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In this work, the application of highly defective cobalt and copper tungstates was proposed for photocatalytic
CO:2 reduction. The materials were synthesized by hydrothermal method and characterized with SEM, EDS, XRD,
XPS and DRS techniques. Studied materials were examined in photocatalytic CO2 reduction to CO in the gas
phase, as bare photocatalysts and in mixtures with TiO2. The behavior of the junctions between the mixture
components was determined using photoelectrochemical, spectroelectrochemical and surface photovoltage

measurements. These studies reveal different types ofjunctions for the synthesized materials (disturbed S-scheme
for CoT/TiO2 and type-I for CuT/TiO2). It was found the CuT/TiO2 mixture is more effective than CoT/TiO2 due
to lower recombination rates of photogenerated charge carriers and the presence of a larger number of W5+ and

Cu2+ active centers.

Introduction

Photocatalytic reduction of CO2 is a promising solution to the
growing CO2problem which allows for its transformation into valuable
fuels or chemicals using sunlight as the energy source. Researchers work
on developing efficient and robust photocatalysts, that can harness solar
energy to drive the conversion of CO2, thereby reducing greenhouse gas
emissions and, therefore, the effects of climate change. Improved ma-
terials with enhanced light absorption, charge separation, and catalytic
activity are crucial for achieving high conversion rates and selectivity,
making the search for better materials a critical avenue of research in
our quest for sustainable and renewable energy solutions.

Tungsten oxide is a well-known material in photocatalysis [1-3],
however, itwas found that the pristine material is scarcely active in CO2
reduction [4,5]. Nevertheless, the presence of unoccupied d orbitals in
transition metals may activate the CO2 molecule, e.g., by an adduct
formation [6]. Several studies confirmed that tungstate anion serves as a
homogeneous catalyst for CO2 fixation, forming carbamic acid [7,8],
which indicates that tungsten can be recognized as an active site for CO2
chemical transformations.

It was found that in contrast to the bare tungsten oxide its hydrated
form, WO 370.33H20, is effective as the photocatalyst for CO2reduction
to CH4 [9] and acetate [10]. The photocatalytic performance of the
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material can be affected by the presence of W 5+ and, therefore, oxygen
vacancies [10,11]. Oxygen vacancies are reported inter alia to promote
charge separation in the Z-scheme [12] and are considered the active
sites for CO2 bonding [13,14]. Such defects can be engineered by the
control of the synthesis conditions, e.g., the solution pH, as the tung-
states anions can exist in various forms [15] which can affect the uni-
form crystal growth [16].

The hydrated form of tungsten oxide, WO 3»H 20, can be formally
considered as tungstic acid H2W O 4. However, the acid is not highly
stable, their salts e.g., Na2W O 4, CaWw 04, and CdWO4 are known for de-
cades [17,18]. Transition divalent metal tungstates with a general for-
mula M2+W0O4 (M 2+ = Cd, Cu, Co, Mn and Ni etc.) constitute an
interesting class of photocatalysts offering exceptional optical and
electronic features. Many tungstates are attractive owing to their low
cost, high stability, narrow band gap, and easy operation [19]. The
presence of accompanying metal induces changes in the electronic
structure of the tungstate when compared to WO 3 [20]. Moreover, the
selection of metals introduces various active sites for particular chemical
reactions and enables bandgap engineering, as a consequence of mixing
ofthe M s-orbitals and O 2p-orbitals [21,22]. These factors are crucial for
tailoring photocatalytic and electronic properties of tungstates. This was
proved so far for such applications as hydrogen evolution [23-25] and

photocatalytic oxidation of organics [26,27]. In recent literature, there
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has been a growing interest in the application of these materials. In
particular, reports on the use of CowO4 and CuWwO4 in CO2 reduction
appeared [28,29].

