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ABSTRACT

Hierarchical nanostructures have lately garnered enormous attention because of their remarkable perfor-
mances in energy storage and catalysis applications. In this study, novel hierarchical ZnV,0g nanosheets,
formulated by one-step solvothermal method, for enhanced photocatalytic CO, reduction with H,O to
solar fuels has been investigated. The structure and properties of the catalysts were characterized by
XRD, FESEM, TEM, BET, UV-vis, Raman and PL spectroscopy. The hierarchical ZnV,0g nanosheets show
excellent performance towards photoreduction of CO, with H,0 to CH;OH, CH3;COOH and HCOOH under
visible light. The main product yield, CH;OH of 3253.84 umol g-cat~! was obtained over ZnV,0g, 3.4
times the amount of CH30H produced over the ZnO/V,0s5 composite (945.28 pwmol g-cat~!). In addition,
CH3OH selectivity of 39.96% achieved over ZnO/V,0s, increased to 48.78% in ZnV,0g nanosheets. This
significant improvement in photo-activity over ZnV,0Og structure was due to hierarchical structure with
enhanced charge separation by V,0s. The obtained ZnV,0g hierarchical nanosheets exhibited excellent
photocatalytic stability for selective CH3;OH production.

Methanol

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalytic reduction of CO, to useful chemicals and fuels
has grown an intense area of research owing to global warming
and energy crises. During the last years, artificial photosynthe-
sis process to convert CO, into useful carbon sources such as CO,
HCOOH, HCHO, CH30H and CH4 has been attractive alternatives
because of the demand for methods to recycle CO, as a natural
resource [1-3]. The solar photocatalytic conversion of CO, into
value added fuels or chemical products is one of the most attrac-
tive strategies [4,5]. Thus, many research efforts have been made
to develop efficient photocatalysts for the reduction of CO, such
as InNbOy [6], g-C3N4 [7], CaFe;04 [8], TiO, [9-11], ZnO [12-14],
NaBiOs [15]. Among all, ZnO has been a widely studied semiconduc-
tor because of its strong oxidation and reduction abilities [16-18].
In addition, it is environmentally friendly, relatively cheap and
can be grown in various nanostructures via cost effective meth-
ods [19,20]. However, because of wide band gap energy (~3.2 eV),
ZnO can only be activated under UV light irradiation. Furthermore,
it has high charges recombination rate, resulted in poor photocat-
alytic performance. So, it is imperative to expand the absorption
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band of ZnO towards visible region of solar spectrum. To address
these problems, many approaches have been made such as prepar-
ing quantized ZnO nanocrystallites [21], depositing noble metals
[22,23], surface photo-sensitization [24] and forming carbon-based
composites [25-27].

One of the main approaches to improve ZnO activity under vis-
ible light is coupling with low band gap energy semiconductors
which can extend optical absorption towards visible part of the
solar spectrum. In this perspective, vanadium pentoxide (V,05), an
important transition metal oxide with a typical narrow band gap
(~2.3eV)canbe a good candidate for capturing visible light [28,29].
Coupling V505 with ZnO could be efficient to enhanced photoactiv-
ity under visible light. Both zinc and vanadium are earth abundant,
relatively economical, and can offer several oxidation states, which
can render a broad range of redox reactions [30].

Recently, hierarchical nanostructures such as nanosheets,
nanorods, or nanoplates have garnered enormous attention in
energy storage, photochemical and other applications [31,32].
Therefore, developing zinc-vanadium nanostructures could
enhance both photoactivity and selectivity compared to ZnO/V;,05
composite. In this perspective, ZnV,04 has gained attention
because of its interesting structural changes at low temperatures
[33]. Different nanostructures of ZnV,04 have been reported
like hollow spheres, clewlike hollow structures, nanosheets, and
glomerulus nano/microspheres for various applications [33-36].
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The ZnV,04 hollow spheres shows a good adsorption capacity of
methylene blue (MB) organic pollutant. Likewise, clewlike hollow
ZnV,04 spheres have been synthesized by the reaction between
zinc nitrate hexahydrate and ammonium metavanadate in benzyl
alcohol [34]. ZnV,04 spinel oxide nanosheets were prepared in
oxalic acid dehydrated using zinc acetate and ammonium meta-
vanadate as the raw materials [35]. The ZnV,04 nanosheets are
a prospective material for hydrogen energy storage have shown
good charge-discharge performance in lithium ion batteries and
as a promising photocatalyst. However, structured ZnVxOy based
photo-catalyst has never been reported for CO, reduction appli-
cation. Therefore, it is appropriate to explore hierarchical ZnV;
Og semiconductors for photocatalytic CO, reduction applications
under solar energy.

