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tructure-dependent selectivity of
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and Raffaella Buonsanti *a

Understanding the catalyst compositional and structural features that control selectivity is of uttermost

importance to target desired products in chemical reactions. In this joint experimental–computational

work, we leverage tailored Cu/ZnO precatalysts as a material platform to identify the intrinsic features of

methane-producing and ethanol-producing CuZn catalysts in the electrochemical CO2 reduction

reaction (CO2RR). Specifically, we find that Cu@ZnO nanocrystals, where a central Cu domain is

decorated with ZnO domains, and ZnO@Cu nanocrystals, where a central ZnO domain is decorated with

Cu domains, evolve into Cu@CuZn core@shell catalysts that are selective for methane (�52%) and

ethanol (�39%), respectively. Operando X-ray absorption spectroscopy and various microscopy methods

evidence that a higher degree of surface alloying along with a higher concentration of metallic Zn

improve the ethanol selectivity. Density functional theory explains that the combination of electronic and

tandem effects accounts for such selectivity. These findings mark a step ahead towards understanding

structure–property relationships in bimetallic catalysts for the CO2RR and their rational tuning to

increase selectivity towards target products, especially alcohols.
Introduction

The electrochemical CO2 reduction reaction (CO2RR) has the
potential to mitigate rising CO2 levels while storing renewable
energy in chemical bonds.1 Among the different products,
alcohols are highly desirable as they possess high energy
density and ease of storage.1 However, the progress toward
obtaining them with high selectivity remains limited compared
to that made in the production of gaseous hydrocarbon
products.2

Copper is the only single metal capable of producing prod-
ucts beyond CO, including alcohols.1,2 While this catalyst holds
record efficiencies towards methane and ethylene, its lower
selectivity toward ethanol is attributed to the higher energy
barrier of ethanol formation with respect to ethylene, whose
pathway shares common intermediates with the former.1,2
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Tandem schemes and modication of the electronic prop-
erties of copper achieved by coupling it with a second element
are promising strategies to improve its selectivity towards
alcohols, particularly ethanol.2–10 Most of the studies so far have
focused on the composition dependence of the catalytic
behaviour.2–10 However, the sensitivity of the catalytic perfor-
mance to the atomic distribution within bimetallic catalysts
remains still underexplored.2–10

Among other systems, CuZn stands out because of two
reasons. On one hand, this catalyst consists of two Earth
abundant metals, which makes it particularly appealing. On the
other hand, the conclusions of previous studies on its catalytic
behaviour are controversial.9–15 While high selectivity for
ethanol was found in certain cases, preferential methane
production was also reported, as well as selectivity towards
CO.9–15 Composition certainly plays an important role in
directing selectivity, with a higher Zn content generally
favouring CO;13,16 yet other factors must come into play to justify
the observed selectivity patterns towards methane or ethanol in
similar compositional ranges.9–15 For example, CuZn nano-
structured catalysts were shown to facilitate the formation of
ethanol at a Zn content between 10% and 30%.9–12 Instead,
CuZn nanoparticles with a similar Zn content were reported to
favour selectivity toward methane.15 Unfortunately, direct
© 2021 The Author(s). Published by the Royal Society of Chemistry
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comparisons between these two systems and, similarly, in other
examples, are impeded by the striking structural differences
and size regime of the catalysts, one being nanostructured thin
lms with agglomerated particles of sizes 100 nm to 1 mm, and
the other consisting of 5 nm nanoparticles. Nevertheless,
understanding the catalyst features which are optimal to direct
the reaction pathway towards target products is of uttermost
importance to move towards rational catalyst design, which is
particularly urgent in the CO2RR.

In this work, we employ tailored Cu/ZnO precatalysts to link
the composition and structure of CuZn catalysts to the
promotion of ethanol versus methane. State-of-the-art material
synthesis is coupled with operando X-ray absorption spectros-
copy, various microscopy methods and theoretical calculations
to nd that the metal distribution plays a crucial role, together
with the composition, in directing the selectivity of CuZn
catalysts.
Fig. 1 (a and c) Representative low-resolution TEM and (b and d)
STEM-EDXS elemental maps of the Cu@ZnO and ZnO@Cu pre-
catalysts, synthesized by using ZnO NCs with a diameter of 13 nm and
60 nm as seeds, respectively.
Results and discussion
Synthesis and characterization of the Cu/ZnO precatalysts

Cu/ZnO nanocrystals (NCs) were employed as precatalysts. They
were synthesized via a previously developed seed-mediated
approach to obtain tunable spatial conguration of Cu and
ZnO domains within a single nano-object.25,26 Two different
sizes of ZnO NCs were used as seeds, namely 13 nm and 60 nm
(Fig. S1†). The Cu : Zn atomic ratios were varied by adjusting the
concentration of seeds and the amount of Cu precursor
(Fig. S2†).

