ROYAL SOCIETY
Journal of OF CHEMISTRY

™
Materials Chemistry A -

View Article Online

View Journal | View Issue

Improved stability and selectivity of CuFe,O4-
based catalysts for photoelectrochemical CO,-to-
acetate conversion

{ ") Check for updates ‘

Cite this: J. Mater. Chem. A, 2025, 13,
42028

Naohiko Kato, ©2* Shu Saeki, Yusaku F. Nishimura, Yasuhiko Takeda

and Shinya Moribe

It is well known that photocathodes using CuFeO,-based catalysts produce acetate via
photoelectrochemical (PEC) CO, reduction. However, these catalysts suffer from low stability; the PEC
activities rapidly decrease during the operation. To solve this problem, we developed a CuFe,O4-based
catalyst. The photocathodes using the new catalyst achieved significantly higher stability for acetate
production along with higher faradaic efficiencies (FE) exceeding 90%, compared with the conventional
CuFeO,-based photocathodes. Operando XAFS analyses and complementary techniques revealed that
a considerable fraction of the Cu species were reduced to metal Cu in CuFeO,, while the Fe species
were leached into the electrolyte during the PEC operation, which is the cause of the low stability. By
contrast, CuFe,O4 was stable; no change in the oxidation state of Cu or no leaching of Fe was observed.
A mixture of CuFe,O4 and CuO increased the current density compared with that of the single-phase
CuFe,O4 catalyst. Spectroscopic analyses of electronic states determined the energy levels of CuFe,Oy4
and CuO, indicating that CuFe,O,4 could possess higher FEs than CuFeO,, and that electrons

photoexcited in CuO also could be consumed for acetate production after migrating to CuFe,O4. Thus,
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Accepted 29th October 2025 CuO functioned as a conductive additive and increased the photocurrents while retaining high FEs.

However, the long-term stability of CuO was not sufficiently high. Hence, replacements of CuO with
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1. Introduction

Artificial photosynthesis is a promising means for converting
CO, and water into useful organic compounds using solar
energy, and, hence, has been the subject of vigorous
research.”™ It has been developed in recent years from two
perspectives: fixation of CO, and substantial reduction in
emissions, and storage of solar energy. Large-scale devices have
also been demonstrated toward practical application, along
with material developments for higher activity and stability
using small-sized devices.*>* Artificial-photosynthetic reactions
that selectively produce C1 compounds including formate and
carbon monoxide have been established. Indeed, a 1 m?* system
that combines an electrochemical (EC) reactor using a metal-

12-14

complex polymer catalyst and silicon solar cells achieved
a high solar-to-formate energy conversion efficiency of 10.5%."*

On the other hand, Cu-based catalysts produce higher value-
added C2 compounds such as ethylene, ethanol, and
acetate.”*®* Among these artificially photosynthesized C2
compounds, acetate is a promising product, because it is
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a more stable conductive additive are needed for fully exploiting the high stability and selectivity of

assimilated as a carbon and energy source for edible crops.*® In
addition, acetate can be converted to glucose using genetically
modified yeasts.”® These approaches are attracting attention
because they can convert solar energy into food more efficiently
than natural photosynthesis in crops. However, EC production
of acetate from CO, using Cu-based catalysts powered by solar
cells suffers from low faradaic efficiencies (FEs) of around 50%
at most."”*

In contrast, CuFeO,, a p-type semiconducting ternary CuFe
oxide, is a promising catalyst for photoelectrochemical (PEC)
production of acetate, which could simplify the artificial-
photosynthetic system compared with the combination of EC
reactors and solar cells. The previously reported conduction-
band minimum (CBM) ranges from —0.3 V to —0.8 V vs.
reversible hydrogen electrode potential (RHE),**** which is
more negative than the reduction potential for acetate produc-
tion from CO, (+0.1 V vs. RHE).”® Therefore, CuFeO, has the
ability for PEC production of acetate. In addition, its bandgap
(Eg) of 1.5 eV is suitable to efficiently absorb solar energy.*
Indeed, CuFeO,-based photocathodes have demonstrated FEs
of 69-80% for acetate production, which are exceptionally high
values compared with other EC and PEC production of C2
compounds.”*® The presence of Fe adjacent to Cu promotes

This journal is © The Royal Society of Chemistry 2025
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acetate production over other compounds.”” However, these
photocathodes suffer from low stability; the reduction current
decreases significantly along with the leaching of Fe into the
electrolytes within around 10 min after the PEC operation
starts.”’

