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Abstract

In this work, a range of supported copper oxides were synthesised via a simple deposition precipitation method, and their
catalytic performance for the hydrogen evolution reaction (HER) was analysed, evaluating the influence of the support on
catalytic activity. Electrochemical measurements showed that Cu,O containing catalysts had superior HER activity compared
to CuO containing catalysts, achieving lower HER overpotentials and Tafel slope values. The SnO, support showed the larg-
est HER suppression, desirable for use within the CO, reduction reaction (CO,RR), reducing the activity of the competing
reaction, achieving a large HER overpotential value of 0.73 V vs. RHE, along with a small HER exchange current density
of 5.93 uA/cm?, for Cu,0/Sn0,, shown to be through possessing large HER charge-transfer resistance and small electro-
chemically active surface areas. The ZnO support was also shown to be adequate at supressing the HER activity, whilst also
achieving the highest electrochemically active surface area for the reduction reactions to proceed on, out of all supported

catalysts assessed in this work.
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Introduction

Conversion of CO, into energy-rich chemicals has the poten-
tial to be a viable route to help reduce atmospheric carbon
emission (30 billion tonnes of CO, are estimated to be glob-
ally emitted each year [1]) and to generate carbon—neutral
fuels [2]. CO, conversion presents numerous challenges
stemming from the molecule’s intrinsic chemical proper-
ties, notably the presence of two strong polar C = O bonds
[1]. This structure causes a highly stable molecule, with a C
=0 bond energy of 805 kJ mol~!, significantly stronger than
other carbon-based bonds [3]. This results in large energy
inputs being required to overcome the thermodynamically
uphill nature of the CO, reduction reaction (CO,RR). Elec-
trocatalytic (EC) CO, reduction meets the challenge of large
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energy input by converting electrical energy to chemical
energy. Electrochemical reduction takes place via redox
events at electrode surfaces [1], with the electron source in
EC enabling multi-electron processes to take place in the
CO, reduction reaction (CO,RR).

In addition to thermodynamic considerations, the CO,RR
also experiences extremely sluggish kinetics due to high
activation energy barriers [4], resulting in much more nega-
tive potentials being required to be applied to the working
electrode. Additionally, it is possible to generate a wide
range of reduction products, resulting in desired product
selectivity being extremely challenging. Kinetic and selec-
tivity issues suggest that choice of catalyst is highly impor-
tant for this reaction.

Copper has been reported to be the most efficient metal
in CO, EC conversion through its moderate adsorption ener-
gies of reactive intermediates [5]. Along with this, copper
is reported as a unique metal for CO,RR, as not only is it
capable of generating C, products, but it is also the only
reported metal to generate C,, products with sufficient Fara-
daic efficiencies (FEs) [6] for further use, with Hori et al. [7]
reporting copper achieving a total C,, FE’s of 34.2%, with
the next best metal being Ni with a FE of only 0.1%. Along
with this, Hori et al. [7] also reported copper to be the only
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metal to generate sufficient FE’s of methane of 33.3%, along
with the C,, products, with these experiments being done at
a constant current density of 5 mA/cm?. This is due to copper
ability to facilitate carbon coupling to longer chains through
its excellent bonding with reactive intermediates, such as CO
[8]. Along with its unique activity for CO,RR, copper is an
abundant and low-toxicity metal, which has led to substantial
amounts of research into copper for CO,RR.

However, there are still reported issues with using cop-
per and its derivates for CO,RR, with catalysts reported to
achieve low product selectivity, forming a range of prod-
ucts from C; and beyond [9, 10]. From an electrochemical
perspective, one of the biggest challenges within CO,RR is
the parasite hydrogen evolution reaction (HER), which is
unavoidable in the aqueous electrolytes ordinarily used, with
HER dominating at the highly negative potentials required to
overcome the energies needed to reduce the stable CO, mol-
ecule, hence greatly affecting the CO,RR FEs. Additionally,
copper is only usable in a narrow potential window, with
low negative potentials being insufficient to reduce CO,,
whereas at higher negative potentials the HER dominates
[11], resulting in extremely low FEs, unless the HER can be
suppressed. HER occurs through two main mechanisms, the
simplest being via the reduction of solvated protons (2H" +
2e” — H,), most prominent at lower pH. However, the HER
also occurs through the reduction of the solvent molecule
itself (2H,0 +2e™ — H, + 20H7)[13], hence still proceed-
ing at the alkaline pH typically used within CO,RR [12].
Although unavoidable in aqueous media, HER efficiency
can be reduced through rational catalyst design.

