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Understanding the evolution of unique structural motifs in bimetallic catalysts under reaction conditions,

and linking them to the observed catalytic properties is necessary for the rational design of the next

generation of catalytic materials. Extended X-ray absorption fine structure (EXAFS) spectroscopy is

a premier experimental method to address this issue, providing the possibility to track the changes in the

structure of working catalysts. Unfortunately, the intrinsic heterogeneity and enhanced disorder

characteristic of catalytic materials experiencing structural transformations under reaction conditions, as

well as the low signal-to-noise ratio that is common for in situ EXAFS spectra hinder the application of

conventional data analysis approaches. Here we address this problem by employing machine learning

methods (artificial neural networks) to establish the relationship between EXAFS features and structural

motifs in metals as well as oxide materials. We apply this approach to time-dependent EXAFS spectra

acquired from copper–zinc nanoparticles during the electrochemical reduction of CO2 to reveal the

details of the composition-dependent structural evolution and brass alloy formation, and their

correlation with the catalytic selectivity of these materials.
1. Introduction

Bimetallic nanoparticles (NPs) are attractive materials for
applications in heterogeneous catalysis due to the high
tunability of their catalytic properties. Coexistence of atoms of
two (or more) types in a particle affects the catalytic properties
due to the presence of multielement structural motifs and
through the combination of geometric effects (e.g., changes in
lattice constants, surface strain, and enhanced structural
disorder) and electronic (ligand) effects.1–6 In addition to the
structural characteristics that are known to affect the catalytic
activity and selectivity in monometallic systems (e.g., oxidation
state, structure, nite-size effects, particle–support
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interactions), the additional degrees of freedom in bimetallic
materials provide new paths to control the interactions with
adsorbates, resulting in unique catalytic properties and appli-
cations. For example, the addition of a secondary metal, such as
zinc,7–13 is a common route to tailor the selectivity of copper and
other metallic catalysts for the CO2 electroreduction reaction
(CO2RR) and to steer the reaction towards the production of
valuable chemicals and fuels.14–23

To understand the working mechanism of a bimetallic
catalyst and the roles of various structural characteristics, the
multielement structural motifs need to be detected and char-
acterized experimentally. In such studies, in situ and operando
investigations are essential, since the composition and struc-
ture of the catalyst can change signicantly under working
reaction conditions. X-ray absorption spectroscopy (XAS), and,
in particular, extended X-ray absorption ne structure (EXAFS)
analysis, is among the few experimental techniques that can be
used to extract element-specic information about the oxida-
tion state, composition and atomistic structure of catalytic
species under reaction conditions.24–29 Interpretation of EXAFS
data in such intrinsically disordered and heterogeneous catalyst
materials is, however, non-trivial, and the conventional data
analysis approaches that work well for simple, well-dened and
well-ordered bulk materials may have limited accuracy and/or
introduce artefacts, as pointed out by Clausen et al. and
others.30–39
Chem. Sci., 2020, 11, 3727–3736 | 3727
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To address this problem, we have recently proposed a machine
learning-based approach for the interpretation of experimental
XAS data, where we employed articial neural networks (NNs) to
extract the structural information.40–44 In the case of EXAFS data
interpretation, by exposing NN to thousands of training examples
(theoretical EXAFS spectra, for which the corresponding structure
was known) we could establish a relationship between spectral
features and structure descriptors. The trained NN can then be
used to directly invert experimental data, and quickly and accu-
rately extract relevant structural information, such as partial radial
distribution functions (RDFs). In our previous works, we demon-
strated the power of this approach in studies of bulk metals,45

monometallic nanoparticles,39,46 as well as bimetallic model
systems.46 However, the previous examples were limited to the
applications of the NN-EXAFS method to completely metallic
systems. The success of our method in these cases was ensured by
the fact that we addressed relatively simple problems (the struc-
ture determination in close-packed metals). Applicability and
practicality of this approach for oxidized and covalent systems,
which exhibit larger varieties of possible structural motifs, or
systems that are heterogeneous mixtures of reduced and non-
reduced species, are, however, not guaranteed by these previous
works. At the same time, investigations of such complex systems
are clearly relevant for the understanding of real catalysts at work,
and, especially, of catalysts transformations and their evolution
under reaction conditions.

In this study we generalize the NN-EXAFS approach to
oxidized and partially oxidized size-selected copper–zinc NP
catalysts for applications in the CO2RR. We have recently shown
that the catalytic selectivity of this system can be tuned by
varying the copper to zinc ratio, and that signicant structural
changes take place under reaction conditions.13,47 Here we take
advantage of the sensitivity of our NN-EXAFS method44 to
monitor subtle chemical and structural changes taking place
during the CO2RR as a function of the Cu–Zn NP composition
and time. In particular, we will show that the reduction of
copper and zinc species takes place on different time-scales,
and that gradual alloying and a transition from a close-packed
to a more disordered structure take place. Moreover, we will
demonstrate that the NP composition affects not only the initial
catalyst structure, but also its nal state, transformation
kinetics and consequently the catalyst stability and reactivity.

2. Experimental

CuZn NPs with an average size of ca. 5 nm and variable
composition were synthesized by an inverse micelle encapsu-
lation method. Synthesis and characterization details are given
in ref. 13. The elemental composition was modied by
controlling the molar ratio of the Cu and Zn precursor salts,
CuCl2 and Zn(CH3COO)2. The NP composition was conrmed
by XPS measurements under UHV conditions. Pre-formed CuZn
NPs were deposited on glassy carbon substrates, and an O2-
plasma treatment was used to remove the polymeric ligands.
Average NP sizes (heights) were determined and the narrow size
distributions were conrmed by atomic force microscopy (AFM,
Bruker, Multimode 8).
3728 | Chem. Sci., 2020, 11, 3727–3736
CO2RR experiments were carried out in a puried, CO2-satu-
rated 0.1 M KHCO3 electrolyte at �1.35 V vs. RHE in an H-type
electrochemical cell separated by an anion-exchange membrane
(Selemion AMV) with a Pt mesh counter electrode and a leak-free
Ag/AgCl reference electrode. An Autolab potentiostat (Multi
Autolab M204) was used. The gas products were quantied by gas
chromatography (Agilent 7890B) equipped with thermal conduc-
tivity and ame ionization detectors. The formic acid concentra-
tion was analysed by high-performance liquid chromatography
(Shimadzu Prominence) equipped with a NUCLEOGEL® SUGAR
810 column and a refractive index detector.