To solve this problem, we investigated the PEC characteris-
tics of CuFe oxides other than CuFeO,. We focused on CuFe,O,,
another p-type semiconducting ternary CuFe oxide, which has
also been utilized for EC and PEC CO, reduction.”*3' The
oxidation state of Cu is Cu(u), which is more stable in general
than Cu(r) contained in CuFeO,,** offering potentially higher
stability. In addition, CuFe,0, could possess higher FEs for
acetate production. Its CBM of —0.3 V vs. RHE is more positive
than that of CuFeO,,*® and closer to the reduction potential for
acetate production.’® As a result, side reactions producing
hydrogen, carbon monoxide, formate, and ethylene can be
suppressed, leading to further higher FEs. Another point is the
introduction of CuO into the CuFe oxides. Although a mixture of
CuFeO, and CuO was used as the catalyst in a previous study,””
the effect of introducing CuO has not yet been elucidated. Thus,
we fabricated photocathodes using four kinds of catalysts:
CuFeO,, CuFe,0O,, and these oxides mixed with CuO, and
compared their PEC properties, to clarify the role of each
constituent for realizing highly stable and highly selective
acetate production.

2. Experimental
2.1 Fabrication of photocathodes using CuFe oxide catalysts

CuFeO, catalyst powder was synthesized by hydrothermal
reaction according to a previously reported procedure.** Cul (2.8
mmol) and FeCl; (2.8 mmol) were dissolved in ultrapure water
(electrical resistivity 18 MQ cm, 14 mL) and nitrogen gas was
bubbled through it for 30 min before use. Next, KOH (222
mmol) was added and further nitrogen gas was bubbled
through it for 15 min. An exothermic reaction among the raw
materials and KOH produced a dark-brown slurry. The obtained
slurry was heated in an oven at 150 °C for 24 h. Then, the by-
product salt (KCl) was removed by vacuum filtration of
a mixture of the slurry and ultrapure water using a porous
alumina filter (pore size 200 nm). Finally, the retentate was
dried and pulverized using a mortar.

The CuFeO,-loaded photocathodes were fabricated by
dropping a slurry of the catalyst powder onto Ti substrates,
followed by heat treatments. 20 mg of the powder was mixed
with 2-propanol (2 mL) and subjected to ultrasonic homogeni-
zation (Biorepter, BR-II) in 30-second on and 30-second off
cycles, repeated 30 times. Masking tape was applied to the four
sides of a 25-mm-square Ti substrate of 0.5 mm in thickness to
define the loading area of 15 mm square. Then, the slurry was
dropped onto the exposed Ti surface, followed by a vacuum
drying at room temperature. These processes of dropping and
drying for the deposition were repeated 15 times for loading
2.7 mg cm > of the catalyst. After drying for 10 minutes at 100 ©
C, a heat treatment was finally carried out at 500 °C for 1 h. The
photocathodes using the other catalysts were fabricated in the
same manner, unless otherwise stated.
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The CuFeO,-CuO photocathodes were fabricated using
a sequential process similar to that for the CuFeO, photocath-
odes, except that the raw materials were hydrothermally reacted
at a lower temperature of 130 °C.**

The CuFe,0,~CuO photocathodes were fabricated by
changing both temperatures for the hydrothermal synthesis
and post-heat treatment. According to the phase diagram of
CuFe oxide, a mixture of CuFe,O, and CuO is more stable than
CuFeO, below 1000 °C.** Therefore, the synthesized powder was
heat-treated at 650 °C after being deposited on the Ti substrate
to promote the phase separation into CuFe,O, and CuO. For
this purpose, the hydrothermal synthesis was carried out at
a further lower temperature of 120 °C, which could destabilize
the synthesized powder.

Meanwhile, CuFe,0, catalyst powder was synthesized by the
citric acid polymerization process.*® Citric acid monohydrate
(120 mmol) was dissolved in water (300 mL) at 60 °C. Next,
CuCOj3;-Cu(OH), (15 mmol) and FeC¢H50,-nH,O (60 mmol)
were added and stirred for 1 h. Then, the water was evaporated
using a hot stirrer at 100 °C for 2 h to obtain a precursor gel. The
gel was calcined in an oven at 350 °C for 5 h, followed by firing
in air at 800 °C for 12 h using an electric furnace. The product
was ground using a tumbling ball mill to obtain fine CuFe,O,
powder.

2.2 Characterization of the synthesized catalysts and
fabricated photocathodes

X-ray diffraction (XRD) measurements were carried out on the
as-synthesized powders and photocathodes using an XRD
instrument (Rigaku, Ultima IV). The fluorescence X-ray reduc-
tion mode was applied with a Cu Ka. X-ray source operated at 40
kV and 40 mA. The 6-26 method was adopted at a scan speed of
10° min~". The diffraction patterns were analysed using soft-
ware (MDI, JADE Pro/Standard) for identification of the crystal
structures. The particle morphologies and compositions of the
photocathodes were analysed by field-emission scanning elec-
tron microscopy and energy dispersive X-ray spectroscopy (FE-
SEM and EDX; Hitachi High-Tech, SU7000). The compositions
of the catalysts were quantified by inductively coupled plasma
optical emission spectroscopy (ICP-OES; Agilent Technology,
ICP-OES 8900).

To derive the valence band maxima (VBMs) of the CuFe oxide
catalysts and the CuO additive, ionization potentials (I,) were
evaluated by photoelectron yield spectroscopy (Bunko Keiki,
BIP-KV201). Diffuse reflectance spectra were also measured
using a spectrophotometer (Shimadzu, UV-3600i Plus) for
evaluating E,. From I, and E,, alignments of the conduction
band minima (CBMs) relative to the reduction potentials of CO,
to produce acetate and other compounds were determined.

