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The development of earth-abundant catalysts for selective electrochemical CO
conversion is a central challenge. CuSn bimetallic catalysts can yield selective CO
reduction toward either CO or formate. This study presents oxide-derived CuSn
catalysts tunable for either product and seeks to understand the synergetic e"ects
between Cu and Sn causing these selectivity trends. The materials undergo signi#cant
transformations under CO  reduction conditions, and their dynamic bulk and surface
structures are revealed by correlating observations from multiple methods—X-ray
absorption spectroscopy for in situ study, and quasi in situ X-ray photoelectron
spectroscopy for surface sensitivity. For both types of catalysts, Cu transforms to metallic
Cu  under reaction conditions. However, the Sn speciation and content di"er signi#cantly
between the catalyst types: the CO-selective catalysts exhibit a surface Sn content of 13
at. % predominantly present as oxidized Sn, while the formate-selective catalysts display
an Sn content of ≈70 at. % consisting of both metallic Sn  and Sn oxide species. Density
functional theory simulations suggest that Sn  sites weaken CO adsorption, thereby
enhancing CO selectivity, while Sn  sites hinder H adsorption and promote formate
production. This study reveals the complex dependence of catalyst structure,
composition, and speciation with electrochemical bias in bimetallic Cu catalysts.
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1 Introduction
Copper-based electrocatalysts have been widely studied for CO  electrochemical reduction
(CO ER) due to their unique capability to produce valuable products such as CO,
hydrocarbons, and alcohol. As many as 16 products have been observed during CO ER on
polycrystalline Cu.  The typical major products are formate, CO, ethylene, and methane,
minor ones include alcohols and other oxygenates, and the hydrogen evolution reaction
(HER) is an (often signi#cant) parasitic reaction. Directing selectivity among this wide variety
of products remains a pressing challenge in the #eld.  Diverse catalyst engineering
approaches to improve the selectivity of Cu have been advanced in the #eld including the
use of nanostructured  as well as oxide-derived Cu catalysts,  as discussed in the
comprehensive review by Nitopi et al.  Another possible approach to modulate Cu
selectivity is to functionalize the Cu surfaces with a second metal to form CuM bimetallic
catalysts.  In particular, several studies on the CO ER activity of CuSn catalysts have
demonstrated remarkably high selectivity towards CO  or formate.  Although a
number of empirical trends correlating composition and structure with observed selectivity
have been reported, an understanding of the precise mechanistic e"ects directing selectivity
remains elusive.

Comparison of several studies employing various CuSn stoichiometries with similar
morphologies  indicates generally that CuSn catalysts with low Sn content are
typically selective towards CO production, while those with high Sn content favors formate
(HCOO ). However, speci#c optimal compositions leading to high activity towards CO or
formate vary signi#cantly among reports. Furthermore, improved activity and selectivity are
reported in catalysts with high surface area. Highly CO-selective catalysts have been
achieved by the functionalization of high surface area Cu nanostructures with low amounts
of Sn by electrodeposition,  electroless deposition,  or atomic layer deposition (ALD)
of SnO .  Interestingly, high surface area Cu nanostructures functionalized with Sn
overlayers have also been reported as highly selective catalysts towards formate.
Presumably, signi#cant di"erences in CuSn surface structure and composition exist
among these high surface area catalysts selective toward di"erent products, but
unfortunately the detailed analysis of surface composition is rarely reported. Therefore, an
investigation of composition and speciation in Sn-functionalized Cu nanostructures tuned to
yield radically di"erent selectivity (namely CO or formate) is of high interest to help unravel
the factors which direct this selectivity.

Various explanations of the synergetic e"ects that yield these high selectivities of CuSn
bimetallic catalysts have been proposed. According to density functional theory (DFT)
investigations, increased HER overpotentials are predicted on CuSn surfaces compared to
pure Cu,  leading to an increased relative selectivity for CO ER over HER on CuSn
materials. As for the possible e"ects of CuSn composition directing selectivity among CO
or formate pathways, Vasile"  reported a Bader charge analysis indicating a partial
electron transfer (ET) from Sn to Cu in CuSn alloys, leading to the formation of partially
oxidized Sn  sites and partially reduced Cu  sites. This partial ET is proposed to gradually
weaken the adsorption of *COOH (leading to CO) with increasing Sn content and enhance
*OCHO adsorption (leading to HCOO ). Meanwhile, the persistence of oxidized Sn as an
active site during CO ER experiments has been invoked by Li et al. based on DFT studies,
who proposed that Cu-doped uniaxially-compressed SnO  is the active site for selective
reduction of CO  to CO in Cu@SnO  (core@shell) nanoparticle catalysts.

