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ABSTRACT: The electrochemical conversion of carbon dioxide (CO2) to useful chemical fuels is a promising route toward the
achievement of carbon neutral and carbon negative energy technologies. Copper (Cu)- and Cu oxide-derived surfaces are known to
electrochemically convert CO2 to high-value and energy-dense products. However, the nature and stability of oxidized Cu species
under reaction conditions are the subject of much debate in the literature. Herein, we present the synthesis and characterization of
copper-titanate nanocatalysts, with discrete Cu−O coordination environments, for the electrochemical CO2 reduction reaction
(CO2RR). We employ real-time in situ X-ray absorption spectroscopy (XAS) to monitor Cu species under neutral-pH CO2RR
conditions. Combination of voltammetry and on-line electrochemical mass spectrometry with XAS results demonstrates that the
titanate motif promotes the retention of oxidized Cu species under reducing conditions for extended periods, without itself
possessing any CO2RR activity. Additionally, we demonstrate that the specific nature of the Cu−O environment and the size of the
catalyst dictate the long-term stability of the oxidized Cu species and, subsequently, the product selectivity.
KEYWORDS: CO2 reduction reaction (CO2RR), metal intercalation, layered structures, electrochemistry, copper catalyst, in situ XAS

1. INTRODUCTION
The impacts of climate change and global warming have become
a topical subject in both the political and scientific landscapes in
recent times. The significant increase in anthropogenic carbon
dioxide (CO2) in the atmosphere through the widespread use of
fossil fuels to meet the ever-increasing global demand and
consumption of energy is of great concern.1 The capture and
recycling of atmospheric CO2 is a promising pathway to address
this global challenge.2,3 In particular, the electrochemical
conversion of CO2 to useful, value-added chemicals is the
subject of significant research effort because this avenue affords
an opportunity to take advantage of electrical energy generated
by renewable sources such as wind, water, and solar.3−7

The specific chemical and physical properties of the catalyst
play a significant role in the electrochemical CO2 reduction
reaction (CO2RR). Among all monometallic catalysts, copper-
and copper oxide-derived surfaces are the most active catalysts

that can electrochemically convert CO2 to high-value and
energy-dense C2 and C3 products.8 Previous studies have
demonstrated that surface geometry,9,10 oxidation state,11,12

particle size,13,14 morphology,15−17 and electrolyte composi-
tion18,19 impact the selectivity and efficiency of the CO2RR.
One of the most controversial aspects when studying the

selectivity of the copper catalyst is the presence of surface and
subsurface oxides.20−23 However, while some reports suggest
that copper oxides, at the surface or subsurface, are stable at the
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potentials where the CO2RR takes place and their presence
results in changes in the product selectivity, other researchers
claim that the copper oxide derivatives fully reduce to copper
during the CO2RR and that it is the change of the surface
structure which defines the changes in the product selectivity.24

We recently proposed that the presence of surface oxides
electrochemically generated via potential pulses results in
changes in the product selectivity and the formation of
oxygenated products.22 Further quasi in situ studies by
Roldan-Cuenya’s group confirmed that the change in selectivity
is associated with both changes in the surface structure and the
presence of Cu(I) species.12 Even though electrochemical
potential pulses are, from the fundamental point of view, suitable
to generate Cu(I) species and thus change the selectivity, the
application of the method in CO2 electrolysers is not trivial.
Therefore, strategies to supply and retain oxygen on the copper
catalyst will be necessary for the implementation of the CO2RR.
Herein, we present the synthesis of a series of Cu-containing

Na2Ti3O7 (NTO) catalysts for the CO2RR in a neutral aqueous
phosphate electrolyte. The titanate motif was shown to be
electrochemically stable under CO2RR conditions and facilitates
strong adsorption and chemisorption of CO2 and CO3

2−.25

Thus, two distinct Cu titanates were prepared for this
investigation: Cu-intercalated NTO (Cu:NTO) and CuO
nanoparticles mixed with NTO (CuO@NTO). The nano-
particles were prepared via cathodic corrosion,26 which enables
the single-step preparation of oxide nanoparticles dispersed in
aqueous solution that can be directly used as a catalyst without
the need for additional chemical cleaning or calcination
steps.27,28 The catalytic activity and selectivity for the CO2RR
were evaluated for all the metal oxide catalysts used. In situ X-ray
absorption spectroscopy (XAS) was used to determine the
oxidation state and local coordination environment of the
copper in Cu:NTO and CuO@NTO nanoparticles under the
relevant CO2RR conditions and thus, to establish a relationship
between these parameters and the product selectivity
determined by on-line electrochemical mass spectrometry
(OLEMS) and NMR.

2. EXPERIMENTAL SECTION
2.1. Cathodic Corrosion Synthesis. A two-electrode config-

uration was employed for cathodic corrosion synthesis, as described
previously, using LabVIEW/National Instruments hardware and a
homebuilt power amplifier.26,27,29,30 NTO and Cu:NTO nanowires
were prepared by applying a square waveform oscillating between 0 and
−10 V at 100 Hz across the working electrode (WE) (Ti wire of 0.25
mm diameter and Cu19Ti81 alloy, respectively) and a high-surface area
Pt flag used as a counter electrode (CE), submerged in 10 M NaOH
(Merck, ≥99%) solution.26 The Cu19Ti81 alloy was prepared via
suspended droplet alloying31,32 (see the Supporting Information for
experimental details). CuO nanoparticles were prepared by applying a
square waveform oscillating between +4 and−4 V at 100 Hz across the
working electrode (Cu wire of 0.41 mm) in 90% saturated CaCl2
(Merck, anhydrous ≥93%).
The suspensions of nanoparticles were separated by repeated

