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A rational design of an electrocatalyst presents a promising avenue
for solar fuels synthesis from carbon dioxide (CO,) fixation but is
extremely challenging. Herein, we use density functional theory
calculations to study an inexpensive binary copper—iron catalyst
for photoelectrochemical CO, reduction toward methane. The cal-
culations of reaction energetics suggest that Cu and Fe in the binary
system can work in synergy to significantly deform the linear con-
figuration of CO, and reduce the high energy barrier by stabi-
lizing the reaction intermediates, thus spontaneously favoring
CO, activation and conversion for methane synthesis. Experi-
mentally, the designed CuFe catalyst exhibits a high current density
of —38.3 mA-cm~2 using industry-ready silicon photoelectrodes with
an impressive methane Faradaic efficiency of up to 51%, leading to
a distinct turnover frequency of 2,176 h~" under air mass 1.5 global
(AM 1.5G) one-sun illumination.

binary copper—iron catalyst | CO, reduction | methane |
photoelectrocatalysis

he production of clean solar fuels from carbon dioxide (CO,)

and water via photoelectrocatalysis (PEC) provides a prom-
ising route for alleviating our society’s reliance on fossil fuels and
reducing atmospheric carbon emissions (1-4). A rational design
of an electrocatalyst is the key for achieving high performance of
CO; reduction reactions (CO,RR) (5-7). It is worth noting that,
among various products formed from PEC CO,RR, the most
reduced methane is highly energy dense (AHc® = 891 kJ/mol),
and its storage, transportation, and combustion are compatible
with the existing industrial infrastructure, thus being an ideal
solar fuel (8). However, the production of methane requires com-
plicated 8-electron/proton coupling transfer, which is both kineti-
cally and thermodynamically unfavorable (9-11). The development
of an efficient electrocatalyst is thus highly desirable (12).

Over the past few decades, a large number of electrocatalysts,
including molecular complexes (13, 14), enzymes (15, 16), metals
(17, 18), and transition metal chalcogenides (19, 20), have been
developed for CO,RR. Among these materials, copper (Cu) is
well known to be a state-of-the-art electrocatalyst for producing
methane from CO,RR (21-27). To date, however, the use of Cu
catalyst for PEC methane synthesis (28, 29) has suffered severely
from low current density, inferior Faradaic efficiency, low turn-
over frequency, and high overpotential. This is because Cu with
monofunctional site generally possesses a very weak interaction
with CO,, which is not capable of concurrently activating CO,
molecules and stabilizing the subsequent reaction intermediates
(30-32). Recently, binary catalyst of Cu with secondary metals
and their derivatives has emerged as a possible approach to
enhance the performance of PEC CO,RR. For example, Chu
et al. (33) demonstrated that oxide-derived Cu—Zn electro-
catalyst exhibited a remarkable enhancement on tunable syngas
formation with a benchmark turnover number of 1,330 compared
to Cu alone. Kong et al. (34) described directed assembly of
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CuAu nanoparticles on silicon nanowire (NW) photoelectrodes,
exhibiting an evidently accelerated CO,-to-CO conversion with
high selectivity of 80% at —0.2 V. Yin et al. (35) developed a
Cu—Zn alloy for selectively reducing CO, toward HCOOH with
a Faradaic efficiency of 79.11% through PEC, which is superior
to either Zn or Cu. Nevertheless, these reported binary systems
are still not efficient at improving the interaction with CO, for
methane synthesis from PEC CO,RR. Therefore, a rational
design of a novel binary catalyst of Cu for simultaneous CO,
activation and stabilization of various intermediates to effectively
synthesize methane is of fundamental and practical interest (30,
36), but has remained a grand challenge.

In this work, we present the discovery of a binary CuFe elec-
trocatalyst for the selective reduction of CO, to CH,4. Density
functional theory (DFT) calculations reveal that Cu and Fe in
the binary system work in synergy to induce a significantly dis-
torted O—C—-0O angle of 126.05° from its original linear config-
uration at the interface to render a strong interaction with CO,,
and a drastic reduction in the reaction energy barrier, thus
greatly facilitating methane synthesis. Experimentally, the CuFe
binary electrocatalyst is shown to exhibit high current density
of —38.3 mA-cm™ for silicon-based photoelectrodes with high
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Faradaic efficiency of up to 51% and high turnover frequency
(TOF) of 2,176 h™! for PEC CO,RR toward CH, under simu-
lated solar light (air mass 1.5 global [AM 1.5G], 100 mW- cmfz)
at —1.2 V versus reversible hydrogen electrode (RHE), which is
superior to that of both Cu and Fe catalyst individually. In ad-
dition, the photocathode is made entirely of Earth-abundant
materials by industrial semiconductor manufacturing process,
presenting one promising route for producing clean fuels in
aqueous solution using solar energy.