Fig. 1 displays the electron microscopy characterization of
two representative Cu/ZnO NCs obtained with the smaller
(Fig. 1a and b) and with the bigger (Fig. 1c and d) ZnO seeds,
both with a Zn atomic content equal to 54%. The former are
composed of a central 25 nm Cu domain decorated by ZnO
domains, similar to previous results.25 In the latter, each 60 nm
ZnO seed is decorated by 25 nm Cu NCs. We will refer to these
two types of Cu/ZnO NCs as Cu@ZnO and ZnO@Cu, respec-
tively. The impact of the seed size on the nal conguration of
the Cu/ZnO NCs can be tentatively explained with strain
accommodation arguments related to the high lattice mismatch
between Cu and ZnO (Fig. S3†). Based on these arguments, we
speculate that a higher mist strain energy accumulates at the
interfaces between the two domains in the ZnO@Cu NCs
compared to the Cu@ZnO NCs. Additional characterization,
including X-ray photoelectron spectroscopy (XPS) and X-ray
diffraction (XRD), was performed to conrm the composition
of the NCs and to rule out the possibility of a CuZn alloy in the
as-synthesized NCs (Fig. S4†).
Characterization of the activated catalysts

In agreement with previous studies, we found that ZnO reduces
to metallic Zn under CO2RR conditions (Fig. S5†) and,
concomitantly, the catalytic performance changes over time.10,15

In order to decouple, or at least to minimize, the drastic effects
of the structural changes on the catalytic behaviour, we opted
for the introduction of a catalyst activation step, which involves
© 2021 The Author(s). Published by the Royal Society of Chemistry
the application of a cathodic potential of �1.1 V vs. RHE to the
Cu/ZnO precatalysts. This potential was chosen to be close to
the range in which the CO2RR normally occurs for Cu-based
nano catalysts.6,26,27

The activated catalysts were characterized by scanning
transmission electron microscopy-energy dispersive X-ray
spectroscopy (STEM-EDXS), X-ray photoelectron spectroscopy
(XPS) and operando X-ray absorption near edge structure
(XANES) measurements (Fig. 2). Fig. 2a and b report the STEM-
EDXS elemental maps of the activated Cu@ZnO and ZnO@Cu
NCs. Both systems evolve towards a core@shell structure, where
a central Cu domain is surrounded by a few nanometer-thick Zn
shell. The size of the Cu core remains the same as the pre-
catalysts, which is around 25 nm, and regulates the size of the
activated catalysts. The Zn shell appears slightly more uniform
in the case of ZnO@Cu NCs (Fig. 2b). The XPS data were
consistent with an increase of the Zn : Cu ratio on the surface of
the activated catalysts, which was more evident for ZnO@Cu, in
line with the higher uniformity of the shell (Fig. S6 and Table
S1†). Some variation in the elemental distribution is noticeable
in STEM-EDX; however no pure Cu or Zn particles were detected
on the electrodes.

While it provides unique insight into the morphological and
compositional evolution, electron microscopy is a local tech-
nique. Information on the composition at the ensemble level,
such as that provided by XANES measurements, is needed for
the interpretation of the catalytic properties. Fig. 2c compares
the Zn K-edge of the XANES spectra for Cu@ZnO and ZnO@Cu
before and aer activation. The data for the as-synthesized
samples evidence that Zn is initially fully oxidized while Cu is
mostly in its metallic form. Upon activation, the ZnO compo-
nent evolves towards its reduced form for both precatalysts
(Fig. 2c). Furthermore, their nal spectra suggest the presence
of cationic Zn in the activated Cu@ZnO but not in the activated
Chem. Sci., 2021, 12, 14484–14493 | 14485
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Fig. 2 (a and b) EDXS elemental maps of Cu@ZnO and ZnO@Cu after activation at�1.1 VRHE for 1 hour. (c) Zn K-edge XANES spectra of ZnO@Cu
and Cu@ZnO NCs after activation together with the spectra of reference Zn and ZnO particles. (d and e) First-order derivative of the Cu K-edge
XANES spectra of the as-synthesized and activated samples. (f and g) Schematic of the morphological evolution of both NCs during activation.
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View Article Online
ZnO@Cu NCs. No strikingly evident changes were observed for
the Cu K-edge spectra upon activation.

