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Uncovering the nature and formation mechanisms of active sites
in electrocatalysts is crucial for advancing energy conversion
technologies. Cu(II)-derived electrodes show unique activity in
CO2 electroreduction, but its origins are not fully understood. We
investigate the structural evolution of Cu(OH)2 nanoparticlederived electrodes and its eﬀect on their performance in CO2
electroreduction.

Carbon dioxide is the most abundant anthropogenic greenhouse
gas and major contributor to climate change. Electrochemical
CO2 reduction reaction (CO2RR) powered by renewable electricity
provides means to mitigate the accumulation of greenhouse
gasses in the atmosphere and sustainably produce valuable
carbon-based products while providing flexible energy use and
storage solution for uneven supply/demand trends in renewable
energy production.1 The practical realization of this reaction is
rooted in the engineering of eﬃcient, selective and stable electrocatalysts, which requires advancements in our understanding of
the nature of active sites and their formation mechanisms.
Among electrocatalysts being explored for this process,
copper is the only metal known to catalyze CO2RR to a variety
of hydrocarbons and oxygenates, although it suﬀers from poor
product selectivity.2 Oxide- and hydroxide-derived copper have
been reported as eﬀective copper electrocatalysts with higher
selectivity towards multicarbon products compared to polycrystalline copper.3–5 The performance improvement has been
attributed to the unique structural and compositional features that
emerge upon electrochemical reduction of Cu(II). These active
features include grain boundaries,6 exposed surface facets,7 presence
of Cu(I) species (or subsurface oxygen),8 and high-curvature sites,
which can benefit from field-induced reagent concentration (FIRC)
that enhances CO2RR.9 Moreover, it has been recently discovered
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that metal Cu nanoparticles can also undergo significant
structural transformation in the course of CO2RR with drastic
effect on their catalytic performance,10 suggesting that in situ
formation of catalytic active sites and morphological changes are
not unique to the electroreduction of oxidized copper. Further
structural and mechanistic elucidation of the active sites formation
under electrical bias is necessary for engineering long-term catalyst
performance and stability in CO2RR and beyond. Specifically, it
is important to differentiate the compositional and structural
contributions of the in situ forming and evolving copper surfaces
on CO2RR product distribution.
Here, we investigated the structural transformations of a
Cu(II)-derived copper electrode by varying the surface density of
well-defined Cu(II) precursor nanoparticles at the working electrode
substrate under CO2RR conditions. Thus, we were able to obtain
diﬀerent Cu morphologies and separate the factors aﬀecting the
structural evolution of the precursor during the reduction process.
Amorphous Cu(OH)2 nanocages (Cu(II)-NCs)11 with narrow
size distribution and regular structure were selected as a copper
precursor material (page 1 and Fig. S1, ESI†). Scanning and
transmission electron microscopy (SEM and TEM) images of
the Cu(II)-NCs with average core size x = 165  10 nm and arm
size y = 51  17 nm are shown in Fig. 1 and Fig. S1 (ESI†).
Elongated 17  4 nm-wide bundles comprising the structure
can be observed in high magnification SEM and TEM images
(Fig. 1c and d).
For the electrode fabrication with varied surface density of the
precursor nanoparticles, diﬀerent concentrations of Cu(II)-NCs
were dispersed in CO2-saturated 0.5 M KHCO3 electrolyte, and
reductive cyclic voltammetry (CV) was performed in a threeelectrode configuration cell with carbon paper used as a working
electrode (page 2, ESI†). The potential was scanned at 20 mV s 1
rate from 0 to 1.2 V vs. RHE for 4–20 cycles. Cu(II)-NCs were
electroreduced once they came in contact with the working
electrode. The density of the nanoparticles at the surface could
be increased by increasing the concentration of Cu(II)-NCs in
solution or the number of CV cycles. Fig. 2a show representative
CV plots corresponding to the Cu(II)-NCs elecroreduction.
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Fig. 1 Copper precursor: Cu(II)-NCs. Inset shows a 3D cartoon representation of the Cu(II)-NCs with core (x) and arms (y) size parameters. (a, b and d)
SEM images and (c) TEM image of Cu(II)-NCs. Scale bars in (c and d) are
200 nm.