Herein, we successfully designed and synthesized novel 2D
ZnV,0g nanosheets through a single-step solvothermal process.
The materials were investigated for photocatalytic CO, reduc-
tion by H,O to fuels under visible light irradiations. The ZnV;,0g
nanosheets showed enhanced photocatalytic activity for convert-
ing CO, to CH30H, HCOOH and CH3COOH. The structured ZnV,0Og
nanosheets found very efficient for selective methanol produc-
tion compared to ZnO/V,05 composite. The remarkably enhanced
photocatalytic performance was ascribed to the exceptional hierar-
chical structure associated with ZnV,0g. The effect of the contents
of catalysts on photocatalytic activity and the stability of ZnV,0g
nanosheets were investigated systematically.

2. Experimental
2.1. Preparation of novel ZnV,0¢ catalyst

The ZnV,0g nanosheets were prepared using a solvother-
mal method. Typically, 2.052 mmol of ammonium metavanadate
[NH4VO3] was added into 20 ml of N,N-dimethyl formamide (DMF).
After stirring for 10 min, zinc acetate [Zn(O,CCH3),] was added to
above solution under continuous stirring to obtain a homogenous
solution. Oxalic acid dehydrated [H,C,04-2H,0] was added after-
ward. The ratio of oxalic acid to NH;VO3 was adjusted to 1:3. After
being stirred for 30 min, the obtained solution was transferred into
a 75 ml Teflon lined autoclave, which was maintained at 200 °C for
24 h and then cooled to room temperature. The black colour precip-
itates collected were washed several times with absolute ethanol
and DI water. Finally, the products were dried in air flow oven at
80°C for 12 h. The as prepared ZnV,0g were calcined at 550°C for
3 h and efficiency between as prepared and calcined materials was
compared. The ZnV,0g samples were prepared at different heating
times of 12 h, 48 h and 72 h using the same procedure.

2.2. Materials characterization

The crystalline structure was determined using X-ray
diffractometer (Rigaku Smart Lab) with Cu-Ka radiation
(A=0.154178 nm) operated at 40kV and 30 mA. The XRD pat-
terns were obtained with a scanning rate of 0.02°min~! and
scanning range of 3-100° of 20. The morphology of the samples
was examined by field emission scanning electron microscopy
(FE-SEM, ZEISS Crossbean 340). The high-resolution transmission
electron microscope (HR-TEM) images of the modified nanopar-
ticles were obtained in a transmission electron microscope (TEM,
HITACHI HT7700). Nitrogen-adsorption-desorption isotherms
were collected using Micromeritics ASAP 2020 at 77K, after
degassing the samples at 523K for 4h under vacuum and using
the nitrogen flux. The BET surface area and pore diameter were
calculated from the desorption branch of isotherms according
to BJH method. Ultraviolet-visible (UV-vis) diffuse reflectance

absorbance spectra were carried out on a Cary 100 Agilent UV-vis
spectrophotometer (Model G9821A) equipped with an integrated
sphere in the wavelength range of 200-800nm. Raman and
photoluminescence (PL) spectra of samples were recorded at room
temperature using Raman Spectrometer (LabRAM HR Evolution,
HORIBA), whereas PL was conducted using a laser of 325 nm and
RAMAN with a laser of 532 nm as excitation source.