In situ XAS measurements were performed at the SAMBA
beamline at SOLEIL synchrotron (for Cu50Zn50 and Cu30Zn70

NPs), and at CLAESS beamline at ALBA synchrotron (for Cu100,
Zn100, and Cu70Zn30 NPs). A home-made electrochemical cell
was used for the operando XAS measurements. The samples
were measured at �1.35 V vs. RHE in a CO2 saturated 0.1 M
KHCO3. XAS spectra for the Cu K-edge (E0 ¼ 8979 eV) and Zn K-
edge (E0 ¼ 9659 eV) were collected separately. Identical but
fresh samples were used for measurements at the Cu and Zn
absorption edges. Time-resolved spectra were acquired with 8–
12 minutes acquisition time per spectrum, until no further
changes were observed in the data. The times required to ach-
ieve a “steady-state” structure/composition were different for
samples with different Cu/Zn ratios. Alignment, background
subtraction and normalization of the XAS spectra were per-
formed using the conventional approach as implemented in the
Athena soware.48 Further details of the XAS measurements are
given in the electronic ESI (Note 1†).
3. Results
3.1 Neural network-based analysis of EXAFS data

For the extraction of structural information from experimental
EXAFS data we follow the general approach introduced and
validated for metallic systems in our previous works.40,44,46Using
an articial NN, we invert the EXAFS equation that links the
measured spectrum c(k) to the partial radial distribution
functions (RDFs) gp(R):

cðkÞ ¼
X
p

cpðkÞ ¼
X
p

cp

 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2me

ħ2
ðE � E0Þ

r !
; (1)

where

cpðkÞ ¼ S0
2

ðþN

0

Apðk;RÞgpðRÞ sin
�
2kRþ 4pðk;RÞ

� dR
R2

: (2)

Here, me is the electron mass, ħ is the Planck's constant, E is
the X-ray photon energy and E0 is the photoelectron reference
energy. Ap and 4p are the scattering amplitude and phase
functions that can be calculated theoretically with codes like
FEFF,49 and ensure chemical sensitivity of EXAFS. S0

2 is the
amplitude reduction factor due to many-electronic effects. Eqn
(2) applies to single scattering contributions, but can be
generalized to describe also the contributions of multiple
scattering paths. In the latter case, Ap and 4p depend not only on
This journal is © The Royal Society of Chemistry 2020
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the interatomic distances R, but also on relative positions of the
atoms (e.g., bonding angles).50

The RDFs gp(R) contain key information about the local
structure of the material – average number of atoms of a given
type around the absorbing atom, information about the inter-
atomic distances, crystallographic structure, oxidation state, and
disorder. We distinguish between the partial contributions of,
e.g., Cu–O and Cu–Cu, because the scattering functions ACu–O
(and 4Cu–O) are substantially different from ACu–Cu (and 4Cu–Cu).
Consequently, the corresponding partial RDFs gCu–O(R) and
gCu–Cu(R) contribute differently to the experimental spectrum and
can be determined independently. The difference between the
scattering functions of elements that are neighbours in the
periodic table (e.g., Cu and Zn) is, however, negligible, and we
cannot distinguish between them. Therefore, for bimetallic
systems we use here the total RDF gCu–M(R) instead of gCu–Zn(R)
and gCu–Cu(R) RDFs, where M is either Cu or Zn.

Using the NNmethod, we express the RDFs, parametrized as
a histogram of bond-lengths with bin size DR, as ~gp(Ri) ¼ Fi(Q,
c(k)), where Fi is a non-linear composite function that can be
represented as a network of nodes. The values of the nodes in
the rst NN layer (input layer) correspond to the values of c(k)
pre-processed via a wavelet transform51 (see the ESI Note 2, for
details†). The values of the i-th node in the n + 1 NN layer can be

obtained as: xinþ1 ¼ f

 P
j
qijxjn

!
, where f is the so-called acti-

vation function. Q is the set of all weights qij that need to be
found during the NN training step. The last NN layer (output
layer) yields the heights of corresponding bins in the ~gp(Ri)
histogram.

To establish the values of the qij weights we exposed the NN
to a large set of training spectra, for which the true values of the
Fig. 1 Comparison of Fourier-transformed (FT) experimental Cu K-edge
and RMC fitting (a). Insets in (a) show the final structure models obtain
compared in (b) for Cu–O bonds, and in (c) for Cu–Cu bonds. The differ
inset in (b).

This journal is © The Royal Society of Chemistry 2020
corresponding gp(Ri) are known, and we optimized qij via a back-
propagation algorithm52 to achieve the best possible agreement
between the true gp(Ri) and the NN-yielded values ~gp(Ri). The NN
method thus relies on the availability of such a set of repre-
sentative training spectra. For metallic materials, we have
demonstrated that these spectra can be generated in classical
molecular dynamics (MD) simulations.40,44,46 For close-packed
metals, MD employing simple interaction models, such as the
Sutton-Chen force (SC) eldmodel,53 results in realistic material
structure models, for which both, the RDFs and the corre-
sponding time- and sample-averaged EXAFS spectra c(k) can be
easily calculated, allowing us to establish the relationship
between EXAFS features and RDF, and, consequently, to extract
RDFs from experimental EXAFS data. No generally applicable
empirical force-eld model, however, exists for oxides and other
covalent materials, due to the signicantly more complex and
strongly directional nature of the chemical bond in these
materials. In some specic cases, such as wurtzite-type ZnO and
rocksalt-type NiO, an accurate description of the materials
structure and dynamics can be achieved in MD with
Buckingham-type potentials, and, consequently, theoretical
EXAFS spectra can be generated that, as we have demon-
strated,54–59 match well the corresponding experimental data.

