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ABSTRACT 

Carbon dioxide (CO2) photoreduction is a complex process and, despite significant efforts 

in photocatalyst development, an investigation of the influence of process parameters on 

photoreduction is still necessary. In this work, a Bi2WO6 photocatalyst was used for the 

photocatalytic reduction of CO2 in a continuous-flow differential photoreactor and a 

rotational central composite design (RCCD) was employed for a systematic evaluation 

and optimization of the operational parameters. The experimental parameters considered 

were CO2 flow rate, light intensity, partial pressure of H2O, and amount of photocatalyst. 

The synthesized Bi2WO6 was characterized by XRD, XPS, Raman, SEM, BET 

measurements and UV–vis spectroscopy. The results showed that the CO2 flow rate had 

an impact on CO2 photoreduction; the light intensity, partial pressure of H2O, and amount 

of photocatalyst significantly influenced the CO cumulative production. At optimum 

conditions (120 mW cm-2, 2.7 kPa, and 15 mg), it was possible to obtain a 60% 

enhancement in photocatalytic efficiency, compared to the results obtained before the 

experimental design. Characterization studies carried out after the use of the photocatalyst 

showed that Bi2WO6 experienced changes on its surface, which may explain the 

deactivation observed during the photoreduction under gaseous flow. 
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1. INTRODUCTION 1 

The rise in CO2 levels in the atmosphere, reaching 413 ppm in May 2020 [1], 2 

highlights the urgent need to reduce CO2 emissions to minimize its impact on climate 3 

change. Because this is linked to human activities related to fossil fuel combustion [2], 4 

developing an efficient and sustainable form of energy production that utilizes CO2 as a 5 

source is a significant scientific challenge. 6 

Among the technologies available for CO2 conversion, photocatalytic reduction 7 

of CO2 has drawn much attention because it can produce fuels and chemicals from CO2 8 

and water using sunlight as an energy input at a relatively low temperature and 9 

atmospheric pressure [3]. However, CO2 photoreduction is a complex process that 10 

involves a series of multi-electron and chemical reactions with very low conversion 11 

efficiencies and production rates. Therefore, due to the complexity of the process, the 12 

study of parameters such as CO2 adsorption mode, water concentration, temperature, and 13 

pressure is a crucial step to achieve high selectivity, which is very important for practical 14 

applications [4, 5].  15 

To develop an efficient and selective CO2 photoreduction system, significant 16 

efforts have been focused on the enhancement of photocatalysts, primarily TiO2, which 17 

is currently being used in ~50% of the reported work on CO2 photocatalytic reduction [5]. 18 

However, the practical applications of TiO2 are restricted because they are inactive 19 

photocatalysts under visible light. In this context, Bi-based photocatalysts have attracted 20 

attention because they are excellent visible-light photocatalysts owing to their band-gap 21 

energy [6]. In addition, bismuth is one of the few heavy elements that presents properties 22 

such as biocompatibility and low toxicity to the human body.  23 

Several works have reported the photocatalytic activity of different Bi-based 24 

materials for CO2 conversion under visible and solar light [7-13]. Among them, BiOX (X 25 

= Cl, Br, I), BiVO4, and Bi2WO6 are the most widely used photocatalysts for this reaction.  26 

However, a systematic study on the process parameters of the CO2 photoreduction 27 

reaction using Bi-based photocatalysts is needed to better understand the behavior of 28 

these photocatalysts. To accomplish this, a design of experiments (DOE) was employed, 29 

which is an efficient tool to consider several variables at the same time using a reduced 30 

number of experiments, while allowing the optimization of the process parameters.  31 
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In this study, a rotational central composite design (RCCD) was used for the first 1 

time to investigate the relationship between three process parameters (light intensity, 2 

partial pressure of H2O, and photocatalyst amount) and the photocatalytic activity of 3 

Bi2WO6 in a continuous gas-phase reactor under UV–vis irradiation. Preliminary tests 4 

with different CO2 flow rates were also performed. Furthermore, Fourier transform 5 

infrared (FTIR) spectroscopy and X-ray diffraction (XRD) of the sample after the reaction 6 

were carried out to help understand photocatalyst deactivation.  7 

 8 
2. EXPERIMENTAL 9 

2.1. Bi2WO6 synthesis 10 

Bi2WO6 was synthesized using a published method [14]. Briefly, 0.98 g of 11 

Bi(NO3)3.5H2O was dissolved in 30 mL of 0.4 M nitric acid solution and stirred at 40 °C. 12 

