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hell titania–heteropolyacid–metal
nanocomposites for photocatalytic reduction of
CO2 to CO at ambient temperature†

Xiang Yu, a Simona Moldovan,b Vitaly V. Ordomsky *ac

and Andrei Y. Khodakov *a

The photocatalytic conversion of CO2 not only reduces the greenhouse effect, but also provides value-

added solar fuels and chemicals. Herein, we report the design of new efficient core–shell

nanocomposites for selective photocatalytic CO2 to CO conversion, which occurs at ambient

temperature. A combination of characterization techniques (TEM, STEM-EDX, XPS, XRD, FTIR

photoluminescence) indicates that the CO2 reduction occurs over zinc species highly dispersed on the

heteropolyacid/titania core–shell nanocomposites. These core–shell structures create a semiconductor

heterojunction, which increases charge separation and the lifetime of charge carriers' and leads to higher

electron flux. In situ FTIR investigation of the reaction mechanism revealed that the reaction involved

surface zinc bicarbonates as key reaction intermediates. In a series of catalysts containing noble and

transition metals, zinc phosphotungstic acid–titania nanocomposites exhibit high activity reaching 50

mmol CO g�1 h�1 and selectivity (73%) in the CO2 photocatalytic reduction to CO at ambient

temperature. The competitive water splitting reaction has been significantly suppressed over the Zn sites

in the presence of CO2.
Introduction

The development of human economic activities, especially use
of fossil fuel in transportation, industry and household
combined with deforestation and land-use changes has led to
increase in the concentration of CO2 in the atmosphere from
280 ppm to 390 ppm. The CO2 concentration may reach 500–
1000 ppm and cause an average temperature increase of 1.9 �C
by 2100.1–4 The carbon dioxide content in the atmosphere can be
reduced using carbon capture and storage (CCS) and carbon
capture and utilization (CCU).5 An important strategy of CCU is
CO2 chemical conversion into useful products.6–10

Development of novel carbon dioxide utilization technolo-
gies should meet three major challenges:2 design of efficient
catalysts, surmounting unfavorable thermodynamics and
achieving competitive cost of the CO2-based fuels and chem-
icals. CO2 chemical conversion is typically an endothermic
process that requires a large amount of energy input due to the
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high thermodynamic stability of CO2.11 Photocatalysis is
particularly interesting for CCU, because it can overcome ther-
modynamic limitations typical of thermocatalytic processes.

One of the most promising technologies for CO2 mitigation
is its photocatalytic reduction.12,13 Photocatalytic reduction of
CO2 may result in the formation of several compounds: carbon
monoxide, formic acid, formaldehyde, methanol, methane,
ethane, ethylene and others. The photocatalytic process
involves three steps enounced as (i) light harvesting, (ii) charge
separation and transport and (iii) CO2 adsorption and catalytic
reaction. Major progress has been achieved in the optimization
of the rst two steps. Low energy efficiency, rapid charge
recombination, uncontrollable selectivity (because of the pres-
ence of several CO2 reduction products and competing water-
splitting reaction) and deactivation are major challenges of
the CO2 photocatalytic reduction. In addition, in order to
improve the yield of desired products, further information
is required about the reaction mechanisms and active
intermediates.

Numerous semiconducting materials have been studied for
the CO2 photocatalytic reduction. TiO2 has so far been the most
studied semiconductor due to its high chemical stability,
availability and low toxicity.13,14 The selectivity of carbon dioxide
reduction principally depends on the structure and catalytic
properties of co-catalysts, which intervene in the third step of
the photocatalytic process such as reduction of CO2 or water
splitting. As summarized by Ran et al.,15 cocatalysts can
Nanoscale Adv., 2019, 1, 4321–4330 | 4321
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promote separation and migration of photoexcited electron–
hole pairs. The CO2 reduction selectivity to specic products
and semiconductor stability can be therefore improved and the
side reactions are impeded. The photocatalytic CO2 reduction
rate is a function of several cocatalyst parameters such as
dispersion of active phase, porosity, basicity, oxygen vacancies,
and presence of functional groups.

Several groups of cocatalysts have been proposed for CO2

photocatalytic reduction: noble metals,15 metal oxides (CuO,16,17

ZnO,18 CeO2,19 Zn2GeO4,20 ZnGa2O4 (ref. 21) and BiWO6 (ref.
22)), metal complexes,23 metal–organic-frameworks,24 carbon
nitrides,25–29 suldes30 or biological systems.31,32 Noble metal-
based cocatalysts represent almost a half of studied systems.
However, the high price and rarity of noble metals signicantly
limit their possible industrial use for photocatalytic CO2

