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Abstract

Mg-doped CuFeO: delafossite is reported to be photoelectrochemically active for CO2
reduction. The material was prepared via conventional solid-state methods, and subsequently
assembled into an electrode as a pressed pellet. Addition of a Mg?*" dopant is found to
substantially improve theconductivity of the material, with 0.05 % Mg-doped CuFeO: electrodes
displaying photocathodic currents under visible irradiation. Photocurrent is found to onset at
irradiation wavelengths ~800 nm with the incident-photon-to-current efficiency (IPCE) reaching
a value of 14 % at 340 nm using an applied electrode potential of -0.4 V vs. saturated calomel
electrode (SCE). Photoelectrodes were determined to have a -1.1 V vs. SCE conduction band
edge, and were found capable of the reduction of CO: to formate at 400 mV of underpotential.
The conversion efficiency maximized at -0.9 V vs. SCE, with H2 production contributing to
considerable faradaic efficiency loss. These results highlight the potential to produce Mg-doped

p-type metal oxide photocathodes with band structure tuned to optimize CO, reduction.



Introduction

Recycling of carbon dioxide via photoconversion to fuels is a challenging, yet promising
avenue for achieving a sustainable alternative to conventional fossil fuels. Use of photon energy
to reduce CO:2 requires materials that efficiently interact with light to yield high-energy
photogenerated electrons. Various systems yielding photoreduced CO: products have been
reported, including molecular photocatalysts,! molecular catalysts with photosenitizers,>

+6 and photoelectrodes.”® For producing value-added

nanoscale semiconductor materials,
multiple-electron reduced products of CO2, semiconductor photoelectrodes are of interest

because they have shown high yields of methanol and formaldehyde. *!°

At a semiconductor/electrolyte interface photogenerated minority charges are driven into
the electrolyte by the resultant electric field. These charges can perform redox reactions, such as
direct CO2 reduction when a p-type semiconductor is used as the electrode. Although p-type III-
V semiconductor electrodes have been demonstrated to yield high CO:2 reduction faradaic
efficiencies,* these materials are relatively unstable under illumination in an aqueous
electrochemical environment, and further suffer from excessively high overpotentials.”!!

Therefore, a more stable and affordable semiconductor material with a band gap suitable for

conversion of insolation is desired.

Recent studies on metal-oxide-based electrodes report relatively enhanced
thermodynamic stability and use of earth abundant materials, thereby suggesting that these
materials may be much improved candidates as photoelectrodes.!? Many well-known oxide
photoelectrodes have been formed into n-type photoanodes,'>!'% but, are not suitable for the

desired photoactive CO2 reduction reaction, for which p-type electrodes (photocathodes) are



required. While non-oxide-based p-type semiconductors have been evaluated under visible light

conditions for CO:2 reduction,'>!”

oxide-based p-type photoelectrodes have received little
attention in this regard. Thus, it is desirable to find alternative oxide-based p-type semiconductor

electrodes for solar-driven CO2 conversion processes.

Recently, a p-type CaFe204 photoelectrode was reported to produce hydrogen from water.
12 In the CaFe204 system, it has been proposed that the semiconductor valence band (VB)
primarily has oxygen 2p character, and that the conduction band (CB) is dominated by iron 3d
states.'® The Fe 3d-dominated conduction band (CB) edge of the material, -0.9 V vs. saturated
calomel electrode (SCE), hovers at a potential more negative than the redox potential of COx.
Therefore, photogenerated electrons in this system are thermodynamically capable of reducing
COz. Based on this example it appears that oxides with Fe 3d-dominated CB states are promising
candidate photoelectrodes for CO2 reduction. To allow for maximum photon absorption,
however, a narrower band gap material than CaFe204, (Eg ~ 1.9 eV), is desired. Compared with
large band gap oxide semiconductors, which have VBs dominated by oxygen anion 2p states and
CBs dominated by transition metal cation 4s or 3d states, VBs consisting of copper 3d' states
have been calculated to result in a higher energy valence band edge and therefore a smaller band
gap.'” To this end, copper (I) delafossite compounds (CuMOz, where M is a trivalent transition
metal cation) are of interest. Furthermore, optical excitation of CuMO:2 primarily involves a
metal to metal transition, between the Cu-d'° and M-d states, which theoretically protects the

metal-oxide bonds increasing compound stability.?°

The crystal structure of CuMO: consists of planes of edge-sharing M (III) Os octahedra
separated by layers of O-Cu (I)-O sticks. 2!*> Doping of the trivalent metal site in the delafossite

structure with a divalent metal has been well known to increase the conductivity. However, it has



not yet been determined why this conductivity trend is observed. Mg doping is expected to
contribute holes if it substitutes for M (III) or it replaces three Cu (I) in the intermediary layers.

