic Ti-Beta(F) zeolites demonstrated higher activity 

for the production of CH3OH [243-245]. 

However, whilst the phenomenon of increasing hydrophobicity leading to enhanced 

product selectivity has been well-reported, the same cannot be said regarding the 

detailed reaction mechanism underlying this observation. Many groups note that 

hydrophobic photocatalysts hinder the access of water (lower H2O) to the 

photocatalytic active site and thus increase the CO2/H2O ratio on the catalytic surface. 

Apparently, an excess of H2O and a deficiency of CO2 (that is a lower CO2/H2O ratio) 

is not effective for the formation of long chain hydrocarbons. For instance, Anpo and 

Chiba note that “in the case of high values for the H2O/CO2 ratio, the selectivity for the 

formation of CH3OH became lower [246]. An insightful observation by Yamashita et 

al is that “the competitive co-adsorption of H2O and CO2” on the catalytic surface is 

crucial for photocatalytic reaction to occur [247]. Since a hydrophilic surface would 

be more prone to wetting by water, the CO2/H2O ratio would be unfavourably low, 

thus not allowing sufficient CO2 molecules to be present on the catalytic sites for the 
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formation of long chain hydrocarbons. However it is clear that a detailed first-

principles reaction mechanism has not been derived for the photocatalytic CO2 

reduction process, without which it would be impossible to understand exactly why 

excessive water on the catalytic surface hinders the formation of long chain 

hydrocarbons. 

To conclude, we end off with the remarks proffered by Ikeue et al [248], i.e. “the 

hydrophilic-hydrophobic properties were found to be the deciding factor controlling 

the reactivity and selectivity in the photocatalytic reduction of CO2 with H2O.” 

To investigate changes in surface hydrophobicity upon loading silver onto NaNbO3, 

we performed contact angle measurements to understand the hydrophobic nature of 

both photocatalytic samples. From Fig. 5.5 and 5.6, we observe that the contact angle 

increases slightly after silver loading, corresponding to an increased surface 

hydrophobicity. The pure NaNbO3 surface has almost perfect wettability with a 

negligible contact angle (Fig. 5.5). After silver loading, there is a small contact angle 

(Fig. 5.6) that was approximately 6.7°. Based on the aforementioned observation, this 

is one possible factor that accounts for the enhanced methanol selectivity.   
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Fig. 5. 6 Contact angle measurement of Ag-loaded NaNbO3 

 

Fig. 5.5  Contact angle measurement of pure NaNbO3 
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5.3.2.2  Enhanced electron density 

Loading of metals like silver can extract photogenerated electrons and extend the 

electron lifetime to catalyse CO2 reduction reactions. In addition, electron 

accumulation on metals allow the discharge of more than one electron at a time, 

facilitating the multi-electron CO2 reduction processes [249]. This phenomenon of 

metal atom dopants causing electron trapping has been noted by several groups, for 

various metals. Tsai et al noted that metallic nickel (Ni) can trap electrons [250]; 

likewise, Ola et al also used Ni to enhance CO2 reduction, and this improvement was 

ascribed to the electron-trapping property of nickel, leading to suppressed electron-

hole recombination and effective charge separation [251]. Gupta and co-workers 

found a significant enhancement in the photocatalytic reduction of CO2 by co-loading 

Ag–Pt bimetallic nanoparticles onto TiO2. They proposed that Ag–Pt co-catalysts 

trapped electrons and accelerated the transfer of electrons to CO2 for reduction [252]. 

Murakami photodeposited Ag and Au nanoparticles on TiO2 and obtained increased 

methanol production, which they attribute to the metal dopants functioning as 

reductive sites for the multi-electron reduction of CO2 to methanol [253]. From these 

reports, we infer that silver can play the role of an electron-trapping centre. The 

enhanced electron availability on silver is likely to facilitate multi-electron transfers 

more easily, which explains why methanol, which requires 6 electrons per molecule, 

is produced with greater selectively than formic acid, which needs only two electrons 

per molecule formed, as per the reduction equations 5.3 and 5.4 below. 
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                                      𝐂𝐎𝟐  +  𝟔𝐇+  +  𝟔𝐞−  →  𝐂𝐇𝟑𝐎𝐇 +  𝐇𝟐𝐎          (𝟓. 𝟑)                   

                                      𝐂𝐎𝟐  +  𝟐𝐇+  +  𝟐𝐞−  →  𝐇𝐂𝐎𝐎𝐇                         (𝟓. 𝟒)                    

Also, the photoluminescence (PL) spectroscopy results are relevant in this context.  