centrifugation at 4500 rpm and decanting of the supernatant until
neutral pHwas obtained. Catalysts were left suspended inMilli-Q water
(PURELAB Ultra, 18.2 MΩ cm) prior to physical and electrochemical
investigations.
To normalize the catalytic activity per mass, the clean samples were

dried at 75 °C and weighed. CuO@NTO was prepared by adding 10%
by weight of the CuO to a known mass of NTO nanowires to produce
the 10 wt % CuO@NTO catalyst.
2.2. Physical Characterization. The nanomaterials were charac-

terized by X-ray diffraction (XRD), scanning electron microscopy

(SEM), and high-resolution transmission electron microscopy
(HRTEM). Details of the instrumentation and methodology are
described in the Supporting Information.

2.3. Electrochemical Characterization. A standard three-
electrode configuration was employed for electrochemical measure-
ments. The cyclic voltammetry (CV) curves were measured under mass
transport conditions using a rotating disk electrode (RDE). Use of the
RDE enabled the removal of surface-generated species during
electrochemical investigation. A glassy carbon (GC) disk support
assembled into a Teflon RDE holder was used as a support for the
catalyst, and a high-surface area gold flag was used as a CE, with Ag/
AgCl (3 M NaCl) used as the reference electrode (RE). All the graphs
are presented with respect to the reversible hydrogen electrode (RHE)
scale. All the measurements were performed in 0.1 M phosphate buffer
solution (pH 8) produced from K2HPO4 (Acros Organics, >98%) and
KH2PO4 (Sigma, ≥99%). Further details of the electrode loading and
preparation and electrochemical measurements are presented in
Supporting Information.

2.4. Product Characterization. OLEMS was used to detect the
gaseous products formed during the reaction. The reaction products at
the electrode interface were collected with a small tip positioned close
to the electrode. The tip is a 2 mm diameter porous Teflon cylinder
(Porex with an average pore size of 5−10 μm and 45−55% porosity) in
a Kel-F holder. The tip configuration was cleaned overnight in a 2 M
NaOH solution (VWR, EMSURE) and rinsed five times with ultrapure
warm water before use. A secondary electron multiplier voltage of 1390
V was used, except for hydrogen (m/z = 2) where a secondary electron
multiplier voltage of 2100 Vwas used. The pressure was equilibrated for
1 h prior to eachmeasurement. During each experiment, multi-ionmass
detection as a function of time was used. This program implies a
progressive measuring of the different channels with a maximum of six
channel detections and a time difference of 50 ms between the
detection on each channel. One of the channels was used to follow the
changes in the total pressure, and the other five channels were used to
measure the following fragments: m/z = 1, m/z = 15, m/z = 18, m/z =
26, andm/z = 28, corresponding to H2, CH4, H2O, C2H4, and CO/N2,
respectively. To determine the quantitative distinction of CO (as a
product), CO (as a fragment of CO2), and N2 during the reduction of
CO2, the calibration method described by Binninger et al. was
implemented.33 The methodology for the NMR characterization of the
liquid products is described in the Supporting Information.

2.5. In Situ XAS Characterization.Catalyst inks were prepared by
adding 100 mg catalyst to 100 mg Vulcan carbon, 200 mg Nafion, and
1.5 mL of milli-Q water. The resultant mixtures were dispersed by
ultrasonication until homogeneous inks were obtained. Button
electrodes were prepared by painting the catalyst ink onto a carbon
paper support (PTFE treated Toray Carbon Paper, Alfa Aesar) to
generate a catalyst loading of 0.75 mg Cu cm−2. The painted electrodes
were hydrated in milli-Q water under vacuum prior to assembling into
the in situ XAS cell. Spectra referred to as ‘dry’were recorded free of any
electrolyte solution and without any applied potential. Several scans
were collected and merged to produce the reported spectra.

All measurements were collected in situ at room temperature at the
B18 beamline of Diamond Light Source (UK),34 using our custom-
designed electrochemical cells in a three-electrode configuration,35

connected to a μAutolab Type III potentiostat. The painted button
electrodes were used as the WE with a gold wire CE and RHE RE.
Calibration of the monochromator was carried out using a Cu foil, and
XAS spectra were recorded in fluorescence mode at the Cu K-edge
(8979 eV). The data were analyzed using Athena and Artemis
programs, which implement the FEFF6 and IFEFFIT codes.36 No data
merge was performed with the in situ operando XAS spectra measured.
For each catalyst and electrochemical environment, a series of
potentials were applied cathodically from +0.05 to −0.75 V vs RHE,
in succession, before returning back to +0.05 V. Several spectra were
recorded at each potential, and the assigned times presented are based
on the time elapsed from the initial recording of the in situ XAS spectra
at +0.05 V. For the CO2-saturated measurements, only XANES spectra
were recorded while scanning the monochromator in both directions to
minimize the time between individual scans. The time resolution for the
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measurements in the absence of CO2 was 282 s, whereas the time
resolution for measurements under relevant CO2 conditions was 65 s.
Details of data analysis are provided in the Supporting Information.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization of the Cu:NTO
and CuO@NTO Catalysts. SEM and TEM images of 9 wt %
Cu:NTO are presented in Figure 1. Discrete individual particles

on the order of a few microns are observed, which consist of
aggregated nanowires (Figure 1A). The TEM images (Figure
1B,C) provide further evidence of the intertwined nature of the
nanowires that give rise to the larger particles. Particle size
analysis indicated that the diameter of the 9 wt % Cu:NTO
nanowires was 13.0 ± 2.6 nm (Figure S1A), in agreement with
the previous work.26 HAADF-STEM EDS elemental mapping
was performed to probe the homogeneity of metals (Figure 1D).