The defect chemistry of defect chemistry of delafossites has not been previously established.

Here we report a new way to incorporate and utilize Mg-doped CuFeO: into a
photoelectrochemical cell for CO2 reduction. We choose CuFeO: as the host material due to its
small band gap for visible light absorption and anticipated interfacial energetics, which are
expected to be well matched to the CO: reduction energy levels.?* Unlike prior materials in this
class that have been evaluated as semiconductor electrodes, the material reported here is doped
with Mg to increase conductivity, facilitating the p-type behavior required for use as a
photocathode for reduction reactions.>?® In contrast to the previous report involving
electrodeposition of a CuFeO: electrode material,?’ the CuFeO: material employed here was
prepared by high temperature solid-state synthesis, and its back-side contact was improved using
a sputtered Au layer to generate an ohmic interface. In addition to examining the electrodes
photophysical properties, we also report the photoelectrochemical CO2 reducing capabilities of

these Mg-doped CuFeO: electrodes.

Experimental Methods

Materials. Sodium hydroxide (99 %, Fisher), sodium bicarbonate (=99 %, Fisher), argon
(99.8 %, Airgas), carbon dioxide (99.8 %, Airgas), deuterium oxide (99.9 %, Cambridge Isotope
Laboratories Inc.), CuO (99.7 %, Alfa Aesar), Fe203(99.99 %, Alfa Aesar), and MgO (99.9 %,

Alfa Aesar) were used without further modification.

Sample and Electrode Preparation. High purity CuFei-xMgxO2 (x=0.0005, 10" cm™ majority

carriers based on the reported unit cell volume) ?® powder was prepared by grinding



stoichiometric amounts of the precursors - CuO, Fe203, and MgO. The oxide mixture was fired
in a covered alumina crucible at 850 °C under a flowing argon atmosphere for 96 hours, with one
intermediate grinding, after which it was pressed into a pellet (0.5 — 1 mm thickness, 0.785 cm?
area) and annealed at 850 °C for 12 hours. Solid state reaction progress was monitored by
powder X-ray diffraction (XRD) on a Rigaku Miniflex II. Diffraction experiments evaluating the
surface layer of the electrodes (before and after the photoelectrochemical experiments) were
carried out on a Bruker D8 Focus X-Ray Diffractormeter. Both diffractometers use a Cu Ka X-

ray source and a graphite diffracted beam monochromator.

Ohmic contacts were made and tested by sputtering gold layers (~100 nm thick) onto opposing
sides of the sample and attaching copper wires (Angstrom Metal Sputter). The linear current-
voltage curve (Figure 1 inset), obtained by performing a potential sweep experiment with this
configuration indicated the formation of ohmic contacts. For use in solution, the back-side of a
pellet of p-CuFeO:2 was gold sputtered and connected to an external copper wire with conducting
silver epoxy (Epoxy Technology H31). The assembly was covered with a glass tube and sealed

with insulating epoxy cement (Loctite 0151 Hysol).

Photoresponse Characterization. UV-Vis-NIR spectra were collected using a Horiba Lab Ram
Aramis Spectrometer (light source: Newport 66353) in reflection mode. Sample absorption was
determined using the acquired reflectance spectrum and assuming that optical transmission was
negligible.?’ To determine photocurrent density, linear sweep voltammetry experiments under
chopped light were performed using a PTI 75W Xe source with a pyrex UV cut off filter. This
source provides broadband illumination from 350 nm to 1350 nm with an intensity of 890
mW/cm? to the electrode surface. All photoresponse measurements (open circuit voltage and

incident-photon-to-current efficiency (IPCE) measurements) were performed in a custom-



fabricated three neck round bottom reactor with quartz windows. Mg-doped CuFeO2 was used as
the working electrode, Pt mesh (Sigma Aldrich) as the counter electrode, and a standard calomel
electrode (SCE, Accument) as the reference electrode in 0.1 M NaHCOs3 aqueous electrolyte. For
IPCE measurements, 10 nm-band pass filters, centered at 340 nm, 490 nm, 638 nm, 700 nm and
780 nm were used. Photocurrent density at each irradiation intensity (AJx) was monitored by
finding the difference in dark and photocurrent densities at a given applied voltage bias. (See for
example, Figure S1, which provides the photocurrent density for 490 nm irradiation using an
electrode held at -0.4 V vs. SCE.) The total photon flux (I) was measured at each wavelength by
a Si photodiode (Fieldmaster 33-0506, Coherent Inc.), placed at a distance equivalent to that of
the working electrode. The incident-photon-to-current conversion efficiency (IPCE %) for

monochromatic light was calculated using Equation 1.

