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Abstract

The reform of CO, through photocatalytic processes to obtain products with high energy

value and compatible with the current energy infrastructure, is a compelling strategy to

minimize the emission of CO, at atmosphere, one of the main greenhouse gases.

However, practical application of such a photocatalytic system requires significant efforts

for improved CO; photoreduction performance and product selectivity. Thus, in the

present work, CuO nanoparticles were combined with Nb,Os in order to improve the

photocatalytic properties of these semiconductors in the CO; photorreduction process.

The Nb,Os/CuO heterojunctions were prepared via solvothermal treatment method, while

that experimental tools, such as FESEM. HRTEM., and DRS were employed to evaluate

the microstructural and electronic properties. We describe how CuQ decoration over

Nb2Os_adjusts its selectivity for CO; reduction to CHs, HCOOH or H;CCOOH in

different contents. An investigation of CO, photoreduction using different electron

donors/scavengers (water, sodium oxalate and potassium bromate) under ultraviolet

radiation revealed that its decoration influences local CO production by modifying the

selectivity. CO has been confirmed as the main intermediate for HCOOH and CH3COOH

production, and CO> reduction efficiency increases with low CuO content (2.5% wt),

leading to the formation of soluble hydrocarbons and increasing for CHy4 in higher

amounts (10% wt).

Keywords: CO> photoreduction; artificial photosynthesis; heterojunction; mechanism;

niobium oxide.



1. Introduction

CO: photoreduction, also known as artificial photosynthesis, is an alternative for
hydrocarbon production as methane, methanol and formic acid'-?, and also contributes to
addressing energy and environmental issues. Although CO; photoreduction in water
using semiconductors as photocatalysts has long been demonstrated®, achievements in
this area remain insignificant compared to that with other photoactivated reactions, such
as H production by water-splitting and pollutant photodegradation®’. The main
challenge lies in the high chemical stability of CO», implying that charge (e/h" pairs)
recombination effects are maximized by poor electron transference to CO; during the
reaction. Therefore, the catalysts must have low charge recombination rates and surface
affinity for CO; in order to initiate the CO> reduction reaction®.

Our research group recently demonstrated that pristine Nb2Os has potential for
CO; photoreduction, but with preferential CO evolution. Despite CH4 being observed in
specific synthesis conditions, its yields remain low, indicating that the interaction of CO»
with Nb2Os surfaces is limited by its high acidity®!!. Decorating the catalyst with other
semiconductors may increase the interaction of reduction intermediates, modifying its
selectivity. CuO is a viable choice due to its well-known ability to reduce CO; to CHa.

Furthermore, Nb,Os forms with CuQO a type-II heterostructure, that is, there is an overlap

of the band gap's, which is possible due to the position of the semiconductor bands and

due to their Fermi levels. In this type of configuration, semiconductor 1 has valence band

and conduction band lower than the semiconductor 2. Therefore, electrons are

accumulated in one semiconductor and holes in the other semiconductor, which causes

the photogenerated charges to migrate in opposite directions, increasing the charge

separation and favoring catalytic performance (adicionar as referencias)!?'*. However, we

recently found that CuO behaves as a co-reactant in CO» reduction, becoming poisoned
after a few cycles!'®. Moreover, the synthesis method plays a critical role, small variations
in particle size and surface chemistry can compromise the catalyst’s performance!>. We
hypothesize that this instability is due to the associated oxidation reaction over the
surface: when the electron-hole pair is formed, while electrons are used to reduce CO-,
the holes oxidize water into O in the same particle, leading to further reactions that tend
to induce poisoning. Therefore, charge separation is also crucial to maintaining CuO
activity, which can be promoted through suitable heterojunction with other

semiconductors'¢18,



Thus, in this paper we propose a NboOs/CuO heterojunction for CO; reduction
tailored by solvothermal synthesis. This heterojunction has been successfully investigated
for Cr(VI) reduction'®, which supports its potential for the more challenging CO,
reduction process. The heterojunction increases catalyst selectivity. Furthermore, the
mechanistic aspects of CO; reduction were properly evaluated. These results show that
this heterojunction is an adequate photocatalyst for artificial photosynthesis, with a
preference for CHs4 production and possible optimization for larger molecules such as

HCOOH and CH3COOH.

