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a b s t r a c t

In this study, a novel externally reflected photoreactor was compared with a solar
photoreactor for photocatalytic CO2 conversion in liquid phase using proton-rich func-
tionalized carbon nitride (f-C3N4) modified ZnV2O6 nanosheets. Effects of operating
parameters such as reaction medium and catalyst loading were investigated to maximize
yield rates. The performance of photoreactor for CO2 photoconversion was higher in
the presence of NaOH solution as a reducing agent than H2O and KHCO3 solution.
ZnV2O6 modified with f-C3N4 (1:1) ratio registered the highest CH3OH yield. In an
externally reflected photoreactor, the maximum yield rate of CH3OH over ZnV2O6/f-C3N4
(1:1) nanosheets was 4665.6 µmole g-cat−1; 1.25 folds higher than solar photoreactor
(3742.1 µmole g-cat−1). The externally reflected photoreactor was found very efficient
for photocatalytic CO2 conversion due to its higher light harvesting efficiency compared
to the solar photoreactor. The increased yield rates in externally reflected photoreactor
were because the reflector provides greater photon flux for dynamic CO2 reduction.
Possible reaction mechanisms for photoconversion of CO2 over ZnV2O6/f-C3N4 S-scheme
photocatalyst were proposed in order to understand the function of the reflector and the
movement of electrons and holes.

© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The significant rise in the levels of atmospheric carbon dioxide (CO2), considered as one of the greatest contributors to
the greenhouse effect, has attracted substantial attention within the past few decades (Szamosvölgyi et al., 2022; Tahir and
Tahir, 2022; Zhao et al., 2022). Several strategies have been utilized to reduce the impacts of CO2, including reducing CO2
emissions at the source (Aslam et al., 2021), capturing and storing CO2 (Zahedi et al., 2022), and reusing CO2 by converting
it into useful chemicals and fuels (Sharma et al., 2022; Zhao et al., 2021). However, these technologies have drawbacks,
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such as the need for high electrical power and high temperatures to split the stable CO2 molecule, unsustainability, raw
aterial constraints, and high operating costs (Jebaseelan et al., 2021; Kumar et al., 2021).
Recent interest has been focused on photocatalysis using light irradiation because it occurs at low temperatures and

ormal pressure (Nguyen et al., 2022; Thabit et al., 2022; Wang et al., 2022b). The CO2 reduction by photo-technology
ould meet the existing energy needs and address environmental issues (Idris et al., 2022; Yuan et al., 2021; Zhang et al.,
022a). However, the performance of photocatalytic activity and selectivity is lower for CO2 reduction that is needed to be
mproved. The efficiency of photocatalytic process can be enhanced by develop highly effective semiconductor materials
Kumar et al., 2023; Lee et al., 2023) and design of photoreactors (Khan and Tahir, 2019; Liang et al., 2020; Ng et al., 2021;
ahir and Amin, 2017).
Among the newly emerged semiconductor materials, 2D layered graphitic carbon nitride (g-C3N4) has been widely

examined for photocatalytic conversion of CO2 because of its higher light absorption, and good reduction potential
for CO2 conversion to several products (Arumugam et al., 2022; Bafaqeer et al., 2021). However, CO2 conversion rate
f g-C3N4 is lower due to high recombination rate of charge carrier (Li et al., 2022b). The efficiency of 2D g-C3N4