1240 xAJ3(23)
(i % 100 (1)

IPCE% =

The photon flux incident on the semiconductor was corrected for the absorbance of the pyrex
reactor and the aqueous electrolyte (Table S1 and Figure 2). Each data point for the IPCE
experiment was measured four times, which is considered in the reported experimental error

values.

Band Characterization. Open circuit photovoltage measurements were obtained by monitoring
the voltage across the working and SCE reference electrodes while controlling the incident light
intensity using a 75 W Xe arc lamp (USHIO UXL 151H, 350 nm — 1350 nm). The flat band

potential was extrapolated from the observed saturation (with light intensity) photovoltage.



AC impedance data was collected using an electrochemical cell consisting of the following
components: (1) Mg-doped CuFeO: material as the working electrode; (2) SCE as the reference;
(3) a platinium mesh counterelectrode, and (4) 0.1 M NaHCOs as the electrolyte. Mott-Schottky
plots were acquired using a CHI 760D electrochemical workstation operating at 50 kHz and 100
kHz and employing a DC potential range from -0.4 to 0.0 V with a 5 mV peak to peak AC

potential perturbation.

Product Detection. Nuclear Magnetic Resonance spectra of post electrolysis solutions were
obtained using an automated Bruker Avance-III 500 MHz NMR spectrometer equipped with a
C/H —DCH cryoprobe (Bruker-Biospin, Billerica, MA). To enable water suppression, an
excitation sculpting method was used.*® Product concentration was calculated by comparing
integrated NMR peaks (MestReNova software) to those of an added known concentration of
dioxane as an internal standard.

Linear sweep voltammetry data was collected on either a CHI 760 D or a CHI 1140 A
potentiostat. Bulk electrolysis experiments were performed in an H-cell incorporating a salt
bridge isolated by glass frits between the electrolysis compartments. Bulk electrolysis was run
under potentiostatic conditions (0.05 mA/cm?~ 5 mA/cm?) for 8 h — 24 h under 470 nm LED
(Luxeon V Royal Blue, Future Electronics) illuminated at the surface of the electrode. The p-
type CuFeO: electrode was placed in the same compartment as the SCE reference, with a large
area Pt mesh counter electrode (1.5 cm % 1.5 cm) placed in the auxiliary compartment. The
headspace of the working compartment was continuously purged with COz or Ar. The pH of the
solutions were always maintained at the pH observed under CO2 bubbling, and were adjusted

with 0.1 M HCI under Ar atmosphere.



In a typical photocatalytic experiment, formate was obtained by visible light irradiation (75 W
Xe Arc lamp) for 15 h in a sealed pyrex test tube containing 0.3 g of Mg-doped CuFeO2 powder
as photocatalyst, 0.1 g S203% (or 0.5 g of Zn powder) as the reducing agent, and 10 ml1 0.1 M
NaHCO3 aqueous solution as the solvent. After photolysis, the powder of Mg-doped CuFeOz(or
Zn powder) was filtered by a PTFE(Teflon) Membrane filter (0.2 um, 17 mm, Sterlitech

corporation) and the solution was analyzed by NMR.

Surface Morphology. The morphology and composition of the Mg-doped CuFeO: was
investigated using a Quanta 200 Field Emission Gun Environmental Scanning Electron
Microscope (SEM) equipped with an integrated Oxford — Instruments INCA Energy Dispersive
X-ray (EDX) system (XMAX 80 square Millimeter detector, detection limit is 0.1% of the
excitation volume). Mg concentration cannot be directly determined because it is lower than
detection limit of the instrument. Typical EDX results of electrodes before and after electrolysis
are provided in Figure S3. X-ray photoelectron spectroscopy (XPS) was performed with a Mg
Ka x-ray source (centered at 1253.6 eV) and an electron spectrometer (VG ESCALAB MKII)
operated in constant analyzer energy mode with pass energies of 50 and 20 eV for survey and
detailed scans, respectively. The photoemission angle was 20 ° with respect to the sample normal,
and a base pressure of 10 torr was maintained throughout the XPS analysis. The C1s peak for
aliphatic hydrocarbon at a binding energy of 285.2 eV was used as an internal binding energy

reference. 3!