2. Materials and methods
2.1. Synthesis of the Nb>Os/CuO heterojunction (Nb/Cu)

Appropriate amounts of commercial Nb2Os powder (Sigma-Aldrich, 99.9%) were
dispersed in a copper acetate (Sigma-Aldrich, 99.0%) solution (0.05 M in ethanol-99.5%),
with continuous stirring for 10 min, followed by solvothermal treatment at 110 °C for
20 h. Nb/Cu samples were then prepared using differently weighted CuO ratios on Nb2Os
(between 2.5 and 10 wt%), with a constant total concentration in the solvothermal vessel
of 2 g.L'l. Following this treatment, samples were dried at 60 °C for 4 h!°. The samples
prepared using weight ratios of CuO to Nb2Os of 2.5, 5.0 and 10 wt% are denoted as
Nb/Cu-2.5%, Nb/Cu-5% and Nb/Cu-10%, respectively.

2.2. Characterization

Basic characterization was performed by means of an X-ray powder
diffractometer (XRD) with CuKa radiation (A = 0.15406 nm), using a Shimadzu XRD
6000. Morphologies were analyzed by high-resolution transmission electron microscopy
(HRTEM FEI TECNAI G2 F20) and field emission scanning electron microscopy
(FESEM JEOL JSM 6701F). Samples for the HRTEM analysis were prepared by wetting
the carbon-coated copper grids with a drop of the colloidal suspensions and air-drying.
Semi-quantitative atomic compositions were achieved with energy-dispersive X-ray
spectrometry (Gatan EDX accessory coupled to the HRTEM). Cu concentration in the
heterostructures was analyzed through atomic absorption spectrophotometry (AAS
Perkin Elmer PinAAcle 900T).

Specific surface areas (SSA) were established by measuring nitrogen
adsorption/desorption isotherms at 77 K, using a Micromeritics ASAP-2020 instrument.
Then, SSAs were calculated using the Brunauer-Emmett-Teller (BET) method. Diffuse



reflectance spectra (DRS) in the ultraviolet-visible region were recorded at between 200
and 800 nm at ambient temperature using a Varian Cary 5G instrument operating in
diffuse reflectance mode and with the band gap energy determined by the Tauc
method?%-2!.

The characterization procedure using different techniques, such as X-ray

diffractometry, diffuse reflectance spectroscopy, and XPS survey. as well as a graph

showing the CO; concentration during the photoreduction process over time, is shown in

detail in the Supporting Information.

2.3. Photoreduction tests

CO: photoreductions were carried out in a cylindrical steel reactor covered in
borosilicate glass and with a 500 mL capacity. 0.3 g of each of the catalyst powders were
dispersed in 300 mL of water. Ultrapure CO2 was then bubbled through the open-top
reactor for at least 20 min to ensure that all dissolved oxygen was eliminated. The pH of
the solution after the CO; bubbling was approximately 5.5. The illumination system
included a UVC lamp (OSRAM 11 W, with a maximum of 253.7 nm) in the center of the
reactor and an incident light intensity of 21.49 mW.cm. To better understand the reaction
mechanism, CO photoreduction was carried out under the same conditions of CO:
reduction, having only changed the bubbling gas.

Reactions were monitored by gas sampling in the reactor headspace (200 ml) at

regular intervals. Gaseous products were determined employing gas chromatography

(model CP-3800, Varian) using a thermal conductivity detector (TCD) and flame

1onization detector (FID), with the analytical method temperature of 150 °C for FID, 200

°C for TCD, respectively, and the injector temperature of 150 °C. It was used a packaged

column HayeSep N (0.5m x 1.8”) containing a 13X molecular sieve. High-performance

liquid chromatography (HPLC) measurements were carried out to verify products formed

in the liquid phase. Samples were collected after 24 h of the CO; reduction reaction and

20 uL were injected into the Shimadzu HPLC-LC-20AD chromatograph. Aminex HPX-

87H column (300 x 7.8 mm) capable of analyzing carboxylic acids and alcohols was used,

with dilute solution of H>SO4 (3.3 mmol L!) as mobile phase with 0.6 mL min™' flow

rate. Column and detectors were kept at 40 °C'3,

Reactions were monitored by gas sampling in the reactor headspace (200 ml) at
regular intervals. Gaseous products were determined by means of gas chromatography

using a thermal conductivity detector (TCD) and flame ionization detector (FID) Varian,



