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ABSTRACT: Advances in electrocatalysis research rely heavily on building a thorough mechanistic understanding of catalyst active
sites under realistic operating conditions. Only recently have techniques emerged that enable sensitive spectroscopic data collection
to distinguish catalytically relevant surface sites from the underlying bulk material under applied potential in the presence of an
electrolyte layer. Here, we demonstrate that operando high-energy-resolution fluorescence detected X-ray absorption spectroscopy
(HERFD-XAS) is a powerful spectroscopic method which offers critical surface chemistry insights in CO2 electroreduction with sub-
electronvolt energy resolution using hard X-rays. Combined with the high surface area-to-volume ratio of 5 nm copper nanoparticles,
operando HERFD-XAS allows us to observe with clear evidence the breaking of chemical bonds between the ligands and the Cu
surface as part of the ligand desorption process occurring under electrochemical potentials relevant for the CO2 reduction reaction
(CO2RR). In addition, the dynamic evolution of oxidation state and coordination number throughout the operation of the
nanocatalyst was continuously tracked. With these results in hand, undercoordinated metallic copper nanograins are proposed to be
the real active sites in the CO2RR. This work emphasizes the importance of HERFD-XAS compared to routine XAS in catalyst
characterization and mechanism exploration, especially in the complicated electrochemical CO2RR.

To date, copper is the only element known to electro-
chemically convert CO2 to valuable multicarbon products

at appreciable rates. Detailed information about the local
atomic scale structure of the involved active sites would help
tackle the associated large overpotentials of around 1 V. It is
well established that Cu nanocatalysts are highly mobile under
CO2 reduction reaction (CO2RR) conditions, necessitating
operando methods to characterize such systems under
operating conditions.1−3 Soft X-rays, while more sensitive to
the catalytically relevant surface, are also more likely to cause
beam-induced damage.4 The limited penetration depth of soft
X-rays requires thin-liquid configurations, which prevents bulk-
level mass transport and can significantly affect the perform-
ance and structure of Cu catalysts.5−8 The use of hard X-rays
mitigates the oxidation of Cu, as shown by the reliable
observation of metallic copper signals during CO2RR.

9,10 In
addition, the larger penetration depth removes the requirement
for high vacuum and allows for the use of sufficient electrolyte
volumes. To deconvolve information about the surface from
hard X-ray measurements, it would be advantageous to reduce
the background signal and increase energy resolution.
A promising technique that allows for such increased detail

is high energy-resolution fluorescence detected (HERFD)-
XAS.11 In conventional fluorescence-mode XAS, the fluo-
rescence signal is collected across a broad energy envelop
(>100 eV), which in the hard X-ray regime results in a
spectrum analogous to a transmission-mode spectrum,12 with
the broadening determined by the lifetime of the 1s1 excited
state (1.0−1.6 eV for first row transition metals). In contrast,
HERFD-XAS employs perfect crystal Bragg optics as energy
analyzers to detect photons over a much narrower energy

bandwidth (∼1 eV; Figure 1) with the lifetime broadening
determined by the final 2p5 state of that decay channel rather
than the intermediate 1s1 state (eq S1).13 In this work,
detection of the Cu Kα1 emission line results in an overall
energy resolution of 0.66 eV when using a Si(311)
monochromator, as compared to 1.6 eV for conventional
XAS (eq S2). This enables the detection of even subtle features
in the pre-edge region of XANES spectra, which are often
obscured by the intense rising edge.
Detecting at a specific wavelength also greatly reduces the

background signal relative to conventional XAS (Figures S1,
S2).14 In favorable cases, this can allow for the collection of
data past other absorption edges.15,16 The narrow energy
bandwidth for detection coupled to the inherently smaller solid
angle subtended by the crystal analyzers does have the effect of
reducing the absolute count rate, though this can be mitigated
by the high photon flux available from modern third generation
synchrotron beamlines.
Based on the advantages discussed above, HERFD-XAS

presents itself as a powerful technique to measure catalytically
relevant properties. Notable examples in the recent literature
include determination of substrate−metal interaction as the
origin of strain in Pt nanoparticles17 and identification of Fe
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atoms as the active sites of Co Fe oxygen evolution
electrocatalysts.18 To date, there are only a handful of studies
using HERFD-XAS to study electrocatalysts in operando.19−22