reduction. Use of transitionmetal oxides as cocatalysts seems to
be an interesting route for design of efficient photocatalysts for
the CO2 hydrogenation. In addition, the photocatalytic perfor-
mance in the CO2 hydrogenation can be further enhanced by
semiconductor heterojunction.33 This heterojunction can be
created by adding to TiO2 a semiconductor with lower levels of
valence and conduction bands. This heterojunction can be
achieved by combining TiO2 with a heteropolyacid
(H3PW12O40). The valence and conduction bands of phospho-
tungstic acid are located lower34–36 than for TiO2,34,37 which may
result in better charge separation and higher electron ux from
TiO2 onto HPW. Recently, we developed zinc-modied hetero-
polyacid–titania nanocomposites, which exhibit selective
carbon monoxide production from methane at ambient
temperature.38 In the present study, we report for the rst time
that the specically designed Zn–HPW/TiO2 core–shell systems
exhibited high photocatalytic activity in the selective conversion
of carbon dioxide to carbon monoxide in the presence of water.
In situ study of the reaction mechanism by IR and XPS has
provided important insights into the reaction mechanism. We
uncovered that CO was produced during the decomposition of
zinc bicarbonate in the presence of H2O under light at ambient
temperature.

Experimental
Synthesis of the metal–HPW/TiO2 composite catalysts

The catalysts were prepared using TiO2 (P25, 20% rutile and
80% anatase). The two-step impregnation was used for
synthesis of the metal–HPW/TiO2 composites. An anhydrous
ethanol solution of phosphotungstic acid hydrate
(H3[P(W3O10)4]$xH2O, HPW) was rst prepared. Then, TiO2 was
suspended in this solution with the ratio of HPW to TiO2

varying from 0.15 to 0.6. Ethanol was removed from the
suspension under stirring by drying at 353 K for 12 h. Dry HPW–

TiO2 solid was obtained. The aqueous solutions of metal salts
were used for the synthesis of the Me–HPW/TiO2 catalyst via
incipient wetness impregnation of HPW/TiO2. The following
metal salts were used: Zn(NO3)2$6H2O, Fe(NO3)3$9H2O,
NH4VO3, Co(NO3)3$6H2O, Ce(NO3)3$6H2O, Ga(NO3)3$xH2O,
Cu(NO3)2$3H2O, AgNO3 and Pd(NO3)2$xH2O. The catalysts were
labelled as M–HPW/TiO2, where M stands for V, Fe, Ga, Ce, Co,
4322 | Nanoscale Adv., 2019, 1, 4321–4330
Cu, Ag, Pd and Zn. The targeted concentration of the metals in
the nal catalysts was 6 wt%. The impregnated catalysts were
dried overnight in an oven at 373 K followed by calcination in
air at 300 �C for 3 h (2 �C min�1 temperature ramping).

Characterization

The elemental composition of the catalysts was determined
with an M4 TORNADO energy-dispersive micro-X-ray uores-
cence (XRF) spectrometer (Bruker). A Bruker AXS D8 diffrac-
tometer with Cu Ka radiation (l ¼ 0.1538 nm) was used to
measure XRD patterns in the 5–80� (2q) range. FTIR spectra
have been collected using a Thermo iS10 spectrometer at
a 4 cm�1 resolution (0.96 cm�1 data spacing). Thermo soware
(Omnic) was used for spectrum analysis. A PerkinElmer
Lambda 650 S UV/vis spectrometer equipped with an inte-
grating sphere provided the diffuse reectance UV-visible
spectra. Barium sulphate was used as reference.

The Transmission Electron Microscopy (TEM) observations
of the samples were performed on a Tecnai instrument and
a double corrected Cold FEG ARM Jeol 200 (eld emission gun),
operated at 200 kV. The Tecnai microscope was equipped with
a LaB6 crystal. Prior to the analysis, the samples were dispersed
by ultrasound in ethanol for 5 min, and a drop of solution was
deposited onto a carbon membrane onto a 300 mesh-copper
grid. The microscopy based analysis was carried out in the
scanning TEM mode on the double corrected Cold FEG ARM
Jeol 200 (eld emission gun) microscope and using the 100 mm
Centurio detector for the energy dispersive X-rays (EDX)
equipped with this TEM. The point-to-point resolution reached
was of the order of 78 pm under the parallel TEM mode and 0.9
Å under the STEM mode using the Z-sensitive high angle
annular dark eld HAADF-STEM imaging. The EDX elemental
maps were obtained using scanning speeds of 20 ms px�1 for
imaging and 0.05 ms px�1 for EDX (256 � 256 px maps), with
a 0.1 nm probe size and a current of 120 pA. Under these
conditions and in an effort to achieve a high signal to noise ratio
the chemical maps were acquired for at least 60 min.

The photoluminescence spectroscopy measurements were
performed on a LabRam HR (Horiba Scientic). For excitation,
325 nm radiation from a diode-pumped solid-state 300 mW laser
was used. The spectrophotometer has an entrance slit of 100
mm, and is equipped with a 300 lines per mm grating that
permits achieving a spectral resolution of 3.8 cm per pixel. The
luminescence light was detected with a CCD camera operating
at 138 K. The XPS spectra were recorded using a Kratos Axis
spectrometer, equipped with an aluminum monochromator for
a 1486.6 eV source working at 120 W. All spectra were calibrated
with the binding energy of Al 2p at 74.6 eV.

