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ABSTRACT: Understanding the chemical environment and interparticle dynamics of nanoparticle electrocatalysts under operating
conditions offers valuable insights into tuning their activity and selectivity. This is particularly important to the design of Cu
nanocatalysts for CO, electroreduction due to their dynamic nature under bias. Here, we have developed operando electrochemical
resonant soft X-ray scattering (EC-RSoXS) to probe the chemical identity of active sites during the dynamic structural
transformation of Cu nanoparticle (NP) ensembles through 1 ym thick electrolyte. Operando scattering-enhanced X-ray absorption
spectroscopy (XAS) serves as a powerful technique to investigate the size-dependent catalyst stability under beam exposure while
monitoring the potential-dependent surface structural changes. Small NPs (7 nm) in aqueous electrolyte were found to experience a
predominant soft X-ray beam-induced oxidation to CuO despite only sub-second X-ray exposure. In comparison, large NPs (18 nm)
showed improved resistivity to beam damage, which allowed the reliable observation of surface Cu,O electroreduction to metallic
Cu. Small-angle X-ray scattering (SAXS) statistically probes the particle—particle interactions of large ensembles of NPs. This study
points out the need for rigorous examination of beam effects for operando X-ray studies on electrocatalysts. The strategy of using EC-
RS0XS that combines soft XAS and SAXS can serve as a general approach to simultaneously investigate the chemical environment
and interparticle information on nanocatalysts.

he CO, reduction reaction (CO,RR) has emerged as a Inspired by resonant soft X-ray scattering studies for

promising renewable technology to convert greenhouse polymer—polymer interactions,” > here, we have designed
gas into liquid fuels and chemicals."? Among many an operando electrochemical RSoXS (EC-RSoXS) that
heterogeneous electrocatalysts investigated, Cu is the predom- combines in situ soft XAS and small-angle X-ray scattering
inant candidate for selective CO, electroreduction to multi- (SAXS). In situ soft XAS enables a high sensitivity of the
carbon products (C2+)-3_3 However, understanding of the chemical valence of a material with sub-second X-ray pulses.
nature of active sites under reaction conditions has remained Meanwhile, SAXS serves as a unique tool to statistically probe
limited, particularly for high-performance Cu nanocatalysts,6'7 the particle—particle interactions of Cu NP ensembles.
which calls for further development of operando/in situ To elucidate the dynamic surface structures of Cu
methods.” Hard X-ray absorption spectroscopy (XAS) has nanocatalysts under electroreduction, we employed operando
been widely used to investigate the structural changes of bulk EC-RS0XS to track the chemical environment, specifically, the

electrocatalysts,”'® due to the high penetration of high-energy
X-rays and relatively low beam damage.'”'® However, hard
XAS (>5 keV) can only probe core electrons of the Cu atoms,
which are not actively participating during electrocatalysis.”"”
In comparison, soft XAS (<1 keV) can probe valence electrons
(e.g, 3d electrons) by using transition metal L-edges, which
are chemically more relevant in electrocatalysis.'”*" Soft XAS
is typically collected in either surface-sensitive total electron
yield (TEY) mode or total fluorescence yield (TFY) mode that
collects bulk signals.”' ~** Given the ultrahigh vacuum required
for soft X-ray, it remains a great challenge to design a liquid cell
that can enable reliable electrochemistry and simultaneous
acquisition of sufficiently strong X-ray signals.”>~*” The few in
situ soft XAS studies have investigated bulk Cu electrodes in
TFY modes and delivered limited structural insights due to the
weak X-ray signals® or undesirable beam-induced damage
caused by the large absorption cross section of soft X-rays.”

chemical valence of Cu, in this study. Figure la presents a
cross-section of the operando X-ray cell, which allows the
simultaneous acquisition of XAS and SAXS spectra under real-
time electrochemical conditions. The two assembled micro-
chips encapsulate a liquid layer of 1 ym, which is sufficiently
thin to enable soft X-ray study in a transmission mode (Figure
Slab). The X-ray cell is composed of three electrodes,
including a glassy carbon working electrode (WE) for
depositing nanocatalysts and Pt counter and pseudo-reference
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Figure 1. Operando electrochemical liquid-cell resonant soft X-ray
scattering (EC-RS0XS) setup. (a) Schematic of the X-ray cell with the
capability to enable reliable electrochemistry and simultaneously
acquire soft XAS and SAXS through 1 ym liquid. (b) Design of the X-
ray microchip with dual carbon WE, and Pt RE and CE. (c) CV
profiles of Cu NPs at 100 mV/s in CO,-saturated 0.1 M KHCO; with
different lower potential limits. (d) CA profiles of Cu NPs at 0 and
—0.8 V (inset) vs RHE.