In order to investigate the possibility of alloying between Cu
and Zn, the rst-derivative XANES spectra of the samples before
and aer activation were plotted along with Cu and Zn reference
materials in metallic, alloyed and oxide forms (Fig. 2d, e and
S7†). The data of the Cu K-edge in both activated catalysts are
consistent with the partial alloying of Cu with Zn (Fig. 2d and e).
This is particularly evident in ZnO@Cu (Fig. 2e), where the
spectrum of the as-synthesized sample is similar to that of
metallic Cu (note the spectra around 8982–8985 eV), while the
nal spectrum aer activation clearly overlaps with that of the
alloyed CuZn reference (the trend of changes is shown by
a black arrow). As for the Zn K-edge, the changes in the line
proles of all the samples are consistent with metallic Zn and
some degree of alloyed Zn (Fig. S7†).

Finally, elemental analysis indicated that a small fraction of
Zn leaches into the electrolyte for both precatalysts, which
14486 | Chem. Sci., 2021, 12, 14484–14493
suggests that some dissolution/reprecipitation processes might
occur during the activation. The extent of Zn leaching during
activation is similar in the two NCs. Indeed, the pre-catalysts
with initial 54% Zn enter the course of the CO2RR with a Zn
atomic percentage of �48%.

To summarize, we found that the activation of Cu@ZnO and
ZnO@Cu yields Cu@CuZn core@shell structures (Fig. 2f and g).
The Cu@ZnO-derived catalysts possess a less uniform shell and
some residual cationic Zn species. The ZnO@Cu-derived cata-
lysts exhibit a more uniform shell and the Zn domain is in
a completely metallic state. The more drastic reconstruction of
the ZnO@Cu NCs, which undergo a complete inversion of the
core and the shell, can be speculatively attributed to their highly
strained interfaces. Interestingly, a physical mixture of Cu and
ZnO NCs does not evolve into the same type of structure (Fig. S6,
S8 and Table S1†). The nding that the interface between Cu
and ZnO in the precatalysts plays an important role in the
reconstruction is certainly interesting and deserves further
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FEs for different products and CO2RR partial current densities at
variable potentials for ZnO@Cu and Cu@ZnO, pre-activated at �1.1
VRHE (20 mg drop-cast on 1 cm2 glassy carbon). The error bars for total
FE and Jtotal correspond to the standard deviation from three inde-
pendent measurements.

Fig. 4 (a) FEEtOH/FECH4
and (b–d) ECSA-normalized partial current

densities for EtOH, CH4 and CO over activated ZnO@Cu and Cu@ZnO
NCs.

Fig. 5 Ethanol and methane FE and Jtotal of (a) activated ZnO@Cu at
�1.3 VRHE and (b) activated Cu@ZnO at �1.4 VRHE. These potentials
were selected as they result in the maximum FE for ethanol and
methane, respectively.
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investigation. However, dedicated studies, which combine
identical location or in situ microscopy studies with sensitive
analytical techniques, are needed to further understand this
phenomenon, which has indeed been reported for other
bimetallic systems.27,28
© 2021 The Author(s). Published by the Royal Society of Chemistry
CO2RR measurements

The next step was to study the catalytic performance of the
activated Cu@ZnO and ZnO@Cu toward the CO2RR (Fig. 3, S9–
S11†). Samples with a Zn atomic percentage equal to 54% were
selected for further analysis as an initial electrocatalytic
screening of the ZnO@Cu pre-catalysts indicated their higher
selectivity towards ethanol (Fig. S10†). While a composition-
dependent behavior was observed for the pre-catalysts with
the same conguration, we found more intriguing the selec-
tivity switch from ethanol to methane observed for activated
ZnO@Cu and Cu@ZnO with the same composition. As dis-
cussed above, this observation is indeed highly relevant in the
current state-of-the-art of CuZn systems.9–15 Fig. 3 shows this
difference in selectivity, which becomes particularly evident at
potentials more negative than �1.1 VRHE. The activated
ZnO@Cu reaches a maximum faradaic efficiency (FE) for
ethanol at �1.3 V vs. RHE, corresponding to 39%. Instead, the
activated Cu@ZnO reaches a maximum FE for methane of 52%
at�1.4 vs. RHE. This high methane selectivity was not observed
in any of the ZnO@Cu samples with different Zn concentrations
(Fig. S10†), which highlights the importance of the precatalyst
conguration rather than simply altering the Cu/Zn ratio.
Another interesting observation is that the FE for CO is always
higher for the activated ZnO@Cu than for the activated
Cu@ZnO across the entire potential range. It is also noteworthy
that the total current density (Jtotal ¼ JCO2RR+HER) stays very
similar for the two catalysts, along with a very similar electro-
chemically active surface area (ECSA, Fig. S9†).
Chem. Sci., 2021, 12, 14484–14493 | 14487
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Fig. 6 HAADF-STEM image (a and e), EDX elemental maps (b, c, f, and g) and HRTEM images (d and h) of activated Cu@ZnO (a–d) and activated
ZnO@Cu NCs (e–h), after the CO2RR at �1.3 VRHE for 2.5 hours. Insets in the high-resolution EDX maps show an intensity-weighted line profile
along the dashed line. Insets in the HRTEM images show the corresponding FFTs used to assign the crystal structures (Z.A ¼ zone axis).
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To highlight the differences between the catalysts, Fig. 4
reports the FEEtOH/FECH4

