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ABSTRACT Amorphous copper oxide (Cu(ll)) nanoclusters function as efficient electro-
catalysts for the reduction of carbon dioxide (C0,) to carbon monoxide (C0). In addition to
promoting electrocatalytic activity, Cu(ll) nanoclusters act as efficient cocatalyts for €O,
photoreduction when grafted onto the surface of a semiconductor (light harvester), such as
niobate (Nb;03 ) nanosheets. Here, the photocatalytic activity and reaction pathway of Cu(ll)-
grafted Nb;03~ nanosheets was investigated using electron spin resonance (ESR) analysis and

isotope-labeled molecules (H,'%0 and ™(0,). The results of the labeling experiments 0,
demonstrated that under UV irradiation, electrons are extracted from water to produce oxygen Copper
(*®0,) and then reduce €0, to produce (0. ESR analysis confirmed that excited holes in the (nanpclustersy (/

valence band of Nb;0z~ nanosheets react with water, and that excited electrons in the Nb3;Og Nanosheets

conduction band of Nb;03~ nanosheets are injected into the Cu(ll) nanoclusters through the

interface and are involved in the reduction of €0, into CO. The Cu(ll) nanocluster-grafted Nb;05~ nanosheets are composed of nontoxic and abundant
elements and can be facilely synthesized by a wet chemical method. The nanocluster grafting technique described here can be applied for the surface

activation of various semiconductor light harvesters, such as metal oxide and/or metal chalcogenides, and is expected to aid in the development of efficient

(0, photoreduction systems.
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he need for safe and efficient solar
Tenergy conversion systems has been

highlighted by current energy and
environmental issues. In particular, photo-
catalytic carbon dioxide (CO,) reduction has
attracted increasing interest as an approach
for directly converting solar energy to useful
fuels, such as methane, methanol, carbon
monoxide, formic acid and formaldehyde.'
For such conversion, photocatalytic sys-
tems commonly consist of a photocatalytic
semiconductor, termed a light harvester,
coupled with a cocatalyst. Under light irra-
diation, excited electrons in the conduction
band of the light harvester are injected into
the cocatalyst to promote CO, reduction,
while photogenerated holes in the valence
band of the light harvester oxidize reducing
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agents, such as water molecules to produce
oxygen. Since the finding that p-type
gallium phosphide functions as a photo-
cathode to convert aqueous carbon dioxide
to formic acid, formaldehyde, and metha-
nol, with part or all of the energy being
supplied by light irradiation,® researches
have focused on the identification of highly
efficient light-harvesting materials. Several
semiconductors, including TiO,,* CdS, GaP,
Zn0, SiC* and SrTiO5,° have also been re-
ported to be effective photocatalysts for
CO, conversion. However, CO, photoreduc-
tion is generally considered to be more
difficult than hydrogen evolution from
water, as the former reaction requires high
conduction band potential. Further, CO,
reduction involves the multiple electrons
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reduction process; for example, two electrons for
the production of carbon monoxide (CO) and
formic acid (HCOOH), and six and eight electrons for
methanol (CH;OH) and methane (CH,;) production,
respectively. Thus, the surface modification of light
harvesters with cocatalyst is necessary to drive multi-
electron reduction reactions for the production of
hydrocarbon fuels.

Recently, Sato et al. reported the photocatalytic
reduction of CO, into formic acid with a quantum
efficiency of 1.9% using N-doped Ta,O5 under visible
light in the presence of ruthenium complex as a co-
catalyst and triethanolamine as an electron donor.”~®
Although ruthenium complex selectively promotes
CO, reduction,® it is not an abundant material and
requires a complicated synthesis process. In contrast
to noble metal complexes, nanoparticles composed of
metal or inorganic compounds such as copper,'’ '3
silver," and stannic oxide'® are environmentally abun-
dant and can be generated through facile synthesis
reactions, and are therefore more suitable candidates
as cocatalysts for practical CO, reduction systems. For
example, silver (Ag)-loaded ALa,Ti,Oq5 (A = Ca, Sr, or
Ba) photocatalysts with layered perovskite structure
efficiently produced more carbon monoxide than
hydrogen using water as an electron donor.™ In addi-
tion to the use of dispersed powder in photocatalytic
reduction systems, the application of cathodic bias-
potential for photoelectrochemical electrodes enables
a negative potential shift to drive CO, reduction
reactions.”> "7 To further lower the bias potential for
selective reduction reactions, efficient cocatalysts are
required. However, the development and combination
of efficient CO, reduction cocatalysts with suitable
light harvesters remains challenging.