Amongst the most promising strategies adopted to
improve CO,RR performance whilst suppressing HER,
the use of suitable supports for the Cu-based electrocata-
lysts is a widely adopted approach [14]. Yuan et al. [15]
and Lu et al. [16] have reported that a CuO/TiO, catalyst
system favours the formation of ethanol during CO,RR,
with Yuan et al. [15] producing ethanol with a FE of
37.5%, whereas Lu et al. [16] showed ethanol FE of 74%
with a product yield of 1.6 umol/cm?, when using TiO,
nanotubes, compared to a maximum ethanol FE of 55%
and a maximum yield of 6.4 umol/cm? when using TiO,
nanofibers. Zhang et al. [17] reported a Cu,0O/TiO, cata-
lyst that favours the production of ethanol, with a fivefold
FE increase compared to bare Cu,O; nevertheless, the
FE loss to HER was 70%. The increased generation of
ethanol correlated to the introduction of TiO, is recon-
ciled with an increased catalyst oxophilicity caused by the
titanium dioxide, therefore strengthening the CO bridge
binding. Just like TiO,, tin dioxide (SnO,) is another
metal that can be used to increase the catalyst oxophilic-
ity, with bare SnO, generating formate from CO, [18].
Li et al. [19] covered Cu NPs with SnO,, resulting in a
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product selectivity change from formate to CO, with a
Faradaic efficiency of 93% at —0.7 V vs. RHE. Zhang
et al. [20] also showed this Cu and Sn synergy for CO
through a Cu,0/Sn0O, core shell catalyst, obtaining a CO
Faradaic efficiency greater than 90%. The mechanism of
FE enhancement when SnO, is used was illustrated by
computational studies of Sarfraz et al.[21], demonstrating
inhibition of hydride adsorption, increasing CO produc-
tion at the expenses of HER and formate selectivity.

It has also previously been reported that bare ZnO and
metallic zinc are capable of reducing CO, to CO [22, 23].
Combined copper and zinc systems are already well stud-
ied, and industrially used, for methanol synthesis [24], with
the addition of ZnO to Cu increasing the catalyst basicity
[25], improving CO, adsorption. Azenha et al. [26] syn-
thesised a Cu,0/ZnO catalyst, showing production of CO
with FE of 65.7% at — 1.4 V vs. RHE; although with a large
HER FE loss greater than 30%. Graphitic carbon nitride
(GCN), containing pyridinic N, has been shown to help
generate C,, products through C—C coupling via its affinity
to the CO reaction intermediate [22]. Jiao et al. [27] con-
ducted computational studies on Cu/GCN and reported that
pyridinic nitrogen species in the framework show a strong
affinity for CO,, activating the molecule for its reduction.
Yan and Wu [28] showed this experimentally with a CuO/
GCN catalyst, generating a C, FE of 64.7% at —1 V vs.
RHE, with ethylene being the main C, product with 37%
FE. However, even with this increased C, product genera-
tion, there was still a large FE loss through the competing
HER of 25%. Rutkowska et al. [29] synthesised a Cu,O
catalyst decorated in WO; nanowires, reporting an increase
in current density when the buffer solution was saturated
with CO,, showing its CO,RR activity. Product analysis
showed that the Cu,0/WO; catalyst main product was
methanol, with hydrogen being the only detected gaseous
product, limiting the methanol FE.

The published work outlined here gives a handful of
examples of how pairing copper with an additional sup-
port material can help improve FE during electrocatalytic
CO, reduction. However, due to the different experimental
conditions adopted and the variability of the samples, it is
difficult to rationalise the actual effect of these supports
in suppressing parasitic HER. In this work, we attempt
to provide a standardised approach to quantify the effect
of support materials in suppressing HER when Cu-based
electrocatalysts are used. A series of supported CuO and
Cu,0 electrocatalysts have been synthesised with the same
Cu-to-support ratio, and characterised and tested for their
HER performance. A comparison with unsupported CuO
and Cu,0 is provided. The aim of this study is to identify
which support material provides the best performance to
suppress HER when running CO,RR.
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Materials and methods
Electrocatalyst synthesis

Copper chloride dihydrate (CuCl,-2H,0), titanium diox-
ide anatase (TiO,), zinc oxide (ZnO), tin oxide (Sn0O,),
and tungsten oxide (WO;) were all purchased from Sigma
Aldrich. Ascorbic acid (C4gHgO4) was purchased from
Fluorochem. Melamine (C3H¢N;) and sodium hydroxide
(NaOH) were purchased from Thermo Fisher Scientific.
All chemicals were analytical grade and used without fur-
ther purification. Deionised water was used to make up
all the solutions.

The bare copper oxide catalysts were synthesised
through a metal oxide precipitation method. A CuCl,-2H,0
solution was first sonicated for 15 min before a sodium
hydroxide solution was slowly dropped into the copper
solution, under constant stirring, to form Cu(OH), pre-
cipitate. In the case of CuO, the solution was then aged
for 4 h. For Cu,0, 3 h through the ageing step, an ascorbic
acid solution is slowly added as a reducing agent. The
resulting precipitates are filtered, washed, and dried. The
copper oxides are then calcined under static air in a tubular
furnace, at 200 °C for Cu,O and 350 °C for CuO, for 2 h
with a ramp rate of 3°/min.