ratio and the partial current densities
of EtOH, CH4 and CO (JEtOH, JCH4

and JCO). The FEEtOH/FECH4

ratio is higher on the activated ZnO@Cu at all of the studied
potentials (Fig. 4a). The higher JEtOH of the activated ZnO@Cu
and the higher JCH4

of the activated Cu@ZnO across the entire
potential range conrm the higher intrinsic activity of the
former toward the formation of EtOH and that of the latter
toward the production of CH4 (Fig. 4b and c). While JEtOH
plateaus at higher overpotentials (Fig. 4b), JCH4

increases going
toward more negative potentials (Fig. 4c). The observation that
more cathodic potentials favour C1 pathways over C–C coupling
is in agreement with the literature and explains the decrease of
the FEEtOH/FECH4

ratio for both catalysts as the potential
becomes more negative.29–31

It is interesting to note that the trend of JCO as a function of
potential is different for the two catalysts (Fig. 4d). The activity
for CO production (indicated by JCO) remains pretty much
constant for the activated ZnO@Cu, and instead it decreases as
the potential becomes more negative for the activated Cu@ZnO.
Regarding the latter, it is expected that a higher portion of
surface-bound CO species is likely to be reduced completely to
methane rather than undergoing desorption or acting as a C1

intermediate for C–C coupling.31,32 The contrasting potential-
independent activity for CO production (indicated by JCO) in
activated ZnO@Cu suggests that the ratio of active sites for
supplying CO species in this sample is higher than that in
Cu@ZnO. If this was not the case, we should have observed
a drastic decrease in JCO, since a huge fraction of surface-bound
CO has to be consumed as an intermediate for CH4 and EtOH
14488 | Chem. Sci., 2021, 12, 14484–14493
production (see Fig. 4b and c). Nevertheless, the amount of
residual CO that is desorbed in this sample remains
unchanged.

It is worth noting that neither CH4 nor EtOH is produced in
signicant amounts from activated ZnO, Cu and Cu–ZnO
physical mixtures, which conrms once again the importance of
the precatalyst conguration in this study (Fig. S11†). As for the
stability, both activated ZnO@Cu and Cu@ZnO samples retain
their FEs toward the production of EtOH and CH4 for at least 10
hours (Fig. 5). This nding is opposite to other studies where
the signicant restructuring during the CO2RR leads to
performance changes.15 As such, it highlights the importance of
separating the structural changes of the catalysts during acti-
vation in order to achieve stable catalytic behavior.
Characterization of the CuZn catalysts during and aer the
CO2RR

While the stability data do show the successful implementation
of the activation step in achieving unchanged catalyst behaviour
during operation, the different selectivities of the two catalysts
still deserved further attention considering that they enter the
course of the CO2RR with no substantial structural or compo-
sitional difference. To obtain near-atomic level information, the
samples were characterized by high-resolution TEM (HRTEM)
and STEM-EDXS aer the CO2RR (Fig. 6). Operando XANES and
extended X-ray absorption ne structure (EXAFS) measure-
ments were also conducted on both catalysts (Fig. S12 and
S13†). We selected �1.3 VRHE for the detailed characterization
as the difference in selectivity between the two catalysts was
maximized at this potential.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) DECOH and (b) DECO–CO* calculated on a pure Cu (111) slab
embedding up to 3 Zn atoms. Results are averaged over data found for
different non-equivalent adsorption sites (Fig. S18–S22†). The DECOH

value found for the Cu (111) slab matches that previously reported in
the literature.40 The DECO–CO* value found for the Cu (111) slab is in
good agreement with that previously reported in the literature for CO
adsorption and is an overestimate with respect to the experimental
value.43
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Fig. 6 shows the microscopy characterization of the catalysts
post-CO2RR. The low magnication STEM-EDXS maps of both
activated NCs aer the CO2RR (Fig. 6a and e) evidence that their
size and morphology remain stable during operation. However,
the corresponding EDXS maps (Fig. 6b and f) show a lower
amount of Zn in Cu@ZnO (5% Zn) compared to ZnO@Cu (19%)
aer the CO2RR. These values were also conrmed by comple-
mentary inductively coupled plasma-optical emission spec-
trometry (ICP-OES) analysis on the catalysts post electrolysis.