2.3. Photocatalytic activity

The schematic presentation of the slurry type photoreactor for
CO, reductionisillustrated in Fig. 1. The CO, reduction reaction was
performed using a quartz glass with a volume of 150 m. A 35W HID
Xe lamp was used as a visible light source with a light intensity of
20 MW cm~2 measured using a reference solar cell (91150 V, New-
port) [37]. First, 100 mg photo-catalyst was suspended in 100 ml
distilled water containing 0.1 M NaOH solution under magnetic
stirring. Then, compressed CO, gas regulated by mas flow con-
troller was continuously bubbled through the solution for 30 min
to remove the oxygen before starting experiment. The tempera-
ture of the reactor was controlled by circulating cooled water. The
control experiments were conducted at 25°C, 1 atm and feed flow
rate 20 ml/min. The lamp was turned on to start the photoreac-
tion under continuous CO, flow rate. During the reaction process,
the liquid products were taken out after 2 h intervals, then were
centrifuged using Syringe Filter with Nylon Membrane, pore size
0.45 pm and diameter 33 mm to remove catalysts. The concentra-
tion of methanol, formic acid and acetic acid were analyzed by
a gas chromatograph (GC-7820A) equipped with a flame ioniza-
tion detector (FID) and HP-5 capillary column. Control experiments
were carried out in the dark or without catalyst under the same
experimental conditions. The calibration of the GC was conducted
using standard solutions of methanol, formic acid and acetic acid.
More importantly, methanol peaks areas obtained were consistent
in multiple injections, yet peak areas obtained for formic acid and
acetic acid were different in different injections and their average
values have been used for calibration curve. This was perhaps due
to FID detector was not well-suited for the analysis of formic acid
and acetic acid.

3. Results and discussion
3.1. Morphology of catalysts

Fig. 2(a) shows XRD patterns of the bare and calcined
ZnV,0g nanosheets samples. Clearly, the XRD pattern of the bare
ZnV,0g shows one pronounced diffraction peak located at around
20=10.0°. Such a diffraction pattern can be attributed to the
ZnV,0g phase, which is a characteristic of metal alkoxides [38,39].
As expected, the bare ZnV,0g can be converted into highly crys-
talline ZnV,0g nanosheets after calcining at 550°C for 3 h in air
atmosphere. All the identified diffraction peaks can be assigned
to ZnV,0g with an orthorhombic structure (JCPDS Card No. 01-
074-1262). In addition, weak diffraction peaks of V,05 appeared,
indicating the presence of small amounts of V,05 (JCPDS Card No.
01-072-0433) and the resulting sample was a mixture of ZnV,0g
and V,0s. Fig. 2(b) shows the interesting crystal geometry of spinel
oxide ZnV,0g, which is formed by ZnO,4 tetrahedra and VOg octa-
hedra. It belongs to the FCC type crystal structure with Fd3m
symmetry group. According to crystallographic studies, zinc atoms
reside in the tetrahedral 8a position whereas the vanadium atoms
are on 16d position, which forms a network of corner sharing tetra-
hedral structure. The oxygen ions are located at the 48e position
[31].
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Fig. 1. Schematic of experimental set up for photoreaction of CO, with H,O under visible light.
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Fig. 2. (a) XRD pattern of ZnV,0g and ZnV,0g calcined nanosheets; (b) Crystal structure of spinel ZnV,0g with corresponding atoms (green, white and red spheres represent
zinc, vanadium and oxygen atoms, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Summary of physiochemical characteristics of ZnV,0g sample.
Sample BET surface area BJH surface area Pore volume Pore width Crystal size dyq Band gap
Sger (M?/g) Sgn (m?/g) (cm?g) (nm) (nm) (Ebg)
ZnV,0¢ 11.57 3.80 0.0045 173 1.355 2.02

The surface area (Sggr), pore volume and pore size of ZnV,0g
sample is reported in Table 1. The BET surface area of ZnV,0g was
11.57 m2/g and the BJH surface area of 3.8 m2/g. Previously, BET sur-
face of ZnV,04 of 6.1 m?/g has been reported [40]. This revealed a
higher BET surface area of ZnV,0g compared to ZnV,04 sample due
to their different hierarchical structures. Similarly, the pore volume
and pore diameter of 0.0045 cm3/g and 17.3 nm for ZnV,0g sample
were obtained, respectively. The reduced pore diameter was possi-
bly due to the controlled crystal growth in the ZnV,0g sample via
one-step solvothermal method. Therefore, well-developed ZnV,0g
structure with larger BET surface area and smaller pore diame-
ter could minimize mass transfer limitations to increase catalyst
activity.