The cobalt tungstate (CowWO04) with a bandgap of 2.2 to 2.8 eV [19,
25,30] is known for its great optical, electrical and magnetic properties
[19,30,31], and the copper tungstate is an n-type semiconductor pho-
tocatalyst [32,33] which has advantageous optical properties due to its
bandgap (2.2-2.4 eV) [32-37]. Moreover, copper tungstate, depending
on the synthesis conditions, can crystallize in the form of copper tung-
state hydrates or other mixed phases. These forms are obtained most
often during precipitation synthesis [38-42]. Among them, copper
tungstate hydroxide is a very sparsely studied material. One publication
by Sahdost-Fard et al. describes its application in the aptasensing of
bacteria [43]. Another one indirectly mentions the material as a pre-
cursor of CuwO4 and describes its use in phenol degradation [44].

The efficiency of photocatalytic processes relies inter alia on the
ability of the material to absorb light, separate charges efficiently and
transfer them via redox reactions toward substrates. It is difficult to
develop a single-component semiconductor with all of the required
properties, which is often raised in the literature, and thus this is the
cause for a plethora of investigations into different strategies to optimize
the materials [45]. The main disadvantage of bare tungsten oxides in
photocatalysis is their high charge recombination rate, but this problem
can be overcome by the addition of a co-catalyst [46] or by creating a
heterojunction [19,47]. Another solution is to create S-scheme systems
by, for example, combining tungstates with TiO2 [48-51].

To the best of our knowledge, there are no reports of photocatalytic
CO2 reduction in the gas phase with H20 as a hole scavenger on the
mixtures of copper or cobalt tungstate with TiO2. In thiswork, the cobalt
tungstate (denoted as CoT) and copper tungstate hydroxide (denoted as
CuT) were synthesized and combined with TiO2 anatase for a gas phase
photocatalytic CO2 reduction to CO, and the mechanisms of these pro-
cesses were examined. It was found that one of the studied tungstates
combined with TiO2 formed a disturbed S-scheme, while the other
produced a type-l1 heterojunction. This allowed for the comparison of
these two strategies and the determination of the factors that influence

the efficiency of the formed junctions.

Experimental

Reagents

Copper(ll) nitrate hemi(pentahydrate) Cu(NO3)2"5H20 (Sigma-
Aldrich, 98%), cobalt nitrate hexahydrate Co(NO3)2"6H20 (Chempur,
pure), sodium tungstate Na2Ww O 4"2H20 (Merck, for analysis), sodium
hydroxide NaOH (POCh, pure), and TiO2 anatase powder (TRONOX,
AK-1) were used without further purification. Deionized H20 was ob-

tained using a Hydrolab system (HLP 10UV, 0.05 pS, t= 20 °C).

Synthesis of studied materials

Copper and cobalt tungstates were obtained through the precipita-
tion method followed by hydrothermal treatment.

In typical synthesis 0.001 molof Cu(NO3)2*5H20 or Co(NO 3)2"6H 20
was dissolved in 20 ml of deionized (D1) H20. At the same time, 0.001
mol of sodium tungstate was dissolved in another 20 ml of deionized
H20 and added dropwise to the previously prepared precursor solution.
The reaction mixtures were stirred for 20 min, and their pH was adjusted
to 8 with an aqueous NaOH solution. Obtained precipitates were heated
to 180 °C for 12 h in Teflon-lined autoclaves and then, left to cool down
to room temperature. Then, the products were washed several times
with deionized H20 to neutralize the pH and remove post-synthetical

impurities.

Preparation of mixtures with TiO2

The mixtures of synthesized materials were obtained by simply
mixing and grinding the sample with TiO2in an agate mortar ina 1:1 wt

ratio.

DRS

The Tauc method described by Makuta et al. [52] was used to esti-
mate the bandgap of materials. Diffuse reflectance (DRS) spectra were
recorded and transformed using Kubelka-Munk and Tauc functions. The
measurements were performed with a Shimadzu UV-3600 UV-Vis-NIR
spectrophotometer equipped with a 10 cm dia. integrating sphere, and
pure BaSO4 was used as a reference. The samples were mixed with
BaS0O4in quantities determined by the strength of the reflectance signal.

SEM and EDS

SEM micrographs were obtained on Helios 5 Hydra DualBeam, using
TLD in immersion mode. EDS analysis was performed using Tescan Vega

3 microscope and Oxford Instruments detector (X-act, SDD 10 mm2).