Figure 1. (A) SEM, (B) TEM, (C) HRTEM, and (D) HAADF and corresponding EDS elemental mapping images of 9 wt % Cu:NTO. (E) XRD
pattern of 9 wt % Cu:NTO. ICSD database patterns for Na2Ti3O7 [Coll Code 187821] and CuO [Coll Code 16025] are shown for comparison.

Figure 2. (A) Low-magnification SEM image and (B) HRTEM image of cubic CuO particles. (C) Low-magnification TEM image and (D) HAADF-
STEM and corresponding EDS elemental mapping images of freshly prepared 10 wt % CuO@NTO. (E) Low-magnification SEM image of 10 wt %
CuO@NTO after the catalyst was dispersed by ultrasonication in water for 30 min. Green squares highlight the presence of cube-like structures. The
HRTEM image recorded at point indicated by blue square in (C) is presented in Figure S3.
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The homogeneous distribution of Na, Ti, and Cu throughout
the particles probes the suitability of this methodology in the
preparation of mixedmetal oxide−layered nanomaterials. As can
be seen in Figure 1E, the diffraction pattern of the intercalated
Cu:NTO sample, there is a relative decrease in 2θ position for
the Na2Ti3O7 (100) peak around 11° indicative of the lattice
expansion produced by the intercalation of hydrated Cu cations
between the layers of TiO6 octahedra, expanding the unit cell.
Furthermore, peak broadening was observed, which is indicative
of the low crystallinity of the nanostructured catalyst.
Electron micrographs of CuO and 10 wt % CuO@NTO

produced via cathodic corrosion are presented in Figure 2. The
CuO particles show cubic particles with an average diameter of
527 ± 73 nm (Figure S1B). HRTEM imaging of the cubic
particles shows a distinct lattice spacing of 0.28 nm which
corresponds to the (110) plane of CuO. The XRD pattern of the
cubic CuO particles is presented in Figure S2b. The peaks at 2θ
= 41.9, 45.1, 57.1, 63.1, 68.6, 72.8, 78.2, 79.0, and 80.9°
correspond well with the (002) & (111̅), (111) & (200), (202̅),
(020), (202),(113̅), (022), (311̅), and (113) planes of CuO.
The relatively narrow and intense diffraction peaks of the
catalyst prepared in CaCl2 are identical to the database pattern
of monoclinic CuO and are indicative of the formation of highly
crystalline CuO particles under the cathodic corrosion
parameters employed. The diffraction pattern of 10 wt %
CuO@NTO (Figure S2a) shows broad signals at 2θ = 10.2,
29.4, 33.2, and 57.1° that mirror the diffraction signals observed
for the undoped NTO catalyst (Figure S2c). The peaks are in
reasonable agreement with the corresponding (100), (110),
(111), and (020) planes of crystalline Na2Ti3O7 [ICSD Coll
Code 187821]. The increased d-spacing of the NTO (100)
indicated by the shift in 2θ is generated by the presence of
hydrating water molecules within the titanate layers because of
the low temperature used during the cathodic corrosion for the
synthesis of layered titanate nanowires in an aqueous environ-
ment.37 Additional low intensity peaks can be observed at 2θ =
41.9 and 45.1°, which correspond to the (002)/(111̅) and
(111)/(200) planes of crystalline CuO, respectively.

Upon mixing NTO and the CuO nanocubes, the presence of
both the cubic CuO particles and the aggregated NTO
nanowires as separate phases was observed for 10 wt %
CuO@NTO (Figure 2C). Higher magnification TEM images
show the presence of the aggregated nanowires (Figure S3).
HAADF-EDS elemental mapping characterization of a CuO
particle from the freshly prepared CuO@NTO catalyst
demonstrates a cubic Cu−Omatrix but also shows the presence
of the Ti phase on the periphery. Following dispersion of the
catalyst via ultrasonication, SEM characterization suggested that
the presence of NTO at the surface of the Cu−O matrices had
increased (Figure 2E).
Figure 3A presents the normalized XANES spectra of Cu foil,

Cu(I), and Cu(II) standard oxide compounds in addition to the
’dry’ 9 wt % Cu:NTO and 10 wt % CuO@NTO electrodes
(prior to flooding the cell with electrolytes).
Comparison against the Cu foil and standard oxide compound

references suggests that the Cu present in both 9 wt % Cu:NTO
and 10 wt % CuO@NTO exists in a +2 oxidation state (first-
derivative plot can be found in Figure S4A). The absorption
edge energies, defined as the maximum of the first derivative,
were 8993 and 8991 eV, respectively. The intense white line
peaks at 8996 and 8997 eV, respectively, are attributed to the 1s
→ 4p (continuum) transition.38 A very weak pre-edge feature at
8977 eV is observable for both catalysts, which is a characteristic
of cupric Cu(II) d9 compounds, generated by the quadrupole-
allowed 1s → 3d transition.38,39 The combination of these
XANES features with the significantly reduced intensity of the 1s
→ 4pz shakedown shoulder peak at 8986 eV is indicative of the
presence of hydrated Cu2+ sites.38,40

Linear combination fit (LCF) analysis has been demonstrated
as an effective means of elucidating the respective contributions
of the various Cu species to measured XAS spectra.41−43

Recently, it was demonstrated that the Cu oxidation state
elucidated by the LCF of XANES spectra is within 3−4%
accuracy.44 The results for the ‘dry’ electrodes of 9 wt %
Cu:NTO and 10 wt % CuO@NTO indicate a +2 Cu oxidation
state (Table S1), in agreement with our XANES analysis.