The EDXS maps at higher magnication and the line proles
(Fig. 6c and g) shows that the Zn and Cu signals are colocalized
in each NC. The distinct plateau in the middle of the Zn prole
indicates that Zn is mostly present close to the catalyst surface
and that the relative Zn amount decreases towards the centre of
the particle.

The lattice spacing in the HRTEM images (Fig. 6d and h)
corresponds to metallic Cu with a fcc crystal structure. No
crystalline domains corresponding to Zn or ZnO were identied
in any HRTEM images (nor in their corresponding FFT images).
Overall, the electron microscopy characterization indicates that
for both catalysts post-CO2RR, the Zn atoms are dispersed at the
© 2021 The Author(s). Published by the Royal Society of Chemistry
surface. However, activated ZnO@Cu retains an almost 4-times
higher concentration of Zn.

As for operando XAS, it should be noted that this technique
provides information on the average NC structure. While during
activation a very substantial reconstruction occurs, the changes
during the CO2RR are limited to the surface; therefore only
subtle differences were observed (Fig. S12 and S13†). Never-
theless, the data were consistent with the presence of CuZn
alloys in the shell of the activated catalysts with the degree of
alloyed Cu in the ZnO@Cu-derived catalyst being qualitatively
higher compared to that of the Cu@ZnO-derived catalyst.

Discussion of the general mechanism

To rationalize the interplay between the Zn content and location
within NCs and the resulting catalyst selectivity, we performed
density functional theory (DFT) simulations. A (111) surface
slab, which is the lowest surface energy under vacuum, was
chosen as a model of the Cu spherical domains.33 We then
studied the Zn impurity effect on the activity of Cu both as
a function of its concentration and of its location. For the latter,
we considered both the surface and subsurface as a preference
of the Zn atoms to segregate and islanding in either location
was not found (Fig. S14†).34

First, we found that the presence of one or more Zn atoms
modies the electronic structure of the system with respect to
the case of a pure Cu surface (Fig. S15–S19†). Bader charge
analysis35,36 shows a mean charge transfer of 0.15 e� from each
Zn atom in the system. On average, the d-band center for Cu
adsorption sites37,38 is downshied with respect to the bare Cu
surface by 0.4, 0.35, and 0.26 eV in the presence of one, two, or
three Zn atoms. The same parameter evaluated at Zn adsorption
sites is slightly upshied.

We then moved to evaluate the impact of Zn on the ener-
getics of the CO2 reduction pathway. As COH was a crucial
intermediate towards CH4, we chose the formation energy of
COH from adsorbed CO, DECOH, as the activity descriptor and
utilized the computational hydrogen electrode model to eval-
uate the energetics of the elementary proton transfer step (see
also the ESI†).39,40 We considered only Cu sites as the catalyti-
cally active ones because Cu is the only metal known to form
CO2RR products beyond CO.41,42 As illustrated in Fig. 7a and
S15–S16,† the DECOH value decreases as soon as one Zn atom is
introduced into the copper slab and it changes to a lesser extent
as the number of Zn atoms increases or their location (i.e.
surface or subsurface) changes.

To rationalize the higher CO production of the activated
ZnO@Cu NCs, we considered the change of CO desorption
energy,DECO–CO*,43 at the Cu and Zn sites as Zn atoms are added
into Cu. Fig. 7b and S17–S19† show that DECO–CO* increases on
both the Cu site and the Zn site as one to a few Zn atoms are
added into the system. In agreement with d-band theory,37,38 the
Zn adsorption site d-band upshi corresponds to a stronger
metal-adsorbate interaction. Vice versa, the trends found for the
case of Cu represent an exception to predictions drawn from d-
band theory.44 This behavior has been already previously re-
ported in other theoretical studies on the adsorption properties
Chem. Sci., 2021, 12, 14484–14493 | 14489
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of Cu sites in CuZn systems.45 We note that future and dedi-
cated studies may be conducted to clarify the origin of this
exception.