XRD

X-ray diffractometer (XRD) Rigaku MiniFlex (PANalytical) with
nickel-filtered copper Karadiation (X = 0.15406 nm, 40 kV, 15 mA) was
applied to study the crystalline structure of the powder materials. Data
were recorded in the range of 20 = 10-90° with 0.02° step at a scan rate
of 2°/min. Analysis was performed using QualX software [53] and the
POW_COD database [54-57].

XPS

To determine surface compositions and oxidation states of copper
and cobalt tungstates X-ray photoelectron spectroscopy measurements
were performed with a Prevac photoelectron spectrometer with a
hemispherical VG Scienta R3000 analyser (100 eV energy pass), using
the Al Ka(X = 1486.6 eV) radiation source, and the background pressure
in the analysis chamber was 10_8 mbar. Static charging of the samples
was corrected by shifting binding energies to match the C 1 s peak of

adventitious carbon peak to 248.8 eV.

SPV

Differences in the contact potential difference (CPD) of the sample
irradiated with intermittent light were measured on an environmental
Kelvin probe (Instytut Fotonowy) to obtain surface photovoltage. The
electrode with respect to which the potential was measured was the Au
2.5 mm diameter mesh. A xenon lamp with a monochromator was used

as the light source.

Photoelectrochemical measurements

To measure the transient photocurrents [58], the three-electrode cell
with potentiostat, 150 W xenon lamp and monochromator, supplied by
Instytut Fotonowy, was used. The electrodes were: the working elec-
trode - a thin layer of studied material spread on a transparent ITO foil
(60 fi/sq, Sigma-Aldrich); counter electrode - Pt wire; reference elec-
trode - Ag/AgClelectrode with 3 M KClelectrolyte. The cell electrolyte -
0.1 M KNO3- was purged with Ar during and before the experiment.

Spectroelectrochemical measurements

The density of states measurements were performed using a Shi-
madzu UV-3600 spectrophotometer and BioLogic SP-150 potentiostat.
In the experiment, DRS spectra were measured for different potentials
applied in a three-electrode cell with Ag/Ag+ reference electrode (0.01

M AgNO3and 0.1 M TBAP in ACN), Ptwire counter electrode, and Pt foil



covered with the examined material working electrode. The potential
step between each DRS measurement was 50 mV with 20 min equili-
bration time and the range of applied potentials was O to -2.7 V vs.
reference electrode. A solution of LiCIO4 0.1 M in acetonitrile was used
as an electrolyte. The resulting graph depicts differences in the Kubelka-
Munk function for a selected wavelength between the two following

potentials vs. applied potential.

Photocatalytic activity

To study the photocatalytic activity in CO2 reduction in the gas
phase, a thin layer of the studied material (15 mg) was spread on a glass
plate (4 cm2) and placed in a glass test tube (13 ml) covered with a
silicone septum cap. The reactor atmosphere was CO2 in Ar in the ratio
of 1:5 saturated with H20 vapor (from 340 pl of DI H20 purged with Ar
placed on the bottom of the tube) at ambient pressure. The reactor was
irradiated by light from a 150 W xenon lamp light passing through a 100
mm H20 filter (300 mW/cmz2). The glass material of the tube absorbs
below 340 nm. The temperature remained at 36 °C throughout the
experiment. Gas from the reactor was sampled with a 50 pl syringe and
then analyzed with Thermo-Scientific Trace 1300 gas chromatograph
equipped with a methanizer (Restek), FID and TCD detectors and Car-
boxen 1010 column for methane, ethane, carbon monoxide, CO2, and air
analysis. Ultra-pure (ppm level of impurities) Ar from Air Products was
used as the carrier gas. The CO2 reduction to CO was proved by the blank
experiments (i.e., without CO2). All experimental series were blank-
corrected. For more details please see Supporting Information.

To confirm the H20 oxidation to hydroxyl radicals, experiments with
terephthalic acid were carried out. In these tests, 12 mg ofa CoT, CuT or
TiO2was suspended in 12 ml of the 3 mM terephthalic acid (TA) and 0.1
M NaOH mixture and was irradiated by the same light source setup as in
the aforementioned experiment of CO2 reduction with the use of Xe
lamp. Samples were taken every 10 min for 60 min and the fluorescence
spectra were recorded using a Perkin Elmer LS-55 fluorimeter (Xex =
315 nm). The hydroxyterephthalic acid (TAOH) formation was moni-

tored as the increase of the maximum at 425 nm.