By minimizing the electron-hole recombination rate, electron availability is 

guaranteed to increase with a longer electron lifetime. Usually, the PL results are 

interpreted to mean an increase in yield of all products due to enhanced electron 

availability. Whilst this is certainly the usual explanation, we interpret things slightly 

unconventionally and observe that an increased electron density is also likely to 

selectively promote multi-electrons products. All these factors collectively increase 

the electron availability, encouraging multi-electron reactions preferentially, for 

reasons mentioned in the aforementioned paragraph. This explains why methanol 

would be selectively formed over formic acid upon silver loading. 

5.3.2.3 Binding mode variations 

There are three possible ways in which a CO2 molecule binds to the photocatalyst 

surface.  They are: carbon, oxygen and mixed coordination, as depicted in Fig. 5.7. 

Depending on which binding mode is favoured for a particular photocatalyst, the final 

product distribution will be affected accordingly. The first step in the photo-catalytic 

reduction of CO2 is the adsorption and activation of CO2 on the surface of a 

heterogeneous catalyst, to enable the transfer of electrons from the catalyst to the CO2 

molecule.  

For the oxygen coordination mode shown in Fig. 5.7(a), the following reaction step is 

the preferential binding between the carbon atom in CO2 and a hydrogen atom to 
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form HCOO–, which can subsequently combine with a proton to produce HCOOH 

(equations (5.5)–(5.7)).  

 

              • COOads
−  + H+  HCOOads

•                    (5.5) 

HCOOads
•    +  e−

   HCOO−                     (5.6) 

               HCOO−    +  H+
   HCOOH                      (5.7) 

 

The hydrogen atom can originate from a conduction-band electron reducing a free 

proton. The breaking of the C–O bond in the CO2 molecule does not occur in this 

situation. The final product is formic acid, and methanol production is generally not 

favoured for the oxygen coordination mode [254].  

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.7 CO2 adsorption modes on catalyst surface. 
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In the case of carbon and carbon–oxygen adsorption modes, shown in Fig. 5.7(b) and 

5.7(c) respectively, the process of hydrogenation is not typically favoured due to the 

attached carbon atom on the surface of the catalyst and as a result, one oxygen atom 

in CO2• – combines with a hydrogen atom to form a carboxyl radical •COOH as 

depicted in equation (5.8). The •COOH thus formed could serve as a precursor for the 

formation of formic acid after combining with a hydrogen radical in the highly polar 

water medium.  However there is a possibility of conversion of CO2• – into carbon 

monoxide, when a hydrogen atom gets attached to the carbon atom resulting in the 

breaking of carbon–oxygen bond in CO2• –. The produced carbon monoxide is 

adsorbed on the surface of the catalyst as shown in equation (5.9) [255].  

• COOads
−  +  H+  • COOHads                              (5.8) 

• COOHads  +  e−
   COads  +  OH–                      (5.9) 

 

Now comes the crucial part: if the CO-catalyst bond is weak, the carbon monoxide 

desorbs from the catalytic surface, and the final reaction product will be just carbon 

monoxide [256]. On the other hand, if the CO-catalyst bond is relatively strong, a 

carbon radical is formed by attracting additional electrons and subsequently 

combining with four H• radicals to form a series of products like carbene and/or a 

methyl radical, which eventually leads to the formation of methane [257]. During this 

chemical process, if the produced methyl radical combines with a hydroxyl radical 

instead of a hydrogen radical, the final product is a methanol molecule.  

Since we obtain enhanced methanol production activity after silver loading, we 

hypothesize that there may be changes in binding modes (from oxygen coordination 
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to either carbon or mixed coordination) owing to the deposited silver particles. The 

detailed mechanism for the selective formation of CH3OH using NaNbO3 photo-

catalyst is not well understood, and needs further research.  Hence, our immediate 

future plan is to use DFT computation to study the binding modes of CO2 molecule on 

the NaNbO3 photocatalytic surface. 

 

5.3.2.4  Summary 

In retrospect, we hypothesize that the most likely cause is possibly the enhanced 

electron density.  Silver being a metal with excellent conductivity naturally 

accumulates a large free electron density on its surface, thus playing the role of a 

charged trapping centre and facilitating the production of multi electron reduction 

products like methanol. This hypothesis can be tested by calculating the electron 

density of states (DOS) at the conduction band level for both the pure and Ag-loaded 

NaNbO3, and checking if there is any enhancement in the DOS after silver loading. An 

increased DOS implies greater electron availability for effecting photocatalytic 

reduction of CO2 to methanol, which would support the hypothesis proposed above.   
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5.3.3 Experimental parameters 

In this section, we will explore the effect of various experimental parameters on the 

methanol production yield.  They are: temperature, hole scavenger, basicity of 

medium and catalyst concentration.  In any experiment, there is only one independent 

variable to be varied. Hence, the catalyst will be kept fixed as the Ag-loaded NaNbO3, 

and each experimental run is for a fixed time interval of 4 hours. Of course, the lamp 

and all other variables must also be kept constant and only the parameter under study 

must be varied to ensure scientifically-rigorous results. Also, to simplify the analysis, 

we will focus only on one high value product, namely methanol.  The methanol 

production yield has been normalised to unity (one i.e. 1) at its highest point, since 

we are simply trying to deduce the relative trends by varying the parameters, and 

these trends are more easily grasped using a normalised vertical scale,  which makes 

for convenient reading. The following sections present the results pertaining to the 

experimental parameters’ influence on the methanol yield. 