can be enhanced by several methods which include doping with metal and nonmetal elements (Hussain et al., 2022),
surface modification (Tahir and Tahir, 2020) and coupling with other semiconductors (Cao et al., 2023; Wang et al.,
2023). Furthermore, the construction of an S-scheme photocatalytic system has drawn a lot of attention because of its
ideal effectiveness in enhancing the photocatalytic efficiency (Wang et al., 2022c; Xu et al., 2022; Zhang et al., 2022b).
From this perspective, the construction of S-scheme semiconductors like ZnO/g-C3N4 (Sayed et al., 2022), Bi3NbO7/g-
C3N4 (Wang et al., 2022a), g-C3N4/BiOI (Li et al., 2022b), ZnIn2S4/g-C3N4 (Li et al., 2022a) and CuWO4/g-C3N4 (Lu and
Wang, 2023) have exhibited significantly promoted photocatalytic activity toward conversion of CO2 to fuels. We recently
reported ZnV2O6 nanosheets as a promising photocatalyst for photocatalytic CO2 to CH3OH conversion under visible light
(Bafaqeer et al., 2018b). This was because of a unique 2D ZnV2O6 interfacial structure that increases the transfer rate
of photogenerated holes and electrons, as well as an appropriate band structure and strong visible absorption, resulting
in increased photocatalytic activity. Combining 2D ZnV2O6 nanosheets with functionalized g-C3N4 nanocomposite would
develop S-scheme heterojunction, which may not only improve charge separation performance but also provides good
redox potential for selective CO2 conversion under visible light. Thus, it is highly desirable to create functionalized g-C3N4
modified ZnV2O6 S-scheme photocatalyst to improve the photocatalytic conversion of CO2 into fuels under visible-light.

The design of photoreactors is gradually improving, whereas slurry, membrane, and fixed-bed photoreactors are used
for photocatalytic processes. The most popular reactors are slurry reactors and include three phase system where the
catalyst bed is in a fluidized form and agitated to increase mass transfer between catalyst and reactants, therefore
providing large surface area to be illuminated (Ješić et al., 2021). Photocatalysts in fixed bed photo-reactors are positioned
inside the photoreactor near the light or directly on the photoreactor wall, immobilized on the supporting materials such
as plate, fibers, beads, monolith, optical fibers etc. (Foulady-Dehaghi and Behpour, 2020; Yazdani et al., 2018). Although
fixed bed photoreactors have a high gas production and do not need the catalyst to be separated, light dispersion has been
a challenge. Two chambers or towers in the membrane photoreactors are separated from one another by a membrane
(Baniamer et al., 2021; Khan and Tahir, 2019). The limited charge and mass transfer has been a cause of worry even
though the reaction in membrane photoreactors is extremely tightly controlled and does not allow for backward reaction.
Therefore, it is highly desirable to develop photoreactors with high efficiency to enhance photocatalytic reduction of CO2
to fuels.

In this work, a novel externally reflected photoreactor was developed for photocatalytic CO2 reduction into fuels. The
performance of an externally reflected photoreactor and solar photoreactor was compared over proton-rich C3N4 modified
ZnV2O6 S-scheme photocatalyst. The stability test of ZnV2O6/f-C3N4 S-scheme photocatalyst in an externally reflected
photoreactor and possible reaction mechanism of CO2 conversion was also deliberated.

2. Experimental

2.1. Synthesis of f-C3N4

Typically, 5 g of melamine was placed in a crucible and heated in a muffle furnace at 550 ◦C for duration of 2 h under
an air atmosphere. The yellow powder obtained was grounded into fine powder and named g-C3N4. After that, g-C3N4
and nitric acid are mixed and stirred for preferably 2 h. The existence of numerous –C–N–motifs in the g-C3N4 allows it
to be easily functionalized by nitric acid. The precipitates from the mixture are then dried at a temperature of 80 ◦C for
approximately 12 h to produce a functionalized graphitic carbon nitride (f-C3N4).

2.2. Synthesis of ZnV2O6/f-C3N4 nanosheets

As previously described, a one-pot solvothermal technique was used to prepare the ZnV2O6 photocatalyst (Bafaqeer
et al., 2018b). The ZnV2O6/f-C3N4 nanosheets were fabricated by a one-step solvothermal process. Typically, 2.052 mmol
of ammonium metavanadate is added into 20 ml of DMF. Next, the 1.09 mmol zinc acetate is added after 10 mins of
stirring which is then followed by the addition of oxalic acid, wherein the ratio of oxalic acid to NH4VO3 is suitably 1:3.