Results

CO, Adsorption/Activation over Cu(111) and Fe,0,/Cu(111). Since the
initial activation of the inert CO; is crucial for the subsequent
reactions, CO, adsorption characteristics were first investigated
using DFT calculations. As iron appears to be in its oxidation
state, Fe,O, was used in the analysis, and the preferred orien-
tation of Cu surface with the lowest surface energy, that is,
Cu(111), was adopted. Therefore, an inverse hydrogenated
Fe;06Hg/Cu(111) was utilized as a representative model for
CuFe electrocatalyst (please see Computational methods for
more details), by taking the aqueous CO,RR environment (37)
and the preferable H spillover from metal particles to oxide
support into consideration (38). Illustrated in Fig. 14 and Fig. 1B
are the optimized structures for CO, adsorption on Cu(111) and
Fe;0qHg/Cu(111), respectively. For the case of CO, on Cu(111),
we see that CO, remains the original linear configuration with
the O—C-0 angle of 179.67°, and the 2 C—O bond lengths are
similar to the CO; isolated gas phase (Fig. 14 and SI Appendir,
Fig. S1 and Table S1). On the other hand, it is found that, for the
case of CO, at the Fe;OqHe/Cu(111) interface, the C atom
strongly binds to the Cu atom underneath, with a bond length
of 1.98 A, and one O atom attaches to the Fe atom with a shorter
bond length of 1.96 A. This signifies a much stronger bonding,
which results in a significant distortion of CO, away from its
original linear form to a bent form with an O—C-0O angle of
126.05° (Fig. 1B and SI Appendix, Table S1). A bidentate con-
figuration is therefore formed, which facilitates the subsequent
reactions (36, 39). In addition, it is observed that the interaction
of CO, with the Fe306He/Cu(111) interface weakens the 2 C-O
bonds of CO,, leading to elongated C—O bonds (1.28 and 1.25 A)
from the original bond length of 1.18 A in an isolated CO,. The
weakened C—O bonds and the distorted CO, configuration to-
gether highlight an obvious activation of CO, upon chemisorption
at the interface, which is in stark contrast to the negligible acti-
vation of CO, on Cu(111) that is highly beneficial for CO,RR.
The CO, activation mechanism at Fe,O,/Cu(111) interface reveals
a similarity to that of individual metal oxide, for example, TiO,
(38), with surface oxygen vacancies, in which an undercoordinated
Fe atom at the edge of the oxide cluster (i.e., essentially an O
vacancy) acts as the active center to bind one of the O atom in
CO; (40, 41). It is also worth noting that the coexistence of iron
oxides and Cu nanoparticles facilitates the formation of the
bifunctional Fe,O,/Cu(111) interface. On one hand, Fe,O,/Cu(111)
interface allows multiple adsorption sites and directly participates
in stabilizing the key reaction intermediates, such as *CO,, *CH,O,,

A
0= 179.67°
Fig. 1. CO, adsorption and activation over Fe,O0,/Cu(111). Side and top

views of optimized configurations of CO, activation on Cu(111) (A) and
Fe3OgHe/Cu(111) (B). Cu, blue; Fe, orange; O, red; C, brown; and H, white.
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and *C/H,. On the other hand, the strong interaction between
iron oxides and Cu nanoparticles results in a unique electronic
structure that differs from those of isolated components, which
is suitable for CO, activation and its subsequent transformation
(39). These results are consistent with the observation in thermal
CO, catalysis at metal/oxide interface (42-44), and can be further
verified by the CO, adsorption capacity measurement (SI Ap-
pendix, Fig. S2) showing much larger CO, adsorption capacity of
CuFe@GaN NWs/Si than that of Cu/GaN NWs/Si.

Synthesis and Characterization of the Binary CuFe Electrocatalyst.
Inspired by the theoretical results above, we developed a bi-
nary CuFe catalyst monolithically integrated with GaN NW ar-
rays on planar n*-p silicon wafer, which was achieved by combing
highly controlled molecular beam epitaxy with facile electrode-
position (SI Appendix, Fig. S3). As illustrated in Fig. 24 and SI
Appendix, Fig. S4, one-dimensional (1D) GaN NWs are first
grown on planar n™-p silicon junction with a length of ~300 nm
and diameters varying from 30 to 40 nm, using molecular beam
epitaxy. Transmission electron microscope (TEM) images show
that GaN NWs are nearly defect-free with lattice space of ~0.26
nm, suggesting the c-axis growth direction (SI Appendix, Fig. S5)
(33). Using these NWs as support, Cu and Fe were facilely
codeposited via electrocatalysis. After the electrodeposition, the
morphology of the GaN NW arrays remains largely unchanged
(Fig. 2B). Scanning TEM high-angle annular dark-field (STEM-
HAADF) image and elemental distribution mappings illustrate
that both Cu and Fe are clearly dispersed on GaN NW with a
unique alloyed geometry (Fig. 2 C-G). The binary CuFe catalyst
loading could be optimized by the 1D GaN NWs. In particular,
1D nanostructure is favorable for exposing cocatalyst with high-
density active sites. What is more, the ultrahigh surface-to-
volume ratio of 1D nanostructure helps to reduce the loading
amount of the catalyst (45). The inductively coupled plasma
atomic emission spectrum (ICP AES) 1ndlcates that the content
of the binary CuFe catalyst is 0.041 pmol-cm™2 with Fe/Cu ratio
of 6.3/1. X-ray photoelectron spectroscopy (XPS) measurement
was conducted to further analyze the chemical states of Cu and
Fe (SI Appendix, Fig. S6). It is clearly shown that the charac-
teristic peaks of Cu 2p 3/2 and Cu 2p 1/2 appear at 933.2 and
953.1 eV (Fig. 2H), due to metallic copper and/or partially oxi-
dized copper. Meanwhile, the peaks of ~711 and 725 eV are
associated with Fe 2p 3/2 and Fe 2p 1/2, respectively (Fig. 2). As
suggested by previous studies, these peaks originate from iron
oxides and/or hydroxides (Fe,O,/Fe,(OH),) (46). X-ray diffrac-
tion spectrum measurement in SI Appendix, Fig. S7 illustrates
that only a featured peak of GaN (002) at ~34" was observed for
both GaN/Si and CuFe@GaN NWs/Si (33). This may originate
from both the low content of Cu and Fe and their amorphous
phase, which agree well with TEM and ICP-AES characteriza-
tions. The amorphous copper—iron catalyst supported on one-
dimensional GaN NW arrays could provide sufficient surface
defects as well as a large number of low-coordinated atoms of the
catalyst, and, consequently, abundant active sites can be pro-
duced for CO,RR (47, 48).