Photocatalytic tests

The photocatalytic reduction of CO2 in water was carried out in
a homemade stainless-steel batch reactor (�250 mL) with
a quartz window on the top of the reactor (Fig. S1, ESI†). The
light source was a 400 W Xe lamp (Newport). First, 0.1 g of solid
catalyst was placed on a quartz glass holder on themiddle of the
reactor, which was held by a Teon stick. Liquid water with
This journal is © The Royal Society of Chemistry 2019
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a volume of 15mL was added in the bottom of the reactor. Then,
the reactor was lled with CO2. The CO2 pressure was increased
up to 0.2 MPa. The catalyst was exposed to CO2 and H2O vapor.
The temperature of the reactor was kept at 323 K, and the vapor
pressure of H2O was 12.3 kPa. The photocatalytic reaction time
was typically 6 h and varied from 1 to 40 h. The reaction prod-
ucts (CO, CH4, O2 and H2) were analyzed by gas chromatography
(GC, PerkinElmer Clarus® 580). The reaction system was con-
nected to an online GC injection valve, and the gaseous prod-
ucts were injected with the loop into the GC for analysis. The GC
was equipped with PoraBOND Q and ShinCarbon ST 100/120
columns, a ame ionization detector (FID) and a thermal
conductivity detector (TCD). Helium or argon was used as the
carrier gas.
Results & discussion
CO2 conversion over titania–heteropolyacid–metal
nanocomposites to CO at ambient temperature

The photocatalytic conversion of CO2 in the presence of water
vapor was investigated for a series of catalysts supported on the
HPW/TiO2 composites (Fig. 1). Carbon monoxide, oxygen,
methane and hydrogen were detected as reaction products on
these solids exposed to light irradiation using a 400 W Xe lamp.
No oxygenates (alcohols, aldehydes etc.) were observed. No CO2

conversion and reaction products were observed in the experi-
ments without irradiation (dark). This conrms that the CO2

catalytic conversion is indeed driven by light. Addition of noble
or transition metals including Ag, Pd, V, Fe, Ga, Ce, Co, Cu and
Zn to the HPW/TiO2 composites enhances the CO2 and water
reduction compared to the pristine HPW/TiO2 composite
(Fig. 1). Note that the reaction selectivity and product formation
rates strongly depend on the type of metal. Much higher H2 and
O2 production rates were observed over the catalysts containing
Fig. 1 Formation rates of CO, CH4, H2 and O2 over different catalysts
in the photocatalytic reduction of CO2 in the presence of water vapor.
Reaction conditions: catalyst, 0.1 g; gas phase pressure, CO2 0.2 MPa;
H2O, 15 mL; irradiation time, 6 h.

This journal is © The Royal Society of Chemistry 2019
noble metals. The production of hydrogen indicates a photo-
catalytic water-splitting reaction, which occurs over these cata-
lysts alongside with CO2 conversion to CO.12,39 The CO
formation rates were higher over the catalysts containing tran-
sition metals than those with noble metal catalysts, while the
formation rates of methane, H2 and O2 were higher with the
latter catalysts. The Zn containing catalyst showed extremely
high rate of the CO2 reduction to CO compared to all studied
transition and noble metal containing samples.

In order to provide further insights into the catalytic
performance of the Zn-containing catalysts, a series of catalysts
with different compositions were prepared from HPW and TiO2

with and without zinc and then tested in the photocatalytic
reduction of CO2 (Fig. 2). The promotion of pure TiO2 or HPW
with Zn results only in a slight increase in the CO2 conversion
rate compared to the pristine semiconductors.

Fig. 3 displays the catalytic performance data of Zn–HPW/
TiO2 with different Zn contents. The Zn metal content in the
composite catalysts aer preparation and calcination measured
by the XRF technique is given in Table S1, ESI.† It was between
0.5 and 12 wt%. It is clear that higher Zn loading signicantly
enhances the CO, O2 and H2 formation rates, while the rate of
methane production decreases at high zinc content. Note also
that higher Zn content leads to higher selectivity to CO and
lower hydrogen selectivity. This suggests less signicant water
splitting at higher zinc content.

Another catalyst parameter, which may affect the catalytic
performance, is the HPW/TiO2 ratio in the Zn/HPW–TiO2

composite. Fig. S2, ESI† shows the carbon monoxide, oxygen,
hydrogen and methane production rates over the Zn–HPW/TiO2

catalysts with different ratios of HPW to TiO2. In these catalysts,
the ratio of Zn to HPW was kept at 2. Note that a higher HPW/
TiO2 ratio in the catalysts results in a slight increase in the rate
of CO production, whereas the rates of formation of other
products were affected to a lesser extent by the HPW/TiO2 ratio.
Fig. 2 CO, CH4, H2 and O2 formation rates over TiO2, HPW and Zn
containing catalysts in the photocatalytic reduction of CO2 in water.
Reaction conditions: catalyst, 0.1 g; gas phase pressure, CO2 0.2 MPa;
H2O, 15 mL; irradiation time, 6 h.