The morphology and microstructural features of the ZnV,0g
nanosheets were investigated by field emission scanning elec-
tron micrographs (FESEM) and transmission electron microscopy
(TEM). Fig. 3 shows the FESEM and TEM images of the samples
obtained at different reaction stages. It can be seen in Fig. 3(a)

that the ZnV,0g sample prepared at 12 h reaction time composed
of intermediate products which consists of many compact sheets.
However, when the reaction time was increased to 24h, large
amounts of sheets were formed as shown in Fig. 3(b). Evidently,
pure ZnV,0g has hierarchical microstructure consisting of uniform
size nanosheets. Moreover, when the ZnV,Og nanosheets prepared
after 24 h reaction time were calcined at 550°C for 3 h, they were
partially disordered with improved surface roughness and reduced
in size as shown in Fig. 3(c). This revealed that calcination temper-
ature has an impact on the structure and morphology of ZnV,0g
nanosheets. The TEM images of bare ZnV,Og sample prepared after
24 hreactiontimeis presented in Fig. 3(d-f). Fig. 3(d) shows ZnV;,0g
hierarchical microstructure composed of many compact smaller
nanosheets. The interplaner distance was found to be 0.48 nm and
0.42 nm, which corresponds to (111) and (101) planes of ZnV,0g
and V,0s, respectively as shown in Fig. 3(e) [31,41]. The SAED pat-
tern of ZnV,0¢ in Fig. 3(f) shows an obvious polycrystalline ring
due to the good crystallization of ZnV,Og.



956

A. Bafaqeer et al. / Applied Surface Science 435 (2018) 953-962

Fig. 3. Morphologies of 2D ZnV,0¢ sample prepared at 200 °C for different reaction times: (a) SEM image of ZnV,0Og after 12 h, (b) SEM image of ZnV,Og after 24 h, (c) SEM
image of calcined ZnV,0g after 24 h, (d) TEM image of ZnV,0g after 24 h, (e) HR-TEM image of lattice fringes of ZnV,0¢ sample, (f) SAED pattern of the ZnV,0¢ sample.
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Fig. 4. Schematic illustration for the formation process of 2D ZnV,0s nanosheets.

The schematic of growth mechanism for hierarchical 2D ZnV,Og
nanosheets is portrayed in Fig. 4. Initially, sheet intermediate prod-
uct with compact nanosheets was formed in large quantity which
might provide the reaction sites and sources for the impending next
step [36]. Rising the reaction time, abundant ZnV,0Og sheet were
generated by in situ reduction and continuous dissolution of the

sheets intermediate product, and simultaneously aggregated into
nanosheets to reduce surface energy. As the reaction proceeded
in longer time, the nanosheets completely aggregated to regular
nanosheets with relatively smooth surface and 2D structure.

Fig. 5 shows UV-vis diffuse reflectance absorbance spectra
of the ZnO/V,05 composite, bare ZnV,0g and ZnV,0g calcined
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Fig. 5. UV-vis absorbance spectra of ZnO/V,05 composite, ZnV,0g nanosheets and
calcined ZnV,0¢ nanosheets.

nanosheets. The combining V5,05 with ZnO shifted band gap energy
towards visible light region. The energy band gaps (Eyg) of all the
samples were obtained from the extrapolation of Tauc plot to the
abscissa of photon energy (eV). The wavelengths of the ZnO/V,05,
ZnV,0g and ZnV,0g calcined samples are 447 nm, 613 nm and
685 nm corresponding to the band gap energy of 2.77 eV, 2.02 eV,
and 1.81eV, respectively. Obviously, ZnV,0g nanosheets displays
higher absorption intensities than ZnO/V,05 composite in the
visible light region. Calcining ZnV,0g nanosheets further shifted
absorbance of ZnV,0¢g towards higher wavelength of visible light
irradiations.

Raman spectra of the pure ZnV,0g and Zn0O/V,05 samples are
depicted in Fig. 6(a). The peaks in the range of 100-1100cm~! are
observed in the pure ZnV,0g and ZnO/V,05 samples. The charac-
teristic peaks of ZnV,0g at 81, 276, 502, 698 and 900 cm~! and the
peaks of ZnO/V,05 at 208, 311, 423 and 742 cm™~! are observed in
the Raman spectrum. However, the changes are obvious in the posi-
tion and width of the ZnV,0g sample peaks. With using one-step
solvothermal method, the width of the Raman bands, in particu-
lar the peaks increased and the position is slightly shifted toward
higher wavenumber, attributed to the reduction of particle size of
the ZnV,0g samples with higher mobility of charges.