Subsequently, another solution containing 20 mL of 0.05 M Na2WO4 and 10 wt% of PVP 13 

(polyvinylpyrrolidone) K30 was slowly added dropwise to the preceding solution. The 14 

resulting mixture was further stirred for 24 h, placed in a 70 mL Teflon-lined autoclave 15 

and maintained at 160 °C for 8 h. The synthesized powders were collected, washed 16 

several times with deionized water and ethanol, and dried in an oven at 80 °C. 17 

2.2. Photocatalyst coating 18 

Initially, fluorine-doped tin oxide (FTO) glass (2.5 cm × 2.5 cm) was cleaned with 19 

a solution of H2O, acetone, and isopropanol in a ratio of 1:1:1 for 1 h in an ultrasound 20 

bath and dried overnight at 75 °C. A solution with different amounts of photocatalyst and 21 

1 mL of Milli-Q water (18 mΩ) was added to a 5 mL vial, which was subsequently 22 

agitated in an ultrasonic bath for 5 min;  the resulting slurry was then deposited onto the 23 

glass. The coated glass was dried at 120 °C for 2 h. The glass was weighed before and 24 

after the photocatalyst coating to ascertain that the desired amount of photocatalyst was 25 

immobilized. 26 

2.3. Characterizations of Bi2WO6 27 

The photocatalyst was characterized by scanning electron microscopy (SEM, 28 

Auriga ZEISS), operating at 3 kV. The crystallographic phase of the synthesized powder 29 

was determined by XRD (D2 Phaser diffractometer, Bruker) using CuKα radiation 30 

(wavelength of 1.54 Å) in the 2θ range of 10° to 70°. FT-IR spectra were obtained using 31 

a PerkinElmer Fourier transform infrared spectrophotometer and the KBr method. Raman 32 
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spectra were collected with a Renishaw in Via Raman Microscope with a 785 nm 1 

excitation source. X-ray photoelectron spectroscopy (XPS) was carried out on a Scienta 2 

300 XPS spectrometer equipped with a rotating AlKα X-ray source operating at 13 kV and 3 

333 mA (4.33 kW). The UV–vis diffuse reflectance spectra (DRS) of the samples were 4 

recorded using a UV–vis spectrophotometer with a DRA-CA-301 accessory (Labsphere) 5 

in the diffuse reflectance mode (Varian Cary 100 Scan Spectrophotometer). The band-6 

gap was determined using the classical Tauc method. Nitrogen adsorption–desorption 7 

isotherms were obtained at 77 K on a NOVA 4200e Quantachrome and calculated using 8 

the Brunauer–Emmett–Teller (BET) method. 9 

2.4. Photocatalytic reduction of CO2 10 

Bi2WO6 samples were tested for CO2 photoreduction under continuous-flow 11 

conditions (Fig. 1), as described previously in detail [15]. The FTO-coated glass was 12 

placed in the middle of the photoreactor (h = 1 mm, r = 25 mm, V = 1.96 mL) and sealed. 13 

Residual air was evacuated by placing the system under vacuum to −1 bar and repeating 14 

this process three times; the vacuum was released with CO2 (99.995%) to 1 bar. The flow 15 

rate of CO2 was set according to the required experimental settings and the CO2 passed 16 

through the temperature-controlled saturator for 12 h to achieve adsorption/desorption 17 

equilibrium. Relative humidity was measured using an inline Sensirion SHT75 humidity 18 

sensor. An OmniCure S2000 UV–vis lamp (250–600 nm) was used as the light source 19 

and the irradiance was measured before each experiment using an OmniCure R2000 20 

radiometer. The lamp was placed 30 mm above the reactor. An inline gas chromatograph 21 

(GC, Agilent, Model 7890 B series), equipped with a HayeSep Q column (1.5 m, 1/16 in 22 