 

5.3.3.1 Temperature 

In this section, we investigate the effect of temperature on the methanol production 

yield.  The temperature was varied by using a digital stirrer/heater, on which the 

reactor was placed.  The temperature reading displayed by the stirrer is not an 

accurate indication of the true liquid temperature inside the reactor volume. Hence, 

before commencing temperature dependence studies, a calibration curve was 
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prepared to relate the temperature readout on the stirrer/heater’s LCD panel to the 

actual temperature inside the reactor.  A high-sensitivity thermocouple thermometer 

was employed for this purpose and the calibration curve is shown in Fig. 5.8. From 

this, we observe that the actual temperature inside the reactor is always substantially 

lower than that shown on the stirrer/heater’s display panel, since the stirrer/heater 

is exposed to the environment resulting in heat loss, and only a small fraction of the 

heat generated by the stirrer/heater actually goes towards heating the reactor 

volume. Hence, the actual temperature attained inside the reactor will always be less 

than that displayed by the stirrer heater. 

As shown in Fig. 5.9, there is decreasing methanol production yield as the 

temperature increases from 20 to 50 °C.  In Section 2.3.1, the effect of temperature on 

methanol yield has been thoroughly examined. To summarise, higher temperatures 

improve catalyst availability (by encouraging product desorption) and increase the 

reaction rate constant (by increasing the molecular collision frequency) but worsens 

the CO2 solubility and the reactant adsorption (because thermal agitation may desorb 

reactants like CO2). Based on our experience, the most significant factor is the 

decreased CO2 solubility. As temperature rises less dissolved CO2 remains in the 

water (see Table 5.1), and this was very clearly observed in the form of small bubbles 

effervescing out of the reaction medium. With less dissolved CO2 there is less reactant 

concentration available leading to a decrease in the methanol yield. 
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Temperature (oC) CO2 solubility (g/L of water) 

20 1.71 

30 1.24 

40 0.97 

50 0.79 

Fig. 5.8 Temperature calibration curve that relates actual reactor 
temperature to stirrer/heater display temperature 

 

Fig. 5.9 Methanol yield as a function of temperature, using Ag-loaded NaNbO3 
 

Table 5.1 Solubility of CO2 in water as a function of temperature [258] 
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5.3.3.2 Hole scavenger 

The addition of hole scavengers is another experimental parameter that affects the 

methanol production yield. This was easily accomplished by adding fixed amounts of 

sodium sulphite (Na2SO3), which is a well-established hole scavenger, into the 

reaction medium before commencing irradiation. Four fixed concentrations (0.25, 

0.5, 0.75 and 1.0 mol/dm3) were chosen to study the effect of adding hole scavengers 

on the methanol production yield.  As shown in Fig. 5.10, as the hole scavenger 

concentration increased, the methanol production yield also increased. The detailed 

mechanism has been elaborated in section 2.3. Since the methanol production 

process is electron-driven, reducing the hole concentration lowers the electron-hole 

recombination, leading to a higher electron density available for CO2 reduction, 

resulting in an enhanced methanol production yield. To summarise, we note that hole 

scavengers consume free holes and thus enhance the electron density available for 

photocatalytic CO2 reduction to methanol. 
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Fig. 5.11 Methanol yield as a function of catalyst 
concentration, using Ag-loaded NaNbO3 

 
 

Fig. 5.10 Methanol yield as a function of hole 
scavenger concentration, using Ag-loaded NaNbO3 
 
 



121 
 

5.3.3.3 Catalyst concentration 

The catalyst loading (i.e. concentration) is another parameter that affects the 

methanol production yield. This parameter is again straightforward to control, by 

simply adding varying amounts of photocatalysts to achieve the desired 

concentration. Naturally, as the catalyst concentration increased, the methanol 

production yield also increased drastically (Fig. 5.11) due to the substantial increase 

in the availability of active catalytic sites.  However, it is interesting to note that the 

increase is not continual, but rather peaks off at 25 mg of catalyst per 15 ml of solvent 

(Fig. 5.11).  The reason has already been elaborated upon in section 2.3; basically, 

beyond a certain limiting concentration, there is excessive scattering and dispersion 

of the incident photons by the photocatalyst particles, which results in insufficient 

reactor volume illumination leading to reduced methanol yields. 