Alternative way to vary the precursor surface density consisted
in spin-coating of a solution containing Cu(II)-NCs and Nafion
(as a binder) onto carbon paper substrate, followed by subsequent electroreduction in CO2-saturated 0.5 M KHCO3 electrolyte. In this method, Cu(II)-NCs surface density was controlled by
varying the concentration of Cu(II)-NCs in the spin-coating
solution and the number of spin-coating cycles. Similar general
trends in the morphological changes were observed using Cu(II)NCs-containing electrolyte and in spin-coating method (page 2,
ESI†). Below we describe the structural transformations observed
using the former approach.
According to the Pourbaix diagrams12 (Fig. S5, ESI†), only solidstate transitions took place during electroreduction of Cu(OH)2 to
Cu(0) through Cu(I) (Cu2O and/or CuOH13) in CO2-saturated 0.5 M
KHCO3 at pH = 7.23 (or higher, when a negative potential was
applied5). After CV cycling, all the resultant electroreduced structures
consisted primarily of metal Cu(0), with small fraction of Cu(I),
according to X-ray diﬀraction analysis (Fig. 2b). X-ray photoelectron

Fig. 2 Characterization of the initial and electroreduced Cu(II)-NCs. (a) CV
plot corresponding to the reduction of Cu(II)-NCs dispersed in CO2-saturated
0.5 M KHCO3 electrolyte at 20 mV s 1 scan rate. (b) Representative XRD plot of
Cu(II)-NCs-derived Cu (black and red lines show standard XRD patterns for
Cu2O and Cu, respectively) (c) Cu2p3/2 and (d) CuLMM representative XPS plots
of the original Cu(II)-NCs (gray line) and electroreduced material (red).