An efficient CO, photoreduction system requires the
following three components: (1) an efficient cocatalyst
to drive multielectron reduction reactions by an elec-
trochemical investigation under dark condition; (2) an
effective light harvester modified with the cocatalyst
for photocatalytic CO, reduction; and (3) the cocatalyst
and light harvester materials must be derived from
abundant and nontoxic elements. To satisfy the first
and third requirements, various metallic electrocata-
lysts have been examined for CO, reduction.’®'® In
particular, copper is an abundant and eco-friendly
element with high selectivity for CO and formic
acid production®®~2* owing to its chemisorption—
desorption of CO,%* and high CO binding energy.?
Very recently, we reported that the grafting of cocata-
lysts composed of copper oxide (Cu(ll)) nanoclusters
onto Ti0,2°73° Zn0.*'*? Bi,0;,** and SITi0;**** as
light harvesters efficiently promoted the multielectron
reduction of oxygen molecules.?*~3¢ In these photo-
catalytic systems, the excited electrons are generated
in the Cu(ll) nanoclusters and react with oxygen mole-
cules in a two-electron reduction reaction to produce
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hydrogen peroxide.’*** The small size of the Cu(ll)
nanoclusters (<3 nm) promotes the accumulation of
excited electrons and thereby leads to the efficient
multielectron reduction of oxygen. Further, the excited
states of the nanoclusters are highly stable, as these
Cu(ll) nanoclusters are composed of amorphous oxides
and exhibit high structural flexibility. Although Cu(ll)
nanoclusters have been used as cocatalysts for photo-
catalytic environmental purification, including anti-
bacterial®® and deodorization treatments, 2628303335
their application for energy production, particularly
water splitting and CO, photoreduction reactions,
has not yet been reported. However, because many
recent studies have demonstrated that metallic copper
nanoparticles function as effective electrocatalysts
for CO, reduction,?**>37~%7 we speculated that Cu(ll)
nanoclusters are effective cocatalysts for multielec-
tron reductions reactions in combination with light
harvester compounds.

In contrast to cocatalysts, relatively few light harvest-
ers are potentially applicable for CO, reduction, as the
reaction requires more negative potential than that
needed for hydrogen evolution or oxygen reduction.
Among the various candidate, layered niobate com-
pounds are expected to have sufficient negative con-
duction band potential for the reduction of CO,
molecules.*® In addition to the chemical composition,
the quantum nanostructure of the light harvester
markedly influences the conduction band level. We
speculated that the conduction band of niobate could
be increased according to quantum confinement
effect® by delamination of bulk niobate to form
nanosheet structures. This approach would also in-
crease the specific surface area available for modi-
fication with cocatalysts and shorten the electron
transport distance from the conduction band of the
niobate (Nb3Og~) nanosheets to the surface-grafted
cocatalysts.

In the present research, we examined the electro-
catalytic properties of Cu(ll) nanoclusters grafted onto
a conductive substrate under dark conditions with
cathodic bias potential. After optimization of the clus-
ter structure, the Cu(ll) nanoclusters were grafted onto
NbsOg ™ nanosheet light harvester and the photocata-
lytic CO, reduction activities of the modified light
harvester were investigated under UV-light irradiation.
The dynamics of photogenerated charge carriers at the
interface between the light harvester and nanocluster
cocatalysts were investigated by spectroscopic ana-
lyses, including electron spin resonance (ESR), and the
reaction pathway for CO, reduction was studied using
an isotope labeling experiment.