Of these, only one studied bulk Cu catalysts. Gao et al. used
HERFD-XANES at a low incidence angle to characterize
nanostructured Cu foil.20 They observe a nearly complete
reduction to metallic copper under the CO2RR, although they
report that iodide could stabilize small amounts of Cu+. This
work combines the high sensitivity of HERFD-XAS with a
home-built operando electrochemical cell (Figure 1) to
monitor highly active 5 nm Cu nanoparticles during CO2RR.
To demonstrate the merit of HERFD-XAS, we study an

electrocatalyst formed from an ensemble of 5 nm Cu
nanoparticles, which to date is the most selective for desired
C2+ products at low overpotential and neutral pH with a
faradaic efficiency of 55% in an H-cell (Table S1).23−25 Using a
gas diffusion electrode would likely allow reaching industrially
relevant current densities,26 as we have shown for related 7 nm
Cu nanoparticles.25 Atomic-scale high-angle annular dark-field
(HAADF) scanning transmission electron microscopy
(STEM) images show a narrow size distribution of the pristine
particles (Figure 2). The as-synthesized metallic particles
quickly oxidize to polycrystalline cuprous oxide (Cu2O) under
ambient conditions. The high magnification image shows
random orientations of the Cu2O lattice fringes of a
polycrystalline particle (Figure 1d). The tetradecylphosphonic
acid (TDPA) ligands from the colloidal synthesis are not
visible on the surface since HAADF-STEM imaging is more
sensitive to heavier elements.
The dynamic evolution of the catalyst under CO2RR

conditions was then studied using operando HERFD-XAS in
a home-built operando X-ray cell reported ealier.27 Cyclic
voltammetry of the catalyst in the X-ray cell shows comparable
electrochemical behavior to that of a traditional H-cell (Figure
S3). The decrease in the edge energy in the XANES region
indicates the gradual transition from Cu2O to metallic copper
(Figure 3a). Because of the distinct shape and intensity in the
pre-edge region of nanomaterials (Figure S4), the catalyst at

the open circuit potential (OCP) and the steady-state catalyst
were determined to be fully oxidized and fully metallic,
respectively, by the close matching of their zero-crossings
compared to bulk references in a second derivative plot
(Figure S5). The transition to metallic Cu can also be observed
from the appearance of the peak at around 9002 eV (Figure
3a). Linear combination fitting (LCF) was performed for a
quantitative description of the oxidation state of Cu. Pristine
particles and the steady-state catalyst were used as internal
standards for Cu2O and metallic Cu, respectively. The dashed
lines in the magnified rising edge portion indicate the fitting
range (Figure 3b). The LCF results show the rapidly

Figure 1. (a) Schematic showing the setup of the operando HERFD-XAS experiment. (b) Energy level diagram illustrating the involved electronic
transitions.

Figure 2. HAADF-STEM images of as-synthesized 5 nm Cu NPs. (a)
Image showing closely packed nanoparticle ensembles. (b) Histogram
showing the narrow particle size distribution. (c) Image showing
Cu2O lattice fringes. (d) High-magnification image of a single particle
showing its polycrystalline nature.
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decreasing amount of oxide from 100% at the OCP to 49%
after 15 min and 8% after 30 min of applied potential at −0.8 V
vs RHE (Figure 3d). After 1 h, the catalyst is fully metallic with
a high-quality LCF fitting (reduced χ2 = 0.000045). We

conclude that metallic Cu nanograin active sites are
responsible for our high C2H4 production and acknowledge
that Cu oxide may exist when different Cu precursors and
experimental conditions are used.28

Figure 3. Operando HERFD-XANES characterization. (a) Overview of the XANES region showing the changing spectra with time. The dashed line
shows the metallic feature around 9002 eV. (b) Magnification of the edge region showing reduction from Cu2O to metallic Cu. The dashed green
vertical lines indicate the linear combination fitting range. (c) Magnification of the ligand feature near 8977.2 eV, showing its fast decrease and
eventual disappearance. (d) Results of the linear combination fitting, showing that the oxide catalyst is significantly reduced after just 30 min and
fully metallic after 60 min of operation.

Figure 4. (a) Full XAS spectra after different times of electrolysis with dashed lines showing a metallic Cu feature at ∼9002 eV emerging under
CO2RR and (b) corresponding Fourier-transformed EXAFS with fits in the R space.
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The higher energy resolution of HERFD-XAS becomes
apparent in the energy range just below the intense absorption
edge features (Figure 3c). Here, an additional weak pre-edge
absorption feature with less than 1% of the normalized
intensity can be observed at around 8977.2 eV, which is not
resolvable in conventional XAS (Figure S1). This feature
occurs around 0.5 eV lower than the quadrupole-allowed
transition of CuO (Figure S6). In addition, the rising edge
matches our Cu-TDPA reference complex rather than Cu2O or
CuO, allowing us to assign it to ligand-modulated 3d−4p
mixing due to the presence of the TDPA ligand at the surface
of the pristine nanoparticles. The ligand-peak rapidly decreases
in intensity under applied potential and is not visible in the
steady state, indicating the complete detachment of the ligands
from the Cu surface. The simultaneous slight energy shift of
this pre-edge is potentially due to varying binding modes of the
phosphonic acid headgroup; further investigations are under-
way. Removal of the protective ligand shell enables subsequent
aggregation of the nanoparticles, as discussed below.
Further insights into the dynamic evolution of the catalyst