This journal is © the Owner Societies 2019

PCCP

spectroscopy results (Fig. 2c and d) also showed a complete
reduction of Cu(II) and a presence of a mixture of Cu(0) and Cu(I)
states based on the satellite peak in Cu2p region (Fig. 2c) and
the peak shift in the Auger spectrum (Fig. 2d). Peak features
and ratios were the same for the samples obtained in the
Cu(II)-NCs concentration and CV scan numbers ranges studied
here. The final electrode morphologies were analyzed using
SEM to examine the structural transformations as a function of
Cu(II)-NCs surface density. These transformations were ‘‘mapped’’
by a phase-like diagram in concentration of [Cu] – number of CV
cycles parameter space (Fig. 3e).
At a low Cu(II)-NCs surface density, a single particle regime was
achieved, where each electroreduced structure on the substrate
originated from a single Cu(II)-NC. Fig. 3a and Fig. S3 (ESI†) show
the individual nanocubes (NCs) of 94  19 nm edge length
observed after 4 CV cycles in solution regime at a low concentration
of Cu(II)-NCs in the electrolyte ([Cu] = 0.0001 M). The decrease in
the average size of the nanoparticles upon electroreduction agrees
with the mass loss and crystallization associated with the transition
of the amorphous void-containing Cu(II)-NCs into metal Cu. Copper
NCs enclosed by {100} facets have been shown to exhibit higher
catalytic activity in CO2 electroreduction reaction.7,14,15 As our
experiments were conducted in a CO2-saturated electrolyte, Cu(II)NCs electroreduction co-occurred with CO2RR at the reduced
copper sites. Higher catalytic activity of the {100} facet is related
to its stronger binding to key CO2RR intermediates16 compared to
the most thermodynamically stable {111} surface of fcc metal.17
Thus, CO2RR intermediates can stabilize {100} facet over {111} facet
during crystal formation, essentially allowing these moieties to act
as shape-directing surface stabilizers.18 In Ar-saturated 0.5 M
KHCO3 electrolyte, spherical Cu nanoparticles were observed
instead, further supporting that forming CO2RR intermediates
are responsible for the Cu NCs formation when CO2 is present
(Fig. S6a, ESI†).
At a higher Cu(II)-NCs concentration in the electrolyte ([Cu] =
0.001 M), which allowed for the overlap of Cu(II)-NCs diﬀusion
spheres at the substrate surface, a formation of submicron Cu
clumps with defined cubic elements with edge length r50 nm was
observed (Fig. 3b and Fig. S4a, b, ESI†). The presence of these cubic
elements suggests that the forming structures still experienced the
thermodynamic drive to develop features with more stable under
CO2RR conditions {100} facets, while their multiparticle origin
hindered the formation of a single submicron cube.
With a further increase in Cu(II)-NCs surface density, the
reduced Cu clumps became more polydisperse and increased in
size (Fig. 3c, [Cu] = 0.005 M). Notably, a prominent shape
anisotropy in a form of extrusions was observed for the larger
Cu clumps. We ascribe this anisotropic structure development
to the FIRC eﬀect,9 that is responsible for promoting electrochemical reactions at high-curvature features of the electrode
surface. Such high-curvature features could already be seen in the
cube-containing clumps obtained at a lower precursor surface
density: their exposed cubic vertices result in a local negative
electric field enhancement, thereby attracting Cu(II)-NCs to these
parts of the surface and causing their preferential deposition
(see the cartoon in Fig. 3b). This process diﬀerentiated
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Fig. 3 SEM analysis of structures obtained in electroreduction of Cu(II)-NCs and schematics of their formation processes. (a) Minimum [Cu(II)-NC]: single
particle reduction to individual Cu NCs. (b) Low [Cu(II)-NC]: Cu cube-containing clump formation due to Cu(II)-NC diﬀusion spheres overlap (shown in
blue) (c) intermediate [Cu(II)-NC]: Cu structure extrusion due to the FIRC eﬀect (E-field enhancement shown at structure extrusions in red). Smoothening
the surface due to electrochemical Ostwald ripening is shown in magenta. (d) High [Cu(II)-NCs]: Cu MUs obtained at full coverage of the working
electrode substrate surface. (e) Phase-like diagram of the structures obtained at diﬀerent [Cu] and number of CV cycles. Shaded areas correspond to the
dominance of facet stabilization (orange) and FIRC eﬀect (blue) as driving force determining the structure shape.

nucleation sites not only within, but also between the copper
islands on the substrate surface, promoting the growth of more
anisotropic depositions and suppressing the growth of less
anisotropic ones, resulting in the broadening of their size
distribution. The extruding features experienced further field
enhancement at their vicinity and in turn higher aﬃnity to the next
precursor particle attachment; this oriented attachment further
increased structure anisotropy, and propagated the extrusion of the
features. Due to the FIRC-based self-propagating and accelerating
feedback loop in Cu(II)-NCs electroreduction process, a drastic
increase in the aspect ratio of extruded features was observed
with a further increase of the concentration of the precursor
([Cu] = 0.02 M), producing sparsely-spaced Cu microurchins
(MUs; Fig. 3d and Fig. S4d–f, ESI†).
In addition to the structure extrusion, we observed smoothening of the features with increasing the precursor Cu(II)-NCs
concentration. This morphological change can be ascribed to
electrochemical Ostwald ripening,19 i.e., local nanoscale surface reconstruction via copper dissolution and redeposition.
The standard electrode potential of sub-50 nm metal features
on conductive substrates shifts negatively with decreasing size,
meaning that smaller features are more easily oxidized than
larger ones. The work function of metal nanoparticles also
decreases with particle size due to their reduced electron
aﬃnity.20 As a result, nanoscale surface inhomogeneities are
more susceptible to electroredeposition to minimize surface
energy than larger surface features. Interestingly, based on our
experimental results observed at single precursor particle regime
and the recent report on the sub-10 nm Cu nanoparticle ensemble
transformations into cubes during electrolysis,10 electrochemical
surface reconstruction into the most thermodynamically stable