Fig. 6(b) shows PL emission spectra of the pure ZnV,0g, ZnV,0g
calcined and ZnO/V,05 samples excited at a wavelength of 325 nm.
Zn0/V,05 sample displays a broad PL emission peak at 380 and
510 nm that are composed of emissions due to band gap excita-
tions, the interstitial Zn atoms and the excitations between Zn and
singly charges surface oxygen, respectively [42]. These bands, in the
order of their appearance are marked as “a” and “b” in Fig. 6(b). The
ZnV,0g nanosheets show lower PL emission intensity compared
with the ZnV,0g calcined and ZnO/V,0s. The weaker intensity of
the peak represents the lower recombination probability of free
charges, which indicates that coupling of vanadium with ZnO to
ternary ZnV,Og structure using one-step solvothermal method can
effectively mitigate the recombination of photo-generated elec-
tron hole pairs. The ZnV,0g calcined displays higher PL emission
intensity compared with the ZnV,0g nanosheets due to different
phase structure and morphology as evidenced by XRD and FESEM
analysis.

3.2. Photocatalytic CO, reduction with H;O

The control experiments were conducted for CO, reduction with
H,0 under visible light irradiation at room temperature, atmo-

spheric pressure, and feed flow rate 20 ml/min. In all cases, carbon
containing products were not detected, thus, any carbon based
products would be produced during CO, reduction process.

In order to study the effect of reaction medium, the performance
of ternary ZnV,0g nanosheets for CO, reduction was investigated
using pure water and sodium hydroxide (NaOH) solution and the
results are shown in Fig. 7(a). It is obvious that CO, reduction in
the presence of 0.1 M NaOH registered high yield of CH3OH which
is 2250.5 wmol g-cat~! for ternary ZnV,0g nanosheets, 1.6 fold
higher than using pure H,O. This happens mainly because NaOH
increases the dissolved CO, concentration in the medium and pre-
vents recombination rate of the hole and electron pairs. In addition,
highly concentrated OH~ ions in the aqueous solution act as strong
holes scavengers and forms OH radicals. This consequently leads to
more utilization of surface electrons that stimulates CO, reduction
to CH30OH.

Fig. 7(b) displays the effect of different ZnO, V5,05, Zn0O/V;,0s,
ZnV,0g and ZnV,0g calcined catalysts samples photoactivity for
dynamic CO, conversion with 0.1 M NaOH solution under visible
lightirradiation. The effectiveness of the catalyst samples were ana-
lysed based on the yield of CH30H, HCOOH and CH3COOH which
were the three products from the process. Pure ZnO, V,05 and
Zn0/V,05 nanocatalyst synthesized by the sol-gel method scarcely
reduced CO, and showed very poor activity for CH3OH formation.
However, the production of CH30H was significantly enhanced
using novel ZnV,0g nanosheets due to hierarchical structure, effi-
cient visible light absorption, efficient charge transfer property and
higher electron mobility by coupling of vanadium with ZnO using
one-step solvothermal method. In addition, the enhanced photo-
catalytic activity of ZnV,0g nanosheets was attributed to electron
trapping and hindered recombination rate by V,0s5 presented in
the sample as evidenced by XRD analysis [43].

More importantly, ZnV,0g calcined at 550 °C for 3 h shows very
poor activity under the same operating conditions. According to
PL emission spectra, the calcined ZnV,0g sample displays higher
PL emission intensity compared with the bare ZnV,0g nanosheets.
Lately, Zhang et al. [39] reported similar observations while inves-
tigating hydrogen evolution from water using BiFeO3, Bi,Fe4,0g and
BiFeO3/BiyFe4Og heterojunction nanofibers under visible light irra-
diation. Therefore, lower photo-activity of calcined ZnV,0g sample
was probably due to reduction of ZnV,0g at elevated temperature
with different phase structure and much lower band gap energy
(Epg = 1.81 eV). Additionally, calcined samples would be favourable
for CO, reduction to hydrogen and other chemicals that were not
detected in the product mixture. This is because production of
CH30H was not much altered in calcined sample but the HCOOH
and CH3COOH production were significantly reduced. However,
further investigations would be required to find out possible rea-
sons in reduced ZnV,Og catalyst activity after calcination.