For copper oxides, different empirical potential models have
been proposed in the literature, starting from a simple Lennard-
Jones (LJ) type potential,60 ending up with advanced charge
optimized many body (COMB)61 and reaxFF-type potentials.62

We used MD calculations with a reaxFF potential to simulate
the CuO and Cu(OH)2-type structures, the LJ-type potential for
the Cu2O-type structures, and the SC-type potential for the
metallic close-packed (fcc and hcp) structures. Examples of
EXAFS spectra for bulk reference materials, calculated with
EXAFS data for reference materials with the results of MD simulations
ed in RMC calculations. RDFs yielded by MD and RMC methods are
ences in bonding motifs in reference materials used here are shown in

Chem. Sci., 2020, 11, 3727–3736 | 3729
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these interaction models, together with the corresponding
RDFs are shown in Fig. 1 and in the ESI, Fig. S1.† For
completeness, we also included in our training dataset models
with rocksalt-type structure (as in NiO), wurtzite-type structure
(as in ZnO) and anti-perovskite type structure (as in Cu3N) using
force-eld models previously validated by us with experimental
EXAFS data.54–57,63 The use of the materials with such a large
variety of possible bonding motifs (inset in Fig. 1(b)) for NN
training expands the applicability of our method. The details of
the MD simulations, generation of theoretical EXAFS spectra
and further discussion of the MD-EXAFS accuracy are described
in ESI Note 3.†

An important step before we apply the NN for the interpre-
tation of real experimental data of interest is to validate its
accuracy by applying it to the analysis of experimental data of
reference materials, for which the corresponding structure is
known, or can be extracted by other methods. As in our previous
works,39,45,46 for this purpose we rely on reverse Monte Carlo
(RMC) simulations,50,64–66 which for bulk materials with well-
dened structures provide an alternative way to t experi-
mental EXAFS data (Fig. 1(a)) and extract RDFs (Fig. 1(b and c)),
and can thus be used for NN validation. Note that the RDFs
extracted by the RMC method from experimental data for
reference compounds are close to those obtained in MD simu-
lations (Fig. 1(b and c)), conrming that the MDmodels provide
a realistic description of metallic and oxidized copper
compounds, and can be used for NN training. The details of the
NN validation by the RMCmethod are given in ESI Note 4.† The
Fig. 2 Time-dependencies of the Faradaic efficiency of the main
reaction products for CO2RR at �1.35 V vs. RHE for Cu NPs (a),
Cu70Zn30 NPs (b), Cu50Zn50 NPs (c), Cu30Zn70 NPs (d) and Zn NPs (e).

3730 | Chem. Sci., 2020, 11, 3727–3736
good agreement between RMC and NN results for pure refer-
ence compounds (Fig. S2†) and their mixtures (Fig. S3†) gives us
condence in the accuracy of the proposed approach. Impor-
tantly, while our NN is trained on theoretical Cu K-edge EXAFS
data in various Cu-based materials only, due to the similarity of
the scattering functions of elements that are neighbours in the
periodic table, it can be immediately used to extract total Cu–
metal (Cu–M) RDFs in copper–zinc brass alloys, as well as Zn–O
and Zn–M RDFs in oxidized and metallic Zn-based materials
from the corresponding Zn K-edge EXAFS spectra (Fig. S2†). In
the next sections, the data analysis approaches discussed here
will be applied to the analysis of operando EXAFS data from pre-
oxidized Cu–Zn NPs.

3.2 Structure–reactivity correlations in CO2RR

As discussed in our previous study,13 different catalytic selec-
tivities for the CuZn NPs were obtained as a function of the Cu
to Zn ratio. Moreover, the new experimental data in Fig. 2
demonstrate that the selectivity trends are time dependent and
clearly different for samples with different composition. Pure
Cu and Zn NPs display an overall stable production of CH4 and
CO, respectively, while signicant variations in the catalyst
selectivity were observed within the rst few reaction hours for
the bimetallic samples.

X-ray absorption near edge structure (XANES) spectra
collected at the Cu K-edge and Zn K-edge for CuZn NPs with
different composition are compared in Fig. 3. Spectra for as-
prepared samples and for samples in their nal state aer
Fig. 3 Cu K-edge (a) and Zn K-edge (b) XANES spectra of CuZn NPs
with different composition. Spectra for as-prepared samples and for
samples in their final state after 1–7 hours under CO2RR conditions are
shown together with those for reference materials (ZnO, CuO,
Cu(OH)2, Zn foil, Cu foil, CuZn brass foil (Cu to Zn ratio 7 : 3)). The
spectra are shifted vertically for clarity. Magenta arrows emphasize the
changes in the spectra with increasing Zn content.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Cu K-edge (a) and Zn K-edge (b) Fourier-transformed (FT)
EXAFS spectra or CuZn NPs with different composition. Spectra for as-
prepared samples and for samples in final state after 1–7 hours under
CO2RR conditions are shown together with those for reference
materials (ZnO, CuO, Cu(OH)2, Zn foil, Cu foil, CuZn brass foil (Cu to Zn
ratio 7 : 3)). The spectra are shifted vertically for clarity. Magenta
arrows emphasize the changes in the spectra with increasing Zn
content. Note that the spectra shown are “phase-uncorrected”, thus
the positions of the FT-EXAFS peaks do not correspond to the true
positions of the RDF peaks.