Photoelectrochemical CO, Reduction Reaction. The PEC CO,RR
performance of CuFe@GaN NWs/Si as well as other photocath-
odes was examined in CO,-saturated 0.5 mol/L KHCO; aqueous
solution. As shown in Fig. 34, it is obvious that, among all 5 of the
tested photocathodes, CuFe@GaN NWs/Si exhibits the best cur-
rent density—voltage (J-V) curve under standard one-sun illumi-
nation. Compared to bare n*-p silicon junction, GaN NWs/Si
shows an evidently improved J—J curve with an onset potential
of —0.33 V (corresponding to a current density of —0.1 mA-cm™)
but still suffers from rapid surface recombination and slow re-
action kinetics because of the lack of catalysts. The introduction of
catalysts could significantly improve the J—J” behavior. It is noted
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Structure and chemical characterization. Scanning electron microscopy (SEM) images of bare GaN NWs/Si (A) and CuFe@GaN NWs/Si (B) with magnified

Insets. (Scale bars: A and B, 1 um; Insets, 500 nm.) STEM-HAADF image of GaN nanowire NW modified with binary CuFe catalyst (C). The elemental distribution
mappings of Ga (D), N (E), Fe, (F) and Cu (G) are described as well; the full horizontal width of D-G is 20 nm. XPS measurement of Cu 2p (H) and Fe 2p (/) in
CuFe@GaN NWs/Si. a.u. denotes arbitrary unit; in H, the gray and pink lines represent original and fitting data of Cu 2p, respectively; in /, the gray and green lines
represent original and fitting data of Fe 2p while orange, deep blue, light blue, pink, and purple lines represent various iron oxides and/or hydroxides.

that the binary CuFe catalyst shows an obvious enhancement
compared to both Fe and Cu individually, confirming the syner-
getic effect of Cu and Fe for the reaction. The superior onset
potential of +0.23 V of CuFe@GaN NWs/Si is 200 and 290 mV
higher than that of Fe/GaN NWs/Si and Cu/GaN NWs/Si, re-
spectively. Importantly, the current density of CuFe@GaN NWs/
Si reaches —38.3 mA-cm™2 at —1.2 V, which is close to the light-
limited current of the silicon-based photocathode (~—45 mA-cm™)
under one-sun illumination (49). The origin of the improved
performance comes primarily from the fact that the CuFe cata-
lyst offers active centers to promote the kinetics (8). Moreover,
photoluminescence (PL) spectra in SI Appendix, Fig. S8 illus-
trate that the featured peak intensity decreased in the order of
GaN NWs/Si > Cu/GaN NWs/Si > CuFe@GaN NWs/Si. It
indicates that a Schottky junction is formed between the loaded
cocatalysts and GaN semiconductor, which is capable of greatly
promoting the electron—hole separation (50). Furthermore, the
dramatic reduction in PL intensity of CuFe@GaN NWs as
compared to Cu/GaN NWs suggests that the binary CuFe cata-
lyst is more favorable than Cu catalyst to promote electron—hole
separation of GaN NWs. Additionally, it is found that the light
intensity affected the J—V curve significantly (SI Appendix, Fig.
S9). The current density increased with the increasing intensity
because more electron—hole pairs could be formed under illu-
mination with higher intensity. In contrast, there is nearly no
current observed in the dark during the entire potential range
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examined. These results suggest that light-driven generation of
electron—hole pairs is a critical step for CO,RR. Moreover, control
experiments confirm that the linear sweep voltammetry (LSV)
behavior under CO, atmosphere is superior to that under argon
atmosphere (SI Appendix, Fig. S10), which further suggests the
strong adsorption and activation of CO, over the binary CuFe
catalyst (39). Based on Faradaic efficiency measurements, both
GaN NWs/Si and Fe/GaN NWs/Si do not produce any methane
(Fig. 3B). Hydrogen was the main byproduct, with a trace amount
of CO (Faradaic efficiency <1%). Although Cu is catalytically ac-
tive for methane synthesis, Cu/GaN NWSs/Si only shows a low
Faradaic efficiency of ~20%, which is consistent with previous work
(28). In stark contrast, the binary CuFe catalyst gives rise to more
than 2-fold improvement in Faradaic efficiency, to 51% with a high
current density of —38.3 mA-cm™. As a consequence, the partial
current density of CuFe@GaN NWs/Si for CH, formation is as
high as —19.5 mA-cm™ (Fig. 3C), which is remarkably higher than
the previously reported silicon photocathode for PEC CO,RR to-
ward CH, (28, 29). The optimal productivity of CuFe@GaN NWs/
Si for CH, approaches 88.8 pmol-h—.cm ™, which is 3.7 times larger
than that of Cu/GaN NWs/Si, while Fe/GaN NWs/Si did not show
any productivity under the same experimental conditions (Fig. 3D).
These results undoubtedly suggest that the binary CuFe catalyst
plays a crucial role in promoting methane production. Electronic
properties evaluation of Cu using X-ray photoelectron spectrum
demonstrates a considerable shift of about +0.3 eV. Cu 2p 3/2 was
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Fig. 3. Photoelectrocatalytic performance measurements. J—V curves (A), Faradaic efficiencies (B), partial current density (C), and CH,4 productivity (D) of GaN
NWs/Si, Cu/GaN NWs/Si, Fe/GaN NWs/Si, and CuFe@GaN NWs/Si. The gray curve in A corresponds to CuFe@GaN NWs/Si under dark. Variations of Faradaic
efficiencies (F) and turnover frequency (F) for methane synthesis versus applied bias for CuFe@GaN NWs/Si. Experimental conditions: CO,-purged 0.5 M
KHCO3 aqueous solution (pH ~ 8), one-sun illumination (AM 1.5G, 100 mW-cm™2).