The increase in the strength with which CO is adsorbed on
the Cu sites is benecial to the selective reduction of CO2 to C2+

products.31 On the other hand, the absolute value of DECO–CO* is
lower for the Zn site, consistent with Zn being a CO-producing
metal.41,46 This nding implies that the higher the Zn concen-
tration is, the more the CO evolution is favored, which is also
related to the increased possibility that Zn atoms cluster on the
surface. Having learned this, we speculate that the increase in
EtOH production for the activated ZnO@Cu NCs is further
connected to tandem effects, which is consistent with previous
observations.10,43 Notice that oxophilicity, i.e. the ability of
secondary components to increase the formation of oxygenates,
has also been proposed, and actually, the binding energy of O
atoms to Zn is larger than that of Cu alone.47 Our computational
results are in line with the experimental observations demon-
strating higher alcohol formation for the samples containing
more Zn on the surface of ZnO@Cu. In addition, it demon-
strates how robust structure–activity relationships require the
exquisite characterization of the ne details of the structure and
how composition only analyses are a too simplied proxy for the
structure.
Conclusions

In summary, this work has introduced tailored Cu/ZnO NCs as
precatalysts for the CO2RR to investigate the compositional and
structural sensitivities of the CO2RR in bimetallic Cu–Zn cata-
lysts. We found that Cu@ZnO and ZnO@Cu NCs evolve towards
alloyed CuZn in a core@shell conguration, with a Cu-rich core
and a Zn-rich shell. The ZnO@Cu-derived and Cu@ZnO-derived
catalysts showed selectivity for ethanol and methane, respec-
tively. The main difference between the two stems from the
higher degree of surface alloying and higher concentration of
metallic Zn in the EtOH selective catalyst.

DFT simulations show that diluted amounts of Zn impurities
affect the electronic structure of the catalyst and promote CH4

selectivity, while a higher Zn content increases the local CO
concentration and enables a tandem conversion mechanism
which determines the selectivity shi from CH4 to EtOH.

This conclusion helps to reconciliate previous results in the
literature. In particular, a lower degree of alloying promotes the
formation of CH4 is consistent with the results reported by Jeon
et al., who investigated Cu–Zn nano catalysts in a similar size
regime and composition.15 The higher degree of surface alloying
is in line with another study, where CuZn bimetallic catalysts
obtained by in situ electrochemical reduction of CuO and ZnO
promoted the selectivity towards EtOH, in which case a tandem
catalysis mechanism was proposed.10 In addition, the present
results indicate that composition is not a single descriptor for
activity and that the local structure is crucial to performance.
Indeed, we provide evidence that materials with identical
compositions evolve into different catalysts even under strong
catalytic equilibration conditions.
14490 | Chem. Sci., 2021, 12, 14484–14493
Towards the future, synergies between tandem and elec-
tronic effects are to be sought aer to rationally tune bimetallic
catalyst selectivity towards desired products, such as alcohols.
In this direction, studies on Cu@ZnO core@shell synthesized
via colloidal ALD are envisioned to achieved atomic control and
will help to investigate further this topic.48
Experimental section
Chemicals

Copper(I) acetate (or Cu(OAc), 97%), trioctylphosphine
({CH3(CH2)7}3P, or TOP, 90%), oleic acid (C17H33CO2H or OLAC,
90%), oleylamine (C17H33NH2 or OLAM, 70%), and 1-octade-
cene (C18H36 or ODE, 90%) were all purchased from Sigma
Aldrich and used as received.
Synthesis of Cu/ZnO precatalysts

30 mL of an ODE solution containing pre-synthesized ZnO NCs
(0.5 mM) in a 100 mL three-necked ask were degassed under
dynamic vacuum for 20 min at 130 �C, aer which they were
heated under a N2 ow to 300 �C for 5 minutes. ZnO NCs of
13 nm or 60 nm were used as nucleation seeds for the copper
(Fig. S1†). The copper precursor solution was prepared by
mixing 0.1 mmol of Cu(OAc), 0.396 mmol of TOP, 0.02 mmol of
OLAM and 0.02 mmol of OLAC in degassed ODE (1.4 mL). To
obtain a Zn atomic percentage of 54%, 450 mL of this solution
were then added dropwise to the ask containing the seeds at
a rate of 0.18 mLmin�1 using a syringe pump, during which the
colour of the reaction mixture slowly changed from colourless
to brown. At the end of the injection, aer around 150 s, the
reaction was stopped, and the mixture was allowed to cool down
to room temperature by removing the heating mantle. The NCs
were extracted and puried by repeated washing/centrifugation
cycles inside a N2 glovebox to avoid Cu oxidation. 30 mL each of
anhydrous EtOH and toluene were added to the reaction
mixture at room temperature and the mixture was divided into
four centrifugation vials; the particles were collected by centri-
fugation at 5000 rpm for 15 min. The precipitate was washed
twice with EtOH to remove unreacted precursor and surfac-
tants. Finally, the NCs were re-dispersed in hexane or toluene
for storage.
Characterization