XRD Analysis. To determine compositional changes in the surface layer morphology occurring

during electrolysis, powder ray-ray diffraction data were collected and analyzed by Rietveld



refinements’? with the purpose of microstructural analysis, which was carried out using the
FullProf software suite.3> An alumina standard (NIST 1976a) was used for the analysis. Peak
shapes were modeled using the Thompson-Cox-Hastings Pseudo Voight convoluted with Axial
Divergence Asymmetry, and particle size broadening was modeled using a symmetry dependent
Scherrer analysis.** This method uses a spherical harmonic commensurate with the Laue class of
the crystal structure.>>* Due to the overlapping reflections of Cu and CuFeO2, a two phase
refinement was undertaken in which the lattice parameters and the particle size of each phase

were refined.

Results and Discussion

Photoresponse Characterization. Chopped illumination, photocurrent-potential curve for a Mg-
doped CuFeO:z electrode in an aqueous electrolyte containing 0.1M NaHCOs3 as the supporting
electrolyte but no added CO: is shown in Figure 1(A). The dopant level (0.05 %) was chosen
based on an effort to maximize photoactivity while retaining conductivity and p-type character.
In a preliminary study, we found that higher concentrations of dopant degraded the quality of the
semiconductor-electrolyte barrier introducing a large dark current and decreasing the
photoactivity of the interface. Lower concentrations decreased the sample conductivity. Samples
doped at the 0.05 % - level display p-type character; the resultant photocathodic current
increased when scanning towards negative potentials. The observed photocurrent onset potential
at -0.1 V vs. SCE, was 300 mV more negative than the measured flat band value, vide infra. We
suspect that the shift in the photocurrent onset potential compared to the measured flat band
potential is due to fast charge recombination kinetics under conditions of low band bending as

initially suggested by Read.?’
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The incident photon-to-current efficiencies of Mg-doped CuFeO: electrodes were
measured in 0.1 M NaHCO:s solution at -0.4 V vs. SCE, where the contribution from dark current
is minimal (Figure 1(B)). At the shortest measured wavelength (340 nm), an IPCE efficiency of
14 % was observed. This value dropped significantly moving toward the red, yielding an IPCE
of 2 % at 780 nm. The IPCE data for the material reported on here is larger than that reported for
thin film CuFeOz electrodes, by approximately a factor of four.?” It is likely that the true IPCE
increase using the material synthesized here is even greater since we have utilized a relatively
thick disk (~1 mm) for the electrode, while the earlier work utilized a thin film sample. In both
cases, the resistance of the electrode is uncompensated, and this uncompensated resistance is
expected to be larger in the case of the thicker electrode material. Additionally, there is a second
uncompensated resistance associated with the back contact to the CuFeO: sample. We have
addressed the latter concern by adjusting the electrode work potential to the electrode-contact
material with gold, generating a back contact that is ohmic (see data in Figure 1 inset for a
symmetric metal-semiconductor-metal device) having a fairly low impedance. The net sample dc
resistance, based on the slope of the plot in the figure is ~60 Q. This value exaggerates the actual
impedance of the device since it is based on a two-probe DC measurement. Ignoring the bulk
semiconductor resistance (which is on the order of 1 Q, based on four point measurements) the

CuFeO2/Au junction is generating an uncompensated resistance of <30 Q.

Band Characterization. The ultraviolet-visible near-infrared (UV-VIS-NIR) absorption
spectrum of Mg-doped CuFeOz is shown in Figure 2(A). The optical band gap (~ 910 nm, 1.36
eV) was found by extrapolating the maximum absorption-edge. The flat band potentials (V) of
the electrode, essential for elucidating the interfacial solid-liquid energetics of the

photoelectrochemical system, were measured by both frequency-dependent Mott-Schottky
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measurements and open-circuit photovoltage experiments. The open-circuit potential was
measured under various illumination intensities, and it was shown the electrode reached a
saturation point or flat band potential at 0.19 V vs. SCE electrode in 0.1 M NaHCOs3 solution

(Figure 2(B)).