For the copper oxides supported by another metal oxide,
a simple deposition precipitation synthesis method was
used. First, the support is suspended in a solution and soni-
cated for 15 min. Then, a certain amount of CuCl,-2H,0 is
added to the solution to result in a 1:10 copper to support
transition metal molar ratio. The solution is then stirred for
an hour before slow addition of a sodium hydroxide solu-
tion, in the same way as described above. The CuO cata-
lysts are then aged for 4 h, whereas for Cu,0, 3 h through
the ageing step, an ascorbic acid solution is slowly added.
The resulting precipitates are filtered, washed, and dried.
The supported copper oxides are then calcined under static
air in a tubular furnace, at 200 °C for Cu,O and 350 °C for
CuO, for 2 h with a ramp rate of 3°/min.

The CuO/g-C;N, and Cu,0/g-C;N, catalysts are syn-
thesised in the same way as previously described, but with
a prior g-C;N,, synthesis step. The graphitic carbon nitride
(GCN) support was synthesised via a thermal polyconden-
sation reaction from melamine. Roughly 3 g of melamine
was placed in a crucible and heated to 550 °C in a static
air muffle furnace, at a heating ramp of 5°/min for 5 h.

Material characterisation

Powder X-ray diffraction (XRD) was carried out to inves-
tigate the materials’ crystal phases and polymorphs using

a PANalyticalX pert Pro powder diffractometer, using a
Cu Ka radiation source (4 = 1.54 x 107'%m), operating at
40 keV and 40 mA. Analysis was done between 20 values
of 10-80°, with diffraction pattern phases identified using
the ICDD database. High-resolution transmission electron
microscopy (HRTEM) images were obtained via a JEOL
JEM- 2100 electron microscope, employing an accelerat-
ing voltage of 200 kV. Particle diameters were manually
measured using ImagelJ, with the standard deviation of at
least 30 measurements reported as the error here.

Electrochemical measurements

Sodium phosphate monobasic (NaH,PO,), sodium phos-
phate dibasic (Na,HPO,), and Nafion 117 solution (5%
suspended in lower aliphatic alcohols and water) were all
purchased from Sigma Aldrich. Isopropanol (IPA) was
purchased from Thermo Fisher Scientific. All chemicals
were analytical grade and used without further purification.
Deionised water was used to make up all the solutions.

For each catalyst, a stable ink was prepared using 8 mg of
synthesised powder catalyst, 380 pL IPA, 380 pL H,O, 40
pL Nafion solution, and then sonicated for 20 min before 10
pL of the stable ink were drop cast onto a 0.4-cm diameter
glassy carbon rotating disk electrode (RDE) tip and left to
dry, resulting in a catalyst loading (on the glassy carbon
disk) of 0.1 mg.

All electrochemical tests were performed using a three-
electrode undivided electrochemical cell consisting of (i)
an Ivium rotating disk electrode (RDE) carrying the coated
glassy carbon tip, as described above, and constituting the
working electrode (WE); (ii) a 3.0 M Ag/AgCl reference
electrode; and (iii) a platinum coil counter electrode, all
immersed in a 0.5 M Na,HPO,+ 0.5 M NaH,PO, buff-
ered aqueous electrolyte at a pH of 7.2.

Before any electrochemical measurements, the electrolyte
solution was saturated with N, for 20 min. The WE was then
pretreated via running 10 cyclic voltammetry (CV) scans at
a 500 rpm rotation rate in the —0.6 to 0.0 V vs. RHE poten-
tial range, with the potential scanned at a rate of 50 mV/s.
The HER tests were performed via running linear sweep
voltammetry (LSV) anodically in the — 1.0 to 0.0 V vs. RHE
range, at a scan rate of 20 mV/s, at different rotation rates
of 500, 1000, 1500, and 2000 rpm, with all current densi-
ties reported against the electrodes electrochemically active
surface area (ECSA). The double layer capacitance (Cy;) was
derived via running CVs in the non-faradaic potential range
of 0.23 to 0.43 V vs. RHE at different scan rates of 10, 20,
30, 40, and 50 mV/s. The Cg is equal to the gradient of the
linear relationship between (J,,o4ic — Jeathodgic)/2- taken at 0.33
V vs. RHE from a single CV, against scan rate. Electrochem-
ical impedance spectroscopy (EIS) was performed at various
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amplitude potentials of 10, 50, 100, and 200 mV (vs. Ag/
AgCl), at each catalyst HER onset potential in the frequency
region of 100 kHz to 0.1 Hz, whilst the RDE working elec-
trode was rotating at 2000 rpm.

Results and discussion
Characterising crystallography and morphology

Figure 1 depicts the XRD patterns of all the synthesised
catalysts, with the produced patterns having strong matches
to reference patterns present in the ICDD database for the
expected synthesised materials. The stronger peak intensities
in bare Cu,O compared to CuO show the more crystalline
nature and larger crystallite size of the Cu,O catalyst. The
XRD patterns for all the supported copper oxides strongly
match that of the support material. The dominance of the
support material peaks is due to the 1:10 molar composition
ratio of copper to the support transition metal, resulting in
the produced pattern strongly matching that of the support.
This is consistent with all the supported catalysts, with only
some weak intensity copper oxide peaks observed; this can
be seen better in the supporting information (SI Figs. 2 and
3) where all catalyst XRD patterns are compared to refer-
ences patterns. All XRD patterns for the bare and supported
CuO catalysts aligned with the monoclinic phase pattern,
with the C2/c space group. Whereas for all the Cu,O cata-
lysts, all XRD patterns match that of the cubic phase in the
Pn- 3 m space group.