The XRD and FE-SEM analyses were conducted again after
the PEC operations to clarify the changes in the crystal struc-
tures and particle morphologies. To evaluate the leaching of the
constituent elements during the PEC operations, Cu and Fe
ions dissolved in the electrolytes were quantified by ICP-OES
after the PEC operations.

J. Mater. Chem. A, 2025, 13, 42028-42037 | 42029
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2.3 Evaluation of PEC reactions

The PEC reactions of the photocathodes were evaluated using
a three-electrode reactor with an illumination window (EC
Frontier, VB1300), shown in Fig. S1, a potentiostat (Biologic,
VMP3), and a solar simulator equipped with a xenon lamp
(Asahi Spectroscopy, HAL-C100). The photocathode was used as
a working electrode (WE), with a Pt counter electrode (CE) and
an Hg/Hg,SO, reference electrode (RE). An ion-exchange
membrane (DuPont, Nafion® N117) was inserted between the
WE and the CE, and both sides were filled with an electrolyte of
a 0.4 M potassium phosphate buffer aqueous solution (a
mixture of 0.4 M K,HPO, and 0.4 M KH,PO, in a 1:1 volume
ratio, 60 mL in total). CO, gas (100%) was bubbled into the
electrolyte in the WE side. The reactor was illuminated by the
solar simulator at 100 mW cm > (1 sun).

The photoresponse of the cathodes was evaluated by
chopped-light linear sweep voltammetry (LSV), with the poten-
tial scanned from +0.7 V to —0.2 V vs. RHE at 2 mV sec "
Chopped-light current-time (i-t) measurements were also per-
formed at a constant potential of +0.13 V vs. RHE.

i~t measurements under continuous illumination of 1 sun
were conducted at +0.13 V vs. RHE for 1 h and 5 h for evalua-
tions of the reaction selectivity and stability. During and after
the i-t measurements, the concentrations of the produced
acetate and formate ions dissolved in the electrolytes were
quantified using an ion chromatograph (ThermoFisher Scien-
tific, Integrion RFIC). The calibration curves were obtained
using acetate and formate aqueous solutions of different
concentrations (0.001, 0.01, 0.02, and 0.03 mM) prior to every
measurement (see Fig. S2). The accuracy of the measured values
was £5%. According to eqn (1) and (2) describing the CO,-
reduction reactions, the FEs of the acetate production and
formate production were calculated using eqn (3) and (4),
respectively,

2CO, + 8H* + 8¢~ — CH3;COOH + 2H,0 (1)
CO, + 2H" + 2¢- —» HCOOH (2)
Acetate FE = 4, x 8/(C/F) x 100 (%) (3)
Formate FE = A¢ x 2/(C/F) x 100 (%) (4)

where A, and A are the amounts of the produced acetate and
formate (mol), respectively, C is the total charge (C), and Fis the
Faraday constant (96485.3 C mol ).

The electrochemical impedance spectra (EIS) were acquired
under illumination at +0.13 V vs. RHE, with an ac voltage of
10 mV and a frequency range from 10 mHz to 1 MHz for clari-
tying the roles of the CuFe oxide catalysts and the CuO additive.

In addition to the detailed evaluations using the three-
electrode reactor described above, the photocathodes were
combined with transparent anodes for assembling two-
electrode reactors, as illustrated in Fig. S3, which would be
a practical implementation. The photocathode was faced with
an IrO,/F-doped SnO,/glass anode,*” with a gap of 10 mm across
an ion exchange membrane. Voltage-time (v-t) measurements
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were carried out at a constant current density of 0.2 mA cm > for
1 h under continuous illumination onto the photocathode
through the transparent anode, and the results were compared
with those in the dark.

2.4 Operando analyses of the oxidation states in the
photocathodes

Operando X-ray absorption fine structure (XAFS) analyses were
conducted at BL33XU of SPring-8 to clarify the oxidation states
of Cu and Fe in the photocathodes during the PEC operations.
The X-rays were incident from the rear face of the photocathode
fabricated using a 5-pm-thick Ti substrate to eliminate the
strong absorption by the potassium-containing electrolyte, and
the fluorescence signals were detected. On the other hand, the
transmission method was adopted for measurements on the
standard samples of metal Cu, Fe, and oxides. The details of the
experimental set-up are described in the SI and Fig. S4.

First, the XAFS measurement was carried out on the photo-
cathode in air in the dark. Next, the reactor was filled with the
CO,-bubbled electrolyte, and the XAFS spectra at the Cu K-edge
and Fe K-edge were acquired at the open-circuit voltage (OCV) in
the dark. Then, i-t operations at a constant potential of +0.13 V
vs. RHE were conducted sequentially under illumination, in the
dark, and under illumination again. At the OCV and during
these i-t operations, the XAFS measurements were repeated at
a rate of 50 s per spectrum with an additional 10 s for setting,
i.e., every 60 s. The measured XAFS spectra were converted to
Fourier-transformed extended X-ray absorption fine structure
(FT-EXAFS) spectra.