Fig. 5 Cu–O and Cu–M (M ¼ Cu or Zn) RDFs extracted by NN from ex
Cu70Zn30, Cu50Zn50 and Cu30Zn70 NPs in their as prepared state (a) as wel
and Zn–M RDFs extracted by NN from experimental Zn K-edge EXAFS da
NPs in their as-prepared state (c) as well as in their final state after 1–7 ho
for reference compounds (Cu foil, CuZn brass foil, CuO and Cu(OH)2), a
also shown for comparison in (a) and (b). Zn–O and Zn–Zn RDFs extr
compounds (Zn foil, CuZn brass foil and ZnO) are shown in (c) and (d). R

This journal is © The Royal Society of Chemistry 2020
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several hours under CO2RR conditions are included. Corre-
sponding Fourier-transformed (FT) EXAFS spectra for these
samples are shown in Fig. 4. The time-dependency of the Cu K-
edge and Zn K-edge EXAFS spectra is shown in Fig. S4.†
Preliminary EXAFS data analysis for some of the samples based
on conventional Cu- and Zn K-edge EXAFS data tting was
presented in ref. 13 and 47.

Once the accuracy of the NN method has been validated as
shown in ESI Note 4,† we can apply it for the interpretation of
real experimental data of CuZn nanocatalysts. Due to the rela-
tively large sizes of the NPs in our samples (ca. 5 nm), the EXAFS
spectra and RDFs are practically not affected by the NP size, and
our NN, trained on theoretical EXAFS data for bulk compounds,
is adequate for the description of this system. For the analysis of
smaller NPs (with sizes below 3 nm), truncated structure models
can be included in the NN training, as demonstrated in our
previous works.39,46

Partial Cu–O and Cu–M (M ¼ Cu, Zn) RDFs, extracted by NN
from experimental Cu K-edge EXAFS data for as-prepared
samples and for samples in their nal state under CO2RR
conditions (see Fig. 4(a)) are compared in Fig. 5(a and b). The
time-dependent Cu K-edge EXAFS data for Cu50Zn50 NPs are
analysed by the NN and the evolution of the RDFs obtained is
shown in Fig. 6(a). Corresponding gures for other CuZn
samples are shown in the ESI, Fig. S5.† A systematic shi of
the RDFs features towards larger interatomic distances is
observed under reaction conditions. This trend is illustrated in
Fig. 6(b–e) and in the ESI, Table S1,† where the time-
dependencies of the maximum point of the 3rd Cu–M RDF
perimental Cu K-edge EXAFS data (see Fig. 4(a) and S4(a)†) for Cu100,
l as in their final state after 1–7 hours under CO2RR conditions (b). Zn–O
ta (see Fig. 4(b) and S4(b)†) for Cu70Zn30, Cu50Zn50, Cu30Zn70 and Zn100
urs under CO2RR conditions (d). Data extracted from Cu K-edge EXAFS
s well as Zn–Zn RDF, extracted from Zn K-edge EXAFS for a Zn foil are
acted by the NN from experimental Zn K-edge EXAFS for reference
DFs are shifted vertically for clarity.

Chem. Sci., 2020, 11, 3727–3736 | 3731
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Fig. 6 (a) Evolution of the partial RDFs for the Cu50Zn50 NP sample, as extracted by NN from time-dependent Cu K-edge EXAFS data (see Fig. 4(a)
and S4(a)†). RDFs extracted from the Cu K-edge EXAFS of a Cu foil and a CuZn brass foil are shown for comparison. Vertical solid and dashed lines
show the positions of themaxima for the 1st and 3rd RDF peaks in the Cu foil and CuZn brass foil, respectively. (b–e) The time dependencies of the
positions of the 3rd peak in the Cu–M RDF for monometallic Cu and bimetallic CuZn nanocatalysts.
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peak (located at ca. 4.5 Å) for Cu100, Cu70Zn30, Cu50Zn50 and
Cu30Zn70 NP samples are shown, corresponding to the inter-
atomic distance in the 3rd coordination shell in the metallic
Fig. 7 (a) Evolution of the partial RDFs for the Cu50Zn50 NPs as extracted
S4(b)†). (b–e) The time-dependencies of the integrated areas under the 1
1st Zn–M RDF peak (1st shell Zn–M coordination number) for CuZn nano

3732 | Chem. Sci., 2020, 11, 3727–3736
phase. Qualitatively similar corresponding time-dependencies
of the position of the rst RDF peak (peak at ca. 2.5 Å, corre-
sponding to the rst coordination shell) are shown in the ESI,
by NN from time-dependent Zn K-edge EXAFS data (see Fig. 4(b) and
st Zn–O RDF peak (1st shell Zn–O coordination number) and under the
catalysts and for Zn100 NPs.

This journal is © The Royal Society of Chemistry 2020
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Table S1 and Fig. S6.† We focus on the 1st and 3rd RDF peaks,
because these are the most well-dened Cu–M RDF peaks in
CuZn nanocatalysts that can also be singled out from contri-
butions of other coordination shells.

Partial Zn–O and Zn–M (M ¼ Zn, Cu) RDFs, extracted by NN
from experimental Zn K-edge EXAFS data for the NP samples in
their as-prepared state as well as in their nal state under
CO2RR conditions (see Fig. 4(b)) are compared in Fig. 5(c and d).
The time-dependent Zn K-edge EXAFS data for the Cu50Zn50 NPs
are analyzed by a NN, and the evolution of the obtained RDFs is
shown in Fig. 7(a). Corresponding gures for other CuZn
samples are included in the ESI, Fig. S7.† The gradual decrease
of the Zn–O contribution (rst shell Zn–O coordination
number), and increase of the Zn–M contribution (rst shell Zn–
M coordination number) under reaction conditions is shown in
Fig. 7(b–e) and ESI, Table S2† for the Cu70Zn30, Cu50Zn50,
Cu30Zn70 and Zn100 NP samples. Coordination numbers are
obtained by integrating the RDFs, similarly as in Fig. S3.†

4. Discussion

While the selectivity of the monometallic Cu and Zn NPs does not
change for 5 hours under CO2RR (Fig. 2(a and e)), for the Cu70Zn30
andCu50Zn50 NPswe observe a decrease in the CH4 selectivity aer
a few hours, accompanied by, rst, an increase of CO selectivity,
and thenH2 selectivity, Fig. 2(b and c). The change of the Cu50Zn50
NPs selectivity is more abrupt than that of the Cu70Zn30 NPs, with
the production of CH4 for the former catalyst becoming sup-
pressed completely aer 5 hours under potential. For a sample
with a lower Cu content, Cu30Zn70 NPs (Fig. 2(d)), a minor
production of CH4 is observed only immediately aer the potential
is applied and is suppressed within minutes. No signicant
changes in catalyst selectivity for this sample are observed aer
that. The composition-dependency of the catalytic properties
suggests the presence of different structural motifs in the inves-
tigated catalysts, while the pronounced time-dependencies of the
selectivity highlight the role of transformations taking place in
these materials under reaction conditions. To interpret these
trends, we now turn to the discussion of the operando XAS data
and their deciphering using a NN approach.