Nanoscale Adv., 2019, 1, 4321–4330 | 4323
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Fig. 3 CO, CH4, H2 andO2 formation rates over Zn–HPW/TiO2 catalysts
with different Zn loadings. Reaction conditions: catalyst, 0.1 g; gas phase
pressure, CO2 0.2 MPa; H2O, 15 mL; irradiation time, 6 h.
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Furthermore, photocatalytic CO2 reduction was investigated as
a function of carbon dioxide pressure (Fig. S3, ESI†). The CO2

pressure has a mild effect on the CO2 conversion rate and
selectivity.

Thus, the presence of three components, TiO2, HPW and Zn,
is required in order to attain a major increase in the CO
production from CO2. Importantly, the selectivities were also
very different over the Zn–HPW/TiO2 three-component catalyst
as compared to the binary Zn/HPW and Zn/TiO2 systems. CO
and oxygen were major products over Zn–HPW/TiO2 compos-
ites, while the rates of CO and hydrogen production (because of
the water splitting reaction) were comparable over the binary
catalysts (Fig. 2).

Mechanical mixtures of Zn/TiO2 with HPW/TiO2 were then
prepared for the CO2 photocatalytic reduction. The activity of
Fig. 4 CO, CH4, H2 and O2 formation rates over Zn–HPW/TiO2, Zn/
TiO2, HPW/TiO2 and a mechanical mixture of Zn/TiO2 + HPW/TiO2 in
the photocatalytic CO2 reduction. Reaction conditions: catalyst, 0.1 g;
gas phase pressure, CO2 0.2 MPa; H2O, 15 mL; irradiation time, 6 h.

4324 | Nanoscale Adv., 2019, 1, 4321–4330
the Zn/TiO2–HPW/TiO2 mechanical mixture (Fig. 4) was much
higher than over pure Zn/TiO2 and HPW/TiO2. This is indicative
of the interaction between Zn/TiO2 and HPW/TiO2 under the
reaction conditions. One of the possible explanations can be Zn
migration from Zn/TiO2 to the HPW/TiO2 sample leading to the
Zn/HPW–TiO2 composite.

Catalyst characterization

The structure of the Zn–HPW/TiO2 catalysts was then investi-
gated using several characterization techniques. Fig. S4, ESI†
displays XRD patterns of the Zn–HPW/TiO2, ZnO/TiO2, HPW/
TiO2, TiO2 and HPW samples. The XRD peaks of anatase and
rutile phases were detected in the samples containing TiO2,
while the HPW sample showed the presence of XRD peaks
assigned to the H3[P(W3O10)4] heteropolyacid. The absence of
diffraction peaks attributed to the HPW and Zn phases in Zn–
HPW/TiO2 can indicate high HPW and Zn dispersion and
smaller crystallite sizes. No XRD patterns attributed to crystal-
line zinc carbonate were observed in any sample. Hexagonal
wurtzite ZnO phase (A symbol, JCPDS #36-1451) was identied
in Zn/TiO2 from the diffraction peaks at 31.8� and 34.4�

attributed to crystal faces (100) and (002).40,41 The ZnO XRD
peaks disappear in the Zn–HPW/TiO2 catalysts. This indicates
high dispersion of zinc species in the presence of HPW.

Photoluminescence (PL) spectroscopy (Fig. 5) is a powerful
tool that provides information on the surface processes
involved in the recombination of photogenerated charge
carriers. We observed a visible luminescence band centered at
�450 nm for TiO2.42,43 The intensity of the luminescence band at
�450 nm, which was caused by the recombination of photo-
generated electron–hole pairs, decreased in the order of TiO2 >
HPW/TiO2 > Zn–HPW/TiO2. The lower intensity of the lumi-
nescence band suggests that the Zn–HPW/TiO2 composite is the
most efficient for the separation of photogenerated electron–
hole pairs. This can be explained by the migration of excited
electrons from TiO2 to the HPW and Zn phases, preventing the
electron–hole recombination. This effect is discussed in detail
Fig. 5 Photoluminescence spectra of TiO2, HPW and Zn containing
catalysts.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 FTIR spectra of the Zn–HPW/TiO2 catalysts with different Zn
contents. The spectra were recorded without preliminary pretreat-
ment and are offset for clarity.