electrodes (CE and RE) (Figure 1b). The potential of the Pt
pseudo-RE was estimated to be ~0.8 V vs the reversible
hydrogen electrode (RHE).**™*° The customized design of the
X-ray microchip used in this study includes dual glassy carbon
windows that allow us to rigorously assess the soft X-ray beam
effects (Figures 1c and Slc). The NPs deposited on the left
glassy carbon (GC) window 1 are exposed to the X-ray beam,
while the NPs deposited on the right window 2 serve as a
control group, which experiences the same electrochemical
conditions but without X-ray exposure (Figure Slc). The
cyclic voltammetric (CV) profiles of as-synthesized 7 nm Cu@
Cu,O NPs, with a metallic Cu core surrounded by a ~2 nm
Cu,O shell, show well-defined reduction peaks of surface
Cu,0 at ~0.45 V vs RHE in the EC-RSoXS cell, which match
well with standard H-cell measurements (Figures S2 and S3).
The chronoamperometry (CA) profile of 7 nm NPs at 0 V
shows a stable current plateau of ~50 nA (Figure 1d). When
soft X-ray was turned on as the current stabilized after 200 s,
periodic minor current spikes (<10 nA) emerged, likely due to
photoelectrons generated by X-ray pulses.” Such a minor
interference did not alter the average current plateau and
disappeared once the beam was turned off. More importantly,
the photoelectron-induced current is negligible when com-
pared to the stable pA-level current at —0.8 V, which simulates
the typical operating condition for CO, electroreduction to
C,, products. Similar current plateaus were also observed for
the 18 nm Cu NP ensemble (Figure S4).

Given the reliability of our electrochemical measurements,
we then carried out soft XAS measurements. The Cu L; , edges
in the XAS of Cu foil, Cu,O and CuO powders were first
measured (Figure 2a). The Ly edges (~934 eV) and L, edges
(~952 eV) correspond to Cu 2p*2—3d*?3d*? and 2p'/*—
3d%? transitions, respectively. Metallic Cu foil shows the
characteristic triplet peaks at 934.4 eV (2p—3d transition) and
938.4, 942.2 eV (2p—4s,p transition) due to the hybridization
of Cu d and s,p orbitals (Figure SS). Cu,O shows a major peak
at 934.6 eV and a minor peak at 932.0 eV (indicated by the red
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Figure 2. Operando soft XAS of the 7 nm NP ensemble in electrolyte
under X-ray exposure. (a) XAS spectra of standard references and (b)
7, 10, and 18 nm NP ensembles. (c) XAS spectra of the 7 nm NP
ensemble showing beam-induced oxidation to CuO in liquid. (d)
Operando XAS spectra of the 7 nm NP ensemble under applied
potentials from 0.2 to —0.4 V vs RHE, showing that X-ray-induced
oxidation overwhelmed electroreduction.

arrow), which are consistent with previous studies.”® CuQ
exhibits strong peaks at 9322 and 952.3 eV. The XAS
spectrum of clean Cu foil was collected in TEY mode, and the
other two references were collected in TFY mode (Figure S6).
Soft XAS of as-synthesized NPs in TFY mode show an
increasing metallic Cu fraction as particle size increases from 7
to 18 nm, as indicated by the arrow at 938.4 eV and a slight
negative shift of the main edge from 934.6 to 934.4 eV, as well
as a decay of the oxide feature at 932.0 eV (Figure 2b). The
increasing metallic fraction of larger NPs was also supported by
powder X-ray diffraction (Figure S7), and the surface Cu,O
layer was measured to be ~2 nm for 18 nm NPs based on
atomic-scale electron energy loss spectroscopy elemental
mapping (Figure S8).

Operando soft XAS was performed to investigate the
chemical valence of 7 nm Cu@Cu,O NPs under electro-
reduction. The well-resolved XAS spectrum in liquid
demonstrates the advantage of scattering-enhanced XAS
(Figure 2c), where the total scattered signal was collected
with an area detector in comparison to conventional
transmission XAS (Figure S9). However, when the electrolyte
was introduced in the cell, the 7 nm Cu NPs ensemble showed
the beam-induced oxidation from Cu@Cu,O to CuO after
only 4 min of acquisition (Figures 2c and S10). This surprising
observation is consistent with recent studies by Salmeron et al.,
where the soft X-ray beam was reported to completely oxidize
a bulk Cu film to CuO in alkaline media (Figure S11).*° This
observation was suggested to result from the formation of
oxidative radicals (e.g., ®OH) generated by soft X-ray-induced
photoelectrons in water.”” The smaller Cu NPs studied here
are thus much more susceptible than bulk Cu to beam-induced
oxidation to CuO in water. Subsequent XAS spectra at
potentials from 0 to —0.4 V only showed the continuous
increase of the CuO peak due to accumulating beam-induced
oxidation (Figure 2d). In comparison, operando soft XAS of the
18 nm Cu NPs ensemble showed much less beam damage
within the first four spectra in addition to a minor formation of
metallic Cu (Figure S12). These results suggest that 18 nm
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Figure 3. Operando XAS of Cu ensembles with sub-second X-ray pulses. (a) Operando XAS of the 7 nm Cu NPs ensemble in liquid, with three X-
ray pulses still showing significant beam-induced oxidation to CuO. (b, c) Operando XAS of the 10 and 18 nm NP ensembles, showing minor and
negligible beam-induced oxidation, respectively. The latter enables the observation of surface Cu,O electroreduction to metallic Cu.