Transmission electron microscopy (TEM) was con-
ducted to verify crystallinity and morphology of the Cu
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Fig. 1 XRD patterns of all synthesised catalysts: a) CuO, b) Cu,0, ¢)
CuO/TiO,, d) Cu,0/TiO,, ) CuO/ZnO, f) Cu,0/Zn0O, g) CuO/Sn0O,,
h) Cu,0/Sn0,, i) CuO/g-C;N,, j) Cu20/g-C3N4, k) CuO/WO;, 1)
Cu,0/WO;,
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oxide electrocatalysts. A representative CuO HRTEM
image (Fig. 2(a)) shows that CuO is present as nanopar-
ticles with an average diameter of 30 6 nm. Analysis of
Fourier transforms of the CuO HRTEM images shows that
the monoclinic CuO phase is present, visualised in Fig. 2(a)
along its [101] zonal axis (additional orientation in SI
Fig. 4). The Cu,O nanoparticles can be seen in Fig. 2b, with
a representative Fourier transform of an individual nanopar-
ticle revealing the cubic Cu,O phase being present, being
visualised through its [001] zone axis. Sizes of the Cu,O
nanoparticles are larger and have a higher size variation,
between 30 and 200 nm, compared to the CuO nanoparticles.
These HRTEM results are in agreement with the presented
XRD data, with the produced CuO XRD pattern matching
the monoclinic phase, in the C2/c space group. The Cu,O
XRD pattern is also in agreement with the Cu,0 HRTEM,
with the cubic phase being present, in the Pn- 3 m space
group. The HRTEM images also showed some nanoparticles
having partial Cu,O oxidation to CuO in a core shell like
morphology; this can be seen better in the HRTEM images
provided in the supporting information (SI Fig. 5), with this
partial oxidation being due to the unstable Cu,O catalyst
being stored in aerobic conditions. Examples of deposited
CuO and Cu,0O are here presented for the ZnO and SnO,
cases. The CuO/ZnO catalysts are composed of large ZnO
nanoparticles decorated with smaller CuO nanoparticles, as
seen in Fig. 2¢c. The larger ZnO nanoparticles are present as
hexagonal ZnO phases, with the {002}, {111}, and {011}
planes observed. The smaller CuO nanoparticles on top of
ZnO are shown to be the same monoclinic CuO phase as
before, visualised along the [110] and [011] zone axes (the
latter can be seen in SI Fig. 6), matching the phase observed
in the XRD data. The Cu,0/ZnO catalyst shows the same
hexagonal ZnO phases as before, which is expected using the
same ZnO for the two different deposition precipitation syn-
thesis methods. Along with these ZnO phases, the HRTEM
images show nanoparticles of the cubic Cu,O phase, visu-
alised along their [001] and [010] zone axes, the same as
observed for the bare Cu,O and in the XRD pattern of the
ZnO supported Cu,O. Figure 2e shows the HRTEM images
of the CuO/SnO, catalyst, with the CuO and SnO, nanopar-
ticles having similar size and morphology. Almost all the
SnO, nanoparticles were shown to be in the rutile phase,
visualised through the [001] and [111] zone axes, with the
CuO nanoparticles being present again in the monoclinic
CuO phase, as previously seen for the bare CuO and CuO/
ZnO catalyst in both the TEM and XRD data. The HRTEM
images for all remaining catalysts presented in this work,
along with further TEM images of the catalysts described
above, can be found in the supporting information, with all
catalysts following the same pattern of CuO nanoparticles
found in the monoclinic phase and Cu,O in the cubic phase,
supporting the previously presented XRD data.
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Fig.2 HRTEM images of synthesised catalyst and associated Fourier transforms of HRTEM images for: a) CuO, b) Cu,0, ¢) CuO/ZnO, d)

Cu,0/Zn0, and e) CuO/SnO,

Electrochemical testing

Using the RDE setup, LSVs were run for each catalyst at
500, 1000, 1500, and 2000 rpm rotation rates. As the rota-
tion rates increase so does the produced current densities,
with this effect occurring for all catalysts tested here (with
all rotation rate LSV plots for all catalysts available in the
supporting information, SI Fig. 9). Generally speaking, this
effect occurs by enhancing the mass transfer of reactants to
the working electrode through improved convection in the
mass transfer process. However, given the abundant avail-
ability of water as a reactant in the aqueous electrolyte, the
increased current density observed at higher rotation rates
likely does not stem from improved mass transfer of the
water reactant. Instead, the rotation likely helps maintain
the pH at the electrode—electrolyte interface closer to the
bulk pH. Monteiro et al. [30] reported that higher rotation
rates during the hydrogen evolution reaction (HER) result
in a smaller increase in local pH, thereby preventing the
formation of a diffusion-limited plateau for hydrogen ions
(H*). At the pH of the electrolyte used in this work, had
the experiments been done in the absence of a buffer, we
would see a diffusion-limited plateau, due to the reduction

of H*, followed by an exponentially increasing current due
to the reduction of H,O. The latter would suffer no trans-
port limitations because, as mentioned above, there is a lot
of it. Because we do have a buffer, the plateau due to the
diffusion-limited reduction of H" is absent (the dissociation
equilibrium of the phosphate buffer provides those protons).
However, despite the buffer, at high current densities, the pH
at the interface will deviate from that in the bulk. Increas-
ing rotation rates of the RDE allows to keep interfacial pH
closer to bulk pH.