These DFT studies on CuSn bimetallic CO ER catalysts indicate that charge distribution
among metal sites and their oxidation states play a crucial role in the binding strength of the
key intermediates directing selectivity between H , CO, and formate. At the center of the
debate is the possible persistence of oxidized metal sites under CO ER reduction conditions
and the precise nature of the active site. While these DFT models are typically based on
compositions observed either before or after electrocatalyst testing, it is well known that
electrocatalyst materials can transform signi#cantly under CO  reduction conditions,
presenting challenges in identifying their actual active forms. In this context, the
complementary techniques of X-ray absorption (XAS) and X-ray photoelectron (XPS)
spectroscopy are powerful techniques to probe the chemical environment and oxidation
state of Cu and Sn and gather relevant information on the active form of the catalysts.

Herein, we present an X-ray spectroscopy study of a CuSn bimetallic system with tunable
Sn content capable of achieving high selectivity to either CO or formate. Complementary
information on the composition and chemical environment of metals in the electrocatalysts’
bulk and surface was revealed by correlating observations from multiple X-ray spectroscopy
methods (in situ hard-XAS, ex situ soft-XAS, and quasi in situ XPS). Finally, DFT simulations
unveil the role of Sn speciation in driving CO and HCOO  selectivity. Our study reveals a
complex correlation between catalyst structure, composition, and speciation with applied
electrochemical bias in Sn-functionalized Cu catalysts.

2

2

2
[1]

[2]

[3-6] [7-12]

[13]

[14, 15]
2
[16, 17] [18, 19]

[20-22]

−

[23-25] [26]

2
[16]

[19, 22, 27]

[17]
2

[28]

δ+ δ-

−

2
[22]

2

2 2

2

2

2

2

−

Figure 1 Open in !gure viewer PowerPoint

a) Schematic of synthesis procedure. b,c) SEM micrographs of the AS CuNW modi#ed with 15 cycles of ALD

SnO . d) Cross-section SEM micrograph of CuNW-Sn-15c at the site of a Focused Ion Beam cut. e) Grazing

incidence XRD patterns of AS CuNW bare and modi#ed with 15 or 182 cycles of SnO  ALD.

Figure 2 Open in !gure viewer PowerPoint

CO ER activity for di"erent CuNW samples modi#ed with various numbers of SnO  ALD cycles, each tested at

−0.7 V versus RHE in 0.1 M KHCO . a) Faradaic e$ciencies and b) partial current densities. CO ER as a function

of applied potential for c) CuNW-Sn15c and d) CuNW-Sn182c. Error bars correspond to standard deviation of

at least three independent samples tested at each potential.

Figure 3 Open in !gure viewer PowerPoint

In situ Cu K-edge XAS investigation of CuNW electrodes modi#ed with variable number of SnO  ALD cycles. a)

XANES spectra collected during CP activation, b) CP activation at −0.2 mA cm . The spectra in (a) are color-

coded to match the CP time frame (b) in which they were collected. Cu K-edge spectra, c) Cu K-edge XANES

spectra collected in the AS state and during CO ER at −0.1 V, and d) corresponding k2-weighted FT-EXAFS in

the k range between 3–12 (note displayed FT-EXAFS is not phase corrected). Reference spectra collected from

standards of metallic Cu , CuO, Cu(OH) , and Cu O are presented for comparison.

Figure 4 Open in !gure viewer PowerPoint

XPS spectra for a) Cu 2p, b) Cu Auger, and c) Sn 3d core levels for CuNW samples modi#ed with di"erent

SnO  content (bare CuNW (top), CuNW-Sn  (middle), and CuNW-Sn  (bottom)) in their AS state and after

di"erent electrochemical tests: after CP activation at −2 mA cm  up to −0.5 V, after 2 h CO ER at −0.7 and

−0.9 V, and after exposure to air. Spectra are presented with a vertical o"set to facilitate comparison.

Electrochemical tests were conducted in an inert gas glovebox at the speci#ed potential for 2 h followed by

removal from the electrolyte and transfer to the XPS chamber without air exposure.

Figure 5 Open in !gure viewer PowerPoint

Surface metal speciation derived from XPS analysis, expressed as at. % of each species relative to total metal

(Cu+Sn) for a) CuNW-Sn  and b) CuNW-Sn , following CO  electrolysis at the indicated potential and air-

free transfer to the XPS analysis chamber.

Figure 6 Open in !gure viewer PowerPoint

TEM characterization of a–c) CuNW-Sn  AS, and after electrolysis at d–f) −0.6 and g–i) −0.9 V. Top images

correspond to SAED analysis (scale bar 5 nm ), middle images correspond to TEM micrographs and bottom

images correspond to EFTEM mappings of Cu (L-edge: purple) and Sn (M-edge: green).

2 Results & Discussion
2.1 Material Synthesis & Characterization

The preparation of nanostructured CuSn electrocatalysts was adapted from the method
reported by Schreier et al.  Complete experimental details are provided in Section S1,
Supporting Information. In a #rst step, electrodes based on arrays of Cu(OH)  nanowires,
denoted hereafter CuNW, were synthesized by anodization of Cu #lms (1 µm) sputter
deposited on glass substrates. The anodization was carried out at a constant current of 8 mA
cm  to reach a total charge of 1.35 C cm  and the samples were subsequently annealed in
air at 150 °C for 1 h (Figure 1a). This procedure yields reproducible bundled nanowire arrays
with lengths of several µm (≈8–10 µm) and diameters of hundreds of nm (200–400 nm),
which are attached to a continuous Cu base layer, as seen in Figure 1b–d.