Based on the Mott-Schottky equation,

vl Ul ) @)

(where C is the interfacial capacitance, A is the interfacial area, Na the number of acceptors, V is
the applied voltage, ks is Boltzmann’s constant, T the absolute temperature, and e is the
electronic charge), a linear plot of C? vs V yields the flat band potential, calculated by
subtracting the ksT/e term from the intersection point on the ordinate. The interfacial capacitance
term was found by measuring the bias-dependent impedance of the electrode assuming a simple
equivalent circuit model, which accounts for the space charge capacitance at the solid-liquid
interface and uncompensated cell resistance. It has been reported by Dutoit ef al. that a Mott-
Schottky plot will yield identical intercept values when modeled by simple equivalent circuits.’’
The Mott-Schottky data shown in Figure 2(C), was obtained at two different frequencies — 50
kHz and 100 kHz. Although a frequency dependent slope is observed, we expect that the data
obtained at 100 kHz is in the frequency independent regime (i.e. the time constant for surface
state charging should preclude observation of these states at this frequency).*® Independent of
this conclusion, since the ordinate intercept is found to be invariant with frequency an
unambiguous value for the flat band potential of +0.2 V vs. SCE is obtained. This value is the

same, within experimental error, as the value measured using the open-circuit voltage method.
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The negative slopes obtained from the Mott-Schottky plot further support our conclusion that the

observed photoresponse of this electrode is based on p-type doping.

Assuming that the flat band potential can be taken as a reasonable approximation (i.e.
within ~100mV) of the potential of the valence band edge, Ev (0.2 V vs. SCE), * and subtracting
the optical band gap energy from this potential yields the conduction band edge at -1.1 V vs.
SCE. This is depicted in Figure 2(D), which shows the band edge values of Mg-doped CuFeO:2
and the thermodynamic redox potentials of COz-reduced products (at the pH employed, 6.8) in a
single energy diagram. Appropriate interfacial energetics matching CO: reduction energy levels
are observed — the conduction band energy of the semiconductor is higher than CO:z-reduction
potentials. It is noted, however, that reduction of CO2 in a simple one electron process to form

CO;’ is not energetically feasible in this system. That is, proton coupled electron transfer (PCET)

must be operational for the carbon dioxide reduction to occur in this system.

CO: Reduction Capability. To determine electrode activity with CO2, linear sweep experiments
of an illuminated (470 nm, 2.1 mW/cm?) Mg-doped CuFeO: electrode in both argon (0.1 M
NaHCOs solution pH adjusted to 6.8) and CO2 (0.1 M NaHCO3, pH = 6.8) atmospheres were
conducted (see Figure 3(A)). Prior work on photoelectrochemical CO2 reduction hypothesized
catalytic mechanisms for reactions of the gas with the semiconductor surface,® and thus, a
sufficiently slow scan rate of 20 mV/s was utilized to allow for current contribution from any
existing redox mechanisms. Figure 3(A) shows strong current enhancement under a CO2
atmosphere, which is attributed to an interaction between the Mg-doped CuFeO: surface and
COz producing reduced products. It is noted that onset potential differences for linear sweep
voltammetry experiments indicate the presence of CO: activity as early as -0.2 V vs. SCE. At the

pH utilized (pH = 6.8) the redox potential for COz reduction to formate (see below) is -0.64 V vs.

13



SCE.* Thus, carbon dioxide reduction occurs in the present system at an underpotential of ~400
mV. Though this represents an impressively high underpotential for the reduction of CO2, in
idealized semiconductor systems 300mV of band bending should be sufficient to generate near
100 % charge separation.*! In the present system this would lead to an onset potential positive of
-0.10 V vs. SCE, based on the measured flat band potential. The variation in calculated versus
observed current onset potential may be attributed to unfavorable kinetics of electron transfer
from the photocathode to COz. Nonetheless, the observed onset potential and associated under
potential is unprecedented for the direct reduction of CO: at an illuminated semiconductor

interface.

To further understand the electrode-COz activity, bulk electrolyses under potentiostatic
conditions were performed in COz-saturated 0.1 M NaHCO3 under blue LED light illumination
(470 nm, 2.1mW/cm?). These studies were carried out in H-cells, as described in the
Experimental section. Electrolysis results using two different electrodes prepared and
synthesized using identical conditions are presented in Figure 3(B). Formate, detected by 'H
NMR, was the main COz-reduced product with a maximum faradaic efficiency of 10 % at -0.9 V
vs. SCE. Although absolute CO2 conversion efficiency was not determined using different
electrodes, a similar potential-dependence of the conversion efficiency trend was observed.
Considerable faradaic loses may be attributed to H2 production since bubbles were observed on
the surface of the electrode. Additionally, CuFeO2 powders are known to catalytically reduce
water to H» under illumination.*> Likewise, this electrode will also reduce water at low

overpotentials.?’