Themain ndings of our study are that differences in sample
composition result in important differences in (i) the structure
of as-prepared catalysts, (ii) the structure of the nal state under
CO2RR, as well as (iii) the rate and degree of structural and
compositional changes under reaction conditions. In the as-
prepared state, both, Cu and Zn are completely oxidized (+2
state, Fig. 3 and 4) in all samples, as evidenced by the similarity
of the catalysts XANES and EXAFS data obtained with respect to
those of CuO/Cu(OH)2 and ZnO. Nevertheless, when the data for
catalysts with different Cu to Zn ratios are compared, we
observe systematic differences, emphasized by the magenta
arrows in Fig. 3 and 4. In particular, an increase in the ampli-
tude of the Cu K-edge white-line and the amplitude of the main
Cu K-edge FT-EXAFS peak for the Zn-rich Cu NPs was observed.
The spectra at the Cu K-edge for the as-prepared Cu-rich and Zn-
rich NPs are similar to the spectra for CuO and Cu(OH)2,
respectively. The results obtained by our NN method conrm
This journal is © The Royal Society of Chemistry 2020
this observation. Note that due to the similarity of the 1st

coordination shell in CuO and Cu(OH)2 materials, it is difficult
to distinguish between these materials using conventional
EXAFS data analysis. However, it becomes possible when we
employ the sensitivity of the NN to contributions of further
coordination shells. As shown in Fig. 5(a), several regions in R-
space can be identied, where Cu–O and Cu–Cu RDFs in CuO
and Cu(OH)2 are substantially different. In particular, the Cu–O
contribution is enhanced in Cu(OH)2 at R values of ca. 4 Å, while
the Cu–Cu contribution is suppressed at R values ca. 3 and 4.5 Å.
In all these regions we obtained for the CuZn nanocatalysts the
systematic transformation from a CuO-like structure to
a Cu(OH)2-like structure with increasing Zn concentration, as
highlighted by magenta arrows in Fig. 5(a).

In the case of the Zn environment in the as-prepared
samples, in Fig. 3(b) we observe systematic changes in the
shape of the Zn K-edge white line, which is known to be
sensitive to the disorder in oxidized zinc materials.67,68 More-
over, in the Zn K-edge FT-EXAFS spectrum for the as-prepared
pure Zn NPs we observe an additional feature at ca. 2.3 Å
(blue vertical arrow in Fig. 4(b)) that is not pronounced in the
EXAFS spectra of the as-prepared bimetallic samples. Previously
this feature was attributed to an additional long Zn–O bond not
present in wurtzite-type ZnO, and/or to the presence of disor-
dered hydroxide or amorphous ZnO phases.13,47,69 Due to the low
intensity of this feature, however, it is challenging to assign it to
any particular structural motif in conventional EXAFS analysis.
Results of the NN analysis of the Zn K-edge EXAFS spectra of the
as-prepared samples (Fig. 5(c)) reveal that Zn-rich NPs exhibit
sharper Zn–M RDF peaks, which is a signature of a more
ordered structure. Moreover, an additional feature appears in
the Zn–O RDF at a R value of ca. 2.8 Å (blue vertical arrow in
Fig. 5(c)). Such a feature is not characteristic for wurtzite-type
ZnO. Thus, in depth NN analysis reveals that even in the
oxidized state, the interactions between Cu and Zn species
affect the structure and properties of the catalysts.

Under CO2RR reaction conditions, the differences in the
local structure for samples with different Cu to Zn ratios are
clear in the FT-EXAFS spectra. While for monometallic Cu NPs
the amplitudes of the Cu K-edge FT-EXAFS peaks are compa-
rable to those of metallic Cu, they are reduced signicantly in
bimetallic samples with increasing Zn concentration. A similar
trend is observed also in the Zn K-edge EXAFS data, and is
consistent with the difference between the EXAFS spectra for
metallic Cu, or a CuZn brass alloy with fcc-type structure, and
that for metallic Zn, where the latter has a signicantly lower
amplitude of all EXAFS features due to a more disordered, non-
close-packed structure. Note here that this disordered structure
makes the interpretation of the EXAFS data in Zn-rich materials
using conventional approaches especially challenging. Even for
a simple metallic Zn foil, the conventional EXAFS tting
underestimates the coordination numbers by up to 50%.13,70,71

By our NN approach, in turn, the analysis of such disordered
structures can be done easily. RDFs extracted by NN from the Cu
K-edge and Zn K-edge EXAFS data (Fig. 5(b) and (d), respectively)
show that both, Cu and Zn are completely reduced in the nal
state under CO2RR conditions. For the Cu-rich NPs, the RDFs
Chem. Sci., 2020, 11, 3727–3736 | 3733
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obtained for Cu–Mand Zn–Mare similar to those in the Cu foil or
the CuZn brass foil, suggesting well-ordered fcc-type structures.
With increasing Zn content, a shi of all features towards larger
interatomic distances is observed in both, Cu–M and Zn–MRDFs
in agreement with the differences in lattice spacings in mono-
metallic Cu and CuZn fcc-type alloys.72 Simultaneously, we
observe a decrease in the amplitude of the 3rd Cu–M and Zn–M
RDF peaks, and an increase of the Cu–Mand Zn–MRDF intensity
at ca. 5 Å for Zn-rich NPs. This can be interpreted as a signature of
a gradual transformation from the fcc-type structure to a disor-
dered hcp-type structure. In fact, the Zn–Zn RDF for mono-
metallic Zn NPs is indeed very similar to that of the Zn foil.