Fig. 7(c) shows the effect of different catalyst preparation times
of 12h, 24h, 48 h and 72 h at one fixed temperature (200°C) for
the prepared ZnV,0Og catalysts for CO, photo-reduction with H,O
under visible light irradiation. The effectiveness of the different
heating times of samples were analysed based on the yield of
CH30H, HCOOH and CH3COOH which were the three products from
the process. The result shows that the effect of exposure time of
heating for 24 h for the prepared ZnV,0g sample exhibits much
higher photoactivity for CH3OH, HCOOH and CH3COOH evolution
than the exposure time of heating for 12 h. However, catalyst prepa-
ration time of 48 h and 72 h have no significant effect on production
rate and selectivity. Therefore, ZnV,0g samples prepared at expo-
sure time of 24h were further used to investigate the effect of
irradiation time and stability analysis.

Further investigations were carried out to study the effect of
irradiation time on dynamic photocatalytic CO, reduction in a
continuous photoreactor operation. The production of CH30H and
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CH3COOH gradually increased with increasing the time up to an
optimum, whereas the HCOOH was decreased and then remained
constant as showed in Fig. 8. Fig. 8(a) shows the yield of CH30H
on ZnO/V,05 and ZnV,0g catalysts under visible light irradiation.
It can be seen that ZnO/V,05 has a lower photoactivity towards
CH3OH generation in the photocatalytic reduction of CO, com-

pare with ZnV,0g. After irradiation time of 10 h, the CH30H yield
of 3253.84 umolg-cat~! over ZnV,0g was obtained, 3.4 times
higher than that of ZnO/V,05 (945.28 wmol g-cat~!). This revealed
that solvothermal method has a positive impact on the photocat-
alytic performance of ternary ZnV,0g nanosheets comparing to
the ZnO/V,05 composite prepared by sol-gel method. Therefore,
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evolution.

enhanced photoactivity and selectivity of ZnV,0g nanosheets can
be attributed to more production of electrons-hole pairs under vis-
ible light irradiations and their improved charges separation in the
presence of V,0s.

Fig. 8(b) presents a dynamic HCOOH production over ZnO/V, 05
and ZnV,0g catalysts at different irradiation time. HCOOH for-
mation over ZnO/V,0s5 and ZnV,0g presents different behaviour,
initially reaching maximum concentration, and then gradually
decreased till reached to steady sate. The decreased in HCOOH
production over the irradiation time was probably, initially, some
amount of CH30H was converted to HCOOH, when there was more
production of electrons at the start of the reaction [44]. In gen-
eral, significantly enhanced photoactivity of ZnV,0g nanosheets
toward CO, reduction was evidently due to uniform growth of
ZnV,0g nanosheets using solvothermal method and the excep-
tional morphological structure associated with ZnV,0g. On the
other hand, initially the yield of CH3COOH production is increased
and then remained constant after 6 h of irradiation time as depicted
in Fig. 8(c). However, the amount of CH3COOH over ZnO/V,05 cat-
alyst was significantly higher than ZnV;0g samples. This confirms
that ZnV,0g nanosheets are less favourable for CH3COOH produc-
tion but has potential for selective CO, reduction with H,O to
CH3O0H.

The yield and selectivity of all the products is summarized
in Table 2. The operating parameters employed during pho-
tocatalytic CO, reduction with H,O in solar photoreactor are

Table 2
Summary of product yield rates during photocatalytic CO, reduction using different

catalysts.

Catalysts  Yield (pmol g-cat™1)? Selectivity (%)
CH3;0H HCOOH CH3COOH CH30H HCOOH CH3COOH
ZnO[V,05 945.28 761.76  658.69 39.96 32.2 27.84
ZnV;,06¢ 3253.84 28869 530.1 48.78 43.28 7.95
2 Yield rates calculated at 10 h irradiation basis.
Table 3
Summary of operating parameters employed in solar type reactor.
System Zn0[V;,0s5 ZnV,0g
Volume 100cm? 100 cm?
Catalyst loading 0.1gZn0/V,05 0.1gZnV,0s5
Light source 35W HID Xenon 35W HID Xenon
Temperature 25°C 25°C
Pressure Tatm 1Tatm
Main product CH50H, HCOOH, CH50H, HCOOH,
CH3COOH CH3COOH
Yield (CH3OH)? 945.28 3253.84

(pmol g-cat~!)