CP-3800. High-performance liquid chromatography (HPLC) measurements were carried
out to verify products formed in the liquid phase. Samples were collected after 24 h of
the CO> reduction reaction and 20 uL were injected into the Shimadzu HPLC-LC-20AD
chromatograph!® Blank reactions were carried out to confirm that the measured CH4 and
CO were in fact derived from CO; photoreduction and not from previously dissolved
gases or self-photolysis. The first blank reaction was performed without the catalyst,
holding all other experimental conditions constant. The second test was conducted in a

nitrogen atmosphere to verify any product release or formation from the catalyst.

3. Results and discussion
3.1. Characterization

The X-ray diffraction patterns are shown in Figure 1 and identified by the Nb,Os
orthorhombic structure (JCPDS #71-0336) for both the pristine Nb2Os and Nb>Os/CuO
heterojunctions. CuO peaks are not present due to the low concentration (0-10%) and
small particle sizes, despite the 20 = 30-45° range (Figure 1b). Two main diffraction
peaks of (-111) and (111) related to copper oxide (JCPDS #48-1548) are visible (see
supplementary material). The effective CuO precipitation with the Nb2Os phase is

confirmed by atomic absorption spectrometry (Table 1) with values close to the expected

compositions.
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Figure 1. X-ray diffractions of the Nb2Os and Nb2Os/CuO heterojunctions in the region
between 15-65 (a) and 30-45 (b).

The optical properties of the composites were measured by UV-visible diffuse

reflectance spectroscopy. The band gaps of the heterostructures were determined using




22,23

the Tauc model, assuming that CuO and Nb,Os presented direct-type transition. For

their direct allowed band gap feature, the band gaps (E.) of all synthesized samples were

calculated according to the following formula:

ahv = A(hv — E)'/2, 0]

where a is the linear absorption, A is a constant, 4v is the photon energy. and E, is the

direct band gap. Extrapolating the linear section of the (hv) — (a¢hv/A)? to (ahv/A)? =

0. the intercept value is E,. UV-Vis spectra (Figure S2) indicate two band gaps,

consistent with what is expected for the isolated phases, as can be seen in Table 1 223,

Specific surface areas (Table 1) increase with the CuO concentration, suggesting an

increase in surface roughness from 1 to 8 m?.g!.

Table 1. Band gap energy, Cu content (by AAS) and specific surface area (BET) for the
synthesized materials.

Samples  Cu(%) SSA (m*g!) Band gap (eV)

Nb,Os - 14 3.1
Nb/Cu-2.5%  2.91 1.0 2.1/3.1*
Nb/Cu-5% 5.55 4.1 2.2/3.1*
Nb/Cu-10%  8.18 8.4 2.2/3.1*

CuO 100 122 1.8

* The synthesized heterostructures showed two distinct bandgaps.

Nb2Os is composed of rods with an average particle size of 700 nm (Figure 2a),
while the heterojunctions (Nb/Cu-2.5%, Nb/Cu-5% and Nb/Cu-10%, Figure 2b-d)
randomly show CuO nanoparticles over the NbOs surfaces. The interface between CuO
nanoparticles and Nb2Os is also displayed in Figure 2e-f). The interplanar spaces agree
to (010) the Nb2Os orthorhombic structure (0.38 nm) and (111) CuO monoclinic structure
(0.24 nm)*.
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Figure 2. SEM micrographs of the Nb,Os and Nb,Os/CuO heterostructures (a-d),
HRTEM (e), and line scan for Nb and Cu elements (f) of the Nb/Cu-10% heterojunction.

The XPS survey analysis (Figure S3) shows that the Nb,Os only has Nb signals,
while the heterostructures present Cu signals, as expected. Through high resolution Ols
XPS spectra (Figure 3), Nb2Os displays two peaks at approximately 529.98 and 531.18
eV, respectively, related to oxygen coordinated with Nb and H (in OH)?. After the
formation of the heterojunction between Nb.Os and CuO, the peak intensity at 531.18 eV



increases with the CuO ratio, regarded to the binding energy contribution of intrinsic
oxygen defects in CuO crystal lattice?®?”. At 533.18 eV, the peak probably relates to O-
C bonding from acetate groups on the copper oxide surface, as was previously reported

by our research group?®.
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Figure 3. High-resolution XPS fitting of the Ols, a) Nb2Os, b) Nb/Cu-2.5%, ¢) Nb/Cu-

5% and d) Nb/Cu-10%.