shifted from 932.9 to 933.2 eV by incorporating Fe species, sug-
gesting that Cu in CuFe@GaN NWs/Si is electron-deficient com-
pared to Cu/GaN NWSs/Si (SI Appendix, Fig. S11) (51). Such
a notable change of electronic properties may contribute to tuning
the catalytic properties of Cu (52), and thus facilitates the CO,RR
toward methane. It is noted that there is an optimized CuFe catalyst
for maximum activity and methane selectivity. At a low loading
amount of ~0.033 pmol-cm ™~ with Fe/Cu ratio of 4.5/1 (SI Appendix,
Fig. S12), the active sites of CuFe@GaN NWs/Si are insufficient for
suppressing charge carrier surface recombination and improving the
kinetics, resulting in limited activity (7). However, at higher Fe/Cu
ratio of 12.9/1 with CuFe overloading of 0.075 umol-cm™ (SI Ap-
pendix, Fig. S13), the light absorption of the silicon semiconductor
would be suppressed (53), and the inherent catalytic activities would
be lowered (54) (SI Appendix, Figs. S14 and S15). Therefore, there
is an appropriate loading amount of 0.041 pmol-cm™ with Fe/Cu
ratio of 6.3/1, enabling optimal optical and catalytic activity for
highly efficient PEC CO,RR toward CH,.

The dependence of Faradaic efficiency on the applied po-
tentials is studied, and the results are illustrated in Fig. 3E. It is
discovered that the applied potentials play a significant role in
the Faradaic efficiency. The onset of CuFe@GaN NWs/Si for
methane synthesis is —0.4 V with a methane Faradaic efficiency
of 1.2%, which is more positive than that of —0.7 V for Cu alone.
It reveals that a significantly lower driving force (by as much as
0.3 V) is required for the binary CuFe catalyst for CO, reduction

Zhou et al.

reaction. The underlying cause is that the binary CuFe catalyst can
initially activate the stable CO, molecule and reduce the high
energy barrier, which is in excellent agreement with the theoretical
calculation. At potentials more positive than —0.4 V, the driving
force is sufficient for hydrogen production but not for overcoming
the high energy barrier for methane synthesis. Methane was hence
not formed. As the potential shifts negatively, Faradaic efficiency
of CH,4 formation is continuously improved with the increasing
driving force and approaches a maximum of 51% at —1.2 V. A
more negative potential, however, leads to a mild reduction in
Faradaic efficiency to 42% because of the severe competition of
hydrogen evolution under high overpotential as well as the CO,
mass transport limitation (55, 56).