NPs are more resistive to beam-induced oxidation, relative to
the 7 nm NPs, and the electrochemical reduction could largely
counteract the X-ray beam damage. Further XAS acquisition
on the 18 nm Cu NPs ensemble showed that X-ray-induced
oxidation overwhelmed the XAS spectra once the applied
potentials were turned off (Figure S13).

The ultrahigh sensitivity of scattering-enhanced XAS
allowed the acquisition time to be further lowered to 0.2 s.
Cu NPs were only exposed to X-ray for a total of 0.6 s to
acquire three key data points at characteristic energy values of
CuO (932.0 €V), Cu/Cu,0 (934.4 eV), and Cu (938.4 V)
(Figure 3). Despite only sub-second X-ray exposure, 7 nm NPs
still showed significant beam-induced oxidation to CuO, as
evidenced by the intensity increase of the CuO peak and the
decrease of the Cu peak (Figure 3a). In comparison, the 10 nm
Cu NPs ensemble began to exhibit the electroreduction of
Cu,O to Cu but with a minor increase of the CuO peak,
suggesting partially suppressed beam-induced oxidation
(Figure 3b). Finally, the 18 nm Cu NPs ensemble consistently
showed the electrochemical reduction from surface Cu,O to
Cu with negligible beam-induced oxidation (Figure 3c). Full
XAS spectra of the 18 nm Cu NP ensemble in the first window
after X-ray pulses exhibited nearly the same spectroscopic
features as observed in the second window without X-ray
pulses, suggesting that sub-second X-ray exposure caused
negligible beam-induced damage on 18 nm Cu NPs (Figure
S14).

Small-angle X-ray scattering (SAXS) was then employed to
investigate the particle—particle interaction of the NPs
ensembles. SAXS spectra of as-synthesized NPs show distinct
scattering patterns (Figure 4a). Basic scattering analysis can be
conducted based 2D hexagonal-packed spherical nanoparticles.

b
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Figure 4. Soft SAXS studies of NP ensembles: (a) SAXS spectra of as-
synthesized NPs. The differences between g* and Agq were used to
calculate the interparticle distances, as shown in the scheme in (b).
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The g* at the first maximum peak measures the average
particle—particle distance, and the Aq of the distance between
two minimum peaks measures the average particle diameter.
Assuming a solid spherical particle coated with ligand, the
difference between g* and Agq is the interparticle distance
(Table S1). As the particle size increases from 7 to 10 and 18
nm, the interparticle distance increases from 1.0 to 1.5 and 2.5
nm, respectively (Figure 4b). The smaller gap among the
assembled 7 nm NPs, relative to that of 18 nm NPs, is
consistent with the smaller interparticle distances observed in
STEM images (Figure S7b,c). It implies a stronger tetradecyl-
phosphonic acid (TDPA) ligand—ligand interaction within
narrower gaps among smaller NPs and a higher degree of
ligand interdigitation, which was also observed on ligand-
coated Ag NPs in our recent vibrational spectroscopy study.*®
Operando SAXS shows the potential to probe dynamic
evolution of particle—particle interactions under -electro-
chemical conditions, which will be included in our future
study.

In conclusion, this study presents a technical breakthrough
of EC-RSoXS to combine operando soft XAS and SAXS to
probe the valence state and particle—particle interactions of Cu
NP ensembles under electrochemical conditions. To mitigate
soft X-ray beam effects, several approaches have been
proposed.”” For instance, a flow cell can be designed to
constantly supply fresh electrolyte to minimize the accumu-
lation oxidative radicals,®” ultrafast X-ray shutter, continuous
scanning of the monochromator, and a defocused beam can
help lower the dead time and reduce the effective X-ray dose
per unit area.’”’® In this work, the enhancement of
spectroscopy and scattering signal with the statistical ensemble
of NPs is the key to the minimization of the averaged dose,
which in turn mitigates beam-induced artifacts. We anticipate
that the continuous development of operando soft X-ray
methods will play an instrumental role in elucidating the nature
of active sites of electrocatalysts.
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