The so-obtained Cu(OH)  nanowires were then modi#ed by ultrathin SnO  layers generated
by ALD with varied number of deposition cycles, denoted hereafter CuNW-SnXc (Xc = X
number of ALD cycles). The ALD method allows uniform and conformal coating of the high
surface area nanostructures with SnO , and variation of the deposition cycles enables us to
precisely modulate the surface Sn content, while avoiding signi#cant changes in morphology
(Figure 1 and Figure S1, Supporting Information). The number of deposition cycles was
varied across the range 1–182, which correspond to expected nominal thicknesses of
approximately 0.1–20 nm based on calibrated deposition rates. The X-ray di"raction (XRD)
patterns of the samples modi#ed with 15 and 182 ALD cycles of SnO  display the typical
pattern for CuO (Figure 1e), indicating that the Cu(OH)  nanowires are dehydrated under the
ALD conditions (120 °C under vacuum). Note that the observed Cu  metallic di"raction peaks
arise from the underlying residual sputtered Cu, as can be seen in the cross-section
scanning electron microscopy (SEM) micrograph (Figure 1d). This continuous Cu layer—a
result of only partially anodizing the original #lm—is important for maintaining the integrity
and conductivity of the NW arrays as a functioning electrode. As seen in Figure 1d, a
compact CuO layer above it likely prevents the metallic underlayer from contributing to the
electrocatalysis.

The samples were tested for CO  electroreduction in CO  saturated 0.1 M KHCO  in a
custom-made three-electrode two-compartment cell separated by a Na#on 115 membrane,
under a constant %ow of CO . Since the CuNW-SnXc was originally composed of Cu(OH)
(bare CuNW) or CuO (SnO  ALD modi#ed samples) and variable amounts of SnO , the oxide
composites were pre-reduced by chronopotentiometry (CP) at a constant current of −2 mA
cm  to reach a potential of −0.5 V versus RHE (reversible hydrogen electrode; all potentials
reported hereafter are referred to RHE unless otherwise speci#ed). Directly after the pre-
reduction step, the samples were set at the desired CO  electrolysis potential, typically
−0.7 V where the maximum e$ciency for CO has been reported for this system.
Representative pre-reduction CP and chronoamperometry data are presented in Figure S2,
Supporting Information. The CO ER activity at −0.7 V for samples modi#ed with various
numbers of SnO  ALD cycles (between 1–182) is displayed as faradaic e$ciency and partial
current densities in Figure 2a,b. The results show that modifying the CuNW with a single
cycle of SnO  induces a signi#cant shift in selectivity, namely the near-complete suppression
of formate and a large increase in CO selectivity. Increasing the SnO  to 15 cycles further
improves CO selectivity over H  and ethylene, reaching an optimal faradaic e$ciency
together with the highest CO partial current density (Figure 2b). Further increasing SnO  to
20, 25, and 182 cycles (≈20 nm) induces a decrease in CO selectivity and production rate, as
well as total current density. Such volcano-type behavior was previously reported by
Schreier et al.  albeit with di"erent optimal numbers of SnO  ALD cycles, presumably due
to the use of di"erent ALD system conditions. As noted above, the Cu(OH)  dehydrates to
CuO during the ALD process. We performed a series of control experiments, pre-
dehydrating Cu(OH)  to CuO before ALD (Figure S3, Supporting Information). The results
indicate that the dehydration of Cu(OH)  to CuO itself induces only minor changes in CO ER
selectivity, whereas after the addition of 15 ALD cycles of SnO  to each, the Sn-functionalized
Cu(OH)  and CuO nanowire samples both obtained high CO faradaic e$ciency (79% and
83% respectively).

The CuNW modi#ed with 15 ALD cycles, hereafter denoted CuNW-Sn , displays the
optimal composition for CO production with the highest faradaic selectivity (79%) and CO
partial current density of ≈−2.5 mA cm . Its CO ER performance was further investigated in
the potential range from −0.5 to −0.9 V (Figure 2c). This composite displays high CO
selectivity across the moderate overpotential range −0.6 to −0.8 V, decreasing at lower and
higher potentials in favor of increased hydrogen evolution. Low formate selectivity is
observed across the examined range. Therefore, this addition of an ultrathin ALD layer of
SnO  (15 cycles correspond to a nominal thickness ≈1.6 nm) results in a signi#cant alteration
of product selectivity toward CO, as compared to the mixture of several products observed
on bare CuNW (CO ER activity shown in Figure S4, Supporting Information). The observation
that this intermediate loading of SnO  produced the best selectivity and rate for CO
formation suggests that there is an important synergy between Cu and Sn which is
responsible for this optimized activity.