RESULTS AND DISCUSSION

Electrocatalytic Property of Cu(ll) Nanodlusters. Cu(ll)
nanoclusters were grafted onto a metal titanium sub-
strate using an impregnation method*® and their
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Figure 1. (a) Cyclic voltammograms of Ti sheets grafted with copper oxide nanoclusters or sputtered with platinum in
aqueous electrolyte (0.5 M KHCO;3 for CO, bubbling, 0.5 M KCI for Ar bubbling; pH adjusted to 12 with NaOH). (b) Cyclic
voltammograms of Ti sheets grafted with copper oxide nanoclusters in anhydrous organic electrolyte (acetonitrile containing
0.1 M tetraethylammonium tetrafluoroborate) under CO, or Ar bubbling.

electrocatalytic properties were then examined under
CO, or Ar bubbling in aqueous and anhydrous con-
ditions (Figure 1). As a comparison, an unmodified
platinum plate was also examined as a representative
conventional cathodic electrode. In an aqueous elec-
trolyte, the platinum cathode exhibited a clear current
generated from the water-splitting reaction, and no
significant differences were observed between the CO,
and Ar bubbling conditions (Figure 1a). In contrast, the
current density of the electrode grafted with Cu(ll)
nanoclusters under a CO, atmosphere was higher than
that under Ar bubbling. This current difference was
assigned to the cathodic current generation of the
reduction of CO, molecules and/or carbonic acid in
water induced by the Cu(ll) nanoclusters, as bare
titanium substrate did not generate significant current
differences under CO, or Ar bubbling. Under anhy-
drous electrolyte conditions, a similar trend was ob-
served (Figure 1b), indicating that the Cu(ll) nano-
clusters acted as an effective electrocatalyst for CO,
reduction.

X-ray photoelectron spectroscopy (XPS) analysis
was conducted under electrochemical cathodic polar-
ization to determine the valency of copper in each
reduction peak (Figure S1a, Supporting Information).
Without the application of bias potential (0 V), Cu(ll)
was detected, as indicated by the presence of high-
intensity shakeup satellites at higher binding energy
than the main 2ps/, and 2p;/, peaks,”® which are not
assigned to the spectra of Cu(0) and Cu(l). The satellite
peaks of Cu(l) are similar to those of Cu(ll) species, but
the presence of Cu(l) was distinguished by the positive
shift of the binding energy. Under a bias potential of
—0.5 V (vs Ag/AgCl), Cu(ll) ions were reduced to Cu(l).
Under the bias potential of —1.2 V for several minutes,
there is no XPS signal, indicating that the Cu(l) species
are reduced to Cu(0) states, which are unstable and
detached from the surface of the Ti electrode. We also
evaluated the gas composition in the headspace
of our electrochemical cell by gas chromatograph
(Figure S1a, Supporting Information), then CO was
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detected under bias-potential at —0.5 V as well as
—1.2 V. These results indicate that both the Cu(ll) and
Cu(l) species act as catalytic sites for the reduction of
CO, into CO.

For the detailed structural characterization of the
Cu(ll) nanoclusters, we performed X-ray absorption
near edge structure (XANES) and extended X-ray ab-
sorption fine structure (EXAFS) analyses using synchro-
tron apparatus (Figure S2, Supporting Information).
The X-ray absorption analyses revealed that the local
structures of the nanoclusters resembled copper mon-
oxide (CuO) and/or copper hydroxide (Cu(OH),).3°3¢
We also examined the Cu(ll) nanoclusters grafted
on the niobate nanosheet by transmission electron
microscopy (TEM) (Figure 2d), and determined that the
Cu(ll) ion nanoclusters were several nanometers in size
and had an amorphous structure. The Cu(ll) nano-
clusters on the niobate nanosheets were synthesized
using a similar impregnation method to that used in
our previous studies.>° Previous studies have indicated
that these amorphous copper oxides are highly stable
under excited conditions and are critical for driving
multielectron reduction reactions.?6~3¢