Electron microscopy. Samples were drop-cast on a trans-
mission electron microscopy (TEM) grid (Ted Pella, Inc.) prior
to imaging. Bright eld TEM images were taken with a FEI
Tecnai Spirit at 120 keV. Scanning transmission electron
microscopy and high angle annular dark eld imaging (STEM-
HAADF) as well as energy dispersive X-ray spectroscopy
(EDXS) were performed on a FEI Tecnai Osiris transmission
electron microscope in scanning mode at an accelerating
voltage of 200 kV. This microscope is equipped with a high
brightness X-FEG gun, silicon dri Super-X EDXS detectors and
a Bruker Esprit acquisition soware. Aberration-corrected high-
resolution TEM (HRTEM) and STEM-HAADF data were acquired
© 2021 The Author(s). Published by the Royal Society of Chemistry
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using a Thermo Fisher Scientic Titan Themis operated at 300
kV with dual aberration correctors.

X-ray photoelectron spectroscopy (XPS). XPS was carried out
using an Axis Supra (Kratos Analytical) instrument. Analysis was
carried out using amonochromatic Al Ka X-ray source operating
at 25 W with a beam size of 100 mm. The pass energy was set to
20 eV with a step size of 0.1 eV. Samples were measured on clean
Si wafers, electrically insulated from the sample holder and
charges were compensated. The binding energy of the spectra
was calibrated by setting the C–C bond of the C 1s peak at
284.8 eV.

Inductively coupled plasma-optical emission spectrometry
(ICP-OES). ICP-OES was performed on an Agilent 5100 set-up to
determine the elemental concentrations. Metal ions were
digested aer the evaporation of the hexane/toluene solvent
(100 mL of the stock solution was used per analysis). 285 mL of
HNO3 (70%) was added to the nanocrystals (NCs) and le
overnight to ensure complete digestion of the samples.
Following this step, 9.715 mL of Milli-Q water was added to the
solution to reach the 2% acid content needed for the analysis. 5
standard solutions of each element were prepared to obtain the
calibration curve that was used to determine the concentrations
of the digested solutions.

X-ray diffraction (XRD). XRD was carried out on a Bruker D8
Advance diffractometer with a Cu Ka source equipped with
a Lynxeye one-dimensional detector. The diffractometer was
operated at 40 kV and 40 mA with a Cu Ka source with a wave-
length of l ¼ 1.54 Å.

Thermogravimetric analysis (TGA). In order to determine the
loading of metal oxide NC seeds, 60 mL of the NC stock solution
was deposited in an aluminium pan, and the solvent was
evaporated. The pan was then introduced into a TGA Q500 with
an air ow rate of 15 mL min�1. The sample was heated to
600 �C with a heating ramp of 10 �C min�1. On the basis of the
nal weight, the concentrations of metal oxide solutions were
calculated.
Electrocatalytic measurements

Electrochemical CO2RR. The electrocatalytic testing was
performed in a custom-made electrochemical ow cell. Glassy
carbon plate electrodes (Type 2, Alfa Aesar) with a surface area
of 2.5 cm � 2.5 cm were used as substrates. They were polished
using Milli-Q water slurries of 1 mm diamond (Bioanalytical
Systems, Inc.) and 50 nm g-alumina (Bioanalytical Systems,
Inc.) on polishing pads. The plates were rinsed and sonicated in
Milli-Q water for 10 min and blown dry with nitrogen. The NC
samples were drop-cast on the substrate from toluene suspen-
sions, giving a mass loading of 15 mg. Electrochemical
measurements were carried out using a Biologic SP-300 poten-
tiostat. Platinum foil was employed as the counter electrode,
and an Ag/AgCl reference electrode (leak free series from
Innovative Instruments, Inc.) was used. Voltages were converted
to the reversible hydrogen electrode (RHE) scale. Ambient-
pressure CO2 electrolysis was performed in a custom-made
gastight electrochemical cell made of poly(methyl methacry-
late) and tted with Buna-N O-rings. The conguration of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
electrochemical cell was such that the working electrode sat
parallel with respect to the counter electrode to ensure
a uniform potential distribution across the surface. The
geometric surface area of both electrodes was 1 cm2. Each of the
compartments in this cell was lled with the electrolyte (CO2

saturated 0.1 M KHCO3 solution, 2.1 mL in each half). A Sele-
mion AMV anion-exchange membrane was used to separate the
anodic and cathodic compartments. The electrolyte solution
was prepared by sparging a 0.05 M K2CO3 solution with CO2 for
1 h. Before CO2 electrolysis, the electrolyte in the cell was
sparged with CO2 for at least 15 min. During electrolysis, CO2