Figure 3. (A) Normalized Cu K-edge XANES spectra for the synthesized catalysts as well as reference materials. (B) FT (not phase corrected) of the
k3-weighted EXAFS data (empty circles) and fits (colored lines) of 9 wt % Cu:NTO (red) and 10 wt % CuO@NTO (green).
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Figure 3B shows the comparison between the Fourier
transforms (FTs) of the experimental EXAFS spectra (empty
circles) and the best-fit simulations (colored lines) for 9 wt %
Cu:NTO and 10 wt % CuO@NTO (k-space data are presented
in Figure S4B). The first coordination shell peak at around 1.4 Å
is observed for both catalysts, corresponding to the Cu−O
scattering pair. A second coordination shell peak was only
observed for 10 wt % CuO@NTO at ≈2.5 Å, corresponding to
the Cu-CuMetal scattering pair. The best-fit parameters are
summarized in Table S2.
3.2. Electrochemical Characterization of Cu:NTO and

CuO@NTO Catalysts and Assessment of the Catalytic
Activity toward the CO2RR. Figure 4 shows the cyclic
voltammograms of the 9 wt % Cu:NTO and 10 wt % CuO@
NTO in a 0.1 M K2HPO4/KH2PO4 buffer solution in the
absence and presence of CO2. For the sake of comparison, the
control cyclic voltammograms of undoped NTO recorded in an
Ar-saturated phosphate buffer (pH = 8) are presented in Figure
S5. The HER onset potential for the 9 wt % Cu:NTO appears at
−0.487 V vs RHE, 20 mV more cathodic than the undoped
NTO catalyst (Figure S6). The 10 wt % CuO@NTO sample
showed an onset in the cathodic sweep at −0.580 vs RHE in the
absence of CO2 (Figure S6C). This could be attributed to two
consecutive reactions; first, the reduction of the CuO nano-
particles to Cu followed by the HER. However, more insights
into the reactions taking place in this potential region will be
described later on the basis of the in situ XAS characterization. It
is also important to notice that the current density for 9 wt %
Cu:NTO is twice that of 10 wt %CuO@NTO at−0.9 V vs RHE
under Ar-saturated conditions. At this potential, where only the
HER is expected, the results indicate that the HER activity is
significantly hindered by the interface of the NTO phase with
CuO. In contrast, the presence of doped Cu2+ ions between
titanate layers enhanced the HER activity (the measured current
density) magnitude at −0.9 V relative to undoped NTO.
Prior to evaluating CO2RR activity of the Cu-containing

titanates, measurements were performed with pure NTO to
understand the electrochemical behavior of the titanate phase in
the presence of CO2. It is important to note that upon saturation
with CO2 the pH of the 0.1M buffer solution decreased from pH
= 8 to pH = 6.5. Figure S5B shows the cyclic voltammograms of
NTO in the CO2-saturated phosphate buffer. Comparison of the
current density profiles measured in the presence and absence of
CO2 indicates that NTO possesses negligible CO2RR activity.
The first cycle recorded in the CO2-saturated electrolyte closely

resembled that of the first ‘blank’ cycle (Figure S5A). The
decrease in pH did not have an enhancing effect on the catalytic
activity of the NTO toward the HER, when the reaction should
have been more facile. Rather, a −33 mV shift in onset potential
was determined (Figure S6D). Notably, in the presence of
dissolved CO2 and reduced pH, the anodic peak observed in the
Ar-saturated voltammograms disappeared. The anodic peak
observed in the voltammograms following a cathodic sweep is
caused by the accumulation of charge (electrons) in the absence
of an electrochemical reaction that subsequently discharges
during the anodic scan. This could be attributed to the greater
affinity for and stronger binding of CO2 to the Ti surface sites.
Additionally, two competing processes occur at nanoporous
titanate semiconductor electrodes in aqueous electrolytes:
catalytic and capacitive.45 The anodic peak is not visible in the
return sweep if an electrochemical reaction occurs because of the
consumption of the electrons. Therefore, our results suggest that
in Ar-saturated phosphate, the HER does not occur at the NTO
catalyst in the potential range applied, rather, the catalyst acts as
a capacitor. In the presence of CO2, electrons are consumed for
the CO2RR, albeit with low current density measured,
suggesting that the undoped catalyst is not active for the
CO2RR.
In the presence of dissolved CO2, an anodic shift in the

reduction onset potential of +156 mV relative to the Ar-
saturated measurements was observed (Figure S6E). In
addition, the overall current density measured in the applied
potential range increased. Through subsequent cycles, the
activity of the CO2RR decreases, i.e., the peak current density
decreased and the onset potential remained constant.
To investigate the impact of the decrease in pH induced by

the dissolution of CO2 in the electrolyte, H3PO4 was added to
the 0.1 M K2HPO4 / KH2PO4 buffer solution until pH = 6 was
reached. The voltammograms are shown in Figure S7. The
current density of the voltammogram at pH = 6 of the sample 9
wt % Cu:NTO did not vary significantly from that obtained at
pH = 8. These results confirmed that the relative shift in the
onset potential observed was not wrought simply by the change
in pH, but rather, it was a direct result of the presence of
dissolved CO2; thus, the onset potential observed was due to the
CO2RR on this catalyst.
The voltammetric profile of 10 wt % CuO@NTO in CO2-

saturated phosphate buffer solution is presented in Figure 4B. In
the initial scan between +0.05 and −0.2 V vs RHE, the cathodic
current density was significantly larger than the current density