3. Results and discussion
3.1 Crystal structures of the photocathode catalysts

Fig. 1 shows the XRD patterns and appearance of the CuFeO,-
based photocathodes. Both exhibited a similar appearance of
dark gray. However, the compositions of these two photocath-
odes were different from each other. Only the diffraction peaks
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Fig.1 XRD patterns and appearance of (a) the CuFeO, photocathode
fabricated by the hydrothermal synthesis at 150 °C followed by the
heat treatment at 500 °C, and (b) the CuFeO,-CuO photocathode
hydrothermally synthesized at 130 °C, followed by the heat treatment
at 500 °C. Reference PDF data of CuFeO,, CuO, and Ti are also
indicated.

This journal is © The Royal Society of Chemistry 2025
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Fig.2 XRD patterns and appearance of (a) the CuFe,O4 photocathode
fabricated by the citric acid polymerization at 800 °C, (b) the
CuFe,04—-CuO photocathode fabricated by the hydrothermal
synthesis at 120 °C followed by the heat treatment at 650 °C, and (c)
the as-synthesized powder at 120 °C. Reference PDF data of CuFe,Oy,,
CuO, CuFeO,, Ti, TiO, and KCl are also indicated.

attributed to hexagonal CuFeO, (PDF #04-009-4371, ref. 38)
appeared in the pattern of the CuFeO, photocathode fabricated
by the hydrothermal synthesis at 150 °C. The Fe/Cu atomic ratio
was 1.07. By contrast, broad peaks centered at 26 = 35.5° and
38.7° were exhibited when the hydrothermal synthesis was
carried out at 130 °C, indicating the presence of monoclinic
CuO (PDF #00-045-0937, ref. 39). Nevertheless, the Fe/Cu atomic
ratio was 1.02, suggesting the presence of a small amount of
amorphous Fe oxides that was not detected by XRD.

The XRD patterns of the CuFe,O, and CuFe,0,-CuO
photocathodes are compared in Fig. 2. All the diffraction peaks
were attributed to tetragonal CuFe,O, (PDF #04-006-5656, ref.
40) for the reddish-brown-coloured CuFe,O, photocathode,
although the composition was slightly Fe-rich; the Fe/Cu ratio
was 2.20. On the other hand, broad peaks originating from
monoclinic CuO appeared in addition to the tetragonal
CuFe,0, signals (PDF#04-007-5165, ref. 41) for the CuFe,0,-
CuO photocathode fabricated by the hydrothermal synthesis at
120 °C followed by the heat treatment at 650 °C, with no trace of
CuFeO,. The presence of CuO is consistent with the Fe/Cu
atomic ratio of 1.75. This XRD pattern is significantly
different from that of the as-synthesized powder composed of
hexagonal CuFeO,. These results clarify the phase separation by
the high-temperature treatment at 650 °C, accompanied by
colour change from dark gray to reddish brown. On the other
hand, the diffraction peaks observed at 27.5° and 28.9° were
attributed to TiO, and KCl, respectively, which are inert to the
CO, reduction reactions. The former was generated by oxidation
of the Ti substrate during the high-temperature process, while
the latter was a residual by-product from the CuFeO, synthesis
that remained after washing.

3.2 PEC characteristics of the photocathodes

Fig. 3 shows the i-t curves of the three-electrode reactors using
the four kinds of photocathodes under continuous 1 sun

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 i-t curves of the three-electrode reactors under continuous
illumination at a constant potential of +0.13 V vs. RHE using (a) the
CuFeO,-based photocathodes and (b) the CuFe,O4-based photo-
cathodes. Note that the ranges of the current density are different
between the two figures.

illumination. The potential was set at +0.13 V vs. RHE, which is
slightly more positive than the reduction potential for acetate
production from CO, (+0.098 V vs. RHE).*® Existence of a pho-
toresponse, ie., an increase in the current densities by illumi-
nation at this potential, was confirmed (see Fig. S5). The
magnitudes of the current densities of the CuFeO, and CuFe,0,
photocathodes were smaller than 0.1 mA cm 2. On the other
hand, they were notably increased by the introduction of CuO.
In particular, the effect is more notable for the CuFeO,-based
photocathode. However, the current density of the CuFeO,-CuO
photocathode gradually decreased in magnitude during the 1 h
operation, in contrast to the slowly increasing current density
without CuO. This is due to the reduction of the Cu species to
Cu (0) in the catalyst, as described later. By contrast, the
CuFe,0,~CuO photocathode maintained a stable current
density higher than those of the CuFeO, and CuFe,0, photo-
cathodes. Thus, the CuFe,0,-CuO photocathode realized stable
PEC operation.