OD, 1 mm ID), a molecular sieve 13X (1.2 m, 1/16 in OD, 1 mm ID), a thermal 23 

conductivity detector (TCD), a nickel-catalyzed methanizer, and a flame-ionization 24 

detector (FID) was used to analyze the output of the photoreactor every 4 min for 4 h. 25 

The cumulative production (µmol gcat
-1) of CO (carbon monoxide), H2 (hydrogen), and 26 

CH4 (methane) was calculated by integrating the area under the production rate (µmol 27 

gcat
-1 h-1) vs. time (h) curve.  28 

2.5. Design of experiments  29 

An RCCD was employed to optimize the photocatalytic reduction of CO2 over 30 

Bi2WO6 with H2O in a continuous-flow differential photoreactor. The variables (factors) 31 

used in this study were light intensity, partial pressure of H2O, and amount of 32 

photocatalyst. The number of experimental runs was 17, corresponding to 9 factor points, 33 
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6 axial points, and 3 center points. The distance of the axial points from the center points 1 

(α) was fixed at 1.68, based on the number of factors chosen for the experiment. The 2 

coded values and real values of the factors are shown in Table 1. The cumulative 3 

production of CO (µmol gcat
-1), the major product, was considered as the response. The 4 

data were analyzed using the STATISTICA 12 software and the adequacy of the predicted 5 

model was statistically validated through analysis of variance (ANOVA) at a confidence 6 

interval of 95%. The partial pressure of H2O was determined using Eq. 1, where P is the 7 

total pressure of the system (kPa).  8 

         𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝐻𝐻2𝑂𝑂 = 𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻2𝑂𝑂 𝑃𝑃
𝑚𝑚𝑚𝑚𝑚𝑚𝐻𝐻2𝑂𝑂+ 𝑚𝑚𝑚𝑚𝑚𝑚𝐶𝐶𝑂𝑂2

                                              (1) 9 

Table 1. Variables for RCCD 2k (k = 3 factors) and their respective coded levels for CO2 10 
photoreduction reaction.  11 

Independent variables Code -α -1 0 +1 + α 

Light intensity (mW cm-2) X1 52.8 80 120 160 187.2 

Partial pressure of H2O (kPa) X2 1.9 2.2 2.7 3.1 3.3 

Amount of photocatalyst (mg) X3 7 10 15 20 23 

 12 

 13 

Fig. 1. Schematic representation of the experimental setup used for CO2 photoreduction.  14 

 15 
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 1 

 2 

3. RESULTS AND DISCUSSION 3 

3.1. Photocatalyst characterization  4 

The XRD pattern of the photocatalyst (Fig. 2a) can be indexed to the pure 5 

orthorhombic Bi2WO6 phase (JCPDS 39-0256) [16]; no foreign peak is observed, 6 

suggesting that the sample presents high purity. The intensity ratio of the (131)/(200) 7 

peaks is 1.43, which is much lower than the standard value of 4.70. This demonstrates 8 

that there is a special anisotropic growth of the Bi2WO6 crystal. This is probably due to 9 

the addition of PVP, which is known to selectively absorb on some particular planes, thus 10 

resulting in the anisotropic structure and morphology of the products [17].  11 

The Raman spectra of Bi2WO6 is presented in Fig. 2b; all its characteristic peaks 12 

can be identified. The peaks observed at 795 and 824 cm-1 are signatures of bismuth 13 

tungstate, attributed to the symmetric and asymmetric stretching vibration between W 14 

and O atoms [18, 19], whereas the peak positioned at 718 cm-1 corresponds to the 15 

asymmetric stretching vibration between the W plane and O atoms [20]. The peaks 16 

centred at 207, 284, 306, and 416 cm-1 are identified as the modes associated with the 17 

stretching or bending vibration of the WO6 octahedron, BiO6 polyhedron, and Bi–O 18 

bonds, respectively [21, 22]. Finally, the peak at 151 cm-1 originates from the external 19 

vibration mode of the WO6 octahedron [23].  20 
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 1 