Figure 4.Cyclic voltammograms of (A) 9 wt %Cu:NTO and (B) 10 wt %CuO@NTO in Ar-saturated 0.1MK2HPO4/KH2PO4 buffer solution (pH=
8) [dashed lines] and selected successive cyclic voltammograms in CO2-saturated 0.1 M K2HPO4/KH2PO4 buffer solution (pH = 6.5); ν = 50 mV s−1

and rotation rate ω = 1200 rpm for all measurements. Arrows are indicators of the applied potentials utilized during in situ XAS measurements (see
Section 3.3).
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measured in the absence of CO2. The voltammogram also shows
a wave between −0.2 and −0.4 V only observed during the first
cycle and was, therefore, attributed to a surface reconstruction.
The changing Cu coordination environment of the CuO-
derived catalyst upon cycling had a significant impact on CO2RR
activity. Notably, for the first six cycles, the peak current density
increased gradually followed by a significant increase of the
catalytic activity observed during the seventh cycle that resulted
in a near 2-fold increase in peak current density measured at
−0.9 V vs RHE. Contrasting this behavior with that of the 9 wt %
Cu:NTO mixed phase catalyst where no change in the onset
potential was observed for the duration of the 10 cycles indicates

that the gradual enhancement in activity of the CuO-based
catalyst may be attributed to a structural surface activation
process that rendered increased intrinsic activity of the Cu sites.
This observation is in agreement with the existing literature on
the enhanced activity of oxide-derived Cu catalysts toward the
CO2RR because of the increase in surface roughness and under-
coordinated sites by the electrochemical reduction of the Cu
oxide catalysts, generating metallic Cu NPs.46−48 Further
analysis of the chemical nature of the Cu catalyst will be
presented in Section 3.3.
To summarize, we have established that the electrocatalytic

activity observed for the two Cu-containing titanate nanostruc-

Figure 5. Product characterization of gases produced during the CO2RR at −0.8 V vs RHE on (A) 9 wt % Cu:NTO and (B) 10 wt % CuO@NTO in
CO2-saturated 0.1 M K2HPO4/KH2PO4 buffer solution (pH 6.5).

Figure 6. In situ XAS characterization of 9 wt % Cu:NTO and 10 wt % CuO@NTO in Ar-saturated 0.1 M K2HPO4/KH2PO4 solution (pH 8) at
different applied potentials. Representative in situ XAS spectra of (A) 9 wt % Cu:NTO and (D) 10 wt % CuO@NTO. LCF determination of Cu
species composition from in situ XANES spectra for (B) 9 wt % Cu:NTO and (E) 10 wt % CuO@NTO. Representative EXAFS Fourier Transforms
(not phase corrected) of (C) 9 wt % Cu:NTO and (F) 10 wt % CuO@NTO.
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tures toward the CO2RR in near-neutral phosphate buffer
solution is not simply a function of the chemical composition of
the catalysts. The physical and structural properties contribute
significantly to the observed activity. Consequently, it is the
specific chemical and structural nature of each catalyst generated
during CO2RR electrolysis that produces the greatest impact on
the activity and product selectivity.
To gain further insights regarding the reactivity of the two Cu-

containing titanate nanostructures toward the CO2RR, long-
term electrolysis reactions were performed while following the
gas products via OLEMS. Figure 5 shows the distribution of
gaseous products for the CO2RR on 9 wt%Cu:NTO (A) and 10
wt % CuO@NTO (B) during 1-h electrolysis at−0.8 V vs RHE.
In the case of 9 wt % Cu:NTO, the formation of H2 (m/z = 2)
accounts for the majority of gas products evolved during the
electrolysis (50−65%). The formation of CO (m/z = 28) and
CH4 (m/z = 16) was also detected during the electrolysis. An
inverse relationship was observed between the fractions of CO
and CH4 as the reaction progressed. The decrease in CO (a 2e−

product) was accompanied by a near-equivalent increase in the
concentration of CH4 (an 8e

− product). The change in gaseous
product distribution is an indication of changes in the chemical
state of the catalyst during the CO2RR electrolysis. Further
analysis will be discussed in Section 3.3 using in situ EXAFS.
In comparison, a greater percentage of H2 was detected during

the CO2RR electrolysis on 10 wt % CuO@NTO than for the
Cu:NTO, gradually increasing to >80% after 1 h. The
percentage of CH4 formed was similar to that observed for 9
wt % Cu:NTO and also increased gradually over the duration of
the electrolysis. However, two significant differences were
observed. A C2 product, C2H4 (m/z = 26), was initially detected
in low abundance which subsequently decreased overtime as the
CH4 increased and no CO was detected. The variation in
products once again suggests that changes in the structure or
chemical nature of the catalyst occur, favoring the formation of
CH4 over C2H4 for the CuO-derived catalyst or CO for the
Cu:NTO mixed catalyst.
Liquid products were probed by 1H NMR; however, in

contrast to previous results on bulk and other copper
nanocatalysts,15,22,46,49,50 no appreciable quantities of liquid
products were detected after 1 h of CO2RR electrolysis for both
catalysts. This is probably related to the difference in particle size
of our catalyst with respect to those reported in the literature and
the differences between supported catalyst (this work) and
unsupported catalyst in previous reports.
3.3. In Situ X-ray Absorption Spectroscopy (XAS)