Figure 3a shows the LSVs for all catalysts tested here,
at 2000 rpm, with the current densities reported against the
corresponding catalysts electrochemically active surface
areas (ECSA), in cm?, with the description of ECSA calcu-
lations described later. Along with this, all HER Tafel slopes
are shown in Fig. 3b. The HER overpotentials, taken at 10
mA/cm?, are lower for the bare copper oxides compared to
the supported copper oxides. Keeping in mind our ultimate
goal of identifying the best supports which suppress HER
to the benefit of CO,RR, higher HER overpotential values
are highly desirable for the CO, reduction reaction. All
catalysts evaluated here possess high overpotential values
of 0.42 V vs. RHE or greater, i.e. promising results for the
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Fig.3 a) HER LSVs of all catalysts tested at 2000 rpm rotation rate, b) HER Tafel slopes of all tested catalysts

use of these catalysts for CO,RR. The bare copper oxides
had the lowest overpotentials of 0.42 and 0.48 V vs. RHE
for Cu,0 and CuO respectively, and with Cu,O consistently
showing lower overpotentials than CuO, when deposited
onto the different supports (Table 1). Under the reducing
electrochemical conditions used here, from the highly nega-
tive potentials being applied, theoretically, both the copper
oxides should be reduced fully to metallic copper in situ
[31, 32]. However, a difference in overpotentials is still seen
for the two different oxides, therefore suggesting either; the
difference in the HER catalytic activity comes from another
catalyst characteristic rather than the difference in the start-
ing oxidation state, or partial oxide phases are still present
on the electrocatalysts surface. The data also shows that the
addition of a support to the copper oxides can be used to
further suppress the HER, with the SnO, support resulting in
the largest overpotentials, along with being the only support

in which the CuO overpotential is lower compared to the
Cu,0 catalysts. The ZnO support results in the next best
HER overpotential suppression, with values of 0.63 and 0.6
V vs. RHE for CuO and Cu,0 respectively, with the TiO,
support resulting in a slightly worse overpotential suppres-
sion of 0.03 V lower than ZnO, for both respective oxides.
The GCN support showed to be poor at supressing the HER
overpotential, with overpotential values of 0.53 and 0.5 V
vs. RHE for CuO/GCN and Cu,O/GCN respectively, signifi-
cantly worse than other supports tested here. However, the
WO; support was shown to be the worst at HER suppres-
sion, with CuO/WO; and Cu,0/WO; achieving overpotential
values of 0.49 V and 0.45 V vs. RHE respectively, only 0.01
and 0.03 V larger than that of bare CuO and Cu,O. This
increase in overpotential when depositing Cu oxides on WO,
is incredibly small when compared to the 0.31 V overpo-
tential increase achieved when depositing Cu,O onto SnO,.