under bias were obtained from EXAFS fitting (Figure 4b).
Additional fitting information can be found in Figure S7,
Discussions S1 and S2, and Tables S2−S6. After just 15 min,
the R-space spectrum already looks mostly metallic. LCF of the
pre-edge indicated around 50% of oxide phase at this time; the
discrepancy results from the EXAFS region with metallic Cu
being scanned later compared to the XANES region with
residual oxide (Figure S8). This leaves more time for reduction
to occur before the EXAFS region is scanned. The Cu−Cu
coordination number (CN) of metallic copper increases
throughout the dynamic evolution of the catalyst from 6.0
after 15 min to 10.5 after 30 min to 12.0 after 1 h. The
intermediate state at 15 min represents a snapshot of the active
state before the EXAFS becomes dominated by the larger Cu
aggregates formed in the later stages of the catalyst’s life cycle
(Figure S9). The expected CN based on the nanoparticle size
can be calculated (Discussion S2). In short, by taking into
consideration the surface CN and fraction of surface atoms as a
function of size,29 an average CN of 11.2 is expected for 5 nm
Cu NPs. The much lower CNs measured for the intermediate
state suggest the presence of undercoordinated Cu surface
sites, which have previously been reported to facilitate CO−
CO coupling and thus lead to a larger multicarbon
selectivity.30−32 It should be noted that quantification of CN
from EXAFS typically has an error bar of around 20%.33

The increasing average CN as a result of aggregation reflects
a decrease in the surface-area-to-volume ratio and implies a
decrease in the fraction of undercoordinated surface sites. It
should be noted that selectivity toward the major C2+ product
C2H4 increases on a similar time scale as the increase in CN
(Figure S10). By itself, an aggregation-induced decrease in
electrochemically active surface area (ECSA) would lead to a
decreased activity, which in turn is expected to decrease local
pH due to the reduced consumption of protons. C2H4 is
reported to be more easily formed at high pH,34 so this cannot
be the dominant effect. Rather, we hypothesize that the
buildup of reaction intermediates over the course of the
electrolysis is responsible for increased C2H4 production: We
have previously identified the formation of a CO reservoir near
the surface of Cu electrocatalysts as essential for the
downstream formation of multicarbon products.35 Both Cu
foil and Cu nanoparticles exhibited a significant increase in
C2H4 formation only after a certain threshold concentration of

CO in this reservoir was reached.35 Cu nanoparticles reached
this threshold at a less negative potential compared with Cu
foil, explaining their increased C2H4 selectivity. We hypothe-
size that the aggregation of Cu nanoparticles leads to the
formation of Cu nanograins, which efficiently trap CO near the
surface. The increasing C2H4 selectivity in the initial stage of
electrolysis is likely a result of the gradual buildup of this CO
reservoir.
In summary, we used HERFD-XAS to collect both XANES

and EXAFS spectra throughout the life cycle of a highly active
Cu nanocatalyst under operating conditions. The high energy
resolution has allowed us to unravel the activation mechanisms
of the catalyst after application of electrochemical potentials,
which involves the detachment of surface-bound ligands and
the evolution of the oxidation state and coordination
environment of the Cu surface. The pristine nanocatalysts
were finally reduced to metallic Cu nanograins with under-
coordinated active sites. The fully active state is reached after
around 1 h; at this point, no residual oxide or bound ligands
are present in the system.
This work highlights the technical advantage of HERFD-

XAS regarding the analysis of surface properties, such as
metal−ligand bonds. Observation of a variety of other
catalytically relevant properties, such as substrate−metal
interactions and metal−adsorbate interactions, is well within
the scope of this technique. Moreover, the ability to measure
element-specific EXAFS even when overlapping absorption
edges are present allows for structural investigation of
multimetallic electrocatalysts. Given all of these advantages,
we anticipate that this technique will become an important part
of the toolkit of the catalysis community to obtain detailed
information about catalysts in their active state.
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