Furthermore, both CuFe,0,-based photocathodes achieved
high FEs of acetate production exceeding 90%, as summarized
in Table 1. Thus, the acetate FE has been notably improved from
the present values and previously reported values of up to 80%
using CuFeO,-based photocathodes,**® although the impact of
the possible Fe oxide in the present CuFeO,—-CuO photocathode
has not yet been clarified.

The significant point is that the introduction of CuO into
CuFe,0, increased the current density in magnitude while
maintaining the high acetate FE. The mechanism underlying

J. Mater. Chem. A, 2025, 13, 42028-42037 | 42031
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Table1 Magnitudes of the average current densities (/,,), rates and FEs for acetate and formate production during the 1 h PEC operations of the
three-electrode reactors using the CuFeO,, CuFeO,-CuO, CuFe,0O,4, and CuFe,O4—-CuO photocathodes. Average values for two or three
samples are tabulated. The rates and FEs include an additional 5% (relative) measurement error. The deviations represent the differences between
the maximum and minimum values, which are particularly large for formate production due to the low formate concentrations in the electrolytes

Powder synthesis Post heating Acetate production ~ Acetate Formate production ~ Formate
Photocathode temp. and time temp. (°C) Ly (mAcm™2)  rate (umol h™1) FE (%) rate (umol h™1) FE (%)
CuFeO, 150°C 24 h 500 0.11 £ 0.02 0.30 = 0.06 59 £ 1.3 0.12 + 0.01 6 £0.2
CuFeO,-CuO 130°C24h 500 0.43 £ 0.02 1.60 + 0.05 79 £ 2.3 0.24 £ 0.03 3+04
CuFe,0, 350 °C 5 h + 800 °C 500 0.059 £ 0.01 0.25 £+ 0.04 92 £1.0 0.09 £ 0.05 8+24
12 h
CuFe,0,~CuO 120°C 24 h 600 0.18 £+ 0.01 0.78 + 0.02 92 +1.4 0.36 + 0.12 11 £ 3.4

these great features is discussed in Section 3.5. Consequently,
the CuFe,04-based photocathode is promising for highly effi-
cient artificial-photosynthetic acetate production from CO,.

Next, the CuFe,0,-CuO photocathode was applied to the
two-electrode reactor using the IrO,-based transparent anode,
which would be a practical implementation. Fig. 4(a) compares
two v-t characteristics at a constant current density of 0.2 mA
cm™~? measured under continuous illumination and in the dark.
The voltage under continuous illumination was lower than that
in the dark, even at the initial stage of the measurements. The
gradual decrease in the voltage would be due to temperature
elevation associated with the illumination. The oscillation was
likely caused by the pulsatile flow of the electrolyte.

— llumination @ — Dark
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H_/
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Fig. 4 (a) v—t characteristics of the two-electrode reactors composed
of the CuFe,O4—CuO photocathode and IrO,-based transparent
anode at a constant current density of 0.2 mA cm™2. (b) FEs of acetate
and formate production. The error bars represent the differences
between the maximum and minimum values among the two samples.

lllumination
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Another, and more significant, effect of illumination is the
notable increase in the FE for acetate production, as is clear
from Fig. 4(b). The acetate FE as high as that for the three-
electrode reactors, exceeding 90% with stable operation,
suggests the promising feature of the CuFe,O4-based photo-
cathode toward practical use.

3.3 Changes in the photocathodes induced by the PEC
operations

To clarify the reasons for the notable difference in the stabilities
during the PEC operations between the four kinds of photo-
cathodes, we compared the XRD patterns measured after the
PEC operations for 1 h with those before the operations.

As shown in Fig. 5(a) and (b), the diffraction peaks of metallic
Cu appeared for the CuFeO,-based photocathodes after the PEC
operations, suggesting that some of the Cu species were
reduced to Cu(0). In particular, the presence of the Cu peak was
more notable when CuO was introduced, accompanied by
apparent decreases in the CuFeO, signals. This would be the
cause of the decrease in the current density, in short, the low
stability of the CuFeO,-CuO photocathode shown in Fig. 3(a).

By contrast, metal Cu peaks were not observed even after the
PEC operations for the CuFe,O,-based photocathodes, as is
clear from Fig. 5(c) and (d), or no other significant changes. In
short, Cu reduction during the PEC operation was sufficiently
suppressed in these photocathodes, leading to the stable
operation displayed in Fig. 3(b).

We further evaluated the stability of these photocathodes by
quantifying the Cu and Fe species dissolved in the electrolytes
after the PEC operations for 1 h. Table 2 indicates that large
amounts of Cu and Fe were leached from the CuFeO,-based
photocathode into the electrolyte. By contrast, the leaching was
significantly suppressed for the CuFe,0,-based photocathode.
The mechanism underlying the higher stability of CuFe,O, than
CuFeO, has not yet been fully elucidated. In general, divalent
Cu oxides are more stable in aqueous electrolytes than mono-
valent Cu oxides,”® since the redox potentials of Cu>*/Cu'*
(+0.15 V vs. RHE), Cu**/Cu® (+0.34 V vs. RHE), and Cu'*/Cu°
(+0.52 V vs. RHE)* are all more positive than the applied
potential of +0.13 V vs. RHE in increasing order, and conse-
quently, Cu'" is reduced more easily than Cu*".