3.2. CO:photoreduction tests

Figure 4 shows CH4 evolution profiles from CO; photoreduction, indicating that
the Nb/Cu-10% heterostructure was more efficient than the other heterostructures —
including Nb>Os and TiO»-P25 (as references). All of the heterojunctions were more
active than the isolated Nb,Os phase, indicating that the Nb2Os/CuO interaction probably

increases charge carrier recombination time. CO; concentration in the reactor headspace

is constant (Figure S4), indicating that photoreduction processes only take place in as-

solubilized COx.
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Figure 4. Kinetics of methane generation from the CO; photoreduction under UV

irradiation at 25 + 3 °C.

The limits of the photoreaction can be probed by analyzing the reactions using
scavengers that act as electron/hole sacrificial donors. Oz is the only product, and at a
remarkably high level, when CO> reduction is performed in a potassium bromate solution
with a sacrificial electron scavenger inhibiting any CO- reduction (Figure 5). On the other
hand, using sodium oxalate (a sacrificial electron donor), Oz evolution from water is
suppressed and, therefore, hydrogen will not be available for combining to form CO. In
fact, analysis of the gas phase indicates that only CO was formed when the CO>
photoreduction took place in the presence of sodium oxalate, as no hydrogen source was
present. The imbalance between CO and CH4 production suggests that other byproducts
may be formed in solution by the interactions across both phases. In fact, some significant
amounts of hydrocarbons in solution were detected by HPLC (Figure 6a) after 24 h of
CO; reduction, mainly comprising formate (HCOO") and acetate (CH3COO"). The
Nb/Cu-10% heterojunction was more active for HCOO" production while the Nb/Cu-
2.5% heterojunction favored CH3COO". These indicate that product formation depends
on a balance with CO and CH4 production, reinforcing that each phase in the

heterostructure plays different roles in CO> reduction.
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Figure 5. Influence of the electrolytes (H>O, Na>C>04, and KBrOs3) on product selectivity
in CO2 photoreduction using the Nb/Cu-10% system.
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Figure 6. (a) Chromatogram and (b) quantification of products formed in solution after

24 h of reaction under UV radiation.

We can compare the efficiency of catalysts by considering the total CO> reduction
efficiency, i.e., the effective number of electrons that the catalyst transferred for a reduced
C species, as can be seen in Table 2. All of the CuO modifications increased Nb,Os
activity but the distribution of byproducts depends on the CuO content. We suspect that
the CuO decoration favors the production of C-H bonds, which will influence in small
contents to the dimerization of —CH3 and —COOH groups, leading to H3CCOOH
production. In higher quantities (i.e., 10% CuO), the preference for CHs indicates that the

catalytic behavior is dominated by CuO, which evenly covers all of the Nb,Os surface. In



that sense, the capacity of the system to reduce COz to CO is essential for increasing the

formation of C2 molecules, even in the presence of CuO.

Table 2. Total production after 24 hours of reaction and CO; reduction efficiency.

Photocatalyst Products (nmol/g) "RE (ne..g/umol )
CHy HCOOH CH;COOH

Nb20s 15 14 29.5 266

Nb/Cu-2.5 % 28 7.5 72 527

Nb/Cu-5.0 % 24 3.0 26 302

Nb/Cu-10 % 48 74 7 560

*RE-calculated by the total number of electrons used to reduce the CO».

Table 3. Apparent quantum yield calculated based on incident photons at 254 nm and the
selectivity of the photocatalyst after 24 hours.