Fig. 2. (a) XRD pattern, (b) Raman spectrum, (c) UV–vis absorption spectra (inset shows a 2 
corresponding plot of (Abs.)2(hν)2/eV2 against photon energy) and (d) N2 adsorption/desorption 3 

properties of Bi2WO6. 4 

Fig. 2c presents the UV–vis diffuse reflectance spectra of the Bi2WO6 sample. The 5 

steep shape of the spectrum indicates that the light absorption was not due to the transition 6 

from the impurity level but to the band-gap transition. The band-gap is estimated to be 7 

2.84 eV, showing that the sample has intense absorption in the UV and visible-light 8 

regions. The N2 adsorption isotherm of Bi2WO6 presented in Fig. 2d is a typical type IV 9 

isotherm with hysteresis, implying the presence of mesopores. The surface area of the 10 

photocatalyst was determined to be 45.9 m2 g-1.  11 

The chemical states and surface composition of the elements in Bi2WO6 were 12 

investigated by XPS. The W 4f spectrum of Bi2WO6 (Fig. 3a) consists of two spin-orbit 13 

doublets with peaks at 34.9 and 37.0 eV assigned to W 4f7/2 and W 4f5/2, respectively, in 14 

W6+ [24]. The binding energies of 158.7 and 163.9 eV (Fig. 3b) can be ascribed to 4f5/2 15 

and 4f7/2 in Bi3+ [25]. The oxygen spectrum presents two distinguishable peaks (Fig. 3c) 16 

at 529.6 and 532.1 eV, which correspond to the coordination of oxygen in Bi–O, W–O, 17 

and surface chemisorbed oxygen [26].  18 
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 1 

Fig. 3. XPS profiles of the Bi2WO6 sample: (a) W 4f, (b) Bi 4f, and (c) O 1s.  2 

The morphology of the Bi2WO6 photocatalyst was observed by SEM, as shown in 3 

Fig. 4. The image shows uniform spherical particles with an average diameter of 4 μm 4 

(Fig. 4a). The high-magnification SEM image reveals the presence of some microspheres 5 

with a flower-like morphology (Fig. 4b). The hierarchical porous flower-like structure 6 

provide more exposure sites and channels for reactant molecules transport, enhancing the 7 

CO2 adsorption. As shown in earlier studies, the efficient adsorption of CO2 molecules 8 

on catalysts is the initial step in CO2 photoreduction and can affect the catalyst efficiency 9 

and product selectivity [27-29].  10 

 11 
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 1 
Fig. 4. SEM images of the Bi2WO6 photocatalyst. 2 

3.2. Photocatalytic reduction of CO2  3 

3.2.1. Effect of flow rate  4 

The flow rate plays an important role in reactions occurring in continuous reactors 5 

because it controls the mass transfer limitation. In the absence of mass transfer limitation, 6 

the reaction rate does not depend on the gas flow rate. On the other hand, when the 7 

reaction is mass-transfer-limited, increasing the flow rate overcomes this limitation and 8 

improves the reaction rate. However, a further increase in the flow rate, with a 9 

concomitant decrease in the retention time, results in a lower chance of the reagents being 10 

adsorbed on the surface of the photocatalyst, and therefore, affects the efficiency of the 11 

CO2 photoreduction reaction. Therefore, it is critical to optimize the CO2 flow rate. In this 12 

work, three different CO2 flow rates were studied (from 0.07 to 0.56 mL min-1) and the 13 

results are presented in Fig. 5. 14 

The Reynolds number (Re) values for the three flow rates were low (between 8 15 

and 65), which implied that the flow was laminar. It was noticed that, as the CO2 flow 16 

rate increased, the cumulative CO production increased. An increase in the flow rate 17 

increases turbulence near the photocatalyst surface, resulting in a decreased boundary-18 

layer thickness, which positively affects the mass transfer rate. This behavior indicates 19 

that mass transfer on the photocatalyst surface may play a role in CO2 photoreduction 20 

under these experimental conditions.  21 
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 1 

Fig. 5. Effect of CO2 flow rate on CO cumulative production (mcat = 20 mg, relative humidity = 2 
40%, and UV–vis: 165 mW cm-2).  3 