At the same time, the f-C3N4 is mixed with DMF and stirred for approximately 10 mins. After that, f-C3N4 mixture was
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Fig. 1. Schematic of experimental setup for photocatalytic CO2 conversion with H2O: (a) Solar photoreactor and (b) Externally reflected photoreactor.

added to the above solution and stirred for approximately 30 mins. The mixed solution was then reacted in an autoclave at
a suitable temperature range of 180 to 200 ◦C for approximately 24 h. The precipitates are washed with absolute ethanol
and distilled water. The resulting precipitates are then dried at a preferred temperature of 100 ◦C for approximately 12 h
to produce the ZnV2O6/f-C3N4 nanosheets.

2.3. Materials characterization

The XRD (Rigaku, Cu Kβ radiation) was used to measure the crystalline structures of the produced photocatalysts. The
structure and morphology were observed by a field emission scanning electron microscopy (FE-SEM, Zeiss Crossbeam
340 system) and a high-resolution transmission electron microscope (HRTEM, HITACHI-HT7700 system). The Ultraviolet–
visible (UV–vis) diffuse reflectance absorbance spectra of the photocatalysts were carried out on an Agilent, Cary 100
UV–vis spectrophotometer integrated with a sphere. Photoluminescence (PL) spectra of photocatalysts were recorded at
room temperature utilizing a laser of 325 nm as the excitation source.

2.4. Photocatalytic performance evaluation

The effectiveness of a solar photoreactor’s photocatalytic performance for converting CO2 in liquid phase was compared
to that of an externally reflected photoreactor. Fig. 1(a) shows a schematic representation of the solar photoreactor. The
apparatus utilized as the photoreactor for the visible light photoreaction included a Pyrex glass reactor clamped to a retort
stand, a cold trap, and a heating stirrer. The Pyrex glass reactor features three angled joints, a 150 ml volume, and an
effective length of 200 mm. Each of the three Pyrex glass reactor’s angled joints served as a gas intake, gas exit, and sample
port. A Teflon tube was connected to the flow metre, which was supplying the Pyrex glass reactor with CO2 from the gas
tank. The Teflon tube supplying the CO2 into the Pyrex glass reactor was passed through a plastic cork, which was fitted
into the angled joint of the Pyrex glass reactor in order to prevent the gas from escaping. Regarding the sampling port, a
Teflon tube was linked to the Pyrex glass and the sampling port tap through the plastic cork. In order to allow produced
gases to escape during the photoreaction process, a Teflon tube was linked to the gas outlet tap and the Pyrex glass
3
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Fig. 2. XRD pattern of f-C3N4 , ZnV2O6 , ZnV2O6/f-C3N4 (1:0.5), ZnV2O6/f-C3N4 (1:1) and ZnV2O6/f-C3N4 (1:1.5) samples.

hrough the plastic cork. The cold trap was a double-jacketed Pyrex glass container with two angled joints for the entry
nd exit of cooling water. To cool the heat produced by the lamp and filter infrared heat, the HID Xe lamp was positioned
nside the cold trap’s hollow. The two angled connections at the top of the cold trap were employed by a circulation
hiller to circulate chilling water to the cold trap. The cooling water entered at the cooling water intake and exited at
he water outlet. The mixture of the reaction medium and the catalyst powder placed in the reactor vessel was stirred
sing a heated stirrer and a magnetic bar. The schematic of the externally reflected photoreactor is exhibited in Fig. 1(b).
he design of externally reflected photoreactor is the extension of currently available solar photoreactor. However, the
vailable solar photoreactor operates under visible light irradiations with low efficiency. So, the solar photoreactor was
odified with an external reflector for improved efficiency. The reflector was made from parabolic mirror to reflect the

ight to provide higher light irradiations to get higher reduction of CO2 and increase yield rates.