Using the NN approach, a very large number of experimental
spectra can be processed very quickly, and we can follow the
time-dependent evolution of the local structure around the
catalytically active species, as they get reduced under reaction
conditions (Fig. 7). In particular, for Zn species in bimetallic
CuZn catalysts we observe a relatively slow reduction (within
several hours), indicated by a gradual disappearance of the Zn–
O contribution in the NN-yielded RDFs, and an increase in the
amplitude of the Zn–M features characteristic for the metallic
phase, Fig. 7(a). We can also track these changes by analysing
the Zn–O and Zn–Zn coordination numbers obtained by inte-
gration of the corresponding RDF peaks, Fig. 7(b–e). Note here
that Zn–O and Zn–Zn coordination numbers are obtained
independently, but their trends are in a good agreement: the
reduction of the Zn–O coordination number values from 4 to
0 is in all cases accompanied by an increase in the Zn–Zn
coordination number from 0 to 12 that takes place on a similar
time scale. When the results for different NPs are compared, an
interesting observation is that monometallic Zn NPs (Fig. 7(e))
are reduced signicantly faster that bimetallic NPs, Fig. 7(b–d),
suggesting that interactions between Cu and Zn affect signi-
cantly the reducibility of the catalysts. The quick reduction of
the pure Zn NPs also explains their stable catalytic behaviour
(Fig. 2(e)), where the selectivity towards the main CO2 conver-
sion products does not change aer the rst few minutes. The
differences in the Zn environment, however, do not explain the
different time-dependencies of the selectivity for the bimetallic
NPs (Fig. 2(b–d)), since the reduction rates of Zn species in all
bimetallic samples are similar (Fig. 7(b–d)).

The environment of Cu, in turn, exhibits quite different
trends from those of Zn. First of all, Cu is reduced almost
immediately in all samples, and already aer the rst EXAFS
scan, Cu is completely metallic, with no detectable Cu–O
contribution in the NN-yielded results. Aer this quick initial
reduction, however, the structure around Cu continues to
change (Fig. 6 and S5†) in the bimetallic catalysts, with the
positions of all Cu–M RDF peaks shiing towards larger inter-
atomic distances. This trend is the most pronounced for the
Cu50Zn50 NP catalysts, where immediately aer potential
application, the positions of all RDF peaks match those in
metallic Cu, while aer several hours under CO2RR conditions,
all peak shis towards larger interatomic distances and match
those in the RDF for CuZn brass, which has the same fcc-type
structure as metallic Cu, but expanded lattice constants
(Fig. 6(a)). The changes in the positions of the RDF peaks
3734 | Chem. Sci., 2020, 11, 3727–3736
(Fig. 6(d)) can thus be interpreted as a signature of gradual
alloying of Cu with Zn species. Immediately aer the potential is
applied, the Zn-species are still mostly oxidized, and the
metallic phase of the catalyst consists predominantly of
metallic Cu. Upon gradual reduction of Zn (Fig. 7), the metallic
phase of the catalyst is enriched by Zn, forming an alloy with
distinct catalytic properties. In particular, for the Cu50Zn50 NPs
we observe a switch from CH4 to CO and then H2 as the main
CO2 conversion products (Fig. 2(c)). Importantly, the changes in
the catalyst structure and catalytic properties take place on the
same time scale of several hours. For comparison, for mono-
metallic Cu NPs we observe neither time-dependent changes in
the catalyst structure aer the initial reduction (Fig. 6(b)), nor
time-dependent changes in selectivity (Fig. 2(a)), giving us
additional condence that the observed changes in the catalyst
structure and selectivity are intimately linked.

Interestingly, for the Cu70Zn30 NPs, the time-dependent
changes in the catalyst structure are less pronounced than for
the Cu50Zn50 NPs. Aer the initial increase of the interatomic
distances, the Cu–M bond length in the Cu70Zn30 NPs plateaus
at a value in between those of metallic Cu and a CuZn brass
alloy Fig. 6(c). This correlates well with the slower time-
dependent selectivity changes and higher production of CH4,
observed for this sample in Fig. 2(b), and suggests that the
amount of Zn in this catalyst is not sufficient to form a Cu–Zn
alloy that producesmostly mainly H2 and CO as observed for the
Cu50Zn50 NP catalyst.

For the Cu30Zn70 NP catalyst, time-dependent structural
changes are even less pronounced. Aer a quick initial reduc-
tion, the Cu–Mdistance in this sample is already close to that in
CuZn brass alloy and in Cu50Zn50 NPs in their nal state,
Fig. 6(d and e). Consequently, also the time-dependent selec-
tivity changes are not pronounced for this sample (Fig. 2(d)),
and the distribution of reaction products is similar to those for
Cu50Zn50 NP catalyst in its nal state.

The change observed in the selectivity of the CuZn catalysts
is in agreement with our previous work indicating that the type
of interaction between the Zn and Cu component determines
the products obtained.13 For Cu catalysts in contact with ZnO,
the conversion of CO2 to hydrocarbons has been previously
observed.9,10 At the same time, production of only H2 and CO
was observed for Cu–Zn alloys.12 These results are in accord with
the switch in the selectivity displayed here from the production
of methane for Cu-rich catalysts in contact with unreduced ZnO
species to the production of CO and H2 with increasing reaction
time upon formation of the Cu–Zn alloy. When comparing our
results for small (ca. 5 nm) CuZn NPs with literature data,
particle-size effects need to be considered.13 The small particle
sizes in our samples may explain the methane selectivity
observed, in contrast to the production of C2 hydrocarbons
shown in ref. 9 and 10. The slow restructuring of the CuZn
catalysts and corresponding changes in the catalytic properties
are especially pronounced for the sample with a Cu to Zn ratio
close to 1. It is plausible that the zinc oxide and copper oxide
species present in our as-prepared catalyst are signicantly
segregated, hindering and delaying the formation of a homog-
enous Cu–Zn alloy under reducing conditions.
This journal is © The Royal Society of Chemistry 2020
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5. Conclusions

In this work we demonstrate the potential of combining oper-
ando EXAFS spectroscopy and articial neural network methods
for tackling the challenging problem of monitoring the catalyst
structure and composition under working conditions. We
demonstrated that the features of the NN-EXAFS method such
as the sensitivity to the contributions of distant coordination
shells and to strongly disordered structural phases, its appli-
cability to heterogeneous mixtures with coexisting different
species, robustness to experimental noise, and applicability for
quick and on-the-y analysis can provide key answers about the
structural and compositional changes in the catalyst under
reaction conditions, and allow us to identify the important
parameters responsible for the catalytic properties and their
time-dependent changes.