Photocatalytic (0, Reduction with Cu(ll) Nanoclusters as
Cocatalyst. On the basis of the results of the above
electrochemical experiments, Cu(ll) nanoclusters ap-
pear to drive CO, reduction by lowering the bias
potential. Therefore, the Cu(ll) nanoclusters were ex-
pected to act as cocatalysts when grafted onto a light
harvester, such as niobate nanosheets, with high con-
duction band potential. As revealed by atomic force
microscopy (AFM), the prepared Nb3Og™ nanosheets
had monodispersed sheet morphology with a thick-
ness below 2 nm, and length and width of hundreds of
nanometers (Figure 2a). The same nanosheet morphol-
ogies were also observed by TEM analysis (Figure 2b).
The obtained TEM diffraction pattern revealed that the
NbsOg~ nanosheets had single crystal structure and
that the exposed plane was oriented in the [010]
direction (Figure 2c). The X-ray diffraction pattern of
a thin film of Nb3Og™ nanosheets clearly indicated

VOL.9 = NO.2 = 2111-2119 = 2015 K@}Nﬁ@i{\j

WWwWW.acsnano.org

2113



500nm 1.00x1.00um 0-00

203.53nm

electron
diffraction
pattern
uvw=[010]

Figure 2. (a) AFM image, (b) TEM image, (c) and electron diffraction pattern of Nb3Og™ nanosheets (L = 50 cm), and (d) TEM
image of 2.5 wt % copper oxide nanoclusters-grafted Nb3;Og™ nanosheets.

that the crystals were oriented in the b-axis direction
(Figure S3, Supporting Information), as the exposed
faces of the Nb3Og™ nanosheets were attached and
stacked on each other. Figure 2d shows a TEM image
for the Cu(ll) nanocluster-grafted Nb3;Og™ nanosheets.
Nanoclusters of 2—3 nm in size were clearly detec-
ted by energy dispersive X-ray spectroscopy (EDS,
Figure S4, Supporting Information), and were found
to be highly dispersed on the surface of the Nb;Og™
nanosheets.

UV—visible absorption spectra were obtained for
NbsOg™ nanosheets grafted with and without copper
oxide nanoclusters (Figure 3a). The band-to-band tran-
sition of the Nb3Og™ nanosheets appeared at 300 nm,
whereas the absorption at 430 nm is attributable
to interfacial charge transfer (IFCT).>° The broad ab-
sorption in the range of 600—800 nm is attributable
to the d-d transition of the Cu(ll) species.’’ A plot of
the square root of absorption efficiency (o) multiplied
by the photon energy ((@hv)'?) versus the photon
energy showed a linear relationship (Figure 3b),
indicating that the Nb3Og™ nanosheet is an indirect
transition-type semiconductor. The bandgap of the
Nb3;Og~ nanosheets was estimated to be 3.56 eV,
as calculated from the intersection of the plotted line of
(0hv)"”? versus photon energy with the abscissa axis.

For photocatalytic evaluation, the copper oxide
nanoclusters-grafted Nb3Og~ nanosheets (100 mg
photocatalyst consisting of 10 wt % copper oxide
nanoclusters was used in each experiment) were
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Figure 3. (a) UV—vis spectra of bare and 0.5 wt % copper
oxide nanoclusters-grafted Nb;Og™ nanosheets. (b) Plot of
(0hv)'2 versus photon energy for Nb3Og™ nanosheets.

dispersed in gas-purged electrolyte (0.5 M KHCO; for
CO, atmosphere and 0.5 M KCl for Ar atmosphere,
adjusted to pH 12 with NaOH) and irradiated with
UV light from a Xe—Hg lamp (Figure 4; the incident
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Figure 4. Time course of carbon monoxide generated by UV irradiation of copper oxide nanoclusters-grafted Nb3Og™

nanosheets and control groups.