Table 1

spherical shape is less favorable than {100} facet development,
likely through the facet stabilization with CO2RR intermediates
discussed above. These observations agreed with an earlier report
demonstrating that structural reformation on nanoscale could be
shut oﬀ by the addition of a surface stabilizing agent.19 With the
precursor concentration increase, the more surface smearing was
observed in the obtained structures the higher was the aspect ratio of
the extruded features. This trend suggests that high-curvature
surface extrusions (‘‘needles’’) are more stabilized under
CO2RR conditions than {100} surfaces, in line with their
reported outstanding activity in CO2RR ascribed to the eﬃcient
physical removal of CO2RR products21 in combination with the
aforementioned FIRC eﬀect. As a result of the extremely high
CO2RR rates and eﬃcient mass transfer at the tips of the
needles, CO2 concentration at the base of the structure (i.e.,
further from the tips and closer the substrate) became
depleted, while further CO2 access to these surfaces from the
bulk of the solution was hindered, virtually suppressing CO2RR
at these surfaces. Thus, Ostwald ripening at the needles’ sides
and base could take place due to the lack of the stabilizing
eﬀect of the CO2RR intermediates, directing the observed
morphological transformations to smoother surfaces.
To investigate the connection between Cu electrode structure and its catalytic activity and selectivity, we performed
CO2RR experiments and subsequent product analysis on the
formed copper NCs and MUs at applied potentials in the range
from 0.9 V to 1.3 V vs. RHE (page 7 and Fig. S8, ESI†). Metal
electrodes with high surface curvatures have been shown to
increase the local concentration of reacting species via FIRC eﬀect,
that resulted in higher electrocatalytic activity in both electroreduction9,22 and electrooxidation23 reactions. In agreement with

FEs of H2 and major C2+ products for a range of catalysts shown at

1.1 V vs. RHE or closest reported potential

Catalyst

NCsthis work (%)

OA/TOPO
cubes22 (%)

Ligand-free
cubes23 (%)

Cycled
cubes7 (%)

Transcubes10 (%)

MUsthis work (%)

ERD
needles5 (%)

FE (H2)
FE (C2H4)
FE (EtOH)

25
17
7

20–45
10–40
4–9

29
20
7

31
27
12

40
30
13

24
16
8

25
15
13
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this eﬀect, we observed higher electrochemical activity in MUs,
compared to NCs, namely, three times higher electrochemically
surface area normalized current density (Fig. S9, ESI†). However,
from the selectivity perspective, we did not observe statistically
significant diﬀerence in product distribution for these structures.
For both of them, Faradaic eﬃciency (FE) of C2+ products was up to
30%, with ethylene being the major CO2RR product, while FEH2 from
competing hydrogen evolution reaction (HER) was below 31%.
Table 1 shows FE H2 and major C2+ products for various recently
reported Cu catalysts that contain structural features present in the
materials studied in this work. Ethylene was the dominant CO2RR
product for organic ligand-stabilized24 and in situ-derived nanocubes
(electrochemically cycled cubes7 and trans-cubes obtained in situ
from Cu nanoparticles10), as well as nanoneedle structures obtained
via electroredeposition. Interestingly, ligand-free nanocubes25 primarily produced methane, while still having high FE for ethylene.
Discrepancies in FEs of catalysts with similar structures suggest that,
while {100} surfaces and high-curvature features play important
roles14 in stirring CO2RR towards C2+ products, chemical composition and support eﬀects might have a stronger influence on the
CO2RR product distribution. Our results provide an evidence to
further support this claim, as our structures were derived from the
same material and showed similar FEs while having substantially
diﬀerent structure.
Based on our experimental results and comparative analysis of
the reported catalytic systems of similar nature, we conclude the
following. (1) Structural evolution of Cu(II)-nanoparticle-derived copper electrodes under CO2RR conditions is directed by the interplay
between facet stabilization by CO2RR intermediates, electrochemical
Ostwald ripening and FIRC eﬀect. (2) Observed structural diﬀerentiation does not lead to statistically significant CO2RR product
distribution dependence. (3) These results suggest that residual
surface adsorbates, originating from the material syntheses, including stabilizing ligands and chemisorbed ions, may play a determining role in product distribution variation, and more eﬀort should be
put into better understanding of their selectivity promotion.
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