Due to operational restrictions, it was not possible to further increase the CO2 flow 4 

to ensure that the rate of reaction was independent of the gas flow rate. However, at a 5 

flow rate of 0.56 mL min-1, only a minor increase in the cumulative CO production is 6 

seen compared to that of the 0.35 mL min-1 flow rate (Fig. 5). Therefore, 0.35 mL min-1 7 

is chosen as the optimum flow rate. 8 

3.2.2. Experimental design  9 

It was noticed that the Bi2WO6 photocatalyst is highly selective (>90%) towards 10 

CO for most experiments (Table 2). Therefore, the cumulative production of CO was 11 

chosen as the experimental design response. This high-selectivity of Bi2WO6 to CO has 12 

been attributed to the reaction mechanism and the conduction band potential of this 13 

photocatalyst [30, 31] and to the hierarchical structure [27, 32, 33]. Besides, the pareto 14 

chart (Fig. S1), which shows the effects of the factors on the selectivity, revealed that 15 

only the light intensity was a significant parameter for CO selectivity in this study.  16 

The predictive model shows good agreement with the predicted results, fitting 17 

~91% of the experimental data, which is acceptable for this type of analysis. In addition, 18 

the experimental error calculated from the center point of triplicate is 5%. From ANOVA 19 

(Table 3), it can be observed that the factors affecting the photoproduction of CO are the 20 

photocatalyst amount, light intensity, partial pressure of H2O, and the interaction between 21 

the photocatalyst amount and light intensity.  22 
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Table 2. Experimental design and actual responses of CO2 photoreduction. 1 

Exp. 

Light 
intensity 

(mW 
cm−2) 

Temperature 
(°C) 

Partial 
pressure 
of H2O  
(kPa) 

Photocatalyst 
amount 

(mg) 

Cumulative 
production 

of CO  
(µmol gcat−1) 

Cumulative 
production 

of CH4  
(µmol gcat−1) 

Cumulative 
production  

of H2  
(µmol gcat−1) 

1 80 (−1) 25 (−1) 2.2 (−1) 10 (−1) 1.42 0 0.01 
2 160 (+1) 25 (−1) 2.2 (−1) 10 (−1) 2.04 0.12 0.03 
3 80 (−1) 55 (+1) 3.1 (+1) 10 (−1) 1.60 0 0.13 
4 160 (+1) 55 (+1) 3.1 (+1) 10 (−1) 1.38 0.01 0.14 
5 80 (−1) 25 (−1) 2.2 (−1) 20 (+1) 0.65 0.01 0.04 
6 160 (+1) 25 (−1) 2.2 (−1) 20 (+1) 1.17 0.01 0.14 
7 80 (−1) 55 (+1) 3.1 (+1) 20 (+1) 0.66 0.01 0.05 
8 160 (+1) 55 (+1) 3.1 (+1) 20 (+1) 1.83 0.03 0.02 
9 52.8 (−α) 40 (0) 2.7 (0) 15 (0) 0.41 0.02 0.15 
10 187.2 (+α) 40 (0) 2.7 (0) 15 (0) 2.37 0.15 0.01 
11 120 (0) 15 (−α) 1.9 (−α) 15 (0) 1.59 0.03 0 
12 120 (0) 65 (+α) 3.3 (+α) 15 (0) 1.47 0 0.20 
13 120 (0) 40 (0) 2.7 (0) 7 (−α) 1.22 0 0.13 
14 120 (0) 40 (0) 2.7 (0) 23 (+α) 0.64 0.01 0.02 
15 120 (0) 40 (0) 2.7 (0) 15 (0) 3.08 0.02 0 
16 120 (0) 40 (0) 2.7 (0) 15 (0) 2.64 0.02 0 
17 120 (0) 40 (0) 2.7 (0) 15 (0) 2.90 0.03 0 

 2 

The photocatalyst amount is one of the most important variables in the production 3 

of CO, with significant linear (L) and quadratic (Q) terms. The results in Fig. 6 indicate 4 

that as the mass of photocatalyst increases, the photoproduction of CO increases and 5 

reaches a maximum when the amount is 15 mg. A further increase in the photocatalyst 6 

mass results in a decrease in the CO production, indicating a decrease in photocatalytic 7 

activity. This could be due to the number of active sites available on the FTO glass. As 8 

the photocatalyst amount on the glass increases, the number of active sites available for 9 

photoreduction increases. However, when an excessive amount of photocatalyst is loaded 10 

on the FTO glass, agglomerates can be formed and the exposed photocatalyst surface area 11 

is reduced, causing a decrease in photocatalytic activity [34]. 12 
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Table 3. ANOVA analysis for the cumulative production of CO as the desired response. 1 

