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An efficient Z-scheme system has been developed based on
Cu—-Zn nanoparticles modified light harvesting semiconductors.
The system selectively converts CO, to HCOOH under visible
light irradiation through water oxidation. Our system consists of
robust, safe and inexpensive inorganic materials and is promising
for a natural plant-like artificial photosynthesis. See Hideki Abe,

Masahiro Miyauchi et al.,
Chem. Commun., 2018, 54, 3947.
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Selective carbon dioxide photoreduction to produce formic acid
was achieved under visible light irradiation using water molecules
as electron donors, similar to natural plants, based on the con-
struction of a Z-scheme light harvesting system modified with a
Cu-Zn alloy nanoparticle co-catalyst. The faradaic efficiency of our
Z-scheme system for HCOOH generation was over 50% under visible
light irradiation.

Artificial photosynthesis for fuel production from carbon dioxide
(CO,) and water (H,0), driven by sunlight under moderate condi-
tions, is a very attractive renewable energy strategy to solve the
CO, emission issue. Although numerous studies have reported
water splitting to produce hydrogen (H,),>” photocatalytically
reducing CO, into C1 molecules is more challenging, because it
requires a higher reduction overpotential than proton reduction.
Moreover, oxygen production is essential, since abundant water
molecules should be used as electron donors for CO, reduction,
similar to natural plants. However, many previous studies used
sacrificial agents like triethanolamine (TEOA) or ethylene-
diaminetetraacetic acid (EDTA) to donate electrons.”” To provide
the high reduction potential and the strong oxidation power for
photocatalytic CO, reduction through water oxidation, wide-
gap semiconductors have been used to initiate CO, reduction
under UV light irradiation, i.e. layered metal oxide perovskites
(BaLa,Ti,0;5),° niobate nanosheets (Nb;Og ), or SrTiO;.2 How-
ever, visible-light-driven CO, photoreduction is more desirable
because about half of solar energy ranges in the visible light
range. It is very difficult for a narrow-band-gap light harvester
material to provide the high reduction potential needed for CO,
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reduction as well as the deep oxidation potential for water
oxidation.”'® To overcome the difficulties of using water as an
electron donor and a visible light energy source, the Z-scheme
system like the photosynthetic reaction centres in natural plants
is useful and has previously been reported in the field of environ-
mental purification'! or water splitting."* Sekizawa et al. reported
a Z-scheme system for photocatalytic CO, reduction by combin-
ing cathodic and anodic light harvesters."® Kudo et al. reported
a metal sulfide/BiVO, Z-scheme using water as the electron
donor,** and achieved the reduction of CO, into carbon monoxide
(CO) under visible light. However, the produced H, amount was
about 100 times higher than CO. Recently, Ishitani et al. also used
a Z-scheme system for visible-light-driven CO, reduction, owing to
the noble metal (Ru and Re) organic complex co-catalyst, and
CO was selectively produced.™ Its light-to-energy conversion
efficiency, however, was still much smaller than that of natural
plants. Besides CO, formic acid (HCOOH) is also very desirable
C1 chemical for its general utilization in the fields of energy,
chemical industry, and even animal husbandry.® To drive CO,
reduction selectively into CO or HCOOH and to avoid hydrogen
production in aqueous media, the co-catalyst modification
onto the light harvester is crucial. However, highly selected
HCOOH generation has only been achieved by using expensive
noble metal-complexes to date.'” In contrast, in our previous
research, copper and zinc based bulk alloys were investigated
as electrocatalysts for HCOOH production,'® but they could not
be applied in photocatalysis or photo-electrochemical systems
because of their bulk form and/or high temperature preparation
conditions.

Herein, we developed highly dispersed Cu-Zn alloy nano-
particles (NPs) via a moderate chemical co-reduction method
and used them as a HCOOH generation promoter. The nano-
particles provide a high surface area to minimize the co-catalyst
loading amount onto light harvesting semiconductors. A highly
dispersed Cu-Zn NP ink enabled us to coat them onto various
light harvesters. Based on these nanoparticles, we constructed a
selective visible-light-driven CO, photoreduction system using
water as an electron donor, consisting of robust and economical
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inorganic components. As for the visible light harvesting system, a
CaFe,0, (CFO) film was used as the photocathode due to its high
conduction band edge, ubiquitous elemental composition,*°
and high photo-current, which can be greatly improved by
increasing its crystallinity."® On the other hand, an oriented
WO; nanotree film was chosen as the photoanode, because it
can be fabricated via facile hydrothermal treatment of a metal
tungsten substrate with a large surface area and high crystallinity,
and its quantum efficiency for water oxidation is quite high.>* On
the basis of each component, we constructed a Z-scheme system
and evaluated its photocatalytic CO, reduction properties in the
present study. Further, we conducted operando Fourier Trans-
form Infrared Spectrometer (FT-IR) analysis to discuss the selec-
tive HCOOH production pathway on the Cu-Zn NPs’ surface
under real catalysis conditions.