Results and discussion

Solvothermal synthesis is a common approach for obtaining crys-
talline materials, however, solvents or other agents used are often
organic. If the obtained product is not properly purified, the remaining
carbon may produce false results in photocatalytic tests of CO2 reduc-
tion. Therefore, the hydrothermal synthesis of cobalt tungstate (CoT)
and copper tungstate (CuT), in which the carbon-free inorganic sub-
strates were used, was selected. The syntheses resulted in dark violet
CoT and bright green CuT solids. Obtained materials were purified and
subsequently characterized. The materials were further ground with
commercial TiO2 (anatase phase) to form the junctions and their

behavior in photocatalytic processes was examined. The commercial

TiO2 was selected to avoid the post-synthetic impurities. This helped to
ensure that the carbon in the product of photocatalytic CO2 reduction

does not come from any other undesired side process.

SEM

The morphology of obtained materials was examined using SEM
revealing agglomerated nanoparticles (Fig. 1). Synthesized CoT forms
nanorods with an average dimension in the longitudinal axis in the
range of 15-150 nm and ca. 15 nm in the transverse direction. A similar
morphology of CowWwO4 obtained by the hydrothermal method was re-
ported by Zhen et al. [59]. CuT exhibits a polygonal structure resulting
from the aggregation of fine nanoparticles. The average diameter of
formed nanoparticles is ca. 25 nm.

Additionally, EDS analysis confirmed the presence of the constituent
elements in both materials (Fig. S2). For CoT, the approximate atomic

ratio of Co to W was 1 to 1 and for CuT the ratio of Cu to W was 2 to 1.

XRD

The XRD patterns of both materials (Fig. 2) exhibit the peaks
widening indicating the formation of small crystallites. From the
Scherrer equation, an average crystallite size of 13 and 12 nm was
estimated for CoT and CuT respectively. The diffractogram of TiOz2
anatase is presented in Fig. S3.

The diffractogram of obtained CoT corresponds with the JCPDS card
15-0867 (CoWO4). All peaks match closely with only slightly shifted
positions. This shows that the material may exhibit some irregularities in
the crystal lattice caused most likely by the small crystallite size.

The diffractogram of obtained CuT reveals peaks characteristic of

Fig. 2. XRD diffractograms of obtained materials. Intensities were normalized.

Fig. 1. SEM micrographs of CoT (left) and CuT (right).



both CuwW04-2H20 (JCPDS card 33-0503) and Cu2wW O 4(OH)2 (JCPDS
card 034-1297) phases. Both materials, when the particles are of suffi-
ciently small diameters, may exhibit similar diffractograms as reported
by Cheng [60] and Souza et al. [61]. Precipitation of the material from
the basic solution of WO 4~ and Cu2+ ions might result in the formation
ofboth CuwO04-2H20 and Cu2W O 4(OH )2 [38].Peaks of these two phases
lie mostly at the same positions, excluding the peaks at 19°, 38°, and 40°
characteristic of the second phase. The presence of these peaks in the
diffractogram of synthesized material (marked with asterisks) confirms
the existence of the Cu2W O 4(O H)2 phase. Moreover, the Cu2W O 4(OH )2
phase exists as the cuprotungstite mineral [62] which has a green color,
whilst pristine CuWwO4 is pale yellow or amber [63]. Thus, the color of
obtained material corroborates with the color of the mineral indicating

the presence of the mentioned phase.

XPS

X-ray photoelectron spectroscopy was used to analyze the oxidation
states of elements in CoT and CuT (Fig. 3Fig. 4). Deconvoluted W 4f7/2
and 4f5/2 region of both materials shows two doublets of peaks char-
acteristic of W 5+ and W 6+ species, respectively [64,65]. This confirms
the presence of expected W 5+ centers in the materials which are sup-
posed to be advantageous for CO2 adsorption and reduction.