In particular, in this study of time-dependent changes in
CuZn nanocatalysts, we observed that the interactions between
Cu and Zn affect the crystallographic structure of the as-
prepared catalyst, its nal state under CO2RR conditions
(lattice spacing and crystallographic structure of the reduced
catalyst), as well as the degree and rate of the time-dependent
structural changes (e.g., reduction rate of Zn species and the
degree and rate of Cu and Zn alloying). The interplay of
geometric effects (changes in the interatomic distances) and
electronic effects (changes in the electronic structure due to Cu
and Zn alloying) during the gradual Cu and Zn reduction and
alloying, results in different catalytic selectivity and stability for
Cu-rich and Cu-poor samples. We demonstrated that we can use
the Cu–M interatomic distance as a convenient descriptor of the
catalyst properties in these size-selected bimetallic NPs, where
the NPs with shorter interatomic distance (similar to that in
metallic Cu) favour the production of CH4, while for NPs with
longer Cu–M distances the production of CO is favoured. While
the Cu–M interatomic distances in the latter case are similar to
those in the CuZn brass alloy, we observe signatures of devia-
tions from fcc-type structures in the RDFs for the Zn-rich NPs,
which also may contribute to the intriguing composition-
dependent properties of the CuZn catalysts.

Our ndings open new avenues for tuning the selectivity of
bimetallic CO2 electroreduction catalysts via the rational design
of their initial structure and chemical state.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was funded by the European Research Council under
grant ERC-OPERANDOCAT (ERC-725915), Deutsche For-
schungsgemeinscha (DFG, German Research Foundation) –

project no. 406944504 – SPP 2080, project no. 327886311 – SFB
1316, subproject B1, and Germany's Excellence Strategy – EXC
2008/1 – 390540038. We acknowledge SOLEIL for provision of
synchrotron radiation facilities and we would like to thank the
beamline staff for their assistance in using the beamline
This journal is © The Royal Society of Chemistry 2020
“SAMBA”. Experiments were also performed at CLAESS beam-
line at ALBA synchrotron with the collaboration of ALBA staff.
MD-EXAFS simulations were performed on the LASC cluster-
type computer at Institute of Solid State Physics of the Univer-
sity of Latvia.
Notes and references

1 P. Liu and J. K. Nørskov, Phys. Chem. Chem. Phys., 2001, 3,
3814–3818.

2 F. Gao and D. W. Goodman, Chem. Soc. Rev., 2012, 41, 8009–
8020.

3 P.-C. Chen, X. Liu, J. L. Hedrick, Z. Xie, S. Wang, Q.-Y. Lin,
M. C. Hersam, V. P. Dravid and C. A. Mirkin, Science, 2016,
352, 1565–1569.

4 N. Agarwal, S. J. Freakley, R. U. McVicker, S. M. Althahban,
N. Dimitratos, Q. He, D. J. Morgan, R. L. Jenkins,
D. J. Willock and S. H. Taylor, Science, 2017, 358, 223–227.

5 A. Wong, Q. Liu, S. Griffin, A. Nicholls and J. Regalbuto,
Science, 2017, 358, 1427–1430.

6 B.-J. Hwang, L. S. Sarma, J.-M. Chen, C.-H. Chen, S.-C. Shih,
G.-R. Wang, D.-G. Liu, J.-F. Lee and M.-T. Tang, J. Am. Chem.
Soc., 2005, 127, 11140–11145.

7 G. Yin, H. Abe, R. Kodiyath, S. Ueda, N. Srinivasan,
A. Yamaguchi and M. Miyauchi, J. Mater. Chem. A, 2017, 5,
12113–12119.

8 H. Hu, Y. Tang, Q. Hu, P. Wan, L. Dai and X. J. Yang, Appl.
Surf. Sci., 2018, 445, 281–286.

9 G. Keerthiga and R. Chetty, J. Electrochem. Soc., 2017, 164,
H164–H169.

10 D. Ren, B. S.-H. Ang and B. S. Yeo, ACS Catal., 2016, 6, 8239–
8247.

11 Y. Feng, Z. Li, H. Liu, C. Dong, J. Wang, S. A. Kulinich and
X. Du, Langmuir, 2018, 34, 13544–13549.

12 S. Lamaison, D. Wakerley, D. Montero, G. Rousse,
D. Taverna, D. Giaume, D. Mercier, J. Blanchard,
H. N. Tran and M. Fontecave, ChemSusChem, 2019, 12,
511–517.

13 H. S. Jeon, J. Timoshenko, F. Scholten, I. Sinev, A. Herzog,
F. T. Haase and B. Roldan Cuenya, J. Am. Chem. Soc., 2019,
141, 19879–19887.

14 D. Kim, J. Resasco, Y. Yu, A. M. Asiri and P. Yang, Nat.
Commun., 2014, 5, 4948.

15 C. G. Morales-Guio, E. R. Cave, S. A. Nitopi, J. T. Feaster,
L. Wang, K. P. Kuhl, A. Jackson, N. C. Johnson,
D. N. Abram and T. Hatsukade, Nat. Catal., 2018, 1, 764.