Characterization in the Absence of CO2. To better
understand the structural and chemical changes undergone by
Cu in both 9 wt % Cu:NTO and 10 wt % CuO@NTO during
the CO2RR, in situ XAS measurements were performed under
chronoamperometric conditions. First, and to be used as a
comparison, data were collected in Ar-saturated 0.1 M
phosphate buffer, at +0.05, −0.25, −0.35, and −0.75 V (as
indicated in Figure 6).
Representative XANES spectra collected for 9 wt % Cu:NTO

and 10 wt % CuO@NTO in Ar-saturated 0.1 M phosphate
buffer at different potentials are shown in Figure 6A,D,
respectively (the full data set is shown in Figure S8). For 9 wt
% Cu:NTO, a decrease in the absorption edge energy and
intensity of the white line peak was observed with increasing
time under reducing conditions. The decrease in absorption
edge energy is indicative of the reduction in the oxidation state
of the analyte species. The accompanying emergence of a low

intensity peak at 8984 eV is indicative of the bulk reduction of
Cu(II) and presence of Cu(I) in the catalyst.41 After recording
spectra at +0.05 and −0.25 V (Figure S8A,B), the intense white
line peak previously seen in the spectra of the ‘dry’ electrode had
disappeared, and two distinguishable peaks at 8995 and 9004 eV,
resembling the XANES peaks observed for metallic Cu, were
observed. We observed minimal further changes to the XANES
features at −0.35 V and at −0.75 V.
A similar decrease in white line peak intensity and a negative

shift in the absorption edge energy were observed under
increasingly reducing conditions on 10 wt % CuO@NTO.
Likewise, the emergence of the peak at 8984−8985 eV was also
observed. Similar to 9 wt % Cu:NTO, there were minimal
changes to the XANES features observed at −0.35 V. However,
direct qualitative comparison of the XANES spectra obtained at
each applied potential demonstrates that the change in the Cu
oxidation state was noticeably more gradual for 10 wt % CuO@
NTO. The twin peaks at ca. 8995 and 9004 eV became
distinguishable for CuO@NTO at −0.75 V, whereas for
Cu:NTO they were distinguishable at −0.25 V. Furthermore,
the peak at 8985 eV was still a small shoulder at −0.75 V for
CuO@NTO but was fully defined at −0.25 V for Cu:NTO.
Changes in Cu(0)/Cu(I)/Cu(II) speciation with potential

over time were followed by LCF (Figure 6B,E). Overall, the data
show that Cu2+ sites in 9 wt % Cu:NTO and 10 wt % CuO@
NTO are reduced at different rates, suggesting that the CuO-
containing catalyst is chemically more robust, experiencing
relatively more gradual Cu2+ reduction and a higher overall
approximate Cu oxidation state following cathodic treatment.
This was in agreement with the qualitative analysis of the
XANES spectra. Our analysis also reveals that a significant
fraction of Cu(I) is retained even under the most cathodic
conditions, in agreement with previous studies.51 A discussion
about the reversibility of these processes can be found in the
Supporting Information (Figure S9).
Figure 6C,F shows the comparison between the FTs of the

EXAFS data at different potentials for 9 wt % Cu:NTO and 10
wt % CuO@NTO (full k3 weighted data are shown in Figures
S10 and S11, with best fit parameters presented in Tables S5 and
S6). Generally, the EXAFS FTs for the two catalysts were similar
in appearance. Under an applied potential of +0.05 V, a first
coordination shell peak at around 1.4 Å can be observed for both
catalysts, corresponding to Cu−O scattering.
The EXAFS fits for 9 wt %Cu:NTO identified the coexistence

of octahedral (Cu−OOh, characteristic of Cu(II) species) and
tetrahedral (Cu−OTh, characteristic of Cu(I) species) Cu
coordination environments at +0.05 V (Table S5). The
calculated bond lengths for both environments slightly reduce
with increasing time, suggestive of a reduction in overall Cu
oxidation state. Indeed, the EXAFS fit of the FT of the first in situ
XAS spectrum measured at −0.25 V indicates the presence of
Cu−Cumetal scattering and the absence of Cu−OOh. This was
accompanied by the emergence of a second shell coordination
peak at ∼2.2 Å, corresponding to Cu−Cumetal. However, the
Cu−OTh scattering still contributes to the EXAFS FT at −0.25,
−0.35, and−0.75 V vs RHE. This is demonstrated visually in the
EXAFS FT by the persistence of the Cu−O peak at ∼1.4 Å
(Figure 6C). These results agree with the Cu species
composition determined via LCF fit analysis.
The coordination number (CN) of the Cu−Cumetal scattering

increases under more negative applied potential, rising from 2.3
± 1.0 at−0.25 V to 6.2± 0.6 at−0.75 V. Interestingly, the Cu−
OTh CN increases at −0.25 V, the potential at which LCF
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analysis indicates that all Cu2+ is reduced, and there is a relatively
high Cu(I) contribution in 9 wt % Cu:NTO. At more negative
potentials, the Cu−OTh CN decreases, but not significantly
relative to the ‘dry’ catalyst and initial in situ measurement.
Combined, these results suggest the formation of metallic Cu
clusters with an increasing size at 9 wt % Cu:NTO following the
degradation of Cu2+ octahedra under reducing conditions. The
clustering would require mobility of the Cu atoms, which could
perceivably be facilitated by the channels of the titanate layers.
Further in situ XAS at the Ti K-edge would shed more light on
the specific nature of the cluster formation process, but the lower
energy of the Ti K-edge and absorption of water at those
energies prevent the study. The EXAFS fit results did not suggest
any contribution from Cu−OOh in the FT of 10 wt % CuO@
NTO (Table S6), unlike 9 wt % Cu:NTO. Thus, we conclude
that the Cu−OOh environment identified in 9 wt % Cu:NTO is
characteristic of the single-atom Cu complexes doped in NTO,
i.e., octahedral Cu complexes within the titanate layers.
With 10 wt % CuO@NTO, a low-intensity Cu−Cu