light spectrum is shown in Figure S5, Supporting
Information). The gas-phase products in the headspace
of the reactor were detected by gas chromatography
(flame ionization detector (FID), with methanizer
apparatus) and were found to be mainly composed
of CO. Three control groups, consisting of bare NbzOg™
nanosheets, Cu(ll) grafted bulk Nb,Os, and Cu(ll)
grafted bulk H3ONb3Og before delamination, were also
included in the analysis to examine the effect of the
grafted copper oxide nanoclusters and the nanosheet
structure of niobate on CO generation. CO molecules
were generated by each sample even under Ar bub-
bling, a result that was attributable to the oxidation
of surface contaminants on the niobate nanosheets.
However, CO generation was very limited on the
bare NbsOg™ nanosheets under CO, or Ar bubbling
(Figure S6, Supporting Information), indicating that the
niobate nanosheet itself did not have photocatalytic
CO, reduction activity. The reason for this lack of activity
was considered to be the lack of reaction sites, as the
negatively charged surfaces of Nb;Og™ nanosheets lim-
ited CO, absorption. Nb,Os and H;ONbs;Og powders
grafted with copper oxide nanoclusters were also photo-
catalytically evaluated as a comparison, and their activ-
ities were found to be much lower than that of the Cu(ll)-
modified Nb3Og™ nanosheets, suggesting that the high
conduction band level resulting from the quantum con-
finement effect is critical for driving CO, photoreduction.

During the photocatalytic evaluation, changes in
the color of the copper oxide nanoclusters-grafted
Nb3Og~ nanosheets were observed. Under UV-light
irradiation, the material changed from a light blue
to musty green color within 1 h, indicating a change
in the valency of copper. The results of XPS analysis
(Figure S7, Supporting Information) indicated that a
proportion of the Cu(ll) ions were reduced to Cu(l) in
response to UV-light irradiation. Notably, the reac-
tion rate of the Cu(ll) nanoclusters-grafted Nb3Og™
nanosheets was not linear with respect to UV
irradiation time, but rather, accelerated under light
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irradiation. This phenomenon was associated with
the color change of the material. In the initial phase
of UV irradiation, a portion of the Cu(ll) ions in the
nanoclusters are reduced to Cu(l), resulting in a mixture
of Cu(ll)/Cu(l) ions. The present experimental results
suggest that the mixture of Cu(ll)/Cu(l) species leads
to efficient reduction of CO,.

The redox potential of Cu(ll)/Cu(l) ions is +0.16 V
(versus NHE at pH = 0), which is more positive than that
of the two-electron reduction of CO,/CO. However, the
conduction band of the Nb3Og™ nanosheet synthe-
sized in the present study is —1.32 V vs Ag/AgCl,*
which is much more negative than the redox potential
of CO,/CO in the liquid phase (—0.52 V vs NHE at 25 °C,
pH 7.0)."® During UV-light irradiation, excited electrons
in the conduction band of Nb3;Og~ nanosheet are
injected into the Cu(ll) nanoclusters, leading to a nega-
tive shift of the Fermi level of the nanoclusters.
This shift allows the reduction of CO, into CO in
response to UV irradiation. We also evaluated the
photocatalytic activity of the Cu(ll)-grafted NbsOg™
nanosheets under visible-light irradiation using a UV
cutoff filter. However, negligible activity was detected
under visible light, even though the Cu(ll)-grafted
NbsOg~ nanosheet absorbs visible light by d-d transi-
tion and IFCT.*° These results indicate that the excita-
tion of electrons to a sufficiently high conduction band
level and the modification of the Nb3;Og™ nanosheet
with cocatalysts are indispensable to drive photo-
catalytic CO, reduction. We attempted to optimize
the photocatalytic activity of the Cu(ll)-grafted NbsOg™
nanosheet by modifying the loading amount of the
copper catalysts and the pH of the electrolyte. The
optimal photocatalytic activity for CO, reduction was
observed for Nb;Og™ nanosheets grafted with 0.5 wt %
copper oxide nanoclusters and dispersed in 0.5 M
KHCO3 solution (pH 12), as shown in Figure S8 of the
Supporting Information.