For CoT the Co 2p3/2and 2p1/2signals are presentatbinding energies
of 781 and 797 eV and are separated by 16 eV characteristic of Co2+,
which excludes the presence of Co3+ in the sample (Fig. 3) [66].
Furthermore, strong shakeup satellites are present in the spectrum,
characteristic of CowO4 samples [67]. In the W line, two doublets were
observed at 34.4 and 36.0 eV. The presence of W 5+ in this material may
be correlated with oxygen defects, as the XPS spectrum of O 1 s depicts a
significant peak at 531.7 eV characteristic of defects and OH groups
along with the main lattice oxygen peak at 530.0 eV.

The XPS survey spectrum of CuT (Fig. S4) shows the Cu to W ratio of
2:1 which points to the presence of the Cu2W O4(OH)2 phase in the
synthesized material which is in good agreement with the XRD and EDS
results.

For the CuT sample, the Cu 2p spectrum consists only of Cu2+ as
evidenced by the strong satellite peak in the vicinity of the 2p3/2 peak
(Fig. 4). The W 4f7/2 and 4f5/2 region in this case also shows two dou-
blets of peaks at 34.4 and 35.6 eV indicating the presence of W 5+ and
W 6+ species, respectively. The presence of W 5+ may be related to the
oxygen defects and OH groups, as the XPS spectrum of O 1 s depicts both
the peak at 531.9 eV, characteristic of OH groups and defects, and the
main lattice oxygen peak at 530.5 eV. However, in comparison to CoT,
in CuT the W 5+ species constitutes the majority of tungsten. It may result
from the synthesis conditions, as the initial solution of copper nitrate
was more acidic than the cobalt nitrate. Therefore, more [W 207(0O H)]3-
ions could have been formed after the addition of sodium tungstate
before alkalization, and more OH groups could have been inserted into

the structures, as WO4- ions are prevalent in pH above 9 [15].

DRS

DRS measurements allowed for the estimation of optical bandgaps of
the synthesized materials (Figs. S5 and Fig. 5). The values were esti-
mated using the Tauc approach, and the transformation for the indirect
transition was applied [68].The indirect gaps were more suitable as they
matched the absorption edges energy (Fig. S5). Obtained values are
2.66 eV for CoT, and 2.30 eV for CuT indicating absorption in the UV
and visible light range (Fig. 5).

Photocurrents

To understand the photoactivity of the bare materials and possible
changes in combination with TiO2, the photocurrent response was
measured (Fig. 6). For TiO2, a strong anodic photocurrent (which in-
forms about the oxidative properties, particularly useful for H20
oxidation) appears in the whole range of applied potentials within the
material absorption range. For bare CoT, the photocurrents are very
weak which may indicate fast recombination of photogenerated charge
carriers. The photocurrents are anodic in the range of positive poten-
tials, whereas below zero, the response is cathodic (which shows the
ability of the material to reduce species present in the electrolyte solu-
tion, e.g., CO2). The spectral range of photocurrent generation by these
materials corresponds with the absorption range determined using DRS
(compare Sl). For CuT, its photoresponse matches the absorption edge,
although the photocurrents are anodic in the whole potential range.
Moreover, the currents above 400 nm are very weak, indicating not
efficient charge separation in this range. After combining the synthe-
sized materials with TiO2, the photoresponse changed. The change is
more pronounced in the case of CuT than CoT. For CoT, the change is
visible as the decrease in anodic photocurrent in the range of -100 to
200 mV, whereas in the case of CuT, the cathodic photocurrents emerge
in the negative potentials range after mixing with TiO2. Therefore, the
formation of heterojunctions between the synthesized materials and

TiO2 can be assumed.

Photocatalytic activity

Mixtures of the synthesized materials and TiO2were examined in the
photocatalytic CO2 reduction in the gas phase. Fig. 7 depicts plots of CO
evolution during the tests. In both cases, the activity in CO production is
enhanced compared to the activity of bare TiO2 and bare tungstates.
TiO2 is known for its photocatalytic efficiency, however, its activity in
CO2 reduction is not very impressive. Synthesized bare materials are
active in the reduction process, but in comparison to TiO2, CoT exhibits
lower yields of CO evolution. Li et al. reported that a low photoactivity
of pristine CoWO4 in CO2 reduction can be enhanced in the presence of
an electron donor and photosensitizer ([Ru(bpy)3]2+, bpy = 2,2-bipyr-
idine) [28]. Therefore, to improve CoT performance, it should be com-
bined with another photo- or redox-active material. When CuT or CoT

are combined with TiO2, the photoactivity increases, which confirms the

Fig. 3. XPS spectra of Co 2p, W 4fand O 1 s regions of CoT sample.