The CuNW modi#ed with a high SnO  content (182 ALD cycles, corresponding to a nominal
#lm thickness of approx. 20 nm), hereafter denoted CuNW-Sn , was also investigated
across the same potential range (Figure 2d). Although at −0.7 V this catalyst produced a mix
of products dominated by H , at more negative potentials the selectivity to hydrogen greatly
decreases while formate increases signi#cantly to become the primary product (FE 80% at
−0.9 V). Meanwhile, the CO selectivity for this composite remains low at all tested potentials.
Thus, at su$ciently high loading of Sn, the composite samples exhibit high formate
selectivity comparable to what has been reported for pure Sn catalysts.

Scanning electron microscopy (SEM) characterization of the catalysts after CO  electrolysis is
presented in Figure S5, Supporting Information. The materials display mostly preserved
nanowire structures with roughened surfaces. Energy-dispersive X-ray spectroscopy (EDX)
quanti#cation of bulk composition (Table 1, Figures S6 and S7, Supporting Information)
shows that a decreased Sn content is observed after electrolysis experiments; in CuNW-
Sn  the bulk Sn fraction (referred to total metal Sn+Cu) decreases from 2.2 ± 0.3 at. % in
the as-synthesized (AS) catalyst to 1.9 ± 0.2 at. % after electrolysis at −0.9 V. In the case of
CuNW-Sn  the Sn content decreases from 23 ± 1.1 at. % in the AS catalyst to 16 ± 1.3 at. %
after electrolysis at −0.9 V. Partial dissolution of Sn was further con#rmed by inductively
coupled plasma-optical emission spectrometry (ICP-OES) analysis of electrolyte (Table S1,
Supporting Information). Together these results demonstrate that the SnO  ALD
modi#cation of CuNW electrodes enables the modulation of the CuSn bimetallic
composition to reach high selectivity toward either CO in CuNW-Sn  or formate in CuNW-
Sn  with minor changes to the nanoscale morphology of the electrodes (Figure S1 and
Section S5, Supporting Information).

Table 1. Summary of bulk and surface characterization XRD, EDX, and XPS for CuNW
modi#ed with low and high Sn content by ALD overlayers AS and following CO  reduction at
di"erent applied potentials

These two composites were selected as CO- and formate-selective CuSn catalysts for
further investigation of synergetic e"ects between metals through correlation of
observations gathered by di"erent X-ray spectroscopy methods (in situ hard-XAS, ex situ
soft-XAS, and quasi in situ XPS). Complimentary information on oxidation states and
chemical environment of Cu and Sn in CuNW-Sn electrocatalysts’ bulk and surface following
progressive electroreduction stages has been assessed to gather relevant information on
the active form of the catalysts. The X-ray spectroscopy observations and their correlation
with CO ER activity trends are discussed in the following sections.

2.2 In Situ Investigation of Cu and Sn K-Edges during CO ER via
Hard X-Ray Absorption Spectroscopy

The Cu K-edge XAS measurements were conducted at the KMC-2 beamline at the BESSY II
synchrotron.  The penetration length of X-ray photons through matter is a function of
their energy and the phases through which they pass, with higher energy photons capable
of traveling further through condensed matter without complete attenuation. This enables
the use of high-energy “hard” X-rays for in situ studies of electrode materials in operating
electrochemical cells. Photons with energy corresponding to the Cu K-edge (located at
8979 eV) have an approximate probing depth of ≈4 µm in Cu and ≈1.4 mm in water.  A
custom electrochemical cell with a polymer window and a thin electrolyte layer of ≈500 µm
(CO  sat. 0.1 M KHCO ) was fabricated to enable hard X-ray absorption measurements of the
electrode in %uorescence detection mode, under electrochemical CO ER conditions. The cell
and spectroscopy setup employed for these measurements are shown in Figure S9,
Supporting Information. Considering that the CuNW arrays atop the glass substrate exhibit a
porous structure with thickness in the µm range (see Figure 1 b–d), it is expected that the
incoming radiation probes the bulk of CuNW and the underlying sputtered Cu as well, as will
be discussed later. According to FIB cross-section images the samples have an underlying
sputtered Cu  layer of 300–400 nm thickness (Figure 1d and Figure S1, Supporting
Information).

The CuNW samples modi#ed with di"erent amounts of SnO  were investigated in their AS
state as well as in situ during both the CP pre-reduction step and CO  electrolysis. The Cu K-
edge X-ray Absorption Near-Edge Structure (XANES) spectra and Fourier Transform
Extended X-ray Absorption Fine Structure (FT-EXAFS) analyses are shown in Figure 3. In the
AS state the bare CuNW electrode displays a XANES spectrum typical of Cu(OH)  (Figure 3c).
In samples CuNW-Sn  and CuNW-Sn  the spectra resemble the standard CuO
spectrum as indicated by the shoulder ≈8982 eV, presumably due to dehydration of Cu(OH)
to CuO under ALD conditions (120 °C under vacuum, see experimental details in the Supp.
Info.) in agreement with the di"raction patterns (Figure 1e). Additionally, all AS samples
exhibit an early shoulder at ≈8977 eV attributable to the sputtered metallic Cu  layer below
the CuNW (Figure 1d). The k2-weighted FT-EXAFS analysis of AS samples Cu K-edge spectra
are displayed in Figure 3d. The peak 1.6 Å corresponds to the CuO distance in both CuO
and Cu(OH) , while the peak at 2.3 Å corresponds to the CuCu distance in the underlying
sputtered metallic Cu layer, in agreement with previous reports.