2 Yield rates calculated at 10 h irradiation basis.

presented in Table 3. The yield of CH30H over ZnV,0Og catalysts is
3253.84 umol g-cat~1, 3.4 fold higher than CH30H yield rate over
the bare ZnO/V,0s. Additionally, HCOOH yield rate over the ZnV;,Og
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Fig. 9. Stability study under visible light irradiation of ZnV,0g nanosheets catalyst
with the following conditions: 100 mg photocatalysts, 100 ml distilled water with
0.1 M NaOH, 35 W HID Xe lamp, room temperature, atmospheric pressure, and feed
flow rate 20 ml/min.

is 2886.9 wmol g-cat~1, 3.8 times higher than HCOOH yield rate
over Zn0O/V,0s. On the other hand, the amount of CH3COOH pro-
duced over ZnV,0g was much lower than its yield over ZnO/V;,0s5
catalysts. Therefore, ZnV,0g catalyst is efficient for the production
of CH30H and HCOOH. The observed selectivity was 49% and 43%,
for CH30H and HCOOH, respectively. In addition, a small amount of
CH3COOH is produced over ZnV,Og. Significantly higher and selec-
tive CH3OH production over ZnV,Og reveals efficient production of
electrons and their utilizations during photocatalytic CO, reduction
process over 2D ZnV,0g nanosheets.

The performance of ZnV,0g nanosheets was further compared
with the results reported by previous researchers as depicted in
Table 4. CO, was converted to CH30H using zinc oxide modified
reduced graphene oxide nanocomposites (ZnO-rGO) and a yield of
263.1 pmol/g was obtained after 3 h reaction time [45]. Hexam-
olybdenum cluster compounds (GO-(TBA);MogBrigBrix and GO-
Cs;MogBrigBrix) were used for CO, photo reduction with maxi-
mum CH3OH yield of 1294 and 1644 p.mol/g after 24 h, respectively
[46]. Lamellar BiVO4 were used for CO, photo reduction, a maxi-
mum CH3OH yield of 35 umol/g was recorded after 6 h reaction
[47]. ZnS was used to convert CO, to CH30H and Chang et al.
[48] reported optimum yield of 850 wmol/g after 1h. The supe-
rior yield of CH30H obtained in the present study using ZnV,Og
2D nanosheets can be attributed to the hierarchical structure with
improved charges separation by V,05 and visible light absorption
property of ZnV,Og as a result of its suitable band gap.

In order to check the stability of the ZnV,0g nanosheets, a
photo-stability test was performed with a cumulative 32 h irradi-
ation time. The effects of different irradiation times on the activity
of ZnV,0¢ for photocatalytic CO, reduction to CH30H, HCOOH
and CH3COOH at room temperature, atmospheric pressure, and
feed flow rate 20 ml/min are presented in Fig. 9. Evidently, CH30H
and CH3COOH concentrations gradually increased until reached
to steady state in the entire irradiation period, while the yield of
HCOOH was decreased significantly. At the start of the reaction,
the photocatalytic CO, reduction into HCOOH was significantly
higher in ZnV,0g catalyst, possibly due to initially some amount
of CH3OH was converted to HCOOH, when there was more produc-
tion of electrons. The maximum HCOOH production was observed
initially and then gradually reduced over the irradiation time. Using
ZnV,0g nanosheets, CH30H was observed as the main product
during CO, photo-reduction. More importantly, catalyst prevailed
sustainability even after 32 h of irradiation for continuous pro-
duction of CH30H. Therefore, novel ZnV,0g nanosheets provides

eV vs NHE
Y CH;0H, HCOOH, CH;COOH
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Fig. 10. Schematic representation of the reaction mechanism proposed for the
photo reduction of CO, to CH30H, HCOOH and CH3COOH over ZnV,0g nanosheets
under visible light.

higher photoactivity and stability for enhanced CO, reduction to
solar fuels.

3.3. Mechanism of reaction

ZnV,0g nanosheets is used as photocatalysts to evaluate the
photocatalytic activity by photocatalytic reduction of CO, into
CH30H, HCOOH and CH3COOH. During the reduction process, the
major reaction steps were described briefly in Eq. (1) - (7).