-(rtaa|la<leen1at?ge$§;z$;?]f¥§$es Catalyst Overpo- Tafel slope  Exchange curre;lt Cq (UF)  ECSA (cm*g) R, (Qcm?
LSVs at 2000 rpm, Tafel slopes, tential (V) (mV/dec) density (uA/cm”)
double layer capacitance values  cy0 0.48 160 14.54 6035 1406 96.5
gﬁggc:iigi;hggxaizlfgwe Cu,0 0.42 155 21.98 10229 1449 136.9
and charge transfer resistances CuO/TiO, 0.6 293 88.89 958 930 111.9
(from EIS at AC amplitude of Cu,O/TiO,  0.57 254 59.65 11.47 1274 84.2
10 mV) for all catalysts tested in - cy0/Zn0  0.63 195 6.54 554 1150 1147
this work Cu,0/Zn0  0.60 186 6.25 756 1321 73.1
CuO/Sn0,  0.69 226 11.65 4574 784 142.0
Cu,0/Sn0, 073 220 5.93 2129 1192 84.5
CuO/GCN 053 274 91.12 1487 1023 123.4
Cu,0/GCN 051 239 75.09 1411 1234 66.0
CuO/WO, 049 279 185.7 3692 931 68.9
Cu,0/WO, 045 223 137.7 63.50 1273 65.3
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The HER exchange current densities for all catalysts
evaluated here are available in Table 1. Supported CuO
electrocatalysts achieved higher exchange current densities
than supported Cu,O electrocatalysts, for all supports, with
the non-supported copper oxides being the only materials to
deviate from this trend. Larger exchange current densities
correspond to a larger standard rate constant; therefore, the
supported CuO electrocatalysts have faster standard reaction
kinetics compared to supported Cu,O catalysts, for all sup-
ports. The WO; support, previously shown to be the worst
at increasing the HER overpotential, also achieves the high-
est exchange current densities of 185.7 and 137.7 uA/cm?,
for CuO/WO; and Cu,O/WO; respectively, significantly
higher than all other catalyst tested here. This shows that
the WO;-supported materials are very active HER catalysts,
with the higher exchange current densities correlating to a
small apparent HER activation energy, not desirable for use
within the CO,RR to suppress the competing HER reaction.
As seen in Table 1, ZnO and SnO, impart the lowest HER
exchange current densities to Cu oxides when supported.
This indicates that these supports lead to the slowest HER
reaction kinetics due to their higher HER activation energies.
The combination of these slow kinetics and the previously
discussed high HER overpotential values demonstrate that,
with ZnO or SnO, supported Cu oxides, HER is suppressed
when compared to the unsupported Cu oxides. The support
effect of GCN and TiO, is similar in the case of CuO oxide,
with exchange current densities of 88.89 pA/cm? for CuQ/
TiO, and 91.12 pA/cm2 for CuO/GCN, however, very dif-
ferent in the case of Cu,O, with the GCN support impart-
ing an exchange current density 15.44 uA/cm? larger than
when TiO, is used. Along with this, the GCN was also not
effective at increasing the HER overpotential, making it a
more HER-active material compared to TiO,. However, both
GCN and TiO, supports still impart HER exchange current
densities to Cu oxides significantly lower than that imparted
by WO; when used to support Cu oxides. This, along with
lesser HER overpotentials, makes WO, the worst choice
(amongst the ones tested) of support for intrinsic HER sup-
pression. The bare copper oxides, previously described to
have the lowest HER overpotentials, exhibited the third
lowest exchange current densities for each respective cop-
per oxide, with values of 14.54 and 21.98 pA/cm? for CuO
and Cu,0 respectively. This would suggest that the bare Cu
oxides have a smaller standard HER rate constant compared
to their supported versions on WO;, GCN, and TiO,, show-
ing that the use of these supports increases the standard HER
rate constant.

HER Tafel slopes (Fig. 3b) are reported in Table 1.
Cu,0-based electrocatalysts always have a lower Tafel
slope value compared to CuO electrocatalysts, no mat-
ter the support, i.e. a trend similar to the one previously
discussed in relation to the overpotential values. The Tafel

slope represents the effect the applied potential has on the
reaction rate, with a lower Tafel slope showing a more pro-
nounced decrease in the activation barrier with increased
(in this case cathodic) applied potential. The unsupported
Cu oxides possess the lowest Tafel slope values of 160 and
155 mV/dec for CuO and Cu,O respectively. Regardless of
the previously described low HER exchange current densi-
ties for the bare oxides, these low Tafel slopes will result
in a more rapid increase in the HER reaction rate as the
potential is increased to more negative values. This obser-
vation, along with the fact that the unsupported Cu oxides
possess the lowest HER overpotentials, suggests that the
unsupported Cu oxides possess higher HER electrocata-
lytic activity, when compared to their supported versions,
proving that, when supported, HER can be inhibited at
high cathodic potentials. It was also previously noted that
supported CuO attains a higher exchange current density
and, therefore, faster standard HER rate, when compared
to supported Cu,O. However, for all supports, the Cu,O
catalysts possess lower HER Tafel slope values, there-
fore resulting in a greater increase in the HER rate as an
increasingly higher cathodic overpotential is applied. This
along with the supported Cu,O electrocatalyst always pos-
sessing lower HER overpotential values, when compared
to CuO, results in the Cu,O materials being a more HER
active electrocatalyst. This can be seen in the LSV plots
in Fig. 3a, where the Cu,O electrocatalysts always attain
higher HER current densities at each applied potential,
compared to CuO for each support, with the SnO, sup-
port being the exception to this trend. The TiO,-supported
electrocatalysts were shown to have the highest Tafel slope
values of 293 and 254 mV/dec, for CuO/TiO, and Cu,0O/
TiO, respectively, suggesting that their HER rate shows
the smallest changes as a more cathodic overpotential
is applied (i.e. smaller decrease of the activation barrier
with applied potential). The TiO, catalysts were previously
discussed to possess undesirable HER intrinsic proper-
ties, with high exchange current densities and lower onset
overpotentials; however, these high HER Tafel slopes
are a more desirable characteristic, resulting in a more
cathodic overpotential needed to be applied to increase
the HER current density. Out of all the supported cata-
lysts, the ZnO produced the lowest HER Tafel slopes, fol-
lowed by the SnO,, the two supports previously discussed
to show desirable properties for suppressing HER. Due
to these lower Tafel slope values for the ZnO support,
as a more cathodic potential is applied, eventually ZnO-
supported Cu oxides will generate higher current densi-
ties than TiO,-supported Cu oxides, as seen in Fig. 3a.
However, for the SnO,-supported catalysts, even with this
undesirably low HER Tafel slope, the significantly higher
onset overpotentials in comparison to the other supported
catalysts will still result in a lower generated HER current
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density across the potential window tested here, making it
the best HER suppressor amongst the supports employed
in this work. An opposite behaviour as the one observed
for ZnO and SnO,-supported Cu oxides was observed for
WO;. The WO;-supported catalysts achieved the lowest
HER overpotentials for all supports assessed here, along
with the highest HER exchange current densities, i.e. not
ideal characteristics for suppressing HER. However, they
exhibited larger HER Tafel slope values than most of
the other supports, with values of 279 and 223 mV/dec,
for CuO/WOj; and Cu,0/WO; respectively. This implies
that when anchoring Cu oxides onto WO;, the standard
activation energy barrier is small in comparison to other
supports, but this activation barrier sees smaller changes
as the applied cathodic potential is increased, and there-
fore smaller increases in the HER rate. This is a desirable
catalyst characteristic for suppressing HER. Despite this,
the WO; support is still a poor HER suppressor due to
its significantly lower overpotential, resulting in higher
HER current densities being achieved at the same applied
potentials compared to most other supports (Fig. 3a). The
GCN support exhibited similar issues as the WO support
in terms of suppressing HER, i.e. similar Tafel slopes as
WO;-supported Cu oxides, but low HER overpotentials.