. Results and discussion

.1. Photocatalysts characterization

The XRD patterns of the bare and calcined ZnV2O6 have previously been described (Bafaqeer et al., 2018a). The ZnV2O6
isplayed several diffraction peaks, which are characteristics of ZnV2O6 as shown in Fig. 2. Also, the XRD pattern of the
nV2O6 exhibits pronounced peak located at 2θ of 10.0◦ belonging to metal alkoxide, because of as prepared catalysts
ithout calcination at higher temperature (Yin et al., 2017; Zhang et al., 2017). The f-C3N4 exhibited two distinct peaks
t 2θ of 27.53◦ and 12.96◦. The (002) plane was allocated the strong distinct peak at 2θ of 27.53◦. In contrast, the weak
istinct peak at 2θ of 12.96◦ can be assigned to the (100) plane. The existence of these two distinct peaks of f-C3N4
alidates its identity. For the ZnV2O6/f-C3N4 nanocomposite, the XRD patterns show a combination of the two sets of
iffraction data for both ZnV2O6 and f-C3N4. Thus, the results indicated the presence of two phases, ZnV2O6 and f-C3N4,
n the nanocomposite sample. The peaks of the ZnV2O6/f-C3N4 nanocomposite were unaffected by the increase in f-C3N4
ontent.
The morphology of ZnV2O6, f-C3N4 and ZnV2O6/f-C3N4 nanocomposite samples was investigated utilizing field emission

canning electron micrographs (FESEM) as shown in Fig. 3. It can be seen in Fig. 3(a) that the FESEM image of ZnV2O6
ontains large number of sheets with 2D nanostructures. As depicted in Fig. 3(b), after protonation with nitric acid,
lear exfoliated sheets of g-C3N4 with hollows and lamellar structures were formed. Fig. 3(c) shows the f-C3N4 sheets
re uniformly dispersed over ZnV2O6 nanosheets. This demonstrates the effective interaction of f-C3N4 and ZnV2O6
anosheets in forming the heterojunction. The EDX spectra in Fig. 3(d) further confirm the existence of all of the elements
n the ZnV2O6/f-C3N4 nanocomposite. The existence of Pt was because of platinum utilized for FESEM analysis. The
orphology of ZnV2O6/f-C3N4 nanosheets was further elucidated utilizing HRTEM, and the results are illustrated in
ig. 3(e) and (f). As depicted in Fig. 3(e), the HRTEM image clarifies that the f-C3N4 is effectively deposited on the surface
f ZnV O nanosheets. Exfoliated ZnV O nanosheets with consistent f-C N distribution were also shown to generate the
2 6 2 6 3 4
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Fig. 3. FE-SEM images of (a) ZnV2O6; (b) f-C3N4; (c) ZnV2O6/f-C3N4; (d) EDX plots with elements composition; HRTEM images of (e) ZnV2O6/f-C3N4;
(f) SAED pattern of the ZnV2O6/f-C3N4 nanocomposite.

Fig. 4. XPS spectra of ZnV2O6/f-C3N4 (1:1) : (a) Survey spectrum; (b) Zn 2p; (c) V 2p, (d) O 1s, (e) C 1s, and (f) N 1s.

heterojunction. The SAED pattern of the f-C3N4 modified zinc vanadium oxide in Fig. 3(f) exhibits a perspicuous crystalline
ring because of considerable crystallization of zinc vanadium oxide.

X-ray photoelectron spectroscopy (XPS) analysis was conducted in order to investigate the elemental composition of
the ZnV2O6/f-C3N4 nanocomposite and the results are presented in Fig. 4. As displayed in Fig. 4(a), XPS survey spectra of
ZnV2O6/f-C3N4 show Zn, V, O, C and N elements. Fig. 4(b) shows two clear signals at 1044.6 and 1021.5 eV, corresponding
to Zn 2p1/2 and Zn 2p3/2, respectively, which is typical characteristics of Zn2+ (Bai et al., 2014). The high-resolution V
p XPS spectra (Fig. 4(c)) shows two peaks at 524.3 and 517 eV corresponding to V 2p1/2 and V 2p3/2, respectively,
onfirming the presence of V5+ (Xiao et al., 2018). Fig. 4(d) exhibits three peaks positioned at 534, 531.7 and 529.6 eV.
eak located at 534 eV can be assigned to the surface-absorbed oxygen species, whereas the peaks at 531.7 and 529.6 eV
5
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Fig. 5. (a) UV–vis diffuse reflectance absorbance spectra of f-C3N4 , ZnV2O6 and ZnV2O6/f-C3N4 nanocomposite; (b); Valence band (VB) XPS spectra
f ZnV2O6; (c) Valence band (VB) XPS spectra of f-C3N4 .