Factor Sum of squares DF Mean square F value P value Comments 

X1 (L) 2.120290 1 2.120290 220.0993 0.004513 Significant 
X1 (Q) 2.511935 1 2.511935 260.7545 0.003813 Significant 
X2 (L) 0.028614 1 0.028614 2.9703 0.226947 Not significant 
X2 (Q) 1.862218 1 1.862218 193.3099 0.005133 Significant 
X3 (L) 0.707777 1 0.707777 73.4717 0.013339 Significant 
X3 (Q) 4.288272 1 4.288272 445.1494 0.002239 Significant 

X1∙X2 0.000637 1 0.000637 0.0661 0.821122 Not significant 

X1∙X3 0.208013 1 0.208013 21.5930 0.043324 Significant 

X2∙X3 0.176084 1 0.176084 18.2787 0.050593 Not significant 

Lack of fit 0.873206 5 0.174641 18.1288 0.053099 Not significant 
Pure error 0.019267 2 0.009633    
R-squared 0.9097      

Notes: P-values and F-values were used to determine the significance of each factor at the 95% confidence 2 
level; a factor is considered significant when P-value <0.05.  3 
 4 
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 5 
Fig. 6. Impact of the amount of photocatalyst on CO cumulative production (error bars 6 

represent the variability by the other factors).  7 

The light intensity of UV–vis radiation is another important factor, based on the 8 

linear and quadratic terms. Photocatalytic reactions are highly dependent on the 9 

absorption of irradiation because they are responsible for the excitation of the 10 

photocatalyst. Generally, at low intensities, the reaction rate increases linearly with 11 
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increasing incident light intensity, whereas at medium intensities, the reaction rate is 1 

proportional to the square root of the intensity. The reaction rate becomes independent of 2 

the light intensity when high-intensity radiation is used. This behavior occurs as a result 3 

of the increasing competition between the electron–hole pair separation and its 4 

recombination [35, 36].  5 

It can be seen in Fig. 7a that the cumulative production of CO increases with 6 

increasing light intensity up to the maximum value (i.e., 135 mW cm-2). A further increase 7 

in the radiation intensity results in a slight decrease in the CO cumulative production and 8 

an increase in CH4 production, as shown in Fig. 7b. CH4 formation by CO2 reduction 9 

involves a larger number of electron transfers than those in the CO formation; therefore, 10 

CH4 can be favored in conditions where there are more electrons available on the reaction 11 

site. Similar results were also obtained by Mahmodi et al. [37] and Delavari and Amin 12 

[38] using TiO2 and ZnO as the photocatalysts, respectively. 13 

 14 
Fig. 7. (a) Surface response of cumulative production of CO (µmol gcat

-1) depending on the 15 
photocatalyst amount and light intensity, at the central partial pressure of H2O (2.7 kPa). The 16 

color scale represents the value of the true response (green: low, red: high). (b) influence of light 17 
intensity on CH4 cumulative production.  18 

The correlation between the amount of photocatalyst and UV–vis light intensity 19 

also plays a significant role in the CO2 photoreduction. In general, for the same amount 20 

of photocatalyst, an increase in light intensity improves the cumulative CO production. 21 

This effect is owing the fact that the greater the photocatalyst amount, the greater the 22 

number of photons needed to excite the entire photocatalyst surface. In the experimental 23 

design central point (15 mg), however, it can be observed an optimum of light intensity, 24 

which occurs when the number of photons supplied to the system is sufficient to interact 25 

with all photocatalyst exposed.  26 
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It should be noted that the system is also sensitive to photocatalyst amount and 1 

light intensity, indicating that the reaction resistance also plays an important role in the 2 

process. 3 

The final significant factor is the partial pressure of H2O, which only has a 4 

significant quadratic term. The presence of water vapor in the reaction medium is a critical 5 

factor in CO2 photoreduction. This is because, as the reaction proceeds, water acts as an 6 