ZnV,0g 4+ hv — h* 4 e~ (1)
Vi 4em — V2 (2)
HyO+h*t — *OH + H* (3)
COy + e~ — CO5, (4)
COy + 2H* + 2e~ — HCOOH (5)
CO, + 6H* + 6e~ — CH30H + H,0 (6)
2C0; + 8H™ + 8¢~ — CH3COOH + 2H,0 (7)

The production of photo-excited electron-hole pairs is pre-
sented in Eq. 1. The presence of V,05 leads to an increase in lifetime
of charges and fosters redox reaction at the surfaces (Eq. 2). Reduc-
tion of CO, occurs at the CB by the electrons while H,O is oxidized
by holes at the VB and this is explained in Egs. (3) and (4). Pro-
duction of HCOOH, CH30H and CH3COOH through the reduction of
CO, by 2, 6 and 8 electrons is discussed in Egs. (4)-(6). Based on
the photoactivity and reaction pathway, insights for the reaction
mechanism were obtained.

The schematic representation of the reaction mechanism is
depicted in Fig. 10. Under visible light irradiation, the excited elec-
trons moved from the valence band (VB) of ZnV,0g nanosheets
to its conduction band (CB). Holes in the valence band of ZnV;,0g
react with water producing O, and H*. Absorbed CO, molecules
are reduced to CH30OH, HCOOH and CH3COOH by enriched elec-
trons on the ZnV,0g surface. In the case of CO, reduction with
H,0, CH30H was detected as main product over ZnV,0Og, probably
due to appropriate reduction potential of CO,/CH30H (—0.38V),
than CO,/CH3COOH (-0.24V) and CO,/HCOOH (-0.61V), when
compared with CB of ZnV,0g. Since the reduction potential of
CO,/CH30H (—-0.38V) is less than the conduction band of ZnV,0g,
the reaction was more favourable for its production. However,
CH3COOH needed more electrons and its conduction band much
lower than the methanol. On the other hand, formic acid reduction
potential is much closer if compared with ZnV,0g. The appro-
priate band alignment of ZnV,0g could help for selective CH;0H
production during CO, reduction under visible light irradiation.
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Table 4

Summary of products yield rates during photocatalytic CO, reduction using different catalysts.
Catalysts Yield (pmol g-cat™!) Light Source Catalyst Used Ref.

CH;0H HCOOH CH5COOH

Zn0/V,0s 945.28 761.76 658.69 35W HID Xe lamp, 20 MW cm—2 01g Current Study
ZnV,0¢ 3253.84 2886.9 530.1 35W HID Xe lamp, 20 MW cm—2 01g Current Study
ZnO-rGO 263.1 - - 300W Xenon lamp 01g [45]
GO-(TBA);MogBrigBrix 1294 - - 20 W visible light (75 W m~2) 01g [46]
GO- Cs;MogBrigBrix 1644 - - 20 W visible light (75 Wm~2) 0.1g [46]
BiVO4 35 - - 300 W Xe-lamp 02g [47]
ZnS 850 - - Monochromatic 355-nm pulsed laser radiations 0.1g [48]
Ag-g-C3N4 /W03 1750 - - LED; Epitex, 30M32L 0.003 g [49]
Au/Ag-g-C3N4 /W03 2500 - - LED; Epitex, 30M32L 0.003g [49]

Therefore, production of CH30H was significantly enhanced using
novel ZnV,0g nanosheets because of efficient visible light absorp-
tion, appropriate band structure and higher electron mobility with
hindered recombination rate by V,0s.

4. Conclusions

In this work, ZnV,0g hierarchical nanosheets were success-
fully prepared by one-step solvothermal method for photocatalytic
CO, reduction with H,O in a solar photoreactor. By coupling
of vanadium with ZnO shifted band gap energy towards visible
region and the pure ZnV,0g nanosheets were produced with hier-
archical structure. The hierarchical ZnV,0g nanosheets showed
enhanced photocatalytic activity and hindered charges recombi-
nation rate for photocatalytic CO, reduction with H,O to CH30H,
HCOOH and CH3COOH. Hierarchical ZnV,0g nanosheets favoured
CH3OH production with highest efficiency and better stability. Yield
rate of CH3OH as the main product over ZnV,0Og catalyst was
3253.84 wmol g-cat~! under visible light irradiation. The enhanced
photocatalytic activity and stability over ZnV,0Og structure can be
attributed to hierarchical structure with enhanced charge separa-
tion. This work indicates that hierarchical ternary materials could
be used as a promising photo-catalyst for the photo-reduction of
CO,, to solar fuels.
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