Isotope Tracer and ESR Analyses. To verify oxygen gen-
eration and CO formation resulting from CO,
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Figure 5. ESR spectra of bare niobate nanosheets in (a) vacuum, (b) CO,, and (d) water. (c) ESR spectra of copper ion

nanoclusters-grafted niobate nanosheets in the gas phase.

reduction, isotope tracer analyses involving H,'30 and
13CO, were conducted for the optimized Cu(ll)-
NbsOg ™ nanosheet photocatalyst. Supporting Informa-
tion Figure S9a shows the mass chromatography spec-
tra for UV-irradiated NbsOg™ nanosheets grafted with
0.5 wt % copper oxide nanoclusters in 0.5 M KHCO5/
H,'80 solution purged with '?CO,. A clear peak for 0,
(m/z = 36) was observed and continued to increase in
size with increasing irradiation time. Supporting Infor-
mation Figure S9b shows the mass chromatography
spectra for UV-irradiated copper oxide nanoclusters-
grafted Nb;Og~ nanosheets in 0.01 M NaOH/H,'®0
solution purged with '3CO,, in which a peak corre-
sponding to '*CO (m/z = 29) was also detected.
Together, these results confirmed that the CO detected
during these photocatalytic reactions above was pro-
duced from CO, reduction and that the oxygen was
generated from the oxidation of water.

Next, electron spin resonance (ESR) spectra mea-
sured under CO, atmosphere and vacuum conditions
were used to determine the reaction route of the
photoelectrons and holes generated during the UV-
light irradiation of the copper oxide nanoclusters-
grafted NbsOg™ nanosheets (Figure 5). The ESR spectra
of bare Nb3Og™ nanosheets before and after UV-light
irradiation under vacuum or CO, atmosphere are shown
in Figure 5, panels a and b, respectively. The broad signal
appeared around 295 mT, which was assigned to
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surface Nb** ions that were generated by reaction with

photoelectrons after UV irradiation, decreased in CO,
atmosphere as compared to vacuum conditions, indi-
cating that the photoelectrons in the conduction band
of niobate nanosheets have sufficiently high potential
to reduce CO,, which would thus regenerate Nb> " ions.
Even though these ESR results indicate that the con-
duction band of Nb3Og~ nanosheet has enough high
potential to reduce CO, to some anion radical species,
our experimental results revealed that bare NbsOg™
nanosheets did not generate CO molecules. These
results also suggest that modification of Cu(ll) nano-
clusters onto niobate nanosheets light harvester is
necessary to promote chemical reactions, including
CO production.

In addition to the ESR analysis under gaseous
conditions, we measured difference ESR spectra before
and after UV-light irradiation in pure water (Figure 5d).
Under vacuum conditions, photogenerated holes were
detected as O~ species around 325 mT, which were
assigned to the excited holes in the valence band of
the O-2p orbital. In CO, atmosphere, the intensity of
the excited holes increased because the consumption
of the photoelectrons kept the existence of holes more
stable. However, the intensity of the excited holes
decreased under aqueous conditions, suggesting
that the photogenerated holes in the valence band
of Nb3Og™ nanosheets are able to oxidize water to
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Figure 6. Schematic electronic structure of copper ion
nanoclusters-grafted niobate nanosheet.

produce oxygen molecules. These results are consis-
tent with the results of the isotope tracing experiment.
To examine the role of the Cu(ll) nanoclusters, Figure 5¢)
shows ESR difference spectra before and after UV-light
irradiation of the Cu(ll)-grafted NbsOg~ nanosheets.
The d-orbital of Cu(ll) species contains nine electrons;
thus, an unpaired electron contributes to ESR signal.
In contrast, Cu(l) is inactive for ESR. After UV-light
irradiation of the Cu(ll)-grafted NbsOg™ nanosheet in
vacuum, the ESR signal of Cu(ll) decreased, indicating
that the excited electrons of the NbsOg~ nanosheet
were injected into the Cu(ll) nanoclusters. However,
the ESR signal kept stable under CO, atmosphere, as
the excited electrons in the Cu(ll) nanoclusters were
trapped by CO, molecules. The ESR analysis results
strongly indicates that electrons are extracted from
water molecules, excited by photon energy, and then
injected into the Cu(ll) nanoclusters, which are highly
active sites for the production of CO molecules.