Fig. 4. XPS spectra of Cu 2p, W 4/, O 1 s regions of CuT sample.

Fig. 5. Tauc plots for CoT and CuT samples for indirect bandgap estimations.

Fig. 6. IPCE maps of TiO2, CoT, CuT and their mixtures.

successful performance of such junctions. The activity of CuT/TiO2
compared to pure CuT is only slightly higher. However, it was consis-
tently and reproducibly higher for every point for every sampling time
and so is considered significant and points to a higher activity.

Both CoT and CuT have W 5+ active sites exhibiting the affinity to
bonding carbon-containing species [69], which can be beneficial in the
CO2 reduction process, as it can increase substrate adsorption. The
higher activity of CuT may originate from the W 5+ prevalence and

presence of Cu, which is also discussed in the literature as an effective

center of CO2 adsorption and reduction [70,71]. The presence of the
mentioned sites is advantageous but also leads to surface poisoning
(especially with CO and HCHO) and thus inhibiting the reduction of CO2
over time. Therefore, the stability of photoactivity of CoT/TiO2 and
CuT/TiO2 was verified in three consecutive runs (Fig. S6). For both
CoT/TiO2and CuT/TiO2, the activity lowers by ca. 50% after three runs,
however, in the case of CoT/TiO2, this drop takes place already during
the second run, while for the CuT/TiO2 the decrease is gradual. These

results may indicate severe surface poisoning or photocorrosion - an



Fig. 7. Plots depicting the changes in the CO concentration during the photocatalytic tests with CoT/TiO2 (left) and CuT/TiO2 (right).

explanation of the activity drop would require further examination.

SPV and DOS

For further elucidation of the heterojunctions’ formation and
mechanisms of their photoactivity, SPV measurements were conducted
(Fig. 8). The change in the CPD (ACPD) caused by irradiation was pre-
sented (the absolute value of CPD, which was the baseline, was sub-
tracted). The change in the CPD is related to the accumulation of net
charge on the surface during irradiation which changes the work func-
tion of the material. To determine the electrons flow between the ma-
terials in the junctions the following approach was adopted - the layer of
one material was placed on top of the layer of the other material, e.g., the
CoT layer on the top of the TiO2layer, and vice versa [72,73]. Obtained
data indicate that in the case of CoT/TiO2, the junction is formed which
is evident as the change of CPD values compared to the changes of CPD
for bare materials under irradiation. However, the electrons flow is
possible from CoT to TiO2as well as in the opposite direction when the
semiconductors are excited as can be seen by the decrease in CPD values
both during irradiation periods when the CoT layer is on the top and
when the TiO2layer is on the top. In the case of CuT/TiO2instead, when
TiO2 is on the top, the CPD values are positive, indicating the charge
transfer from TiO2to CuT. When CuT is placed on top of the TiO2, the
switch from the positive values to negative is observed in the range of
main absorption of TiO2 (X < 380), which is related to the transfer of
electrons from excited TiO2to CuT. When TiO2is not excited, the excited
CuT may transfer electrons to TiO2. However, the process is not effec-
tive, as a relatively negligible increase of ACPD under the 380-400 nm
range of light is observed. Such behavior indicates the creation of a
higher barrier between CuT and TiO2 than in CoT and TiO2.

To determine the reason for the flow of charges indicated by SPV

results, the SE-DRS measurements were performed. This technique

allows for the estimation of the conduction band edge of examined
material by filling the empty electronic states with electrons by applying
the negative potential, and therefore, changing the material absorption
spectrum. The data are presented as the value of differences between the
Kubelka-Munk function at a given wavelength recorded for two subse-
quent potentials. This value corresponds to the density of states of the
material [74]. Fig. 9 presents the results for synthesized materials and
TiO2.