Fig. 7 TEM images of the calcined (a) and used (b) Zn–HPW/TiO

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
de

 s
et

em
br

e 
20

19
. D

ow
nl

oa
de

d 
on

 3
/1

1/
20

25
 1

7:
25

:0
7.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
below in the manuscript. It has been observed earlier for other
photocatalytic reactions occurring in the presence of HPW.44

FTIR analysis has been used to identify Zn species and
catalyst acidity. Fig. 6 shows the FTIR spectra of the Zn–HPW/
TiO2 composites with different Zn contents. The two strong
bands at 1410 and 1310 cm�1 attributed to carbonate species
and a shoulder at 1490 cm�1 are observed for the catalysts at
zinc content higher than 1 wt%. In agreement with a previous
report,45 these intense bands can be attributed to mono-dentate
carbonates. Interestingly, at much higher zinc contents, two
new FTIR bands appear at 1634 cm�1 and 1390 cm�1. The bands
at 1634 and 1390 cm�1 can be assigned to the bicarbonate
species (HCO3

�).46,47 The assignment of the bands at 1634 and
1390 cm�1 to bicarbonates is also conrmed by a signicant
increase in the intensity of the FTIR band at 3300 cm�1 attrib-
uted to the OH stretching vibrations. It can be tentatively sug-
gested that the new species identied from the bands at 1634
and 1390 cm�1 correspond to zinc bicarbonates containing OH
groups, though some contribution of chemisorbed water
molecules to the intensity of the bands at 1634 cm�1 and
3300 cm�1 cannot be excluded. Aer the catalyst dehydration at
473 K, these bands transform into the bands at 1560 and
1285 cm�1, which might be assigned to nas(CO3) and ns(CO3) of
bidentate Zn carbonate species (Fig. S5, ESI†).

Two new strong bands at 1621 and 1453 cm�1 appear aer
adsorption of Py over the catalyst evacuated at 200 �C. These
bands might be attributed to the complexes of Py with strong
Lewis acid sites.48 The Lewis acidity can be related to unsatu-
rated Zn2+ ions. Interestingly, no Brønsted acidity associated
with HPW was observed in the samples with zinc. This suggests
full neutralization of the HPW Brønsted acidity by Zn2+ ions
located in the cationic sites of HPW. Indeed, in the Zn–HPW/
TiO2 catalyst (6 wt% Zn), the maximum concentration of
potential Brønsted acid sites associated with HPW is only
0.3 mmol g�1, while the amount of zinc is three times higher
(0.9 mmol). Thus, Zn should be mostly present as cationic Zn,
carbonate, bicarbonate or oxide. It is known that ZnO has high
This journal is © The Royal Society of Chemistry 2019
basicity. This would favor adsorption of CO2 from the atmo-
sphere resulting in zinc carbonates.49

The UV-vis diffuse reectance spectra of the Zn–HPW/TiO2

nanocomposite and reference compounds are displayed in
Fig. S6, ESI.† Intense absorption in the ultraviolet region (<400
nm) was observed. The band gap energy for different nano-
composites was estimated using Tauc's plots of UV-vis spectra.
The band gap varies from 3.0 eV to 3.2 eV. A relatively small
effect of the promotion with Zn is observed on the band gap of
HPW (Eg ¼ 3.12 eV) and TiO2 (Eg ¼ 3.20 eV (ref. 50)). Note that
both zinc oxide and zinc carbonate have semiconductor prop-
erties; their band gaps vary from 3.12 to 3.36 eV.51,52

The catalysts were characterized by high-resolution trans-
mission electron microscopy (HRTEM), high angle annular
dark-eld scanning TEM (HAADF-STEM) and STEM-EDX
elemental mapping (Fig. 7a and 8). The Zn–HPW/TiO2

composite shows the presence of two populations of particles:
highly faceted NPs with sizes >100 nm and smaller faceted NPs
with sizes between 10 and 50 nm (Fig. S7, ESI†). Fig. 7b displays
TEM images of the spent catalyst. Interestingly, the HPW shell
remains almost intact aer the photochemical reduction of CO2

and no noticeable sintering of zinc species was observed. The
clearly observed separation of the TiO2 and HPW phases in the
photocatalyst core–shell structure is indicative of a possible
semiconductor heterojunction, which might affect the photo-
catalytic properties.

The enhanced contrast achieved in the high-resolution
STEM-HAADF micrographs (Fig. 8a and S8, ESI†) is due to the
difference in the Z-atomic number of the constituents. There-
fore, the presence of the lighter shell (1–2 nm) is associated with
2

catalyst.

Nanoscale Adv., 2019, 1, 4321–4330 | 4325

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00398c


Fig. 8 (a) HAADF-STEM micrographs, (b) STEM-EDX elemental maps of Zn–HPW/TiO2 catalyst and (c) a diagram of the Zn–HPW/TiO2 catalyst
structure.
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the presence of the HPW embedding the TiO2, as anticipated by
the previous TEM observations. This issue is further conrmed
by the STEM-EDX elemental maps corresponding to Ti, O, W
and Zn (Fig. 8b). Here, Ti denes the faceted grains, whilst the
TiO2 edges appear to be covered by the W and P from the HPW
heteropolyacid. The Zn is present as small nanoparticles and/or
clusters highly dispersed on the catalyst surface (light-grey
circular nanoparticles in the right side image in Fig. 8a), with
a slight tendency of agglomeration at the TiO2 rims, similar to
tungsten and phosphorus. The diagram of the proposed struc-
ture for the Zn–HPW/TiO2 catalyst is presented in Fig. 8c.