High turnover frequency is one distinct highlight of this work.
As shown in Fig. 3F, an appreciable TOF of 9.5 h™! is achieved
under standard one-sun illumination at the onset potential of —0.4 V.
The negative shift of potential results in increasin% TOF. At -12V,
a maximum TOF, which is as high as 2,176 h™, is achieved at a
high current density of —38.3 mA-cm™2 and high Faradaic efficiency
of up to 51% despite a slight reduction at more negative potential.
Herein, the superior TOF mainly originates from the unique syn-
ergy of Cu and Fe in the binary catalytic system. Additionally, the
pronounced sunlight absorption ability and efficient charge carrier
extraction of the GaN/Si platform also play an important role,
which will be discussed next.
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CO, Conversion at the Interface over Cu(111) and Fe,0,/Cu(111). To
gain fundamental insights into what underlines the superior per-
formance of the binary CuFe catalyst, we have studied the reaction
pathways, reaction intermediates, potential-determining steps
(PDSs), and free-energy diagrams of the catalytic CO,RR to
CH, on Fe;OHg/Cu(111) in comparison with those on Cu(111).
Fig. 44 shows the optimized structures of adsorption configu-
ration for each reaction intermediate on Cu(111) and Fe;OqHg/
Cu(111). On the Fe;O¢Hg/Cu(111), it was discovered that the
interfacial sites directly participate in binding and stabilizing all
of the reaction intermediates. Specifically, the O-bound species
(*O and *OH) prefer to bind to reduced Fe®* cation in the metal
oxide with the ' — Op.+ configuration, while, for C- and O-bound
species (species bound through both C and O, i.e., *COOH, *CO,
*CHO, *CH;0, and *CH;0), the metal/oxide interfacial sites are
favored with the #* — Cc,Ope+ configuration. Consequently,
the Fe;OgHg/Cu(111) interfacial sites are beneficial for methane
synthesis via stabilizing all of the reaction intermediates during
the complex 8-electron/proton coupling transfer process (30, 36).

Fig. 44 demonstrates the free-energy diagram of the lowest-
energy pathways of CO, reduction on the Cu(111) and Fe;OsHg/
Cu(111) under zero electrode potential (U = 0 V). For the case
of Cu(111), the protonation of CO species (i.e., *CO — *CHO)
is the PDS, exhibiting a free-energy change of 0.85 eV. On the
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other hand, for CO, at the interface of Fe;OsHg/Cu(111), the PDS
remains the same, but with an appreciably reduced free-energy
change of 0.51 eV. By increasing the stability of the *CHO spe-
cies relative to *CO, it is expected that the energy efficiency of PEC
reduction of CO, on the Fe;OsHg/Cu(111) interface would surpass
the pure metals, due to the various structures with complementary
chemical properties in the metal/oxide interfacial sites that work in
synergy to facilitate the CO, reduction into CH, (39, 42). Mean-
while, it is worth noting that Fe;OsHg/Cu(111) may hinder further
reaction steps toward oxygen reduction due to an increased free-
energy change associated with the proton/electron transfer step of
*OH [i.e., *OH protonation to H,O(g)] in Fig. 44. For this step, the
Cu(111) surface requires 0.14 eV, while the Fe;OsHg/Cu(111) de-
mands 0.33 eV. Nonetheless, it would not alter the PDSs of the CO,
reduction on the Cu(111) surface and Fe;0¢Hg/Cu(111) interface
with both of them laying in the *CO/*CHO step. Fig. 4B shows the
corresponding free-energy diagrams of CO, reduction at applied
electrode potentials of U =—0.85 and —-0.51 V for the Cu(111) and
Fe;0qHg/Cu(111), respectively. These 2 electrode potentials are the
required voltages for eliminating the free-energy change of the
PDSs (*CO/*CHO). It illustrates that the CH4-forming reaction from
CO, might occur at —0.85 and —0.51 V (vs. RHE) on the Cu(111)
surface and Fe;OgHg/Cu(111) interface, respectively. It suggests that,
for methane synthesis, the onset potential of Fe;OsHg/Cu(111) is
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Fig. 4. Calculated free-energy diagrams for CO,RR on Cu(111) and Fe3OgHg/Cu(111) under zero (A) and applied electrode potentials (B). The values in B (i.e.,
0.85 and 0.51 eV) show the potential-determining energy barriers that should be overcome for the CH, production on Cu(111) and Fe30gHg/Cu(111). Cu, blue;

Fe, orange; O, red; C, brown; and H, white.
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0.34 V more positive than that of Cu(111), which is in excellent
agreement with the experimental results that the onset of the binary
CuFe catalyst is 0.3 V lower than that of Cu.

In addition to Fe;OgHg/Cu(111), we have also investigated
CO;RR at other possible hydrogenated Fe,O,/Cu interfaces, that
is, Fe;O3H3/Cu(111) and FesO,H7/Cu(111). The results show
that the reaction energetics on Fe;O3H3/Cu(111) and FesO,H,/
Cu(111) are similar to that of Fe;OsHg/Cu(111) (SI Appendix,
Fig. S16).