s attributed to the lattice oxygen species in ZnV2O6 photocatalyst (Yin et al., 2017). These findings confirmed the surface
lement composition of the ZnV2O6 photocatalyst. Fig. 4(e) depicts the XPS of C 1s for ZnV2O6/f-C3N4 nanocomposite.
wo clear signals at 284.7 and 288.1 eV belong to sp2-hybridized carbons and the sp2-bonded C in N-containing aromatic
ings (N–C==N), respectively (Ong et al., 2015). The high-resolution N 1s spectra displayed four peaks at 398.7 eV (sp2-
onded N atoms, C–N==C), 400.6 eV (ternary N groups, N- (C)3) and 401.8 eV (side N-H groups) as exhibited in Fig. 4(f)
Lu et al., 2014). The small peak at 405.7 eV was owing to the successful functionalization of g- C3N4 (positive charge)
Ong et al., 2015). The acid pre-treatment with HNO3 can simply alter the gC3N4 to possess positive charge that can serve
s a mediator and trap for photoexcited electrons.
The optical properties of the f-C3N4, ZnV2O6 and ZnV2O6/f-C3N4 samples were measured by DR UV–Vis spectroscopy,

nd the results are exhibited in Fig. 5(a). The band-gap energies of f-C N , ZnV O and ZnV O /f-C N samples were
3 4 2 6 2 6 3 4
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Fig. 6. Photoluminescence (PL) spectra for f-C3N4 , ZnV2O6 and ZnV2O6/g-C3N4 nanocomposite.

stimated through the Tauc plot of the Kubelka–Munk function. Band-gap energies of 2.6, 2.02 and 2.21 eV were found
or the f-C3N4, ZnV2O6 and ZnV2O6/f-C3N4 samples, respectively. Based on calculations using the Kubelka–Munk rule,
-C3N4 and ZnV2O6 combination results in a band gap reduction from 2.6 eV to 2.21 eV. As a result, when compared to
ure f-C3N4, ZnV2O6/f-C3N4 shifts toward the visible-light region and reduces the band gap. The band gaps (Ebg) of f-C3N4
nd ZnV2O6 photocatalysts were calculated using Tauc equation as displayed in Eq. (1).

Eg(eV) =
1240

λ
(1)

The wavelengths of the f-C3N4 and ZnV2O6 samples are 477 and 613 nm at which values of Eg for f-C3N4 and ZnV2O6
ere calculated to be 2.6 and 2.02 eV, respectively. The band position of the conduction bands (ECB) of f-C3N4 and ZnV2O6

samples were calculated using Eq. (2).

EVB = ECB + Ebg (2)

The valence band energies (EVB) of f-C3N4 and ZnV2O6 photocatalysts were measured by X-ray photoelectron spec-
troscopy (XPS). Fig. 5(b) and (c) display the valence band energies of f-C3N4 and ZnV2O6 photocatalysts located at ∼1.48
and ∼1.15 eV, respectively. The values of Ebg for f-C3N4 and ZnV2O6 photocatalysts are 2.6 and 2.02 eV, respectively.
Therefore, the conduction bands of f-C3N4 and ZnV2O6 photocatalysts were calculated to be −1.12 and −0.87 eV,
respectively. Thus, it could be concluded that the valence band of ZnV2O6 is higher than f-C3N4, and the conduction
band of f-C3N4 is higher than ZnV2O6. This band structure combination would be suitable for enhanced CO2 conversion
to CH3OH under visible light.

Using the photoluminescence (PL) technique, the charge carrier separation efficiency of semiconductor photocatalysts
were further investigated. Fig. 6 displays the PL spectra of f-C3N4, ZnV2O6, and ZnV2O6/f-C3N4 samples. The PL spectra of
photocatalysts exhibits a strong PL emission band at 500 nm, which can be ascribed to the band to band recombination.
It can be seen that the f-C3N4 sample has the highest emission intensity in PL spectra. In comparison to g-C3N4, the
ZnV2O6 sample exhibits lower PL intensity. The greater charge carrier separation is produced by the ZnV2O6/f-C3N4
anocomposite, which exhibits the lowest emission intensity in PL spectra.