To provide further insights into the zinc oxidation state and
its evolution during the reaction, both the calcined Zn–HPW/
TiO2 catalyst and its spent counterpart aer the reaction were
characterized by XPS (Fig. S9, ESI†). XPS is indicative of the
presence of Zn2+ species in the calcined catalysts, which were
identied by the Zn 2p binding energies at 1021.9 eV. No
changes were noticed in the Zn 2p3/2 XPS binding energy aer
catalyst exposure to CO2 and H2O53,54 (Fig. S9, ESI†). It is known
that Auger spectroscopy is more sensitive than the XPS binding
energy to the changes in the Zn valence state (Fig. S10, ESI†).
The Zn Auger peak from Zn–HPW/TiO2 catalysts is normalized
4326 | Nanoscale Adv., 2019, 1, 4321–4330
to the peak height of the ZnO Auger feature. The positions of all
Auger peaks are aligned by the C 1s peak, and a Shirley back-
ground was subtracted. Note however that the Auger peaks were
similar for the fresh Zn catalyst and that aer conducting the
catalytic reaction. Thus, Auger spectroscopy also suggests no
changes in the oxidation state of Zn during the reaction.
Mechanistic aspects of CO2 photo-reduction to CO

Additional experiments were conducted to investigate in detail
the reaction paths of the CO2 photocatalytic reduction over the
Zn–HPW/TiO2 composites. Table 1 shows the CO, CH4 and H2

reaction rates measured in CO2 in the presence of water, in a dry
atmosphere and in the presence of hydrogen. Higher CO
formation rate was observed in the presence of water. Note that
the CO formation rates were extremely low in the absence of
water; no methane was produced in the dry atmosphere even in
the presence of added hydrogen. This is indicative of the critical
role of water in this reaction.

Fig. 9 shows variations of the product amounts with the
reaction time during the photocatalytic reduction of CO2 over
the Zn–HPW/TiO2 catalyst. First, the catalyst was exposed to
irradiation in nitrogen in the presence of water, but without
This journal is © The Royal Society of Chemistry 2019
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Table 1 Catalytic behavior of the Zn–HPW/TiO2 catalyst in different
reaction atmospheres

Catalyst Reaction atmosphere

Formation rate
(mmol g�1 h�1)

CO CH4 H2

Zn–HPW/TiO2 CO2 + H2O vapora 51 4.1 19
CO2

b 0.42 0 0
CO2 + H2

c 0.51 0

a Reaction conditions: catalyst, 0.1 g; gas phase pressure, CO2 0.2 MPa;
H2O, 15 mL. b Reaction conditions: catalyst, 0.1 g; CO2 pressure,
0.2 MPa. c Reaction conditions: catalyst, 0.1 g; H2/CO2 ¼ 1/10;
irradiation time, 6 h.

Fig. 9 Variation of the amount of CO, CH4 and H2 in the reactor as
a function of reaction time and repeated uses of the Zn–HPW/TiO2

catalyst for photocatalytic reduction of CO2 in the presence of H2O
vapor. Reaction conditions: catalyst, 0.1 g; gas phase pressure, CO2 or
N2 0.2 MPa; H2O, 15 mL; irradiation time, 10 h. Initially the reactor was
filled with N2 and H2O, after 10 h, the system was degassed, and the
CO2 was introduced into the reactor.

Fig. 10 Elementary steps in the CO2 photocatalytic reduction to CO.
34
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CO2. Mostly hydrogen, oxygen and small amounts of carbon
monoxide (�2.5 mmol in 10 h) were produced. The small
amounts of CO can possibly come from decomposition of
surface zinc bicarbonate detected in the calcined catalysts by
FTIR. Second, the system was degassed, and then the CO2 was
introduced into the system. Fig. 9 shows that CO2 was con-
verted to CO and CH4 in the presence of H2O vapor. Some
amounts of oxygen were also produced. Note also the
production of H2, which is probably generated from H2O
splitting. Third, aer the catalytic test for 10 h, the reactor was
degassed again and N2 was reintroduced into the system. Note
that the amount of CO was larger than that formed in the rst
step, and only a trace amount of CH4 was detected (<1.0 mmol
in 10 h). This conrms that the surface zinc carbonate was
formed on the catalyst in the presence of CO2 and its decom-
position yields CO. Finally, in the fourth step, CO2 and water
were again introduced into the reactor (Fig. 9). Similar CO,
CH4, O2 and H2 formations were again observed. Interestingly,
the reaction rates were similar to those in the second step.
This suggests that the Zn–HPW/TiO2 catalyst can operate with
This journal is © The Royal Society of Chemistry 2019
the same activity aer several reaction cycles and does not
deactivate aer the 40 h test.