coordination shell peak at ∼2.5 Å can also be observed that
corresponds to the Cu−Cumetal environment indicated by
EXAFS fit of the ‘dry’ electrode. During the in situ measure-
ments, the Cu−OTh CN decreased with increasingly negative

applied potential, whereas the Cu−Cumetal CN increased.
However, the Cu−OTh contribution was present in all EXAFS
fit results and indicated the presence of stable oxidized Cu
species under reducing conditions. As above, the results
obtained from the fitted EXAFS data are in good agreement
with those determined by LCF.

3.4. In Situ XAS Characterization of the Cu Titanates
under Relevant CO2RR Conditions. Figure 7 presents
representative in situ XANES spectra and LCF determination
of Cu species composition for 9 wt % Cu:NTO and 10 wt %
CuO@NTO inCO2-saturated phosphate (the full set of XANES
spectra is presented in Figure S12). Results of the LCF analysis,
including the estimated Cu oxidation states, are tabulated in
Tables S7 and S8, respectively.
The changes to the in situ XANES observed in the presence of

CO2 were similar to what was observed in the Ar-saturated
electrolyte, i.e., as increasingly more negative potentials were
applied, the edge energy decreased, a peak at 8984−8985 eV
emerged, and the relative intensity of the white line decreased
for both catalysts (Figure 7A,D). The distinguishable twin peaks
at 8995 and 9004 eV were observed first for 9 wt % Cu:NTO at
−0.35 V, whereas they were only observed at −0.75 V for 10 wt
% CuO@NTO (Figure S12H). The overall XANES features did

Figure 7. Representative in situ XANES spectra of (A) 9 wt % Cu:NTO and (B) 10 wt % CuO@NTO in CO2-saturated 0.1 M K2HPO4/KH2PO4
solution (pH 6.5) under different applied potentials. (C, D) LCF determination of Cu species composition from (A) and (B), respectively.
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not change significantly any further even at more negative
applied potentials for this catalyst (Figure S12D). The results
again suggested that the reduction of Cu in 9 wt % Cu:NTOwas
more facile relative to 10 wt % CuO@NTO. LCF analysis
further confirmed this (Figure 7C,D). The point at which
metallic Cu species became the dominant species was at applied
potentials of −0.35 and −0.75 V for 9 wt % Cu:NTO and 10 wt
% CuO@NTO, respectively.
A similar approximate Cu oxidation state was suggested by

LCF analysis of the in situ XANES spectra of 9 wt % Cu:NTO
under both CO2-saturated and CO2-free conditions (Table S7),
likewise, for 10 wt % CuO@NTO. Similar Cu oxidation states
for each catalyst were obtained regardless of the duration of the
measurements, which demonstrates that the applied potential
imposes the greatest effect in the reduction of oxidized Cu
species in 0.1 M K2HPO4/KH2PO4. An analogous observation
was recently reported using 100 mM KHCO3.

52 Our results
agree with recent in situ and operando XAS studies that have also
determined the presence of oxidized Cu species during and
following the CO2RR at nanostructured oxide-derived Cu
catalysts.11,44 However, our work reports a higher in situ Cu(II)
composition than has been reported previously.
Although the Cu−O bond is thermodynamically unstable

under reducing conditions, the stability of the Cu−O bond
under CO2RR conditions has been reported previously for both
bulk and nanostructured Cu catalysts.11,53−55 Such stability has
been linked to changes of the electronic structure of Cu because
of dopant materials,56 alloying,57,58 strain effects, strong metal
support interactions,59 or even spill-over of oxygen. Indeed, the
synthetic method employed in production of the catalyst will
also impact the stability of Cu−O. One possible factor for the
observed enhanced stability of Cu−O in CuO@NTO is that the
low-coordinated sites which are formed during the cathodic
corrosion synthesis of the Cu particles bind more strongly to
oxygen, helping to stabilize oxides during the reaction. Cathodic
corrosion is a synthetic method that occurs far from equilibrium.
Thus, strain is introduced to the surface by the cathodic
corrosion mechanism, i.e., formation of Cu metallides, causing
strong oxygen binding. Another possibility is that the high local
pH could help us to stabilize Cu+ by negatively shifting the
overpotential for Cu2O reduction. The exact mechanism is still
being investigated via in situ experiment and theory.
The in situ XANES spectra measured in our work were

obtained using a successive applied potential regime, increasing
the magnitude of cathodic potential in stages to monitor the
change in Cu oxidation state with time. Thus, although the total
measurement time is comparable, the overall cathodic potential
applied to the catalysts differs, and we have demonstrated that
the magnitude of the applied cathodic potential has a significant
impact on the nature of the Cu catalyst.
XAS techniques probe the bulk of the catalysts. Given the

difference in the particle size between the Cu:NTO and CuO@
NTO catalysts, the LCF analyses for Cu:NTO are more
reflective of the chemical nature of the catalyst surface generated
under reducing conditions in the phosphate electrolyte, whereas
the core of the CuO nanocubes in CuO@NTO adds greater
weighting to the LCF results than the catalyst surface. It must
also be noted that the decrease in pH upon saturating the
electrolyte with CO2 accelerates the reduction of Cu species
such that similar reduced Cu oxidation states can be obtained in
significantly shorter timescales.
Under CO2RR conditions, we focused on maximizing the