Although our previous study reported the synthesis of the
bulk Cu-Zn electrocatalyst for selective CO, reduction,'® the
present study developed the highly dispersed intermetallic
Cu-Zn NPs via a wet chemical process and optimized their
chemical composition and structure according to the perfor-
mance of their electrochemical CO, reduction (described in the
ESIT in detail, Fig. S3 and S4). Among various Cu/Zn ratios in
NPs, the CusZng phase exhibited the lowest onset potential for
electrocatalytic CO, reduction (Fig. S5, ESIt). The optimal size
of the Cu-Zn NPs was in the range of 20-40 nm (Fig. 1a). Hard
X-ray photoelectron spectroscopy (HAXPES) analyses (Fig. 1b
and c) were also performed, and the peak positions of the Cu 2p
and Zn 2p core-levels were significantly shifted as compared to
the pure Cu and Zn, indicating the formation of an inter-
metallic structure in the Cu-Zn alloy. The prepared Cu-Zn
NPs were finely dispersed into an ink and could be coated onto
various powder or film form electrodes by simple drop-casting
or spin coating and a vacuum drying procedure at room
temperature.
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Fig.1 (a) TEM image of Cu—Zn alloy nanoparticles. (b) HAXPES for Cu 2p
and (c) Zn 2p core-levels in the prepared Cu-Zn alloy nanoparticles,
compared to pure Cu and pure Zn.
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Electrocatalytic selectivity for HCOOH generation of the
Cu-Zn NP deposited electrode was very high (Fig. S8, ESIT).
In addition to the electrocatalysis, we have confirmed that the
Cu-Zn NPs act as a co-catalyst with UV-light-active SrTiO; with
more than 50% selectivity for HCOOH generation (Fig. S9 and
S10, ESIY).

To discuss the high selectivity of Cu-Zn NPs for HCOOH
generation, operando FT-IR spectra were analyzed under the
almost similar conditions to the real catalytic atmosphere under a
humid CO, atmosphere with UV irradiation (Fig. S11 in the ESIY).
As we can see in Fig. 2a, a peak appeared at 1409 cm ™', while there
were no peaks in the control groups (more control experiment
results are shown in Fig. S12, ESIt). According to the literature, this
peak can be assigned to bidentate carbonate** or bicarbonate,
whose appearances are commonly considered as the starting
species of the HCOOH generation in CO, reduction.>*** In
contrast, Cu was known for its high selectivity for CH, or CH;OH.
From the spectra of the Cu NP loaded photocatalyst in Fig. 2b,
a peak which can be assigned to unidentate carbonate®* or
carboxylate®® appeared at 1596 cm ™. The results of operando
FT-IR proved that the surface adsorption strength for CO,*
active species was adjusted by alloying on the atomic scale as
we expected, thus the Cu-Zn NPs exhibited high selectivity for
HCOOH generation.

As for the light harvesters to build a visible light sensitive
system, a highly (hkO)-oriented CFO electrode was prepared
by annealing in air (Fig. S13, ESIT),"®*° whereas the highly
oriented WO; nanotree film used in this study was grown on a
tungsten substrate via a hydrothermal process (Fig. S15, ESIt).>"
Fig. 3 shows the UV-visible absorption spectra of the CFO and
WOg; electrodes, showing the bandgaps of CFO and WO; to be
2.5 and 2.6 eV, respectively, indicating that both are visible-
light responsive. The broad absorption of WO; above
500 nm, shown in Fig. 3b, does not contribute to the photo-
current generation because it is attributed to trapped electrons,
which have low reduction and oxidation potential and strong
localization.>®*”
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Fig. 2 The operando FT-IR spectra of photocatalyst powders loaded by
Cu-Zn NPs and pure Cu NPs in a humid CO, atmosphere under UV
irradiation. The spectra under humid Ar with UV irradiation are also shown
as control groups. Strontium titanate was used as a photocatalyst powder.
(a) and (b) show the spectra near 1400 cm~* and 1600 cm ™, respectively.
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Fig. 3 UV-vis spectrum (a) plots of (xh1)? versus photon energy of the

pure CaFe,0O, (direct transition) electrode and (b) plots of (xh)? versus
photon energy of the WO3 (indirect transition) nanotrees electrode.