Additionally, to consider the effect of partially oxidization on
Cu as characterized in the XPS data, we have also conducted a
series of DFT calculations by constructing iron oxide clusters with
varying atomic ratios of Fe, Cu, and O on the surface of partially
oxidized Cu, that is, Fe,O,/Cu,O(111), similar to the cases of
Cu(111). A similar conclusion has been found on the Fe,O,/
Cu,O(111) interfaces; that is, in spite of quantitative variations
among different systems, the similar qualitative trend confirms the
critical role of Fe,O,/Cu or Fe,O,/Cu,O(111) interface in acti-
vating CO, and stabilizing the reaction intermediates to facilitate
the CO,RR for methane synthesis (SI Appendix, Fig. S17). Spe-
cifically, the CO,RR on pristine Cu,O(111) is bottlenecked by the
hydrogenation of both *CO to *CHO and *OH to H,O with a
free-energy change for PDS being 1.02 and 1.12 eV, respectively.
In contrast, free-energy change of the hydrogenation of *CO to
*CHO has been lowered to 0.89, 0.76, and 0.63 eV on Fe;Os;H3/
Cu,0O(111), Fe;06H(/Cu,O(111), and FecO;H/Cu,O(111), re-
spectively (SI Appendix, Fig. S18). And the free-energy change for
another PDS of hydrogenation of *OH to H,O has also been
decreased due to a selective destabilization for the reaction in-
termediate of *OH. It is worth noting that the reaction mechanism
of Fe,O,H,/Cu,0O(111) is presumably the same as that of Fe,O,H./
Cu(111), since all of the reaction intermediates share similar
adsorption configurations and react with the Cu atoms on
Cu,O(111) surface.
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The Function of GaN NWs. Apart from the catalyst, we also studied
the influence of GaN N'Ws on the excellent performance. In the
absence of GaN NWs, CuFe/Si exhibited a planar morphology
similar to that of bare silicon substrate (SI Appendix, Fig. S19).
Control experiments indicate that the J-J curve of CuFe/Si
without GaN NWs is obviously inferior to CuFe@GaN NWs/Si
under the same conditions (Fig. 5 A and B). In particular,
the current density of CuFe/Si is only —1.3 mA-cm™2 at ~—1.2'V,
which is lower by a factor of 29.5 than —38.3 mA.cm™2 for
CuFe@GaN NWs/Si (Fig. 54). Meanwhile, the Faradaic effi-
ciency of 16.6% for CuFe/Si is also much lower than that of 51%
measured for CuFe@GaN NWs/Si. In consequence, the pro-
ductivity of CuFe/Si (0.9 pmol-cm™2h™") is 2 orders of magni-
tude less than that of CuFe@GaN NWs/Si (88.9 pmol-cm™>h™")
(Fig. 5B). Both optical and electronic properties were examined
to further explore the significant improvement caused by GaN
NWs. Ultraviolet-visible (UV-Vis) relative differential reflec-
tance spectra analysis in SI Appendix, Fig. S20 shows that GaN
NWs enhance the sunlight absorption of the n*-p silicon junction
in a wide wavelength range, due to the light trapping effect (57).
In addition, as shown in the energy diagram in SI Appendix, Fig.
S21, the conduction band edge of GaN and Si is approximately
aligned (58), and GaN is nearly defect-free and has high electron
mobility. Under illumination, the photogenerated electrons are thus
readily extracted from the n*-p silicon junction and further trans-
ferred to the deposited CuFe catalyst in the presence of GaN NWs,
which is in good agreement with the electrochemical impedance
spectroscopy measurements (SI Appendix, Fig. S22). Therefore, it is
reasonably concluded that GaN NWs could be an ideal candidate
for accelerating the reaction by enhancing the optical and electronic
properties, which is consistent with our work using GaN NW
for improving the photoelectrocatalytic water splitting perfor-
mance of MoS,/Si (59). It is also worth mentioning that, owing
to the 1D structure of GaN NW arrays, the catalysis could be
spatially decoupled from sunlight collection and charge carriers’
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Role of GaN NWs. J—V curves (A) and Faradaic efficiency and productivity (B) of CuFe/Si and CuFe@GaN NWs/Si. Spatial decoupling of CO,RR from light

absorption and charge carriers separation over CuFe@GaN NWs/Si (C). Experimental conditions: CO,-purged 0.5 M KHCO3 aqueous solution (pH ~ 8), one-sun

illumination (AM 1.5G, 100 mW-cm~2).
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separation (Fig. 5C), which could maximize the synergy of Cu
and Fe for methane synthesis by providing sufficient active sites
with high atom efficiency.

Isotopic experiments were further conducted to clarify that the
methane was produced from CO,RR. When the reaction was
performed in "*C-labeled bicarbonate aqueous solution under the
atmosphere of '*CO,, gas chromatography (GC) mass spectros-
copy analysis only showed a peak at m/z = 17 resulting from *CH,
(SI Appendix, Fig. $23). The formation of '>*CH, was negligible. In
contrast, when the blank experiment was carried out in argon-
purged Na,SO,4 aqueous solution, there was no methane synthe-
sized. These results suggest that methane is produced from CO..
We have further shown that the device can exhibit stable opera-
tion of 10 h (SI Appendix, Fig. S24). The elemental dissolution of
CuFe@GaN NWs/Si into the aqueous solution was not evidently
found by ICP, and the morphology of the catalytic architecture
remains unchanged (S Appendix, Fig. S25), further confirming the
stability of the device.

Conclusions

This work demonstrates that an inexpensive binary CuFe catalyst
coupled with GaN NWs on n*-p silicon wafer is highly active and
selective for photoelectrochemical CO, reduction toward CHy.
Both experimental and theoretical results suggest that Cu and Fe
work in synergy for spontaneous CO, activation and conversion
with severely deformed CO, molecular structure and reduced
reaction energy barrier by stabilizing key reaction intermediates.
As a result, a high current density of —38.3 mA-cm™ of silicon-
based photocathode with a high Faradaic efficiency of 51% and
a distinct turnover frequency of 2,176 h™" is achieved for methane
synthesis under simulated solar light. The device is manufactured
using Earth-abundant materials and is highly stable. This work
presents one promising route for producing clean solar fuels from
photoelectrocatalytic CO, reduction in an aqueous cell.