The electrochemically active surface area (ECSA) is one
of the main factors driving the activity of an electrocatalyst,
making it a vital characteristic to evaluate for describing how
a support might suppress HER. Determination of the ECSA
of materials like those used in this study is a really chal-
lenging exercise in experimental electrochemistry. In this
work, the ECSA is determined from the double layer capaci-
tance (Cy;) obtained from cyclic voltammograms measured
in the non-faradaic potential window of 0.23 to 0.43 V vs.
RHE, at scan rates 10, 20, 30, 40, and 50 mV/s. The result-
ing CV’s can be found in the supporting information (SI
Fig. 10). Figure 4 shows the linear relationship between the
anodic-Jcathodic)/2. taken at 0.33 V vs. RHE from each CV,
against the scan rate, with the gradients being equal to the
C,» which numerical values are reported in Table 1. The
voltammograms in the non-faradaic window, from which
C, is derived, correspond to the response of the whole elec-
trode, i.e. glassy carbon substrate + support material + Cu
oxide-based electrocatalyst. Although we have not disentan-
gled the contribution of the glassy carbon substrate of the
RDE tip to the overall double layer capacitance, we work
on the assumption that this contribution is almost identical
for all the samples examined in this work, and therefore,
the obtained C values still provide a useful comparison
between the different electrocatalysts.

The unsupported Cu oxides resulted in the largest
Cy values of 102.19 and 60.35 pF for Cu,0 and CuO
respectively. The introduction of the supports resulted in
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Fig.4 Linear relation between scan rate and AJ/2 at 0.33 V (vs.
RHE) obtained from a single CV at every scan rate

a decrease in the double layer capacitance values, with
the ZnO support producing the lowest values, followed by
TiO,. From double layer capacitance values, ECSA can be
calculated through the equation below [33]:

ECSA = geometricsurfacearea X Cdl// C, )

with the geometric surface area being the area of the glassy
carbon disk of the RDE, which is 0.126 cm?. C;' is the dou-
ble layer capacitance (in gravimetric capacitance (F/g)), and
C, is the specific capacitance (F/g). The specific capacitance
can be calculated via equation:

Cy= % v )

where Q is the average charge during the charge—discharge

process of the CV, m is the catalyst mass, and AV is the
potential window. From this, the equation below can be
derived, where the numerator is equal to the area of the CV
curves [34]:

G = / de/ (kmAY) (3)

where I and V are the CV current and potential respectively,
AV is the potential window for the CV, k is the scan rate (in
V/s), and m is the mass of active material (in g). In deter-
mining, the gravimetric capacitance and the specific capaci-
tance, we are introducing the approximation of not consider-
ing the mass of the glassy carbon support of the RDE tip,
hence attributing the overall Cy to the Cu oxides + support
material only. As a result, although still useful for comparing
the different supported electrocatalysts, the absolute values
of ECSA (Table 1) need to be treated with caution.
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Cu,O-based electrocatalysts have been shown to have
higher ECSA in comparison to CuO-based electrocatalysts,
for all the supports tested, following on to the previously
denoted higher HER electrocatalytic activity of the Cu,O
materials compared to CuO. The CuO/SnO, electrocatalyst
exhibited the smallest active surface area of 784 cm?/g, sig-
nificantly lower than all other catalysts, along with Cu,0O/
SnO, having the smallest ECSA of all Cu,O materials of
1192 cm?*/g. The previously described poor HER electro-
catalytic activity of the SnO, support, through small HER
exchange current density and larger overpotential values,
is a promising characteristic for its use in CO,RR to sup-
press the competing reaction; however, this significantly
lower electrochemically active surface area is not a desir-
able catalyst characteristic for future use within CO,RR. As
reported in Table 1, the ZnO support results in the catalysts
with the highest ECSA out of all the supports used here, with
values of 1150 and 1321 cm2/g, for CuO/ZnO and Cu,0O/
ZnO respectively, the highest out of all supported materi-
als tested here. As previously discussed, ZnO-supported
Cu oxides possessed the smallest HER exchange current
densities, along with the second largest HER overpotentials
after SnO,, making it a very good support for HER suppres-
sion. This leads to great promise of using the ZnO support
within CO,RR, via significantly suppressing the HER whilst
holding numerous available active sites for the reaction to
take place on, with this large overpotential value and small
exchange current densities allowing for lower HER current
densities produced at a wide range of applied potentials,
compared to other supports, regardless of its lower Tafel
slope value. The TiO,-, GCN-, and WO;-supported elec-
trocatalysts possess similar ECSA values, for both CuO and
Cu,O catalysts, as seen in Table 1.