With the aim of investigating possible e"ects of Sn content on the progressive reduction of
Cu, several Cu K-edge XANES spectra (each acquired for ≈20 min) were collected during
chronopotentiometric (CP) pre-reduction of bare CuNW as well as samples CuNW-Sn  and
CuNW-Sn . Although under standard conditions this pre-reduction step was typically
carried out at −2 mA cm , taking on average 8–10 min (see Figure S2, Supporting
Information), here the activation was carried out at a lower current density of −0.2 mA cm
in order to allow su$cient time to collect a series of XANES spectra at di"erent stages during
the activation step. These spectra are shown in Figure 3a, color-coded to match the CP time
frame in which they were collected (Figure 3b). For all types of samples, with or without Sn
deposited, the experiments show the progressive transition from Cu  to Cu  that completes
after about 70 min of CP pre-reduction. The results indicate that roughly the same amount
of charge has been passed on all samples at the point where de#ned XANES Cu° features
are observed; this signi#es that about the same amount of Cu  has been reduced in each
case, although more reductive potentials are required for reduction of samples containing
Sn (Figure 3b and Figure S2, Supporting Information).

After CP pre-reduction until reaching a potential of −0.4 V, the samples were held at this
potential for 30 min for collection of additional XANES spectra (see Figure S10, Supporting
Information). However, at this stage the samples transition from self-reduction to
electrocatalytic CO ER and HER, and bubble formation due to the formation of gaseous
products commences, causing disruptions to the measurement of a stable signal. To
perform EXAFS data collection, a longer collection time in the post edge region is necessary,
requiring a very stable signal over a duration of ca. 2.5 h per spectrum. Thus, to allow EXAFS
collection, the reduction bias was decreased to −0.1 V, a potential su$ciently reducing to
observe a sustained catalytic reduction current (≈−150–200 µA cm ) without observable
bubble-induced noise. The resulting Cu K-edge XANES spectra at −0.1 V are shown in
Figure 3c; all the samples exhibit the typical features of metallic Cu° characterized by an
early shoulder ≈8977 eV, and all show a dominant EXAFS peak at 2.3 Å (Figure 3d)
attributable to the CuCu distance in metallic Cu  during CO ER turnover. No signi#cant
di"erences were observed between the XANES spectra collected at −0.4 or −0.1 V versus
RHE—for both conditions, all samples have spectra closely matching that of metallic Cu , as
shown in Figure S10, Supporting Information.

These results are in good agreement with ex situ GI-XRD characterization (Figure S8,
Supporting Information): after electrolysis CuNW-Sn  displays the di"raction pattern of
metallic Cu , while CuNW-Sn  shows a mix of Cu  and Cu Sn  alloy. These observations
indicate that the bulk of the CuNW samples is reduced under CO ER catalytic conditions and
the use of hard X-rays enabled the observation of the dynamic transformation of reduction
of Cu. Note that CuSn and CuCu distances in Cu Sn  and metallic Cu are very close (≈2.3
Å without phase correction)  and are not distinguishable from each other in EXAFS
analysis. However, as will be discussed below, the transmission electron microscopy (TEM)
investigation of CuNW-Sn  (Figure 6 and Figure S15, Supporting Information) provided
further evidence of the formation of Cu Sn  during CO  electrolysis.

The Sn speciation during CO ER was investigated by in situ XANES at the Sn K-edge (with
hard X-ray energies ca. 29.2 keV), conducted at the BAMline at BESSY II.  The experimental
details can be found in Section S3.2, Supporting Information. Both sample types in the AS
condition showed the typical features of SnO . CuNW-Sn  was further investigated during
CO ER at increasingly negative bias between −0.5 and −0.9 V, which led to a progressive
decrease in the relative amplitude of the white line peak prominent in the oxides SnO  and
SnO, indicating the growth of a metallic Sn component (Figure S12a, Supporting
Information). Linear combination #tting analysis of the XANES spectra (Figure S12c,
Supporting Information) indicates that at −0.5 and −0.6 V the SnO  oxide is partially reduced
to SnO and a minor amount of Sn  (< 6 % at −0.6 V), at −0.7 V and −0.9 V the Sn° component
grows with increasingly reductive bias (to 72% at −0.9 V), and SnO  is observed to persist at
all tested potentials.

In the case of CuNW-Sn , XANES spectra collected at −0.5 and −0.7 V also display a partial
%attening of the SnO  white line feature, indicative of partial reduction of SnO  (Figure S12b,
Supporting Information). However, the low Sn content leads to a low signal-to-noise ratio,
hindering further quantitative analysis of the data. Nevertheless, the persistence of the
white line feature in the spectra collected during CO ER at −0.5 and −0.7 V indicates that Sn
is (at least partially) present in an oxidized state.