Materials and Methods

Materials. All of the chemicals were purchased from the commercial com-
panies and utilized without further purification. Distilled water was used
thorough the entire process.

Fabrication of Binary CuFe Catalyst over GaN NWs/Si by Electrocatalysis. GaN
NWs/Si was first produced as the platform for depositing binary CuFe catalyst.
Typically, the polished p-Si (100) wafer was doped using phosphorus and
boron as n-type and p-type dopants, respectively, by spin coating. The doped
silicon was then annealed at 900 °C under argon atmosphere for 4 h to
produce n*-p silicon junction. The as-prepared n*-p silicon junction was
further employed for plasma-assisted molecular beam epitaxial growth of
GaN NWs with germanium as an n-type dopant. The growth was carried
out at 790 °C under nitrogen-rich conditions with a nitrogen flow rate of
1.0 cm®-min~" for 1.5 h. The Ga beam pressure is about 6 x 1072 torr with a
plasma power of 350 W.

In a typical electrodeposition procedure, GaN NWs/Si was immersed into a
3-electrode cell, in which Pt wire and Ag/AgCl were used as counter electrode
and reference electrode, respectively. The 200-mL mixture of CuCl, (>99%;
Sigma-Aldrich) and FeCl, (99.5%; Alfa-Aesar) aqueous solution with desired
concentrations was added into the chamber. Taking the fabrication of
CusFes3@GaN NWs/Si as an example, 0.1 mmol/L CuCl, and 0.01 mmol/L
FeCl, were used as the precursors of the CuFe catalyst. The electrodeposition
was conducted using cyclic voltammetry at the potential range from +2.5
to —2.5 V versus Ag/AgCl. There are 10 depositing cycles, with a scanning
rate of 100 mV/s. The Fe/Cu ratio in the CuFe catalyst can be tailored by
tuning the concentration ratio of FeCl, to CuCl, in the precursors’ solutions
while keeping the CuCl, concentration of 0.1 mmol/L unchanged. The fab-
ricated photoelectrodes were thoroughly rinsed with distilled water and
dried with air after the electrodeposition. Both Cu/GaN NWs/Si and Fe/GaN
NWs/Si were produced using the same procedure, and the main difference
was the precursors used. Moreover, the CuFe catalyst was electrochemically
deposited on bare n*-p silicon junction for a comparison, through the same
procedure.
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Structure and Optical Characterization. The STEM-HAADF examination was
performed by the FEI Titan 80-300-Cube microscope, which is equipped with a
high-resolution energy-loss spectrometer of Gatan GIF model 966 (Canadian
Center for Electron Microscopy in McMaster University). The SEM images
were recorded on an Inspect F-50 Facility for Electron-SEM system. The
content of the CuFe catalysts with various Fe/Cu ratios was determined by a
Thermo Scientific iCAP 6000 Series ICP-AES. A Thermo Scientific K-Alpha XPS
system with a monochromatic Al Ka source was employed for measuring the
elemental oxidation states. The optical properties were analyzed by a Cary
5000 UV-Vis-NIR spectrophotometer. The CO, adsorption capacity was
measured on Autosorb iQ Station 1.

Photoelectrochemical Reaction. The photoelectrochemical CO, reduction re-
action was carried out in 0.5 M KHCO; (Sigma-Aldrich) aqueous solution
under one-sun solar illumination (Oriel LCS-100). The working electrode, Pt
counter electrode, and Ag/AgCl reference electrode were spatially separated
by proton exchange membrane. Prior to PEC CO,RR experiments, 50 mL of
electrolyte was added into the cell and then was purged with high-purity
CO, for at least 20 min. The geometric surface area of the working elec-
trodes is about 0.2 to 0.3 cm?, and both TOF and productivity were calcu-
lated on the basis of the geometric surface area of the working electrodes.
The data were recorded on an Interface 1000 E potentiostat (Gamry In-
struments). The gas-phase products were quantified using a GC equipped
with a thermal conductivity detector (GC 2010; Shimadzu) and a flame
ionization detector (GC 2014; Shimadzu). The liquid products were analyzed
by NMR spectroscopy (NMR 500 M; Bruker) using 1,3,5-trioxane as an in-
ternal standard. In the isotopic experiment, high-purity '>C-labeled bi-
carbonate (98% atom% 13C; Sigma-Aldrich) aqueous solution was used as
the electrolyte. And the reaction was conducted under the atmosphere of
high-purity '3CO, (<100%; Sigma-Aldrich). The isotopic *C-labeled CH,; was
determined using Agilent G1701DA GC, which is equipped with MSD5973
inert mass spectrometer.

The Equations for Calculating the Productivity and TOF of Methane.

Produced amout of methane
(Surface of electrode x reaction time)

Productivity =

Produced amout of methane

TOF = .
(Surface x loading density of cocatalysts x reaction time)

Theoretical Section.