 

5.3.3.4 Basic solvent medium 

The basicity of the solvent medium which is experimentally controlled by adding 

sodium hydroxide (NaOH) is another experimental parameter that affects the 

methanol production yield,. The NaOH concentration is easily manipulated by 

dissolving NaOH pellets into the reactor medium prior to commencing illumination. 

We observe that increased NaOH concentrations result in enhanced methanol yields 

(Fig. 5.12), and this trend is consistently observed over the entire range of values 

tested (up to 1 mol/dm3). In fact, it is possible that greater NaOH concentrations (> 1 
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mol/dm3) may improve the yield even further. However, this option was not pursued 

to restrict the possibility of damage being caused to the sensitive chromatographic 

column owing to the strongly basic solution.  Within the range of values tested (0 – 1 

mol/dm3), we observed a positive correlation which was accounted for in section 2.3. 

Increased basicity results in improved CO2 solubility together with enhanced hole-

scavenging capability offered by the hydroxide anions.  These two factors collectively 

result in an enhanced methanol production yield with increasing NaOH 

concentration.     

 

 

 

 

 

Fig. 5. 12 Methanol yield as a function of [NaOH] using Ag-loaded NaNbO3  
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5.3.3.5 Overview of parameters 

In this section, we have investigated a few experimental parameters that were 

technically feasible in our laboratory.  It is clear from section 2.3 that there are several 

other interesting parameters that also affect the methanol production yield, but we 

have not been able to study these due to time and technical constraints.  It would 

certainly be a priority to pursue some of these untested parameters, to study their 

effect on the methanol production yield, since the long-term goal of CO2 

photocatalytic reduction is to maximize methanol production. That would be our plan 

for future study. 
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CHAPTER 6                                       

Conclusion 

 In this work, we have successfully synthesized a solar-harvesting semiconductor 

photocatalyst (g-C3N4) and a methanol-selective photocatalyst (Ag-loaded NaNbO3). 

The performance of these photocatalyst was tested by the photocatalytic reduction of 

CO2 to value-added hydrocarbon fuels, especially methanol.  

 Firstly, the as-synthesized photocatalysts were extensively characterized by XPS, 

XRD, UV-Vis, FT-IR, PL, Raman and FESEM to study their crystallographic, optical, 

electronic and morphological properties. These properties determine the level of 

photocatalytic performance, and dictate whether a particular photocatalyst will be 

suitable for a specific application. For instance, the optical band-gap energy data gives 

vital information pertaining to the spectral absorbance (whether visible or UV) of the 

photocatalyst, thus determining the suitability of a particular photocatalyst as a solar 

harvesting material.  

Subsequently, both photocatalysts were tested for photocatalytic CO2 reduction into 

fuels such as methanol. The first photocatalyst, graphitic carbon nitride – a visible-

light sensitive photocatalyst, was tested under three distinct radiation sources: 

pulsed laser, UV broadband lamp and natural sunlight. It gave peak methanol yield of 

510, 110 and 130 μmol g-1 respectively. Whilst the laser gives the highest yield of 510 

μmol g-1 owing to its superior spectral and geometric characteristics, the most 



125 
 

encouraging results are those obtained using natural sunlight (130 μmol g-1) as it 

could potentially pave the way for a large-scale solar-driven CO2-to-methanol system 

that would simultaneously absorb harmful atmospheric carbon dioxide and produce 

a relatively clean fuel (methanol) for meeting humanity’s energy needs. 

The second photocatalyst, a semiconductor metal oxide photocatalyst NaNbO3, was 

loaded with silver particles which significantly improved the methanol product 

selectivity over formic acid.  This agrees with the general understanding that metal 

dopants can alter the product distribution from CO2 reduction.  For this study, the 

following three reasons have been proposed to explain the aforementioned 

observation: increased surface hydrophobicity, enhanced surface electron density 

and change in binding modes. 

However, there is still plenty of ambiguity with respect to the underlying reaction 

mechanism as well as the role of the metal atoms in enhancing methanol selectivity.  

We plan to study binding mode variation using advanced DFT computational 

techniques, because DFT codes are well suited for these types of analysis.  It can 

calculate the most stable binding modes for the CO2 molecule on any photocatalyst 

surface, thereby predicting the likely products to be obtained from CO2 reduction.  

Also, we plan to conduct electrochemical impedance spectroscopy (EIS) to study if the 

impedance of the Ag-loaded photocatalyst is indeed lower than its pure counterpart. 

A lower impedance translates into higher conductance, which implies a larger surface 

electron density thus leading to the preferential formation of multi-electron reduction 
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products such as methanol.  These two issues constitute our plans for future research 

to continue this exciting journey that has enthralled us for the past 2 years. 
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