As can be seen, the CB edge for CoT lies at a significantly lower
potential than the CB of TiO2, whereas the CB for CuT almost overlaps
with the one of TiO2. Despite the CuT CB edge lies at a slightly lower
potential than the edge of TiO2 CB, there are some localized states under
the CuT CB edge. This finding is in agreement with the literature reports
[75,76]. These states should be able to accept electrons from excited
TiOz2. It is consistent with SPV measurements that indicate a favourable
electron transfer from excited CuT to TiO2. These outcomes led us to
propose different mechanisms of the two heterojunctions’ activity
(Fig. 10).

Taking into account the photocatalytic tests, it is possible, that the
lower activity for CoT in the junction with TiO2 is the result of the
competition between the electron flow directions denoted as le-,1
(major) and le-,2 (minor) in Fig. 10. However, such competition would
not be observed for the CuT/TiO2 junction, as the le-,1 and le-,2 have the
same direction, and the junction can possibly work as the type-l heter-
ojunction or an S-scheme heterojunction making the charge carriers
separation more efficient and therefore promoting CO2 reduction. Tak-
ing into account the enhanced activity in CO2 reduction it can be
concluded that CoT/TiO2 exhibits rather an S-scheme behavior, how-
ever, due to the competing, non-negligible le-,2 current, the classical S-
scheme can be considered disturbed.

To exclude the possibility of H20 oxidation to hydroxyl radicals at
additional

the tungstates, photocatalytic tests of oxidation of

Fig. 8. SPV measurements of bare and layered tungstates and TiOz: systems with CoT (left) and CuT (right).



Fig. 9. SE-DRS measurements of TiO2 compared with CoT (left) and CuT (right).

Fig. 10. Mechanisms of heterojunctions photoactivity of CoT/TiO2 (left) and CuT/TiO2 (right).

terephthalic acid to hydroxyterephthalic acid were made on bare ma-
terials. As expected, TiO2 exhibits high activity in hydroxyl radical
formation, whereas the studied tungstates have no detectable activity
(Fig. S7). Montini etal. compared selected MeWO4 (Me = Cun, Con, Nin,
Znn) in the photocatalytic degradation of organic dyes and concluded
that only ZnW O 4 is effective in this process [77], which indicates inef-
ficient hydroxyl radicals formation on CuwO4 and CoWO4. Therefore, in
the case of CuT/TiO2 and CoT/TiO2 the active site for the H20 oxidation
reaction can be assigned directly to TiO2, which corroborates with the

proposed mechanisms.

Conclusions

Two different materials from the class of tungstates were synthesized
and characterized. It was found, that the cation precursor has a strong
effect on the resulting material properties. The synthesis conditions
enabled achieving a large number of oxygen vacancies and W 5+ centers
that are advantageous in terms of CO2 bonding and reduction.

Both materials show activity in CO2 reduction which is enhanced in
mixtures with TiO2. The activity of CuT/TiO2 turned out to be better
than that of CoT/TiO2 which may be ascribed to lower recombination
rates of photogenerated charge carriers and to the presence of a larger
number of defects and Cu2+ centers active in CO2 reduction. The dif-
ferences in the activity of both materials and their mixtures were further
elucidated with spectroelectrochemical and surface photovoltage mea-

surements. It was found that depending on the electronic properties of

the materials, the height of the barrier differs, determining the type of
junction between the materials (here: the disturbed S-scheme and the
type-1 heterojunction for CoT/TiO2 and CuT/TiOz2, respectively). In the
case of CuT/TiO2 the transfer in only one direction was observed,
whereas for CoT/TiO2 the charge flow in both directions (i.e., from CoT
to TiO2 and reverse) can take place. Such behavior may disturb the
efficient performance of the CoT/TiO2 system. Therefore, CuT is
considered to be a more promising candidate to create useful mixtures
with TiO2 for photocatalytic CO2 reduction.

Our analysis shows, that it is necessary to examine the nature of the
contact between the components and electronic structure of the mate-
rials creating the mixtures to establish the possibility of charge carriers

flow between them for the correct determination of the junction type.
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