16 L. Lu, X. Sun, J. Ma, D. Yang, H. Wu, B. Zhang, J. Zhang and
B. Han, Angew. Chem., Int. Ed., 2018, 57, 14149–14153.

17 E. L. Clark, C. Hahn, T. F. Jaramillo and A. T. Bell, J. Am.
Chem. Soc., 2017, 139, 15848–15857.

18 S. Sarfraz, A. T. Garcia-Esparza, A. Jedidi, L. Cavallo and
K. Takanabe, ACS Catal., 2016, 6, 2842–2851.

19 H. Mistry, A. S. Varela, S. Kühl, P. Strasser and B. Roldan
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Phys. Chem., 2018, DOI: 10.1016/j.radphyschem.2018.11.003.

42 J. Timoshenko, A. Halder, B. Yang, S. Seifert, M. J. Pellin,
S. Vajda and A. I. Frenkel, J. Phys. Chem. C, 2018, 122,
21686–21693.

43 M. Ahmadi, J. Timoshenko, F. Behafarid and B. Roldan
Cuenya, J. Phys. Chem. C, 2019, 123, 10666–10676.

44 J. Timoshenko and A. I. Frenkel, ACS Catal., 2019, 9, 10192–
10211.

45 J. Timoshenko, A. Anspoks, A. Cintins, A. Kuzmin, J. Purans
and A. I. Frenkel, Phys. Rev. Lett., 2018, 120, 225502.

46 J. Timoshenko, C. J. Wrasman, M. Luneau, T. Shirman,
M. Cargnello, S. R. Bare, J. Aizenberg, C. M. Friend and
A. I. Frenkel, Nano Lett., 2019, 19, 520–529.
3736 | Chem. Sci., 2020, 11, 3727–3736
47 H. S. Jeon, I. Sinev, F. Scholten, N. J. Divins, I. Zegkinoglou,
L. Pielsticker and B. Roldan Cuenya, J. Am. Chem. Soc., 2018,
140, 9383–9386.

48 B. Ravel and M. Newville, J. Synchrotron Radiat., 2005, 12,
537–541.

49 A. L. Ankudinov, B. Ravel, J. J. Rehr and S. D. Conradson,
Phys. Rev. B: Condens. Matter Mater. Phys., 1998, 58, 7565–
7576.

50 J. Timoshenko, Z. Duan, G. Henkelman, R. Crooks and
A. Frenkel, Annu. Rev. Anal. Chem., 2019, 12, 501–522.

51 J. Timoshenko and A. Kuzmin, Comput. Phys. Commun.,
2009, 180, 920–925.

52 Y. LeCun, Y. Bengio and G. Hinton, Nature, 2015, 521, 436.
53 A. Sutton and J. Chen, Philos. Mag. Lett., 1990, 61, 139–146.
54 J. Timoshenko, A. Anspoks, A. Kalinko and A. Kuzmin, Acta

Mater., 2014, 79, 194–202.
55 J. Timoshenko, A. Anspoks, A. Kalinko and A. Kuzmin, Phys.

Status Solidi C, 2014, 11, 1472–1475.
56 A. Anspoks, A. Kuzmin, A. Kalinko and J. Timoshenko, Solid

State Commun., 2010, 150, 2270–2274.
57 A. Anspoks, A. Kalinko, R. Kalendarev and A. Kuzmin, Phys.

Rev. B: Condens. Matter Mater. Phys., 2012, 86, 174114.
58 A. Kuzmin, A. Anspoks, A. Kalinko and J. Timoshenko, Z.

Phys. Chem., 2016, 230, 537–549.
59 A. Kuzmin, J. Timoshenko, A. Kalinko, I. Jonane and

A. Anspoks, Radiat. Phys. Chem., 2018, DOI: 10.1016/
j.radphyschem.2018.12.032.

60 A. Hallil, J.-M. Raulot and M. Cherkaoui, Comput. Mater. Sci.,
2014, 81, 366–373.

61 B. Devine, T.-R. Shan, Y.-T. Cheng, A. J. McGaughey, M. Lee,
S. R. Phillpot and S. B. Sinnott, Phys. Rev. B: Condens. Matter
Mater. Phys., 2011, 84, 125308.

62 A. C. Van Duin, V. S. Bryantsev, M. S. Diallo, W. A. Goddard,
O. Rahaman, D. J. Doren, D. Raymand and K. Hermansson,
J. Phys. Chem. A, 2010, 114, 9507–9514.

63 J. Timoshenko, A. Anspoks, A. Kalinko and A. Kuzmin, Phys.
Scr., 2016, 91, 054003.

64 J. Timoshenko, A. Kuzmin and J. Purans, J. Phys.: Condens.
Matter, 2014, 26, 055401.

65 J. Timoshenko, K. R. Keller and A. I. Frenkel, J. Chem. Phys.,
2017, 146, 114201.

66 S. Gurman and R. McGreevy, J. Phys.: Condens. Matter, 1990,
2, 9463.

67 A. Patlolla, J. Zunino, A. I. Frenkel and Z. Iqbal, J. Mater.
Chem., 2012, 22, 7028–7035.

68 A. Kuzmin, S. Larcheri and F. Rocca, J. Phys.: Conf. Ser., 2007,
93, 012045.

69 J. Rosen, G. S. Hutchings, Q. Lu, R. V. Forest, A. Moore and
F. Jiao, ACS Catal., 2015, 5, 4586–4591.

70 F. Iesari, A. Trapananti, M. Minicucci, A. Filipponi and A. Di
Cicco, Nucl. Instrum. Methods Phys. Res., Sect. A, 2017, 411,
68–71.

71 G. Aquilanti, A. Trapananti, M. Minicucci, F. Liscio,
A. Twaróg, E. Principi and S. Pascarelli, Phys. Rev. B:
Condens. Matter Mater. Phys., 2007, 76, 144102.

72 E. Owen and G. Preston, Proc. Phys. Soc., London, 1923, 36,
49.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc00382d

	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...

	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...
	Linking the evolution of catalytic properties and structural changes in coppertnqh_x2013zinc nanocatalysts using operando EXAFS and...