We deposited Cu-Zn NPs onto a CFO film by drop casting of
a dispersed Cu-Zn NPs ink for selective CO, reduction. CO, was
bubbled into an aqueous electrolyte solution surrounding the
Cu-Zn/CFO electrode, whereas N, gas was purged into the WO,
side electrolyte. The pH of the electrolytes was optimized based
on the stability and performance of the photoelectrodes. The
current-potential curves of the Cu-Zn/CFO and WO; electrodes
are shown in Fig. 4. A cathodic photocurrent was observed at
the Cu-Zn/CFO electrode, indicating that the CFO behaves as a
p-type semiconductor. The potential threshold was about +0.6 V
vs. Ag/AgCl, indicating that the valence band of the CFO was
located around +1.22 V vs. the reversible hydrogen electrode
(RHE) since the Fermi-level of p-type semiconductors would be
close to the valence band position. Thus, the conduction band
minimum is located around —1.27 V vs. RHE, which is enough
negative potential to drive CO, reduction. On the other hand,
the prepared WO; exhibited an anodic photocurrent, indicating
the n-type photoanode behavior. The valence band position of
WO; was calculated to be 3.35 V vs. RHE, suggesting that the
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Fig. 4 Current—-potential curves of the CFO electrode (blue) and WO3
electrode (red) under chopped visible light irradiation. Electrolyte: 0.1 M
KHCO3 + 0.1 M KOH, CO, gas purged for the CFO electrode, pH = 7.2;
0.1 M KCl, N3 gas purged for the WOs5 electrode, pH = 6.0.
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WO; can oxidize water to O,. On the basis of the photoelectro-
chemical half-cell properties shown in Fig. 4, our Z-scheme
system can be expected to catalyze CO, reduction and generate
O, from water in the CO, purged electrolyte as shown in the
expected band-diagram in the ESIt (Fig. S1b). It is also noted
that the photocurrent densities on the anodic and cathodic sides
were balanced, which is very important to drive an efficient
Z-scheme system.?®

The Z-scheme system was built using a Cu-Zn NPs modified
CFO as the photocathode and WOj; as the photoanode (see the
schematic illustration, Fig. S1, ESIT). We applied a bias potential
of —0.5 V onto the cathodic side, since only trace amounts of H,
and C1 molecules were detected under the other potential
conditions without any bias application (Fig. S16a, ESIt). CO,
gas was bubbled in the cathodic side electrolyte and the anodic
side was purged by N, to remove any dissolved oxygen. Without
the Cu-Zn co-catalyst, hydrogen was preferably generated rather
than C1 molecules in the cathodic side (Fig. S16b, ESIf). In
contrast, the production of HCOOH was significant when the
optimal amount of Cu-Zn NPs was coated onto the CFO surface
(Fig. 5a). The result of selective HCOOH generation was repro-
ducible (Fig. S17, ESIt) and the faradaic efficiency achieved for
HCOOH generation was 53.6-56.1%. It should be noted that the
produced amount of O, from the anodic side was almost half of
the reduction products (Fig. 5b). For the generation of H,, CO,
and HCOOH molecules, two electrons are needed, while four
electrons are donated from water to generate O,. Therefore, it
was proved that our Z-scheme system drives CO, reduction using
water molecules as electron donors, similar to photosynthesis in
natural plants.

This study is the first report to achieve highly selective
HCOOH generation (>50%) from CO, photoreduction under
visible light without the addition of sacrificial agents, based on
inorganic robust materials. The turnover number (TON) of the
Cu-Zn NPs in the present study was 12.35, even after 24 h of
visible light irradiation, with a linear increase of HCOOH con-
centration. We have also confirmed that the Cu-Zn NPs remained
stable even after 24 h photocatalytic evaluation according to our
HAXPES analyses (Fig. S18, ESIt). Besides, the higher TON was
recorded to be 1400 in the case of our Cu-Zn/SrTiO; under UV
irradiation.'® These results strongly suggest that our Z-scheme
system is highly stable under photon irradiation in aqueous media.
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Fig. 5 (a) The produced amount of HCOOH, H,, O, and CO from the
Cu-2Zn NPs loaded CFO/WOs3 system under visible light irradiation with a
—0.5 V bias potential applied to the system. (b) The bar graph of the sum
amount of the reduction products detected on the cathodic side and the
O, detected from the anodic side after 24 h.
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The quantum efficiency for the reduction products was 0.14% in our
system. Our light-to-energy conversion efficiency for the full xenon
lamp spectrum was calculated to be 0.028%, which is 10 times
higher than that of the previous pioneering work,” by considering
the electrical bias and chemical bias from the pH difference between
the cathode and the anode (see the ESIt). The cathodic surface
improvement by Cu-Zn NPs was critical for the high performance of
selectivity, efficiency and activity of the system. In addition, the
Cu-Zn NPs proved to be a general co-catalyst which can be broadly
applied to various kinds of light harvesters, due to their facile
deposition under moderate conditions by using an ink method.

In conclusion, we have demonstrated that Cu-Zn alloy NPs can
be utilized as a general CO, reduction catalyst, exhibiting high
selectivity for HCOOH generation. A Z-scheme system constructed
from a Cu-Zn NPs decorated highly crystallized CaFe,O, photo-
cathode and a WO; nanotree photoanode drove selective CO, photo-
reduction through water oxidation under visible light irradiation.
Our system consists of robust inorganic materials and safe, inexpen-
sive elements. The faradaic efficiency for HCOOH generation was
over 50%, and the light energy conversion efficiency reached
0.028%. These results are promising for the development of a
natural plant-like, visible-light-driven CO, photoreduction system.
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