.2. Photocatalytic activity of photocatalysts

A number of tests were carried out to confirm the generation of CH3OH during the CO2 conversion process at
tmospheric pressure, room temperature, and feed flow rate of 20 ml/min. The photocatalytic CO2 process was carried
ut in the dark during the experiment, and the reaction system did not yield any carbon-containing compounds. This
mplies that illumination by light is necessary for the CO2 photocatalytic conversion process. Another experiment was
erformed utilizing light illuminations, products of CO2 conversion were not produced without utilizing a photocatalyst.
inally, experiments were performed in the existence of photocatalyst, light illuminations and water, and generation of
7
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Fig. 7. (a) Yield of methanol for different reaction mediums; (b) Effects of f-C3N4 loading on ZnV2O6 photoactivity for photocatalytic CO2 conversion
to CH3OH; (c) The effect of catalyst loading over ZnV2O6/f-C3N4 nanocomposite; (d) Comparison between solar photoreactor and externally reflected
photoreactor for photocatalytic CO2 conversion over various photocatalysts. Reaction parameters: room temperature, atmospheric pressure, feed flow
rate 20 mL/min and irradiation time 2h.

CH3OH was obtained. As a result, all the information supports that photocatalytic carbon dioxide is photoactivated in the
presence of light illuminations.

The effects of reaction medium are displayed in Fig. 7(a). The efficiency of f-C3N4 was tested utilizing water (H2O),
sodium hydroxide (NaOH) solution and potassium bicarbonate (KHCO3) solution. It is clear that CO2 conversion in the
presence of 0.1 M sodium hydroxide registered high CH3OH yield which is 753.7 µ-mol. g-cat−1 for f-C3N4, 1.041 and
.086 times higher than utilizing water and potassium bicarbonate, respectively. The drop in potassium bicarbonate
ield may be caused by group 1 elements’ lattice enthalpies declining as their atomic numbers decrease. Based on their
onization energies, Na ought to be a much better salt than K because it releases electrons simply. Since photoreduction
f CO2 is a multi-step reaction requiring several electrons, Na would be a preferable replacement for K salts. For sodium
ydroxide, the flow of exit gas was slower because the reaction between CO2 and sodium hydroxide obtained HCO3

−

ons. The HCO3
− was utilized to produce methanol after being exposed to photogenerated electrons on the surface of the

hotocatalyst. Additionally, highly concentrated OH− ions in the aqueous solution function as strong hole scavengers and
produce OH radicals. As a result, there is an increase in the use of surface electrons, which encourages the conversion of
CO2 to methanol. In the case of water, the outflow of product gas from the system was more rapid compared to that of
sodium hydroxide. The CO2 when dissolved in water only protonates to give CO3

2− ions. Therefore, sodium hydroxide is
ble to dissolve and convert more CO2 compared to the other reaction media.
Fig. 7(b) displays the effect of f-C3N4 on the efficiency of ZnV2O6 for photoreduction of CO2 to CH3OH under visible

light. Compared to f-C3N4, ZnV2O6 exhibits higher CH3OH production rates. This clear enhancement can be attributed to
he higher surface area and better photo-absorption performance of ZnV2O6 compared with f-C3N4. Moreover, modified
f-C3N4 with ZnV2O6 has significantly enhanced photoreduction of CO2 and the nanocomposite ratios 1:1 gives the optimal
yield of CH3OH. The highest generation of CH3OH with yield 2801 µmol. g-cat−1 was produced over ZnV2O6/f-C3N4
nanocomposite, which were 1.3 and 3.7 times higher than when utilizing ZnV2O6 and f-C3N4 samples, respectively.
This significant enhancement can be assigned to better charge carrier separation across the heterojunction of the
ZnV2O6/f-C3N4 nanocomposite.