Control bulk electrolysis under an Ar atmosphere was performed to determine whether

the COz-reduced product was derived from a carbon source other than COz. Bulk electrolysis at -
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0.9 and -1.1 V vs. SCE purged with Ar in 0.1 M NaHCOs3 did not produce formate, indicating
that the product was not derived from NaHCOs. The same electrolyte purged with CO2, however,
produced formate showing that CO: is the redox active species. The conversion of '*CO: into
H!*COO" was clearly indicated by 'H NMR spectroscopy after electrolysis for 24 h in a 0.1 M
NaH'"3COs solution(Figure S7).This showed the absence of H'3COO" in the pre-electrolysis

sample, and the presence of H*COO- in the post-electrolysis solution.

A control experiment was carried out with Mg-doped CuFeO2 powder.0.3 g of ground
Mg-doped CuFeO: photocatalyst and 0.5 g of Zn powder (or 0.1 g S203%") were suspended in
CO:> saturated 0.1 M NaHCO3 and illuminated (75 W Xe Arc lamp) for 15 h yielding up to 10
M formate product. In the photocatalytical system, the photosensitizer Mg-doped CuFeO2 upon

excitation, transferring an electron to carbon dioxide, is stable towards photocorrosion by hole

consumption reaction utilizing S203* or Zn powder as the reducing agents ( E°(Zn**/Zn)= - 0.76

V and E°($203%/803*) = -0.57 V ). A similar experiment under Ar did not produce any

observable formate. These results confirm the favorable thermodynamic energy level alignment

of the Mg-doped p-CuFeO2 conduction band with the CO2 reduction levels.

Surface Morphology. Figure 4 shows the X-ray diffraction (XRD) and scanning electron
microscopy (SEM) images for a Mg-doped CuFeOz electrode surface before and after a 24 h
electrolysis under a CO2 atmosphere. Prior to electrolysis, the SEM image depicts spongiform
oxide clusters on the electrode surface, and the XRD pattern matches that found in the ICDD
PDF database for CuFeOz. Following electrolysis, the SEM image shows conversion of the
spongiform morphology into a more columnar microstructure with ~ 500 nm diameter spherical

particles presented on the surface (inset figure).Analysis of the post-electrolysis electrode surface
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XRD pattern shows preservation of the delafossite structure. High sensitivity scans of the surface
layer, however, reveal a Cu’ peak in the XRD pattern (expanded in the inset Figure 4). A slight
discoloration of the electrode surface after electrolysis, and the observation of no detectable Cu’
peak when the post-electrolysis electrode is ground into a powder indicate that the Cu® exists
primarily on the surface of the electrode. Quantitative analysis of the XRD pattern of the
electrode after 24 h of electrolysis indicates the formation of Cu® with a grain size of ~24 nm on
the surface at a level of <0.1% weight fraction of the sample. While only an approximation, this
number can be taken as the “surface coverage” of the copper. The XRD data taken after 8 h of
electrolysis does not show detectable Cu’ on the surface (Figure S5), indicating that the
formation of Cu® is a slow process. At the same time, formate is detected after 8 h of electrolysis
(Figure S6), which shows that formate is produced in advance of the generation of Cu® on the
surface of the electrode. This experiment further confirms Mg-doped CuFeO: as a catalytic
source for the conversion of CO».” The low Cu® content observed by XRD explains why copper
particles are not immediately discernible in the SEM images. The particle size of the CuFeO:2
estimated from the XRD analysis, 250 nm, is consistent with the SEM images obtained.
Elemental analysis of the 24h electrolysis sample by EDX supports the XRD results: an increase
in the Cu:Fe ratio from 1 : 1 to 1.3 : 1 (supporting information Figure S3) is observed. Similarly,
XPS analysis (Figure S4) only yields a Cu' peak for the CuFeO: electrode surface prior to
electrolysis. After a 24 h electrolysis, however, a Cu’ peak is detected. *** Although Cu metal is
a known electrocatalyst for COz reduction,* the low quantity of Cu’ and high quantity of
formate observed in these experiments rules out Cu’ as the catalytic source of CO2 reduction in

the present system.
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Conclusion

Photoelectrochemical reduction of CO:2 to fuel would enable a sustainable method to
recycle this greenhouse gas. However, to reach this goal new small band gap semiconductor
materials that are affordable and accessible are required. In this work, a p-type Mg-doped
CuFeO: electrode, made from readily available compounds and prepared by a straightforward
solid-state method, has been found to photoelectrochemically reduce CO: to formate
unparalleled underpotential without need for a cocatalyst. However, the main competition

process in this photoelectrochemical process is the reduction of water into Hoa.