time-resolution of the in situ XANES spectra, employing a

narrower energy range for the measurements and an increased
scan speed. Thus, accurate EXAFS fitting of the FTs of the in situ
CO2RR XANES spectra was not possible. However, given the
similarities in the XANES features and LCF Cu species
composition determined under CO2RR conditions, we have
drawn on the EXAFS fit results obtained in the absence of CO2
to relate the structural changes to the electrochemical activity
and product distributions discussed.
Relating the in situ CO2-saturated XANES and EXAFS results

with the OLEMS results provides insight into the roles of Cu
species in the formation of the observed gaseous products. For
the case of 9 wt % Cu:NTO, the XANES and EXAFS fit results
suggest that the as-prepared catalyst possesses predominantly
discrete Cu−OOh that are electrochemically reduced and
subsequently migrate and aggregate to form metallic Cu clusters
over time under reducing conditions. Thus, the change in
CO2RR gaseous product distribution determined via OLEMS is
a direct result of the nucleation and growth of metallic Cu
species. At the beginning of the reduction process, when the
metallic Cu species are beginning to form, the major gas product
is CO and CH4 is a minor gas product. As the metallic Cu
clusters increase in population and size (as determined by
EXAFS fit results), CH4 becomes themajor CO2RR gas product.
Our results are in agreement with Reske et al. who demonstrated
that the dominant CO2RR products were H2 > CO > CH4 for
Cu nanocatalysts with sizes up to ≈20 nm.14 Furthermore, the
formation of metallic Cu clusters would decrease the availability
of Cu active sites, resulting in a decrease in catalytic activity as we
observed via cyclic voltammetry.
The EXAFS fit results for 10 wt % CuO@NTO indicate the

formation of under-coordinated metallic Cu clusters under
reducing conditions. The Cu−OTh CN of this catalyst is near-
identical to that of 9 wt % Cu:NTO in their reduced forms. The
significant difference compared to Cu:NTO was in the Cu−
Cumetal CN. Furthermore, the formation of Cu clusters from 10
wt % CuO@NTO is effectively a reduction in the particle size
and an increase in the specific surface area, the clusters
seemingly forming from fragmentation of the large CuO cube-
like structures. The possible formation of smaller Cu clusters
that possess highly reactive under-coordinated sites provides an
explanation for the enhanced catalytic activity observed via CV.
With respect to the OLEMS results, it has been reported that
oxide-derived Cu CO2RR catalysts generated from the
reduction of nanocubes, which possess a high ratio of
Cu(100) sites, form little to no CH4 with increased efficiency
toward C2H4 formation.60−62 Thus, our results therefore suggest
that 10 wt % CuO@NTO possesses a low ratio of Cu(100) sites
prior to reduction and formation of metallic clusters under
reaction conditions.

4. CONCLUSIONS
We have demonstrated the versatility of the cathodic corrosion
method in the preparation of nanostructured metal oxide
electrocatalysts by the effective preparation of Cu(II) NTO
catalysts with intrinsically different Cu coordination environ-
ments. Namely, we investigated the differences between discrete
Cu complexes in 9 wt % Cu:NTO and a CuO lattice in 10 wt %
CuO@NTO.
XRD characterization indicated the presence of CuO in the

mixed phase catalyst. Electron microscopy demonstrated that
interaction between the CuO and NTO forms a core-shell type
structure in which CuO cubes are encompassed by the NTO
nanowires. The absence of any diffraction pattern features
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corresponding to either metallic or oxidized Cu for 9 wt %
Cu:NTO, combined with the homogeneous Cu distribution
observed via HAADF-EDS, was indicative that the intercalated
Cu did not form metallic or oxidic Cu clusters. This was
confirmed via XANES analysis.
Electrochemical measurements in the absence of CO2

demonstrated that the presence of intercalated Cu affords
enhanced current density relative to undoped NTO, an
enhancement not afforded by the CuO@NTO catalyst.
CO2RR activity was probed by CV and electrolysis, with
gaseous products from the electrolysis characterized byOLEMS.
We demonstrated that the NTO phase alone does not
contribute to any observable CO2RR activity, but rather that
the NTO surface is poisoned, as evidenced by the progressive
decrease in double layer capacitance through subsequent CV
cycles in the presence of CO2. The observed CO2RR activity on
9 wt % Cu:NTO was therefore ascribed to the presence of Cu
within the titanate layers, which, under reducing conditions,
forms metallic Cu clusters with increasing size. OLEMS
characterization identified that the gaseous products generated
by the CO2RR at −0.8 V vs RHE on 9 wt % Cu:NTO over 1 h
were H2, CO, and CH4, with a shift in the initially observed
CO:CH4 ratio coinciding with an increase in cluster size. For 10
wt % CuO@NTO, the gaseous products identified were H2,
CH4, and C2H4. A decrease in detected C2H4 and a subsequent
increase in CH4 concentration were ascribed to a decrease in the
particle size, providing rationale for the increase in catalytic
activity observed via CV. Generally, the reduction of the Cu2+

species was more gradual for the CuO-derived catalyst under
CO2RR conditions. LCF analysis of in situ XANES spectra
recorded in the presence and absence of CO2 indicated the
stable presence of Cu(I) at −0.75 V vs RHE for both catalysts.
Further in situ investigation regarding the specific role of NTO
during CO2RR electrolysis with the catalysts is required to
enable elucidation of mechanistic pathways for the respective
electrocatalysts.
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