A proposed scheme of the photocatalytic process
that occurs on the Cu(ll) nanoclusters-grafted Nb;Og™~
nanosheet is shown in Figure 6. Under UV-light irradia-
tion, electrons in the valence band of the NbsOg™
nanosheet are excited to the conduction band and
then injected into the Cu(ll) nanoclusters, as demon-
strated by the ESR and XPS analyses, and the observed

MATERIALS AND METHODS

Fabrication of Copper Oxide Nanocluster-Modified Electrode. The
grafting of copper oxide nanoclusters onto titanium (Ti) metal
sheets used as the electrode was performed by an impregna-
tion method, as previously described.262830 Briefly, Ti sheets
(0.1 x 200 x 200 mm?>; Nirako Corp.) were cleaned by ultra-
sonication sequentially in nonphosphate detergent, distilled
water (3 times), and ethanol, and were then immediately dried
using a nitrogen gas gun. Polytetrafluoroethylene tape was
affixed to the entire reverse surfaces of the Ti sheet and was
used to surround a 1 x 1.cm? area on the front side of the sheet.
For the grafting of Cu(ll) nanoclusters, two Ti sheets were placed
into 47.9 mL of distilled water heated to 90 °C in a vial reactor.
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color change during the light irradiation. Photogener-
ated holes in the valence band of the Nb3;Og™ nano-
sheet then react with water to produce oxygen mole-
cules, as was confirmed by the results of the isotope
tracer analysis. The injected electrons reduce CO, to
produce CO in a chemical reaction that was confirmed
by the ESR spectral and isotope CO generation ana-
lyses. This is the first report to demonstrate that Cu(ll)
nanoclusters act as efficient cocatalysts for the multi-
electron reduction of CO,. Cu(ll) nanoclusters can be
easily grafted onto any metal oxide semiconductor
light harvester using a simple and economical impreg-
nation method in aqueous medium. Although the
photocatalyst constructed here functions under UV-
light irradiation, it is expected that the present ap-
proach for the grafting of cocatalysts onto semicon-
ductors can be applied toward the generation of
visible-light harvesting material.

CONCLUSIONS

Using an elemental strategy and electrochemical-
based investigation, we identified that amorphous
Cu(ll) nanoclusters function as efficient cocatalysts for
the electrocatalytic reduction of CO, to CO. Using a
soft-chemical method, we synthesized Nb3;Og™ nano-
sheets as a light harvesting material, which was found
to have high conduction band potential because of the
quantum confinement effect. The grafting of Cu(ll)
nanocluster cocatalysts onto the Nbs;Og™ nanosheets
led to the efficient reduction of CO, molecules to CO
under UV-light irradiation. Detailed ESR spectroscopic
analysis and isotope labeling experiments demonstrated
that electrons are extracted from water molecules and
then excited by photon energy, which promotes their
injection into Cu(ll) nanoclusters, those are highly active
sites for producing CO molecules. Notably, Cu(ll) nano-
clusters are composed of resource abundant and non-
toxic elements, and can be easily deposited onto various
metal oxide and/or metal chalcogenide light harvesters
in mild aqueous media. The approach used in the
present study for the grafting of cocatalytic nanoclusters
is expected to be applicable for the development of
efficient artificial photosynthesis systems.

A total of 1.6 mL of a 0.01 M CuCl, solution, which was prepared
from CuCl,-2H,0 as the source of Cu(ll), was immediately
added to the vial and 0.5 mL of 1 M NaOH was then added to
adjust the pH to 12. The temperature of the solution was kept at
90 °C with stirring for 1 h. The grafted Ti sheets were then
removed from the vials and immediately dried using a nitrogen
gas gun.