Photocatalyst Apparent Quantum yield (%) Selectivity (%)

CH4 HCOOH CH;COOH CHy HCOOH CH3;COOH
Nb,Os 0.089 0.0208 0.175 45.1 10.5 44.4
Nb/Cu-2.5%  0.166 0.0111 0.427 42.5 2.9 54.6
Nb/Cu-5.0 %  0.142 0.0044 0.154 63.6 2.0 34.4
Nb/Cu-10 % 0.285 0.110 0.0415 68.6 26.4 5.0

To confirm that CO is the reaction intermediate in accordance with the previous

hypothesis, we performed a CO photoreduction experiment with an Nb/Cu-10% catalyst,

as can be seen in Figure 7. As proposed, the CO photoreduction conducted to high

formate and acetate yields compared to CO» photoreduction (only formate), confirming

the dependence of CO availability for the formation of larger molecules. In fact, this was

suggested by Jones et al.?’, who assert that stable CO, surface adsorption would

preferentially lead to CH4, while unstable adsorption may indicate fast CO desorption

(assuming this as the first step of CO2 photoreduction).
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10% heterostructure.

In comparing this to a schematic band scheme for this heterojunction, it is apparent
that both H,O/O, evolution (+0.82 V vs NHE) and CO»/CHj4 (-0.24 V vs NHE) can occur
in both oxides, even when isolated®*’. However, the high band mismatch between CuO
and NbOs suggests that this system works as a Z-scheme instead of a real heterostructure,
i.e., electrons preferentially migrate to CuO, favoring its reductive potential, while Nb2Os
concentrates holes, driving O2 evolution (Figure 8b). Despite this remaining an open
discussion as this point (depending on the detailed band structure characterization), the
heterojunction is seen as being effective for promoting catalytic activity for reduction

reactions (Figure 8a).
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Figure 8. Scheme of energy levels in the formation of heterojunction (a) and Z-scheme

(b) between CuO and Nb,Os, excited with UV radiation.



Based on these results, we can propose a general mechanism for the interaction of
the catalyst surface with CO> and its relationship with the selectivity of the products
generated in the CO» photoreduction process, as is shown in Scheme 1. Initially, we must
take into account that, since the pH of the reaction medium is close to 5.5, a small part of
the CO2 molecules are in the form of HCO?" ions, while the majority are in the form of
COs. Although CO; is a linear molecule with no dipolar moment, both O atoms have a
pair of electrons that can be transferred, so it can behave as a Lewis base; on the other
hand, C can behave like a Lewis acid and receive a pair of electrons®'. According to
Nakajima et al.>2, the NbOy tetrahedron, present in the Nb,Os structure, forms NbO4-H20
in the presence of water, which acts as Lewis acid sites receiving a pair of electrons from
CO; oxygen, and so the oxygen from the CO, forms a predominant coordination with the
surface of Nb,Os, whereas the surface of the CuO nanoparticles serve as Lewis base sites
by donating a pair of electrons to the carbon atom, as demonstrated by Wu et al.%.
Therefore, the increase in CHs production in accordance with the CuO content is
consistent with a longer surface interaction with C, promoting subsequent interactions
with H*, as is also observed in the CO reduction experiment (Figure 7a). Similarly, the
preferential CO production by Nb2Os agrees with the lower C interaction in this oxide.

Scheme 1. Scheme of the possible CO; adsorption on the surfaces of Nb,Os and CuO.

b

Nb,O; surface Nb,O5/CuO surface

@®Cu0 eeeCO, @@ CO tb; CH, wm)zos

To investigate the catalyst’s stability, Nb/Cu-10% was used four times, as is
shown in Figure 9. The CO:> photoreduction activity of Nb/Cu-10% decreased
considerably in the first cycle, suggesting some poisoning. However, the heterojunction
remained highly active over the next three cycles without any indication of subsequent
poisoning. This suggests that the catalyst is reusable under the experimental conditions

described, still offering significant CHy yields.
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Figure 9. The cycling tests of the CO> photoreduction activity of Nb/Cu-10% after 24 h

under UV irradiation.

Conclusions

CuO and Nb;Os have both been shown to be viable photocatalysts for CO>
reduction, leading to different byproducts (CHs and CO, respectively). The CuO
decoration over Nb2Os proposed herein, forming a heterojunction, can potentially
increase the charge separation during photoexcitation but, more importantly, is influenced
in the byproduct selectivity, increasing H;CCOOH production with lower CuO contents.
This mechanism study indicates that CO production is a key step in longer hydrocarbon
production and is particularly important for H;CCOOH — supporting the hypothesis that
for this reaction, both —CH3 and —CO should be formed on the same surface. These
reactions can inform synthesis strategies for more efficient CO, = C2 reduction

photocatalysts that make use of the specific activity of the different catalysts.
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