Overall, the in situ XAS investigation of Cu and Sn K-edges revealed dynamic potential-
dependent transformations of both elements in the CuNW-Sn electrocatalysts under CO
electroreduction conditions. For Cu, the bulk reduction of CuO NW to Cu  in all CuNW-Sn
samples (regardless of Sn content) is veri#ed during CP activation at potentials as mild as
−0.4 V versus RHE. In contrast, CuNW-Sn  and CuNW-Sn  samples both displayed
partial reduction of the SnO  layer into metallic Sn  while retaining features of persistent
oxidized Sn at potentials as reductive as −0.7 and −0.9 V.

Given the bulk sensitivity of the XAS measurements conducted using hard X-rays, the
possibility of persistent surface or subsurface copper oxide (as reported in some previous
studies on pure Cu catalysts)  could not be adequately investigated by this method. To
more selectively probe the catalysts’ surfaces, complimentary investigations by soft X-ray
XAS and XPS were conducted, as discussed in the following sections.

2.3 Investigation of Surface Composition via Ex Situ Soft XAS and
Quasi In Situ XPS

The electrode surface composition was initially investigated by ex situ XAS, using the
LiXEdrom experimental station at the UE56/2 PGM-2 beamline at BESSY II.  The Cu L- and
Sn M-edge spectra were investigated in the soft X-ray range using total electron yield (TEY)
detection mode, whereby the probing depth is less than 10 nm, limited by the mean free
path of generated photoelectrons.  While this method o"ers good surface sensitivity,
the attenuation of soft X-rays and photoelectrons in water prevents this method from being
applied in situ during electrocatalysis. To achieve surface-sensitive analysis of samples
resembling their catalytically-active form, we compromised by #rst conducting the
electrochemical experiments (CP pre-reduction until −0.5 V, and electrolysis a constant
potential of −0.7 V) inside an O -free glovebox and then transferring them directly into the
high-vacuum chamber for soft XAS analysis, thus mitigating electrode re-oxidation in air,
although a brief period of air exposure (≈15–20 min) was unavoidable during the transfer
step. CuNW samples and a series of relevant standards (Cu and Sn metals and oxides) were
measured. The results are presented in Section S3.3 and Figure S13, Supporting
Information).

The soft X-ray absorption investigation provides insight on the surface structure and
composition changes taking place in the CuNW-Sn samples during CO  electroreduction. In
all samples, surface Cu appears readily reduced from Cu  to Cu /Cu  after the pre-
reduction step to −0.5 V (Figure S13a, Supporting Information). On the other hand, Sn
persists as a SnO  enriched surface overlayer after the pre-reduction step (Figure S13b,
Supporting Information). However, after electrolysis at −0.7 V, the Sn M-edge signal
decreases for both samples CuNW-Sn  and CuNW-Sn  in comparison to the AS state,
indicating a signi#cant decrease in Sn content at the near-surface depth (<10 nm) probed by
soft XAS, presumably due to migration from surface to bulk or dissolution. Additionally, the
results indicate residual surface content of oxidized Cu as Cu  and Cu , as well as SnO. Due
to the surface-sensitive nature of this ex situ method and the unavoidable air exposure
which likely induced some degree of surface oxidation, we cannot be certain whether the
observed Cu , Cu , and SnO surface species persisted under CO ER conditions or if they
were formed spontaneously by oxidation in air. Nevertheless, a reproducible trend of Cu
signal in CuNW-Sn  sample in the di"erent conditions tested suggests that the presence
of low amounts of Sn may render near-surface Cu atoms more prone to oxidation, in
contrast to the Sn-free bare CuNW sample which is free of Cu  signal after CO ER. Similar
trends were observed in ex situ surface-sensitive XPS investigations of CuSn alloys.

In order to investigate if the copper and tin oxidized species observed by ex situ soft XAS
(Figure S13a,b, Supporting Information) are the product of fast reoxidation during brief air
exposure and quantify the observed decrease of surface Sn during catalytic turnover, a
quasi in situ investigation by XPS was conducted.  XPS spectra for CuNW samples with
di"erent SnO  content (bare CuNW, CuNW-Sn , and CuNW-Sn ) were collected in AS
condition as well progressive reductive conditions after CP pre-reduction to −0.5 V, after 2 h
catalysis at −0.7 V, and after 2 h catalysis at −0.9 V. The electrochemical testing was
conducted under inert atmosphere in a glovebox, then the samples were dried, and
promptly transferred to the XPS chamber using a gastight transfer module. By this method,
the exclusion of atmospheric oxygen exposure is ensured, preventing oxidation and making
the resulting electrode surfaces more representative of their active forms, while also taking
advantage of the surface sensitivity of XPS.