The CO2 photoreduction in the presence of water vapor is
likely to proceed via adsorption of the reactants (CO2 and H2O)
on the catalyst surface followed by photo-induced electron and
hole transfer.55 Adsorption of CO2 onto the surface of the photo-
catalyst, which results in zinc carbonate, may be an initial step
in the CO2 reduction. Single electron transfer to form surface-
bound CO2/CO2

� is thought to trigger a series of chemical
reactions [eqn (1)]. However, this process is highly thermody-
namically unfavorable because of the high negative redox
potential of 1.85 V (vs. NHE at pH ¼ 7).56,57 In contrast, an
alternative and more favorable process to reduce CO2 can occur
through the proton-assisted multi-electron transfer with rela-
tively lower redox potential, as shown in eqn (1)–(5). The
interaction of CO2 with protons and electrons lowers to some
extent the reaction redox potential. This transfer was already
suggested for many CO2 photo-reduction systems.56,58–61

CO2 + e� / CO2
� (1)

CO2 + 2e� + 2H+ / CO + H2O (2)

CO2 + 6e� + 6H+ / CH3OH + H2O (3)

CO2 + 8e� + 8H+ / CH4 + 2H2O (4)

2H+ + 2e� / H2 (5)

It is interesting to note that the rate of water splitting reac-
tion slows down in the presence of CO2 in comparison with the
test in an inert atmosphere. This suggests some competition
between water and CO2 for the catalyst active sites, which can
produce either hydrogen or CO.
Band levels versus NHE.
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Fig. 11 In situ FTIR spectra of the Zn–HPW/TiO2 catalyst in the region of stretching vibrations of hydroxyl groups (a) and carbonates (b) measured
under light at different reaction times in CO2 and H2O vapor. The spectra are offset for clarity.
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TEM and STEM-EDX (Fig. 8) indicate the presence of core
shell structures with the shell formed by HPW and core, which
contains TiO2. These core–shell structures are expected to create
a semiconductor heterojunction (Fig. 10, band levels from ref.
34), which would increase charge separation and the lifetime of
the charge carriers.33 This could also build up the electrical
potential. In the presence of irradiation and electric eld, the
electrons are transferred to the conduction band of the p-type
semiconductor (HPW) and the holes to the valence band of
the n-type semiconductors (TiO2). This will increase electron
concentration over HPW and hole concentration in TiO2.
Consequently, the HPW ability for electron transfer and carbon
dioxide reduction will be enhanced. Water oxidation will be
enhanced by higher concentrations of holes on the surface of
TiO2 (Fig. 10). The characterization techniques did not reveal
the presence of a ZnO crystalline phase. Indeed, XRD, imaging
techniques and FTIR indicate the presence of isolated Zn2+

species, possibly zinc cations in the cationic sites of HPW and
extremely small zinc oxide clusters. These highly dispersed zinc
species do not have any semiconductor band structure. Zinc
located on the surface of HPW seems to play the role of
a cocatalyst by providing active sites for xing CO2 on the
surface and facilitating subsequent reduction.

Further information about the catalytic role of Zn species in
the CO2 reduction was obtained using in situ FTIR spectroscopy
(Fig. 11). The experiments were conducted in a Pyrex cell in the
presence of carbon dioxide and water with catalyst exposure to
the irradiation through Pyrex and KBr windows. The Zn–HPW/
TiO2 catalyst pellet was saturated with water vapors and the cell
was lled with CO2. The pretreated sample exhibits FTIR bands
at 1634, 1490, 1390 and 1310 cm�1. The bands at 1310 and
1490 cm�1 might be assigned to mono-dentate carbonates
(Fig. 11).62,63 The bands at 1634 and 1390 cm�1 correspond to
bicarbonate (Fig. 11). Interestingly, the intensity of the band at
1634 cm�1 always correlates with the intensity of the bands at
1390 cm�1.

Catalyst exposure to light for 3 h leads to a gradual decrease
in the intensity of the bands at 1634 and 1390 cm�1 assigned to
the bicarbonates containing OH groups (Fig. 11a). The intensity
of the band of OH stretching vibration (3690 and 3300 cm�1)
decreases simultaneously with the bands attributed to bicar-
bonate. Indeed, the concentration of the bicarbonate
4328 | Nanoscale Adv., 2019, 1, 4321–4330
containing hydroxyl groups decreases during the reaction. A
similar correlation between the intensity of bicarbonate FTIR
band and that of the hydroxyl groups was observed in a previous
report.46

The intensities of the bands at 1490 and 1310 cm�1 corre-
sponding to mono-dentate carbonates are affected to a lesser
extent by the reaction. This indicates higher reactivity of the
zinc bicarbonates as compared to monodentate carbonates.
One of the reasons for the higher reactivity of bicarbonates can
be due to localization of protons in a close proximity to the
carbonate fragments. The decomposition of these bicarbonates
under irradiation provides carbon monoxide and oxygen. The
analysis of the gas phase during the in situ experiments
(Fig. S11, ESI†) shows the presence of P (<2140 cm�1) and R
(>2140 cm�1) branches of gaseous CO.64 Thus, these results
clearly show that the observed decomposition of carbon bicar-
bonates results in carbon monoxide production. The perfor-
mance of the developed catalyst can further be improved by
optimization of the reaction conditions and catalyst promotion.
Conclusion