To clarify these changes induced by the PEC operations, we
performed a longer operation test for 5 h. As shown in Fig. S6,

This journal is © The Royal Society of Chemistry 2025
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Fig.5 XRD patterns of the photocathodes before and after the i—t measurements under continuous illumination for 1 h at a constant potential of
+0.13 V vs. RHE: (a) CuFeO,, (b) CuFeO,-CuO, (c) CuFe,O4, and (d) CuFe,O4—CuO. Reference PDF data of CuFeO,, CuFe,O4, CuO, Cu, and Ti

are also indicated.

Table 2 Cu and Fe amounts leached into the electrolytes measured
after the i—-t measurements under continuous illumination for 1 h at
a constant potential of +0.13 V vs. RHE. The concentrations in the
electrolytes (in pg mL™) are converted to the ratios (in %) of the
amounts leached into the electrolyte to those contained in the
photocathodes before the i—t measurements

Photocathode Cu(ugmL™") Cu(%) Fe(ugmL™') Fe (%)
CuFeO,-CuO 2.6 6.9 12 36
CuFe,0,-CuO 0.01 0.04 0.75 1.8

the current densities of the CuFeO,-based photocathode
decreased over time. By contrast, the CuFe,O, photocathode
exhibited stable operation for 5 h. However, the current density
gradually increased when CuO was introduced; the reason has
not yet been elucidated. Fig. S7 depicts the acetate-production
performance. The amount of acetate produced by the CuFe,0,
photocathode increased linearly with operation time. This leads
to the maintenance of the acetate production rate and FE
exceeding 90% over 5 h. However, the rate and FE for the
CuFe,0,-CuO photocathode decreased after 3 h, in common
with the CuFeO,-based photocathodes, indicating degradation
of these three photoelectrodes.

XRD patterns measured after the 5 h operation, shown in
Fig. S8, indicated further structural changes. The weak peak of

This journal is © The Royal Society of Chemistry 2025

metallic Cu observed after 1 h increased, accompanied by
a notable decrease in the CuFeO, peak for the CuFeO, photo-
cathode. This suggests that decomposition of CuFeO, proceeded,
resulting in the decreasing current density. The metal Cu peak
also appeared for the CuFe,0,-CuO photocathode, although it
was not detected after 1 h. On the other hand, the intensity of the
CuFe,0, peak remained almost unchanged. The XRD pattern of
the CuFe,0O, photocathode remained unchanged.

Notable changes were also observed in the morphology for
the CuFeO,-based photocathodes, as is clear from the FE-SEM
images and EDX mappings in Fig. S9 and S10. Most of the
plate-like CuFeO, particles of a few micrometers in size
observed before the PEC operation were transformed into
spherical metal Cu particles. The Fe concentrations signifi-
cantly decreased, as already evidenced by the composition
analyses of the electrolytes after the 1 h PEC operation.

By contrast, no significant changes in the morphology or
composition were exhibited for the CuFe,0, photocathode (see
Fig. S11). This, along with the XRD result, supports its high
stability during the 5 h operation.

The fine CuO particles in the CuFe,0,~CuO photocathode
observed before the PEC operation disappeared after 5 h, as
displayed in Fig. S12. Instead, spherical metallic Cu particles
appeared. On the other hand, the Fe/Cu atomic ratio equalled
approximately 2 in the area where the metal Cu particles were
not observed, indicating the existence of CuFe,0,. These results
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are consistent with the XRD patterns after 5 h. Consequently, it
was suggested that CuFe,0, is stable regardless of the existence
of CuO, and that the degradation of the CuFe,0,~CuO photo-
cathode was due to the reduction of the CuO particles to
metallic Cu.

3.4 Operando XAFS analyses of the CuFeO,-CuO and
CuFe,0,-CuO photocathodes

To clarify the changes in the photocathodes while the PEC
operations are ongoing, we conducted operando XAFS
measurements. For this purpose, the catalyst layers must be
sufficiently thin so that the fluorescence spectra are not di-
storted by reabsorption of the fluorescence X-rays. Prior to the
XAFS measurements, it was confirmed that when the loading
amount of the catalyst is decreased to one-tenth of the original
(2.7 mg cm?), the reabsorption of the fluorescence X-rays is
negligibly weak while the acetate FE is as high as that for the
original amount. Therefore, the loading amount of 0.27 mg
em 2 was adopted for the XAFS measurements. The PEC
performances of the photocathodes using the thin CuFe,O,-
CuO layers are depicted in Fig. S13.

Fig. 6(a) shows the X-ray absorption near edge structure
(XANES) spectra at the Cu K-edge for the CuFeO,-CuO photo-
cathode measured sequentially under different conditions: at
the OCV in the dark, and during the operations at a constant
potential of +0.13 V vs. RHE under illumination, in the dark,
and under illumination again.