Computational methods. Spin-polarized DFT (60, 61) calculations were per-
formed using Vienna Ab-initio Simulation Package (62) software to study
the CO,RR on CuFe@GaN NWs/n*-p Si. The interaction between the ionic
core and the valence electrons was described by the projector augmented
wave method (63), and the valence electrons with a plane wave basis up to
an energy cutoff of 400 eV and the valence electrons were described with a
plane wave basis up to an energy cutoff of 400 eV. The Fe,O,/Cu(111) and
Fe,0,/Cu0(111) interfaces were modeled by depositing 3 small iron oxide
clusters (i.e., Fe303, Fe30g, and FegO7) on 6 x 6 Cu(111) and 3 x 3 Cu,O(111)
surfaces with 3 layers, respectively. The fully hydroxylated iron oxide clusters
(FesO3Hs, FesOgHg, and FegO,H;) were considered in the calculations to ac-
count for the effect of negative applied potentials and aqueous media con-
ditions in PEC CO,RR (37, 38). The Brillouin zone was sampled usinga 2 x 2 x 1
k-point grid in the Monkhorst—Pack scheme (64). The Gaussian smearing
method with a finite temperature width of 0.05 eV was chosen to improve the
convergence of states near the Fermi level. A 15-A-thick vacuum was added
along the direction perpendicular to the surface in the initial slab model to
avoid the artificial interactions between the slab and its periodic images.
During the geometry optimization, the atoms in the top 2 layers of Cu(111)
and Cu,0(111) along with the adsorbates were allowed to relax, while all
other atoms were fixed. The geometry optimizations were considered to reach
the convergence until the Hellman—Feynman force on each ion was smaller
than 0.02 eV-A~". The convergence criteria for the electronic structure was set
to 107> eV per atom. The DFT-D3 method with Becke—Johnson damping was
also applied for a better description of weak van der Waals interactions.
Absorbate Energies. The free energies of CO, hydrogenation intermediates in
electrochemical reaction pathways were calculated by the computational
hydrogen electrode (CHE) model suggested by Nerskov et al. (65). By
employing the CHE model, a proton/electron (H* + e7) in solution can be
directly treated, and the effect of a bias can be applied by shifting AG by
+neU, where n is the number of proton—electron pairs transferred, e is the
elementary positive charge, and U is the applied potential. The free-energy
change (AG) is calculated as AG=AE + AZPE+ [AC,dT —TAS where AE is
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the total energy directly obtained from DFT calculations, AZPE is the change
in zero-point energy, ACp is the change in heat capacity, T is temperature,
and AS is the change in entropy. The temperature is set to 298.15 K to
compare current DFT results with the experimental data. The contributions
to the free energy for each adsorbate involved in the lowest-energy path-
ways are listed in S/ Appendix, Table S2. We also include the solvation cor-
rections which have been found in previous studies, that hydroxyl adsorbates
(*OH) exposed to the liquid water were found to be stabilized by ~0.5 eV (65,
66), and hydroxyl that is indirectly bound to the surface through other atoms,
*R-OH, may be stabilized by 0.25 eV (as shown for *COOH), as well as a CO*
stabilization of 0.1 eV which was applied to CO* and CHO* (67).
Nonadsorbed Species and Gas-Phase Correction. DFT calculations of nonadsorbed
species were performed using the same techniques as described above for
adsorbed species, except with a Fermi-level smearing of 0.01 eV. The com-
ponents of the energy calculations for all nonadsorbed species are also listed
in SI Appendix, Table S2.

Fe,0,/Cu and Its Hydroxylation. The inverse Fe,O,/Cu(111) models were imple-
mented to describe the Cu/Fe,O, interfaces, where a series of iron oxide
clusters were deposited on the Cu(111) surface (details of the models are
presented in Computational methods). Such an inverse model has been
suggested to be proper to describe the catalytic behaviors of metal/oxide
interfaces under CO, hydrogenation conditions (68, 69). Despite the fact
that these oxide clusters are of very small size, they possess key structural
characteristics and, in particular, the low coordinated sites of the interface
structures. As such, it has been suggested that they provide valid represen-
tative models to interpret and describe the experimentally observed catalytic
activities of metal/oxide interfaces toward CO, hydrogenation (38, 70).
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Moreover, although the H, dissociation is a facile process on the Cu(111)
surface (71), the dissociated *H cannot strongly adsorb on the Cu(111) surface
and would thus recombine and desorb as H,. As a result, it is expected that the
spillover of O atoms saturated by H atoms to form OH groups is favored in the
presence of oxide clusters on Cu(111). These results are in good agreement
with previous studies that consider metal particles interfacing with other
transition metal oxides, such as TiO,, ZrO,, and ZnO (36, 39, 44, 72).

Using Fe3Og/Cu as a representative example, we further examined the
spillover effect by saturating all 6 O atoms in the Fe3Og cluster with H atoms
(Fig. 4A). The H saturation effectively prevents O atoms from interacting
with the Cu(111) surface, instead rendering the Fe3OgHg cluster bound to the
Cu(111) surface via the Fe—Cu bond, with a large binding energy of —4.93
eV. Such strong interaction is further evidenced by the charge transfer
analysis (73, 74) which reveals a 0.36 e transfer from the undercoordinated
Fe atom in Fe3OgHg cluster to Cu(111).
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