The observation that suspended Mg-doped CuFeO:2 powders are capable of converting
CO2 to formate under illumination suggests optimization of this or related oxide based system
could lead to a stable and efficient solar fuel reactor for the conversion of CO:2 to organic
products without application of an external bias. Further study of this delafossite system,
however, must include techniques to stabilize this and similar materials against slow degradation
via the formation of reduced products such as the Cu’ observed in the present study. To this end,
the methodological integration of solid-state synthesis with electrochemical analysis provides an

avenue to identify and optimize new materials as semiconductor photoelectrodes.
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Figure 1. (A) Linear sweep voltammetry of Mg-doped CuFeO: using chopped light in 0.1 M
NaHCO:s yields a photocurrent density up to -1.0 mA/cm? (Scan rate 100 mV/s), inset: The near
linear current-voltage curve, obtained by performing a linear sweep experiment on an electrode
with Au sputtered on both faces and connected to working, counter and reference leads by a
copper wire, indicates the formation of an ohmic contact. (B) The Incident Photon to Current
Efficiency (IPCE %) obtained at -0.4 V vs. SCE in 0.1 M NaHCOs in air, and measured from

780 nm to 340 nm.
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Figure 2. (A) Extrapolation of the absorbance edge given by the UV-Vis-NIR absorption
spectrum of Mg-doped CuFeOz yields an optical band gap of 1.36 eV. (B) Open circuit
photovoltage measurement, performed in a two-electrode cell with Mg-doped CuFeO: as the
working electrode and SCE as the reference electrode, shows saturation at 0.19 V vs. SCE in 0.1
NaHCOs3 solution, attributed to the flat band potential of the semiconductor electrode. (C) Mott-
Schottky plots collected at frequencies 50 kHz (red) and 100 kHz (black) of the Mg-doped
CuFeO: electrode in 0.1 M NaHCO3 solution were measured in the dark. The x-intercept yields
the flat band potential, 0.2 V vs. SCE. (D) Experimentally determined Mg-doped CuFeO2
conduction and valence band edges and thermodynamic redox potentials of CO2 reduction

products on a potential diagram, depicting favorable energetics for photo-assisted CO2 reduction.
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Figure 3. (A) Current-Potential curves obtained for 470 nm LED illuminated Mg-doped CuFeO:
electrode in 0.1 M NaHCOs3 under Ar atmosphere adjusted to pH 6.8 (black line) and in 0.1 M
NaHCO:s saturated with COz at pH 6.8 (red line) (B) Faradaic efficiency for formate vs. potential
shows maximum conversion efficiency at -0.9 V vs. SCE and similar trends for electrodes

prepared using identical synthesis and prepared conditions.
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Figure 4. (A) XRD of a polycrystalline Mg-doped CuFeO: electrode before electrolysis (black)
and after electrolysis (red). The post-electrolysis pattern (see inset) indicates formation of
elemental copper on the electrode surface. Inset: Rietveld refinement of post-electrolysis
photoelectrode (bottom) and pre-electrolysis XRD pattern compared with post-electrolysis XRD
pattern (top). (B) SEM image of Mg-doped CuFeO: pellet sintered under Ar atmosphere for 12h
prior to electrolysis, scale bar : 10 um. (C) SEM image of the same electrode after electrolysis at
-1.0 V vs. SCE in 0.1 M NaHCOs3 for 24 h in a CO2 atmosphere, scale bar : 10 um, inset figure

scale bar: 1 pm.
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Supporting Information. Detailed of calculations related to the IPCE measurements,
characterization analyses from EDX and XPS spectra, and XRD patterns of the Mg-doped
CuFeO: pellet surface after 8 h electrolysis are provided in the supplemental information. This

material is available free of charge via the internet at http://pubs.acs.org.
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