electron donor, producing H+ and •OH radicals which are necessary for the CO2 7 

photoreduction reaction. However, water can also compete with CO2 for the photocatalyst 8 

active sites, which may end up reducing the adsorption and activation of CO2 and favoring 9 

water reduction (i.e., water splitting) [39]. Therefore, controlling the CO2/H2O ratio is 10 

necessary because the coadsorption of H2O and CO2 could affect the selectivity of the 11 

reaction. In Fig. 8a, both high and low concentrations of H2O appear to have a negative 12 

impact on the photocatalytic performance of Bi2WO6; however, the optimum partial 13 

pressure for CO production was found at ~2.7 kPa.  14 

 15 

Fig. 8. Influence of the partial pressure of H2O on the cumulative production of: (a) CO and (b) 16 
CH4 and H2. 17 

The production of CH4 by Bi2WO6 presents a behavior similar to CO (Fig. 8b). 18 

However, the highest production of CH4 is obtained at a low partial pressure (2.2 kPa). 19 

As for cumulative H2 production, increasing the partial pressure induces a gradual 20 

increase in the cumulative H2 yield. Higher partial pressures increase the competition for 21 

active sites, benefiting H2O reduction and, consequently, production of more H2 (Fig. 8b). 22 

Similar observations in the relationship between CO2/H2O ratio and CO2 photoreduction 23 
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yield were noted in other studies using TiO2 [15, 39-41]. These authors concluded that 1 

there was an optimum H2O concentration, regardless of the carbon-based product formed.  2 

The model provided by the experimental design in Eq. 2 enabled the calculation 3 

of critical values using the STATISTICA 12 software. The critical value of each variable 4 

indicates the optimum conditions that provide the best performance within the range 5 

studied, as shown in Table 4. The critical values and central points are seen to be very 6 

similar; the average cumulative production of CO obtained in the experimental design is 7 

within the error range of the maximum production of CO predicted, with 95% confidence. 8 

In addition, comparing the results obtained in Fig. 5 for CO production (1.72 µmol gcat
-1 9 

at 0.350 mL min-1) and the average production at the central point, it can be seen that the 10 

cumulative CO production improved by up to 60%. These results highlight the 11 

importance of improving the photocatalyst parameters and optimizing the operational 12 

conditions.  13 

cumulative production of CO (µmol gcat
-1) = 2.82 (±0.25) + 0.39x (±0.11) – 0.47x2 (±0.12) 14 

– 0.46y2 (±0.14) – 0.23z (±0.11) – 0.61z2 (±0.13) + 0.16xz (±0.15)                                   (2) 15 

where: 16 

x = light intensity (mW cm-2) 17 
y = partial pressure of H2O (kPa) 18 
z = photocatalyst amount (mg) 19 

Table 4. Critical values and central points for the independent variables of the experimental 20 
design. 21 

Variables 
Light intensity 

(mW cm-2) 

Partial 
pressure of 
H2O (kPa) 

Photocatalyst 
amount (mg) 

Cumulative 
production 

of CO 
(µmol gcat-1) 

Critical value 136 2.61 14.3 2.92  
Central point 120 2.7 15 2.87a 

a Average value observed.  22 

3.3. Photocatalyst characterization after reaction  23 

During this study, it was noticed that the rates of CO production did not stabilize 24 

after reaching their maximum values and gradually decreased with time as shown in Fig. 25 

9a, which presents the CO production rates for a few points from the experimental design. 26 

A similar trend has also been observed in other studies, mainly when the reaction was 27 
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carried out in a continuous-flow mode [42-46]. There are two main reasons that could 1 

explain the decrease in production rate: (1) deactivation of the photocatalyst and (2) CO 2 

oxidation to CO2 [42]. Therefore, to better understand the effects of the reaction on the 3 

photocatalyst surface, XRD and FTIR characterization was performed on Bi2WO6 after 4 

the reduction reaction.  5 

The XRD pattern of the Bi2WO6 photocatalyst before and after the photoreaction 6 

reveals that the Bi2WO6 characteristic peaks remain unchanged (Fig. 9b). However, the 7 

peak intensity decreases after the reaction, indicating that the material underwent some 8 

changes during the photoreaction.  9 

 10 

 11 
Fig. 9. (a) Production rate of CO as a function of irradiation time for a few experiments from the 12 

RCCD and (b) XRD patterns of Bi2WO6 photocatalyst before (black) and after test (red). 13 