Among a series of metal catalysts supported on the composite
materials on the basis of TiO2 and phosphotungstic acid, zinc-
containing counterparts showed extremely high activity and
selectivity in the carbon dioxide reduction to carbonmonoxide in
the presence of water vapor. The heteropolyacid forms a thin
layer over titania nanoparticles. The enhanced activity in the
photocatalytic reduction of carbon dioxide to carbon monoxide
was attributed to the formation of a semiconductor hetero-
junction, which slows down charge recombination and facilitates
electron transport to Zn species highly dispersed over HPW. The
CO2 reduction to CO proceeds via formation of zinc bicarbonate
species over the heteropolyacid. No visible deactivation was
observed, the catalyst was stable aer conducting several reaction
cycles for more than 40 h of reaction. No changes of zinc oxida-
tion state or zinc sintering were observed under the reaction
conditions. The in situ FTIR experiments suggest that the reaction
involves zinc bicarbonates containing hydroxyl groups. The
decomposition of these zinc bicarbonate species under irradia-
tion leads to the selective production of carbon monoxide, while
water oxidation leading to O2 takes place over TiO2.
This journal is © The Royal Society of Chemistry 2019
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and K. Koč́ı, Appl. Surf. Sci., 2018, 454, 313–318.
This journal is © The Royal Society of Chemistry 2019
17 H. Jiang, K.-I. Katsumata, J. Hong, A. Yamaguchi, K. Nakata,
C. Terashima, N. Matsushita, M. Miyauchi and A. Fujishima,
Appl. Catal., B, 2018, 224, 783–790.

18 L.-Y. Lin, S. Kavadiya, B. B. Karakocak, Y. Nie, R. Raliya,
S. T. Wang, M. Y. Berezin and P. Biswas, Appl. Catal., B,
2018, 230, 36–48.

19 P. Li, Y. Zhou, Z. Zhao, Q. Xu, X. Wang, M.Miao and Z. Zou, J.
Am. Chem. Soc., 2015, 137, 9547–9550.

20 Q. Liu, Y. Zhou, J. Kou, X. Chen, Z. Tian, J. Gao, S. Yan and
Z. Zou, J. Am. Chem. Soc., 2010, 132, 14385–14387.

21 S. C. Yan, S. Ouyang, J. Gao, M. Yang, J. Y. Feng, X. X. Fan,
L. J. Wan, Z. S. Li, J. H. Ye, Y. Zhou and Z. G. Zou, Angew.
Chem., Int. Ed., 2010, 49, 6400–6404.

22 H. Cheng, B. Huang, Y. Liu, Z. Wang, X. Qin, X. Zhang and
Y. Dai, Chem. Commun., 2012, 48, 9729–9731.

23 C. Cometto, R. Kuriki, L. Chen, K. Maeda, T.-C. Lau,
O. Ishitani and M. Robert, J. Am. Chem. Soc., 2018, 140,
7437–7440.

24 R. Li, W. Zhang and K. Zhou, Adv. Mater., 2018, 30, 1705512.
25 J. Fu, B. Zhu, C. Jiang, B. Cheng, W. You and J. Yu, Small,

2017, 13, 1603938–1603947.
26 S. Bai, X. Wang, C. Hu, M. Xie, J. Jiang and Y. Xiong, Chem.

Commun., 2014, 50, 6094–6097.
27 S. Ye, R. Wang, M.-Z. Wu and Y.-P. Yuan, Appl. Surf. Sci.,

2015, 358, 15–27.
28 P. Xia, B. Zhu, J. Yu, S. Cao andM. Jaroniec, J. Mater. Chem. A,

2017, 5, 3230–3238.
29 J. Yu, K. Wang, W. Xiao and B. Cheng, Phys. Chem. Chem.

Phys., 2014, 16, 11492–11501.
30 J. Yu, J. Jian, B. Cheng and M. Jaroniec, J. Mater. Chem. A,

2014, 2, 3407–3416.
31 K. K. Sakimoto, A. B. Wong and P. Yang, Science, 2016, 351,

74–77.
32 Y. S. Chaudhary, T. W. Woolerton, C. S. Allen, J. H. Warner,

E. Pierce, S. W. Ragsdale and F. A. Armstrong, Chem.
Commun., 2012, 48, 58–60.

33 H. Wang, L. Zhang, Z. Chen, J. Hu, S. Li, Z. Wang, J. Liu and
X. Wang, Chem. Soc. Rev., 2014, 43, 5234–5244.

34 Z. Sun, Y. Zhang, N. Li, L. Xu and T. Wang, J. Mater. Chem. C,
2015, 3, 6153–6157.

35 P. Meng, J. Huang and X. Liu, J. Colloid Interface Sci., 2019,
551, 208–218.

36 P. Meng, H. Heng, Y. Sun, J. Huang, J. Yang and X. Liu, Appl.
Catal., B, 2018, 226, 487–498.

37 P. D. Tran, L. H. Wong, J. Barberbcd and J. S. C. Loo, Energy
Environ. Sci., 2002, 5, 5902–5918.

38 X. Yu, V. de Waele, A. Löerg, V. V. Ordomsky and
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