At the OCV, the absorption edge of the Cu K-edge spectrum
coincided with that of Cu,0, exhibiting no changes from those
in air, as shown in Fig. S14(a). This indicates that the oxidation
state of most of the Cu species was Cu(i).

—
[
~
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During the sequential operations, the intensity of the main
peak located at around 9000 eV in the Cu K-edge spectra gradu-
ally decreased. Therefore, for clarifying the changes in the
oxidation state of the Cu species, the spectrum at each cycle was
decomposed into four spectra: the spectrum of the photocathode
measured at the OCV before the operation (“before”) and addi-
tional spectra of the CuO, Cu,0, and Cu standard samples by the
linear least squares fitting. Fig. S16 indicates that the ratio of
“before” decreased, whereas that of Cu increased as the operation
proceeded, suggesting that a considerable fraction of the Cu
species was reduced to Cu(0) during the operations.

The formation of Cu(0) was supported by converting the
XAFS spectra to the FT-EXAFS spectra depicted in Fig. 6(b). The
FT magnitude at around R = 2.0 A, corresponding to the Cu
atoms as the first nearest neighbours of Cu in metal Cu, grad-
ually increased during the operations, although it was negli-
gibly small in the “before” state. Fig. 6(c) compares the FT-
EXAFS spectra of the “before” and the final stage of the
second illumination (“final”) with those of the standard
samples. In the “final” spectrum, the peak originating from
metallic Cu appeared at around R = 2.0 A, although it was not
exhibited in the “before” spectrum. It should be noted that the
observed peak position was shifted from that for the standard
sample of metal Cu (R = 2.2 A), because of interference with the
signals originating from phases other than metallic Cu.

On the other hand, the Fe K-edge spectra scarcely changed
throughout the measurements, as depicted in Fig. S14(b) and
S15(a), indicating that the oxidation state of the Fe species was
always Fe(u).

These results of the operand XAFS analyses agree with the
XRD results shown in Fig. 5(b). Thus, the reduction of the Cu
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O
~
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Fig. 6 Changes in (a) the Cu K-edge XANES spectra and (b) FT-EXAFS spectra of the CuFeO,—-CuO photocathode during the operations. The
measurements were sequentially conducted as follows: at the OCV in the dark (Cycle 1-3), and operations at a constant potential of +0.13 V vs.
RHE under illumination (Cycle 4-33), in the dark (Cycle 34-48), and under illumination (Cycle 49-58). (c) The FT-EXAFS spectra at the OCV
before the operation (“before”, average over Cycle 1-3) and at the final stage of the second illumination (“final’, average over the last 3 cycles).
(d)—(f) Results for the CuFe,O4—CuO photocathode measured at OCV (Cycle 1-2), under illumination (Cycle 3-18), in the dark (Cycle 19-36),

and under illumination (Cycle 37-47).
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species would be the cause of the gradual decrease in the
current density, in other words, low stability during the PEC
operation depicted in Fig. 3(a).

By contrast, the results for the CuFe,0,-CuO photocathode
exhibited no apparent changes in the oxidation states of the Cu
or Fe species. Fig. 6(d) shows the Cu K-edge XANES spectra,
indicating that the “before” oxidation state of the Cu species
was Cu(u), just like that in the air shown in Fig. S14(c), and
remained unchanged during the sequential operations, as is
clear from Fig. 6(e) and (f). The oxidation state of the Fe species
was always Fe(ur) (see Fig. S14(d) and S15(b)). These results
support the highly stable operation displayed in Fig. 3(b).

3.5 Role of each constituent in the CuFe,0,~CuO
photocathode for PEC production of acetate

The newly developed photocathode using the CuFe,04-based
catalyst achieved high stability along with a high acetate FE
exceeding 90% during 1 h of PEC operation. Another signifi-
cance is that the introduction of CuO into CuFe,O, approxi-
mately doubled the current density and the acetate production

(a) (b)
3000
o CuFe,0, dark 1500 e CuFe,0,~CuO dark
O CuFe,O, 1 sun ® CuFe,0,~CuO 1 sun
g2 HIEETIETE = | [R1@ [ R
~N isun 20 2289 € 1000 1sun 20 268
N
g Dark 20 2425 o Dark 19 318
£ 1000 E w0
09 XY
o° %Q%OOO 0% % o Pooe,
L]
0 . : 0 M
0 1000 2000 3000 0 500 1000 1500
Real Z (Q) Real Z (Q)
(c)
c2 c3
R1
R2 R3

Fig. 7 Nyquist plots of the three-electrode reactors using the (a)
CuFe,04-CuO and (b) CuFe,O4 photocathodes measured at a DC
bias of +0.13 V vs. RHE under 1 sun illumination and in the dark. The
fitted values of Ry and R, were indicated. (c) Equivalent circuit.
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rate. Thus, we further investigated this photocathode to clarify
the origins of these great features.

The high acetate FE was also realized using the CuFe,0,
photocathode, as shown in Table 1. Therefore, CuFe,O, guar-
antees the high selectivity of acetate production. The origin of
this high selectivity is discussed later.