Synthesis of Nb;0g~ Nanosheets. Niobate nanosheets were pre-
pared by delaminating bulk niobate with tetrabutylammonium
hydroxide (TBAOH) using a soft-chemical procedure, as pre-
viously described.*®*2 Briefly, 1.01 g (0.01 mol) KNO; and 3.987 g
(0.015 mol) Nb,Os (molar ratio of 2:3) were mixed and ground
with an agate mortar into a fine powder, which was then heated
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to 900 °C over a 3-h period, and then held at 900 °C for 20 h.
Approximately 0.001 mol (045 g) of the obtained KNbsOg was
placed into centrifuge tubes and mixed with 40 mL of 2.0 M HNO3
aqueous solution for acid exchange. KNb;Og was converted into
HNb3Og- 2H,0 by repeating the acid exchange three times. The
centrifuge tubes were then centrifuged to remove the acid
solution, and the obtained pellet was washed with distilled water
until the supernatant reached neutral pH. The protonic oxide was
delaminated into colloidal Nb3Og™ nanosheets by reaction with
an aqueous solution of tetrabutylammonium hydroxide (TBAOH)
at a molar ratio 1:1 for about 10 days with continuous shaking.
The suspension of Nb;Og™ nanosheets was gently washed with
sufficient amounts of weak HNO; solution during vacuum filtra-
tion using a membrane filter (0.025 um; Millipore), and the filter
containing the Nb3Og™ nanosheets was then irradiated with
black light in humid air to decompose the organic residue on
the surface of Nb3Og™ nanosheet powder.

Grafting Copper Oxide Nanoclusters onto the Surface of Nb;0;~ Nano-
sheets. The grafting method for semiconductor powders is
similar to the method for producing electrodes, but the amount
of Cu(ll) used for loading was increased from 0.5 to 10 wt %.

Electrochemical Evaluation. For electrochemical evaluation,
Cu(ll) nanoclusters were grafted on the surface of the Ti sheets
used as working electrodes. The electrodes were placed in
electrolyte solution (0.5 M KHCOs for CO, bubbling and 0.5 M
KCl for Ar bubbling; both adjusted to pH 12 with NaOH) inside a
closed glass cell and the electrolyte was then bubbled with CO,
or Ar gas to create different atmospheres. The electrocatalytic
properties of the grafted electrodes were evaluated by compar-
ing the cyclic voltammogram curves obtained under CO, or Ar
bubbling. To confirm that the observed differences were due to
the reduction of CO, rather than water splitting, cyclic voltam-
mogram curves were also measured for electrodes placed in
an anhydrous organic electrolyte (acetonitrile containing 0.1 M
tetraethylammonium tetrafluoroborate). Ti sheets sputtered
with platinum (~50 nm) were used as a control to demonstrate
the selectivity for CO, reduction, as platinum is a well-known
electrocatalyst for water splitting.

Photocatalytic Evaluation. The prepared powders were dis-
persed in 20 mL of electrolyte (0.5 M KHCO3 aqueous solution,
adjusted to pH 12 with NaOH) in a Petri dish, which was then
placed into a sealed glass reactor (500 mL) covered with a quartz
glass cap. CO, or Ar gas was bubbled inside of the reactor
through silica tubes at a flow rate of 100 mL/min for 30 min to
create a saturated atmosphere of CO, or Ar. The reactor was
irradiated by UV light (Hg—Xe lamp (240—300 nm), LA-410UV,
Hayashi), and products in the headspace were collected by a
syringe and then injected into gas chromatograph (flame ioniza-
tion detector (FID) equipped with a methanizer apparatus) to
detect CO and methane.

Isotope Experiments. Isotope experiments were performed in
a rectangle quartz glass cell (1 x 1 x 5 cm®). The cells were
irradiated with the same UV lamp used in the photocatalytic
evaluations, and products in the headspace of the quartz glass
cells were detected by gas chromatography (GC)—mass spec-
trometry (MS) (Shimadzu). All isotope chemicals were pur-
chased from Isotec-Sigma-Aldrich.
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