The characteristic IR bands of Bi2WO6 are found between 530 and 1300 cm-1, 14 

which are assigned to the stretching and asymmetric stretching vibrations of Bi–O and 15 

W–O bonds, respectively (Fig. 10a) [47, 48]. The peak at 1620 cm-1 and the broad band 16 

around 3400 cm-1 are associated with the stretching and bending modes of the O–H group 17 

on the photocatalyst surface [49]. It is worth noting that well-defined peaks corresponding 18 

to carbon species are not detected on the photocatalyst surface before the reaction. After 19 

the reaction, the bands between 1400 and 1700 cm-1 appear slightly weakened (Fig. 10b); 20 

this is associated with the reduction of Bi3+ to Bi0 [49]. In addition, the doublet at 2017 21 

and 2156 cm-1 (Fig. 10c) is assigned to the adsorbed CO on the metal surface, 22 

demonstrating the formation of surface-adsorbed CO species [50, 51]. The CO adsorbed 23 

on the surface of the photocatalyst reduces the number of active sites available for the 24 

adsorption of CO2, which may explain the deactivation of the photocatalyst. Furthermore, 25 

two weak peaks (2918 and 2847 cm-1) are also detected on the photocatalyst after the 26 
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reaction (Fig. 10d). These peaks are ascribed to the characteristic vibrational stretching 1 

of the CH3 group in H3CO– species such as methanol. Similar results were obtained by 2 

Ma et al. [52] using BiOCl photocatalysts. To explain their observations, these authors 3 

suggested that an intermediate group, COOH, is generated and subsequently transforms 4 

into CO. The produced CO could subsequently be hydrogenated to form other 5 

hydrocarbon species, such as CHO, CH2O, CH3OH, and eventually CH4. It is worth 6 

noting that due to the potential of the conduction band of Bi2WO6, it is impossible for 7 

electrons to reduce CO2 molecules directly into CO. Consequently, CO generation from 8 

the intermediates formed during the photocatalytic reaction seems to be the more feasible 9 

mechanism. Moreover, to improve the performance of the photocatalyst, it is necessary 10 

to find alternative methods to regenerate it after the reaction, such as calcination or the 11 

water washing suggested by Sun et al. [30].  12 

 13 

Fig. 10. FTIR spectra of Bi2WO6 before (black) and after (red) the CO2 and H2O reaction in 14 
spectral regions: (a) 550 cm-1–3900 cm-1, (b) 950 cm-1–1900 cm-1, (c) 1100 cm-1–2800 cm-1 and 15 

(d) 2300 cm-1–3600 cm-1. 16 

 17 
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4. CONCLUSIONS 1 

The photocatalytic conversion of CO2 over a Bi2WO6 photocatalyst in a 2 

continuous-flow differential photoreactor was investigated in this study. The design of 3 

experiments was used to study the influence of three process parameters (light intensity, 4 

partial pressure of H2O, and amount of photocatalyst) and determine the optimum process 5 

variables. Characterization of the photocatalyst showed that pure orthorhombic Bi2WO6 6 

was obtained; preliminary findings indicated that mass transfer on the photocatalyst 7 

surface played a role in the CO2 photoreduction. All the independent factors significantly 8 

influenced the cumulative CO production. Optimization of the experimental conditions 9 

revealed that the maximum CO production was achieved with UV–vis light intensity of 10 

136 mW cm-2, partial pressure of H2O at 2.61 kPa, and photocatalyst amount of 14.3 mg; 11 

this implied an increase of 60% in cumulative CO production. It was also observed that 12 

the photocatalyst lost its efficiency as the duration of the reaction increased. FTIR and 13 

XRD results showed that, although the orthorhombic Bi2WO6 structure did not change, 14 

carbon-based species found on the photocatalyst surface led to the deactivation of the 15 

photocatalyst, indicating the need for further investigation into photocatalyst 16 

regeneration.  17 
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