On the other hand, the photocurrent density and acetate
production rate were doubled by introducing CuO. To elucidate
the role of CuO, EIS measurements were carried out. Fig. 7
compares the Nyquist plots of the CuFe,0,-CuO photocathode
with those of the CuFe,0, photocathode measured under illu-
mination and in the dark at the same DC bias (+0.13 V vs. RHE)
adopted for the i-¢ measurements. These results are interpreted
using the equivalent circuit composed of three resistances (R;-
R;) and two capacitances (C, and C3) illustrated in Fig. 7(c).** Ry
originates from the charge transfer at the interface between the
catalyst layer and Ti substrate, R, and C, from the charge
transport in the porous catalyst layer, and R; and C; from the
charge transfer across the photocathode/electrolyte interface.

The introduction of CuO notably decreased R,, although R,
remained unchanged, owing to the function of CuO as
a conductive additive. This contributed to the doubled photo-
current density and acetate production rate at a constant
potential. In addition, R, was smaller under illumination. This is
exactly the origin of the lower voltage under illumination during
the v-t measurements depicted in Fig. 4 and the photoresponse
displayed in Fig. S5. Although R; provides information on the
reaction activities and selectivity, accurate values were not
derived because of distorted semicircles and low S/N ratios.

Finally, to clarify the electron-transfer pathways, the energy
levels of the constituents were determined by measuring the
photoelectron yield spectra and diffuse reflectance spectra. The
measured results are shown in Fig. S17 and S18 with the I, and
E, values derived from the spectra, respectively.

The resultant energy levels are depicted in Fig. 8. Photoex-
cited electrons in CuFe,0, reduce CO, to produce acetate. The
CBM of CuFe,0, is closer to the CO, reduction potential for
acetate production than that of CuFeO,. This suppresses side
reactions producing hydrogen, formate, carbon monoxide, and

RHE (V)
10 CuFeO,
-1.0 4 -0.70
- .- —0.171 (CO,/formate)
CH,COOH - =0.107 (CO,/CO)
0.0 — 0.000 (H*/H,)
- +0.098 (CO,/acetate)
1.0 —
s - 0,/H,0
2.0 —

Fig. 8 Energy levels of CuO, CuFe,O4 and CuFeO, determined from the photoelectron yield spectra (Fig. S17) and diffuse reflectance spectra
(Fig. S18), and electron and hole transfer pathways leading to acetate production from CO,.
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ethylene more efficiently. Consequently, the higher FE
exceeding 90% is achieved using the CuFe,0, catalyst. On the
other hand, the PEC reaction mechanism of acetate production
by CO, reduction on CuFe oxide surfaces has not yet been fully
elucidated. It has been proposed that CO, adsorbed on the Fe
sites is preferentially reduced to *CO bound to the surfaces,*
which subsequently reacts with water to form *COH under
illumination, followed by C-C coupling with another *COH or
with *CO to produce acetate.***” Detailed analyses of the reac-
tion mechanism could reveal other notable features of CuFe,O,
in addition to its appropriate CBM.

In addition, electrons photoexcited in CuO also contribute to
acetate production after migrating into CuFe,0,, rather than
reducing CO, on the CuO surfaces to produce other substances.
Holes migrate to the Ti substrate directly or via CuO. Conse-
quently, although the incident photons are partially absorbed
by the conductive additive CuO, they are efficiently utilized for
acetate production on the CuFe,0, surfaces. This is the reason
why the high acetate FE is maintained when CuO is introduced,
and the current density is notably increased. However, long-
term stability of CuO during the PEC operation was not suffi-
ciently high, as discussed in Section 3.3. Therefore, replacement
of CuO with a more stable conductive additive is needed.
Combination with organic hole conductors would be a prom-
ising candidate to achieve both high current density and high
stability, because the energy levels of these materials can be well
adjusted to those of CuFe,O, and relevant reactions by
designing appropriate molecular structures.

4. Conclusions

We have fabricated photocathodes using a newly developed
CuFe,0,-based catalyst for artificial photosynthesis and achieved
highly stable and highly selective PEC production of acetate from
CO,. The FEs for acetate production exceeded 90%, with stable
operation for 1 h. XRD, FE-SEM, EDX, and operando XAFS analyses
revealed that there were no apparent changes in the CuFe,O,-
based catalyst during the PEC operations. In contrast, a consider-
able fraction of the Cu species in the conventional CuFeO,-based
catalyst was reduced to Cu(0), while a significant portion of the Fe
species was leached into the electrolyte, resulting in notable
degradation in the PEC performance. It has been revealed that
CuFe,0, guarantees the high FE and high stability, while CuO
functions as a conductive additive, leading to the improved current
density while maintaining the high FE. However, the long-term
stability of CuO was not sufficiently high for practical use;
a more stable conductive additive is needed for fully exploiting the
high stability and selectivity of CuFe,O,. The artificially photo-
synthesized acetate can be converted into edible products via bi-
oprocesses, offering a potentially more efficient solar-energy
conversion to food than natural photosynthesis in the near future.
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