The AS samples display the expected spectral features (Figure 4). In agreement with the XRD
characterization bare CuNW displays a Cu 2p spectrum (main peak at binding energy (BE) of
933.9 eV and shake-up satellite structure) and Cu LMM Auger spectrum typical for Cu(OH) .
The sample modi#ed with a low content of Sn, CuNW-Sn , exhibits Cu 2p (main peak at BE
934.1 eV and shake-up satellite structure) and Cu LMM spectral features of CuO. For both
samples, Cu 2p and Cu LMM Auger spectra can be accurately #tted with the peak model
described by Biesinger et al.  for Cu(OH)  and CuO (see details on peak model in Section
S4.1, Table S3, Supporting Information).

The study of progressive reduction on the bare CuNW sample indicates that the catalysts’
surfaces are fully reduced to metallic Cu  after CP activation up to −0.5 V (Figure 4a,b) as
indicated by the sharp Cu 2p doublet with the main peak at BE 932.7 eV, as well as the
metallic Cu° Cu LMM Auger #ngerprint characterized by a multiplet centered at a sharp main
peak at a kinetic energy (KE) of 918.6 eV. The Cu LMM spectra can be evaluated by the peak
model described by Biesinger et al. for freshly sputtered metallic Cu surface and validated
by an additional internal reference measurement of an Ar sputtered Cu foil (see details on
peak model in Section S4.1, Table S2, Supporting Information). Similar Cu 2p and Cu LMM
spectra are observed for samples after CO  electrolysis at −0.7 and −0.9 V, indicating that Cu
is fully reduced at the surface to metallic Cu after pre-reduction up to −0.5 V and stays
reduced during electrolysis at higher bias. No evidence of residual Cu oxides on the
electrode surface is detected by XPS when transferred to the analysis chamber under inert
atmosphere, contrasting the above observations from ex situ soft XAS following brief air
exposure, and validating the usefulness of the air-free transfer methodology.

A similar behavior was observed for Cu in CuNW-Sn —it appears to be fully reduced to
metallic Cu  after CP activation up to −0.5 V and remains reduced after CO  electrolysis at
−0.7 and −0.9 V (Figure 4 a,b). As observed in the soft-XAS measurements, the sample
CuNW-Sn  does not show any Cu-related signals in the AS state, indicating that the SnO
ALD layer (≈20 nm) covers all the CuNW surface (Figure 4a,b). After CP pre-reduction up to
−0.5 V an incipient Cu 2p signal appears at the position expected for metallic Cu  indicating
that a SnO  ALD layer remains enriched at the catalyst surface after the CP pre-reduction
step, as previously observed by soft XAS (Figure S13b, Supporting Information). After CO
electrolysis at −0.7 V and −0.9 V, typical Cu 2p and Cu LMM spectral features assigned to
metallic Cu  are dominant, indicating a full reduction of Cu and its migration from core to
surface during CO  electrolysis (Figure 4a,b).

The investigation of the progressive reduction of the SnO  layer by XPS (Figure 4c) indicates
di"erent Sn speciation in CO-selective (CuNW-Sn ) and formate-selective (CuNW-Sn )
catalysts. In the AS state, both display a doublet with the main peak for the Sn 3d
component at BE 486.7 eV in agreement with the reported value for SnO .  CuNW-
Sn  exhibits a slight shift towards lower BE 486.5 eV after CP activation to −0.5 V,
indicating a partial reduction to SnO (i.e., Sn ), as well as peak broadening which may
indicate a mixed contribution of both Sn  and Sn  oxidation states. Due to this
convolution, we denote this composition as SnO . After CO  electrolysis at −0.7 and −0.9 V, a
peak at 486.5 eV assigned to SnO  and a small shoulder at 485 eV assigned to metallic Sn
are observed (Figure 4c). The results indicate that following operation under all tested CO ER
conditions (−0.5, −0.7, and −0.9 V), CuNW-Sn  surface is composed of fully reduced
metallic Cu  and Sn predominantly in an oxidized state (Figure 4c, Figure 5a). These results
are in good agreement with the persistence of SnO  species observed for CuNW-Sn  by in
situ Sn K-edge XANES (Figure S12b, Supporting Information) and provide experimental
support for previous DFT studies which identify persistent oxidized Sn as a crucial selectivity
director in CuSn CO-selective catalysts.

The surface composition and speciation results are summarized in Table 1 and Figure 5. The
CuNW-Sn  catalyst surface displays an Sn fraction (relative to total Cu + Sn content) of 24
at. % in the AS condition, which decreases to 19 at. % after CP activation and at ≈13 at. %
after electrolysis at −0.7 and −0.9 V. This Sn content is in line with surface composition
reported in previous studies on low surface area CO-selective CuSn catalysts  and
Sn functionalized Cu foams.  The observed surface Sn content decrease after CO ER is in
agreement with the redistribution of Sn from the surface to the core reported by Schreier
et al.  which is observed by STEM-EDX elemental mapping.