The effect of ZnV2O6/f-C3N4 nanocomposite catalyst loading for CH3OH production is displayed in Fig. 7(c). It is obvious
that increasing the catalyst loading in the water solution increased the formation of CH OH. This was evidently caused by
3

8
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a bigger active site being available for the reaction at a higher catalyst loading. This could also be due to the efficient
electron/hole pair separation with electron transfer rate to the catalyst’s conduction band. The highest CH3OH yield
2801.1 µmole g-cat−1) was obtained when the catalyst amount was 0.1 g, owing to a good balance between particle
istribution and light across the slurry. However, further increase in catalyst amount led to a reduced CH3OH yield when
ompared to the 0.1 g. This lower performance might be the result of the particles’ ability to act as a shield, preventing
consistent distribution of light throughout the slurry.
The performance of a solar photoreactor and an externally reflected photoreactor for photocatalytic CO2 reduction

s compared in Fig. 7(d). The f-C3N4 and ZnV2O6 nanosheets dispersed inside the solar photoreactor exhibit lower
hotoactivity compared to f-C3N4 and ZnV2O6 nanosheets dispersed inside the externally reflected photoreactor. The
ield of CH3OH was increased from 753.5 and 2250.5 to 820.9 and 3218.3 µmole g-cat−1 by replacing solar photoreactor
ith externally reflected photoreactor over f-C3N4 and ZnV2O6 nanosheets, respectively. The production of CH3OH

urther increased using externally reflected photoreactor and ZnV2O6/f-C3N4 nanocomposite. The yield of CH3OH in
xternally reflected photoreactor was 3591.2 µmole g-cat −1

, 1.3 times higher than solar photoreactor over ZnV2O6/f-
3N4 nanocomposite. This phenomenon can be described based on the intensity of light available for conversion of CO2.
n comparison to an externally reflected photoreactor, the solar photoreactor’s light intensity is significantly lower. A
eflector was employed in the design of solar photoreactors to reflect light, resulting in stronger light irradiations that
ncreased CO2 reduction and yield rates. However, the solar photoreactor’s reduced yield rate was caused by insufficient
ight intensity.

Fig. 8(a) compares photocatalytic CO2 reduction with effect of time over ZnV2O6/f-C3N4 nanocomposite using solar
hotoreactor and externally reflected photoreactor. Obviously, the generation of CH3OH was significant using externally
eflected photoreactor compared to solar photoreactor under the same operating conditions. Utilizing externally reflected
hotoreactor, the CH3OH yield rate over ZnV2O6/f-C3N4 nanocomposite was 4665.6 µmole g-cat−1 after 10 h of irradiation
ime, which was 1.25-times higher compared to utilizing solar photoreactor. This was due to higher light distribution and
arvesting over the catalyst surface utilizing reflector. In general, the photoactivity of ZnV2O6/f-C3N4 nanocomposite was
mproved by the existence of a reflector.

The stability of ZnV2O6/f-C3N4 nanocomposite was further examined to evaluate the life of catalyst using externally
eflected photoreactor under visible light illuminations. All tests were repeated in cyclic runs under the same conditions
o examine the stability of ZnV2O6/f-C3N4 nanocomposite. Fig. 8(b) displays the stability test for photocatalytic CO2
onversion to CH3OH for reduction photocatalyst. The photocatalyst was filtered, dried, and reused with fresh reductant
ollowing each cycle. The ZnV2O6/f-C3N4 nanocomposite does not deactivate throughout the three cyclic runs for CH3OH
roduct, implying it is a very stable nanocomposite under visible light irradiations. However, it was found that the
nV2O6/f-C3N4 nanocomposite was extremely stable for the continuous generation of CH3OH in cyclic runs.

.3. Mechanism of CO2 conversion with H2O

The ZnV2O6/f-C3N4S-scheme heterojunction are utilized as photocatalysts to evaluate the photocatalytic activity for
hotocatalytic CO2 conversion into CH3OH. The reaction steps during the photocatalytic CO2 conversion are described
riefly in Eqs. (3)–(8).