Electrochemical impedance spectroscopy (EIS) was also
employed to study the electrode kinetics of the catalysts
examined in this work. Nyquist plots for all catalysts were
obtained, as described by Anantharaj et al. [35], at the onset
potential (potential taken at —2 mA/cm?) of the previously
measured HER LSV curves, with EIS kinetic studies being
charge transfer controlled in low overpotential regions and
mass transfer controlled at larger overpotentials [36]. All
the Nyquist plots measured are available in the supporting
information (SI Fig. 11). The EIS measurements were per-
formed at various amplitude potentials of 10, 50, 100, and
200 mV, with the Nyquist plot semicircles decreasing in
radius size as the sinusoidal amplitude potential increases,
as the potential avails the electron transfer. EIS data was
compared at the lowest amplitude potential of 10 mV. Mod-
elling EIS data using the equivalent circuit shown in the
supporting information (SI Fig. 12), charge-transfer resist-
ance (R values were derived, with all R, values reported
in Table 1. Smaller charge-transfer resistance values between
the electrode and electrolyte allows for faster charge-transfer

kinetics, and therefore, potentially greater HER catalytic
activity. Supported Cu,O electrocatalysts exhibited charge-
transfer resistance values consistently lower than supported
CuO electrocatalysts, with the unsupported Cu oxides being
the only materials to deviate from this trend. Amongst all the
electrocatalysts tested, SnO,-supported Cu oxides produced
the highest charge-transfer resistance, for each respective Cu
oxide, with values of 142.0 and 84.5 Q cm? for CuO/Sn0O,
and Cu,0/Sn0O, respectively. Interestingly, SnO,-supported
Cu oxides (together with ZnO-supported Cu oxides) showed
very low exchange current densities derived from Tafel
plots, which is in line with expectations. The WO;-supported
Cu oxides on the contrary, shown so far to be the worst
(amongst the supported Cu oxides) at suppressing HER and
with the highest exchange current densities from Tafel plots,
also produced the lowest HER charge transfer resistance for
each oxide, with values of 68.9 and 65.3 Q cm?, for CuQ/
WO; and Cu,0/WO; respectively, which again is in line
with expectations.

Conclusion

We showed that supporting Cu oxides on oxide supports
can be used as a strategy to suppress HER activity, with
the unsupported Cu oxides being the most HER active,
achieving the lowest overpotential and Tafel slope values
for HER. The supported Cu,O electrocatalysts exhibited
lower HER overpotentials and Tafel slopes compared to the
CuO-based electrocatalysts, along with possessing higher
electrochemically active surface areas. This greater HER
activity for supported Cu,O comes despite their systemati-
cally lower exchange current densities, when compared to
supported CuO, as the lower Tafel slopes and overpotentials
for supported Cu,O overcome the lower exchange current
densities and allow for higher HER current densities to be
generated when increasingly cathodic potentials are applied.
SnO, support is shown to be the most promising support
for suppressing HER activity through enabling the highest
HER overpotential, small HER exchange current densities,
high charge transfer resistance, with higher Tafel slope val-
ues compared to the unsupported Cu oxides. ZnO support
also shows great promise for suppressing HER, with the
second largest overpotential values along with the small-
est HER exchange current densities. This successful HER
suppression from the ZnO support is achieved whilst it also
holds the highest (amongst the supported Cu,O and CuO
respectively) ECSA values for electrochemical reactions to
occur, and despite exhibiting lower HER Tafel slopes than
other supported Cu oxides (although still higher than the
unsupported Cu oxides). WO; support was shown to be the
most undesired support evaluated here, due to its low HER
overpotentials and significantly higher exchange current
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densities, in conjunction with possessing the lowest HER
charge transfer resistances for each respective oxide. Follow-
ing this evidenced-based analysis of the macroscopic effect
of the supports, further research combining experiments and
computation is currently being undertaken to assess how
the different supports are modifying the active site nature
and their local environment, which are modulating HER and
CO,RR electrocatalytic activities.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10008-025-06313-1.
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