For the formate-selective catalyst, CuNW-Sn , the Sn 3d signal broadens but remains at
the same position after CP pre-reduction, indicating that the SnO  ALD layer persists mostly
unchanged, as observed by soft XAS (Figure S13, Supporting Information). Examination of
electrodes after CO  electrolysis at −0.7 and −0.9 V, the Sn 3d spectra develop new peaks
assigned to Sn  (486.4 eV) and metallic Sn  (484.9 eV) (Figure 4c). Thus, after CO
electrolysis at −0.7 and −0.9 V the CuNW-Sn  catalyst surface is composed of metallic Cu
and a mixture of metallic Sn and SnO  (Figures 4c and 5b). The observation of persistent
SnO  species following CO ER in CuSn formate-selective catalysts is in good agreement
with Sn K-edge XANES experiments (Figure S12, Supporting Information) and a previous
report on in situ Sn K-edge EXAFS.

2.4 Microstructure Analysis by Electron Microscopy and Elemental
Mapping

The structural transformation of CuNW-Sn  during CO ER was further investigated by
TEM in the AS state and following CO ER experiments at di"erent applied biases. To
minimize the impact of air exposure on post-electrolysis samples, every sample preparation,
electrochemical testing, and TEM sample preparation were conducted inside a glovebox (as
for quasi in situ XPS experiments). The post-electrolysis samples were then transferred
under inert atmosphere into the TEM instrument. A brief exposure to air (<10 s) was
unavoidable during sample loading.

The TEM characterization for CuNW-Sn  is displayed in Figure 6. The AS sample shows
CuO nanowires of approx. 100–200 nm diameter coated with an amorphous layer
(Figure 6b). SAED analysis (Figure 6a) indicates that the wires are composed of CuO (C2/c) in
agreement with GI-XRD (Figure S8, Supporting Information). Additionally, a broad di"use
ring ascribed to the SnO  amorphous layer is observed at d spacings between 2.7–3.3 Å
where SnO  (P42/mnm) di"raction signals are expected. Detailed lattice spacing assignment
information is provided in Table S4, Supporting Information. Energy-#ltered transmission
electron microscopy (EFTEM)  mapping (Figure 6c) provides further evidence of a
conformal coating (15–25 nm) of SnO  along the CuNW structures, as expected from the ALD
synthesis method and in agreement with the XPS results displaying exclusively SnO  at the
catalyst surface (Figure 4a).

Following CO  electrolysis at −0.6 V for 2 h, the SAED analysis (Figure 6d) indicates that the
CuO nanowire core of the sample has been fully reduced to Cu  while the outer SnO  layer
remains in a rather amorphous state as observed in TEM micrographs (Figure 6e) and
indicated by the persistence of the di"use broad di"raction ring ascribed to the SnO
amorphous layer. The EFTEM mapping further con#rms the persistence of an Sn-enriched
shell after electrolysis. HR-TEM analysis of the core-shell interface (Figure S14, Supporting
Information) indicates that the outer shell is amorphous while at the interface small
crystallites (<5 nm) are observed, with lattice spacings d = 2.8–3.0 Å ascribed to Cu Sn  alloy
or Sn  and d = 1.6 and 1.9 Å ascribed to SnO. The results suggest that at −0.6 V the SnO
layer persists as a SnO  amorphous layer with only partial reduction to Cu Sn  alloy, Sn ,
and SnO at the interface with the Cu  nanowire core. These #ndings agree with previous
observations of the persistence of an enriched SnO  layer at this potential by in situ Sn K-
edge XAS (Figure S12, Supporting Information) and quasi in situ XPS (Figure 4).

As the reductive electrolysis bias is increased to −0.9 V, further structural changes were
veri#ed by TEM (Figure 6g–i). The TEM micrograph in Figure 6h shows that the outer layer
appears crystalline in contrast with the same sample in AS condition and after CO ER at
−0.6 V. SAED analysis reveals that the di"use rings assigned to the SnO  layer have
disappeared after CO  electrolysis at −0.9 V (Figure 6g) while di"raction signals at d  =  2.9,
2.8, and 2.1 Å ascribed to Cu Sn  or Sn  are observed, indicating the reduction of the SnO
layer. Nevertheless, a di"raction signal or ring at 1.7 Å that could be ascribed to SnO  and
SnO was also observed. The observation of lattice fringes in HR-TEM images of the shell
(Figure S15, Supporting Information), as well as bright areas in dark-#eld images, con#rm the
presence of small crystallites (<5 nm) with lattice spacings concordant with Cu Sn  or Sn  (d
= 2.8–3.0 Å) and SnO/SnO  (d = 1.6–1.9 Å). Additionally, EFTEM mapping displays the content
of both Sn and Cu in the nanowire shell (Figure 6i) in contrast with the enriched SnO  shell
observed after electrolysis at −0.6 V (Figure 6f). The results indicate that at this potential the
electrolysis process leads to the reduction of the amorphous SnO  layer to Cu Sn  and Sn ,
mostly to Cu Sn  as indicated by the predominance of the Cu Sn  pattern over Sn  in GI-XRD
pattern (Figure S8, Supporting Information) as well as the occurrence of both Cu and Sn in
the catalyst shell. Indeed, the surface composition determined by XPS (Figure 5 and Table 1)
demonstrates that CuNW-Sn  catalyst surface is initially composed of SnO  exclusively
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