ZnV2O6 + hv → h+
+ e− (3)

g-C3N4 + hv → h+
+ e− (4)

f-C3N4 + e−
→ f-C3N4 (5)

H2O + h+
→

•OH + H+ (6)

CO2 + e−
→ CO•−

2 (7)

CO2 + 6H+
+ 6e−

→ CH3OH + H2O (8)

The generations of photoexcited electron and hole pairs and their trapping via f-C3N4 are listed in Eqs. (3) and (5).
he reduction of CO2 occurs at the conduction band (CB) by the activity of electrons and H2O is oxidized by holes at the
alence band (VB) and this is described in Eqs. (6) and (7). The production of CH3OH through the photo-conversion of CO2
s displayed in Eq. (8). The reaction scheme for the production of CH3OH using ZnV2O6/f-C3N4 S-scheme heterojunction
n externally reflected photoreactor is detailed further in Fig. 9(a) and (b).

The energy band theory could be used to further illustrate the photocatalytic CO2 conversion to CH3OH over ZnV2O6/f-
3N4 nanocomposite. Overall, photoexcited electrons could consume efficiently, if the reduction potential of reaction is
ower than the CB potential of the semiconductor (Zhang et al., 2022b). In terms of conventional hydrogen electrode vs a
hermodynamic reduction potentials at pH 7, the reactions that may occur during the photocatalytic CO2 conversion with
H2O to generate CH3OH can be explained by reactions (9)–(12) (Zhao et al., 2012; Zhou et al., 2011).

CO2 + 2H+
+ 2e−

→ CO + H2O E0
= −0.48 V (9)

2H+
+ 2e−

→ H E0
= −0.41 V (10)
2

9
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w
=

h
o
s

Fig. 8. (a) Comparison of photocatalytic CO2 conversion with effect of time over ZnV2O6/f-C3N4 nanocomposite using solar photoreactor and externally
reflected photoreactor; (b) Stability study of the ZnV2O6/f-C3N4 nanocomposite using externally reflected photoreactor.

CO2 + 6H+
+ 6e−

→ CH3OH + H2O E0
= −0.38 V (11)

2H2O + 4h+
→ 4H+

+ O2 E0
= +0.82 V (12)

The conduction band of f-C3N4 and ZnV2O6 nanosheets are ECB = −1.12 V and ECB = −0.87 V, respectively, at pH 7
hich is more likely to drive CO2 conversion to CH3OH due to the lower reduction potential difference (Eo(CO2/CH3OH)
−0.38 V). The reduction potential requires 6 electrons to generate CH3OH as shown in Eq. (11). Nevertheless, the

igh rate of CH3OH yield over ZnV2O6/f-C3N4 nanosheets in externally reflected photoreactor led to a raised likelihood
f multi-electron reactions because of large number of photons reflected by external reflector over the semiconductor
urface.
10
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C

M

Fig. 9. (a) Schematic of reaction scheme for CO2 conversion with H2O to CH3OH and (b) Reflected photons mechanism through external reflector
of solar photoreactor.

4. Conclusions

This study involved the photocatalytic CO2 conversion with H2O over ZnV2O6/f-C3N4 S-scheme photocatalyst in an
externally reflected photoreactor. The experimental findings reveal substantial new findings to enhance the effectiveness
of CO2 conversion. The experimental findings demonstrated effective CO2 photoconversion with H2O to CH3OH over
ZnV2O6/f-C3N4 nanocomposite and externally reflected photoreactor compared to pure ZnV2O6 and solar photoreactor.
The maximum yield rate of CH3OH was 4665.6 µmole g-cat−1. The amount of CH3OH produced utilizing externally
reflected photoreactor was 1.25-fold more than the amount produced utilizing solar photoreactor. The considerable
rise in the yield rate indicated photon energy was efficiently utilized in externally reflected photoreactor compared
with solar photoreactor. Thus, it can be concluded that an externally reflected photoreactor is an effective photoreactor
for CO2 photoreduction applications while ZnV2O6 is an efficient photocatalyst for increasing yield rates. Additionally,
the optimal ZnV2O6/f-C3N4 nanocomposite displayed high photostability after three successive experimental runs and
observed continuous photocatalytic conversion of CO2 with H2O to CH3OH.
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