was constantly bubbled through the electrolyte at a ow rate of 5
sccm to prevent the depletion of CO2 in the electrolyte and to
enable continuous analysis of gaseous products using a gas
chromatograph. The ow rate of CO2 was controlled with amass
ow-controller (Bronkhorst), and the gas was rst humidied
with water by passing it through a bubbler to minimize the
evaporation of the electrolyte. The calibration of the gas chro-
matograph was done using calibration gas standards from
Carbogen. CO, CH4, C2H4 and C2H6 were all calibrated from
calibration mixtures at ve different concentrations: 50, 100,
250, 500, and 1000 ppm. H2 was likewise calibrated using 500,
1000, 5000, and 10 000 ppm of H2 balanced in nitrogen. Aer
passing through the cell, CO2 was owed directly into the gas-
sampling loop of the GC for online gaseous product analysis,
which was carried out every 10 min. The chronoamperometry
experiments were performed for a total of 2.5 hours. The liquid
products were collected from the electrolyte aer electrolysis
and analysed by high-performance liquid chromatography
(HPLC) on an UltiMate 3000 instrument from Thermo
Scientic.
Operando X-ray absorption spectroscopy (XAS)

Operando. XAS experiments were performed at the Swiss-
Norwegian beamlines BM31 at the European Synchrotron
Radiation Facility (ESRF) in France. The catalyst solution was
drop-casted on a thin (2.5 � 2.5 � 0.5 mm3) glassy carbon (GC)
support and a Kapton window allowed the X-rays to pass
through. For standards and other ex situ measurements (typi-
cally in the pellet form and with the catalyst diluted in a light
matrix such as boron nitride or cellulose to obtain an appro-
priate thickness, typically of 2–3 absorption lengths), we used
a traditional system based on ionization chambers for trans-
mission detection.

The measurements were carried out in uorescence mode at
an incident angle of approximately 45 degrees. A Si(111) double
crystal monochromator (DCM) was used to condition the beam
from the corresponding bending magnet. Fluorescence X-ray
absorption near edge structure (XANES) spectra were acquired
using a Vortex® one-element silicon dri detector (SDD) with
XIA-Mercury digital electronics with a time-resolution of 1 min
per spectrum at both Cu and Zn K-edges (i.e. 2 min per Cu/Zn
cycle). Data extraction, normalization, and averaging were per-
formed using the beamline dedicated soware for QEXAFS data
analysis, PrestoPronto.17
Chem. Sci., 2021, 12, 14484–14493 | 14491
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The Demeter package (Athena and Artemis)18 was employed
for the EXAFS tting of the catalyst. Finally, a multi-use beam-
line xation support permits the cell alignment with respect to
the incoming beam via an XYZ high-precision translation stage.

Multivariate curve resolution (MCR) analysis. We have made
use of multivariate curve resolution using an alternating least-
square mathematical algorithm (MCR-ALS) to analyse the
large number of XANES spectra generated during the operando
CO2RR measurements. MCR-ALS is a data-reduction tool that
can extract (even in a blindmanner) kinetically pure component
spectra and the corresponding concentration proles out of an
unresolved mixture.19–21 The MCR-ALS model relies on the D ¼
CST + E mathematical equation, where D: initial matrix
composed of all collected spectra, C: extracted concentration
proles, S: extracted spectra proles (T stands for the trans-
posed matrix), and E: error matrix containing the residuals and
close to the experimental error. The MCR-ALS graphical user
interface (GUI) for MATLAB used in this paper (freeware avail-
able at http://www.mcrals.info/) was applied on the Cu and Zn
K-edge time-resolved datasets by employing positive constraints
for both spectra and concentration proles, and closure
constraints for the concentration proles (i.e. constant
concentration of the absorbing atoms throughout the
experiment).
Density functional theory calculations

Density Functional Theory (DFT) calculations were carried out
with CP2K soware.22 A DZVP-MOLOPT23 basis set was used in
the calculations, with core electrons being described with dual-
space Goedecker–Teter–Hutter24 pseudopotentials. The plane
waves and relative cut-off were set to 500 Ry and 50 Ry respec-
tively. For adsorption energy calculations, the (111) Cu facet was
chosen, in agreement with the observed orientation found in
XRD. A (4 � 4) slab with 4 layers was considered. Replicas along
the axis normal to the (111) slabs are separated by 22�A. Surface
dipole corrections were applied along the plane normal to the
surface. The two bottom layers of the surface were kept xed
during structural relaxations. The latter were deemed converged
when all the atomic forces were found to be at least less than
0.009 H per Bohr (�0.45 meV A�1). The DFT calculations of the
energy of the system were instead converged when a change less
than 10�6 H was registered between two successive self-
consistent electronic density calculation loops.
Data availability

The most relevant inputs and outputs of the DFT calculations
are available on the Materials Cloud, DOI: 10.24435/
materialscloud:3r-gn.
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