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Zhang et al. report on the morphological and chemical changes of copper
electrocatalysts under carbon dioxide reduction conditions using in situ soft X-ray
spectro-ptychography. Quantitative chemical mapping shows copper particles
being reduced to metallic copper and losing their initial cubic structure to form
irregular structures during the reaction.
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Copper carbon dioxide reduction electrocatalysts
studied by in situ soft X-ray spectro-ptychography

Chunyang Zhang,"? Nicolas Mille,® Haytham Eraky,” Stefan Stanescu,® Sufal Swaraj,® Rachid Belkhou,®

Drew Higgins,”** and Adam P. Hitchcock”*

SUMMARY

Understanding the morphological and chemical structural changes
of electrocatalysts under reaction conditions remains a key chal-
lenge. Here, we present a detailed study of how individual cubic
copper particles change morphology and oxidation state as a func-
tion of applied potential during electrochemical carbon dioxide
reduction using in situ soft X-ray spectro-ptychography. In compar-
ison with scanning transmission X-ray microscopy, the spatial resolu-
tion is improved by a factor of 3 through measuring patterns of dif-
fracted photons via spectro-ptychography. Quantitative chemical
mapping by in situ spectro-ptychography demonstrates that as-
deposited, primarily mixed copper (I) and copper (0) particles are
completely reduced to pure copper (0) and lose initial cubic struc-
ture to form irregular dendritic-like structures. This initial demon-
stration of in situ soft X-ray spectro-ptychography sheds insight on
the morphological and chemical changes of copper particles in the
carbon dioxide reduction regime and paves the way for more
detailed in situ studies of electrochemical materials and processes.

INTRODUCTION

Electrochemical carbon dioxide reduction (CO3R) using renewable electricity offers
a sustainable, carbon neutral approach to produce valuable and societally important
hydrocarbon, alcohol, and carbonyl products, provided the CO, is generated
directly from air capture, or from sustainable sources such as biomass combustion,
fermentation, or other routes.' However, poor energy conversion efficiencies, re-
action selectivity, and stability of CO,R electrocatalysts hinder the large-scale
deployment of this process.”® Among the various electrocatalysts used for COR,
copper is the only material that can uniquely convert CO; into valuable multi-carbon
products (C,.), such as ethanol or ethylene, at appreciable rates.®'° Improved un-
derstanding of Cu catalysts for electrochemical CO; conversion will provide crucial
guidance for the development of next-generation, improved performance catalysts
and CO,R device designs. The chemical structures present, and the dynamic
morphology of Cu catalysts under reaction conditions, are still under debate.”""?
For example, the presence of Cu(l) species or subsurface oxygen during electrore-
duction has been suggested to improve CO,R activity and steer the selectivity to-
ward C,. products.’®'® Other studies have refuted the presence of significant
amounts of partially oxidized Cu species under the electrochemically reducing con-
ditions required for the reaction.’’~'” Morphological changes also occur in Cu elec-
trocatalysts under CO4R reaction conditions that will lead to changes in the proper-
ties of the catalyst and, by extension, the resultant CO,R activity and selectivity.?%?’
This brings into question the suitability of ex situ characterization of as-prepared or
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post-CO,R tested materials for establishing catalyst design principles (i.e., morpho-
logical, chemical, or electrochemical properties of a catalyst that engender opti-
mized activity, selectivity, and/or stability). This has motivated the development
and implementation of in situ characterization methods that enable control of the
local reaction conditions and applied electrochemical potentials to gain mechanistic
insight into electrochemical CO4R processes and materials.®??~?> Results from these
efforts are crucial for establishing fundamental structure-property-performance rela-
tionships that can inform further improvements in Cu-based CO,R electrocatalyst
designs.

Among various in situ characterization techniques, spectro-microscopic methods
that combine imaging and chemical speciation are particularly useful since they
can provide real-time and same-position characterizations to simultaneously
monitor changes of oxidation states and morphology under reaction conditions.
In situ scanning transmission X-ray microscopy (STXM) is a powerful, synchrotron-
based, spectro-microscopic technique that provides microscopic imaging alongside
spatially resolved quantitative chemical mapping.??” The chemical sensitivity of the
technique is based on near-edge X-ray absorption fine structure (NEXAFS) spectros-
copy.?® In situ STXM has been used to study charge/discharge processes in battery
materials,””*" the electrodeposition of copper,®” and catalysis of oxygen evolution
and CO,R reactions.’**%3% Such studies demonstrate the ability of STXM to provide
spatially resolved spectroscopic and microscopic information on the studied mate-
rials at different time/potential points during electrochemical processes. However, a
major challenge limiting the scientific impact of in situ STXM is its limited spatial
resolution, typically on the order of 40-50 nm because the size of the focused
spot depends on the properties of the zone plate. The challenges of zone plate fabri-
cation are such that it is very difficult to improve the spot size beyond ~20 nm®

Ptychography provides improved spatial resolution in comparison with STXM by
measuring coherent X-ray diffraction images (Dls) in transmission at an array of over-
lapping points on a sample that is not dependent on the X-ray focused spot size.*
A mathematical algorithm is then used to reconstruct the set of Dls into a real space
image.””™" Recently, ptychography® has been implemented in a number of soft
X-ray STXM facilities, including the HERMES beamline at Synchrotron SOLEIL,*-*®
the COSMIC beamline at the Advanced Light Source,*”“*° the STXM at the Shanghai
Synchrotron Radiation Facility,*’ and the spectro-microscopy beamline at the Cana-
dian Light Source.” Ptychography is implemented in an STXM by replacing the
post-specimen single-channel detector with an X-ray sensitive camera, for example,
the sSCMOS camera”®** implemented in the STXM at the HERMES beamline of Syn-
chrotron SOLEIL. For spectro-ptychography, sets of X-ray DI measured with suitable
spatial overlap are recorded at a series of photon energies. After suitable recon-
struction, the resulting ptychographic amplitude images are converted to ptychog-
raphy X-ray absorption images (stacks) using the Beer-Lambert law. The resulting
ptychographic absorption stacks can then provide spectroscopy-based chemical an-
alyses similar to conventional STXM X-ray absorption stacks, but with an improved

spatial resolution that can be sub-10 nm??°

Ptychography using hard X-rays (>4 keV) is much more developed than ptychogra-
phy using soft X-rays (<2 keV), in part because X-ray attenuation is not a significant
concern and in part because of much longer working distances, alleviating
constraints on sample and in situ reactor designs.>”*>>" On the flip side, soft
X-ray microscopy is significantly more challenging due to short focal lengths and
thus much less space for in situ instrumentation. Despite the challenges, soft X-ray
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spectro-microscopy provides unique opportunities to gain insight into electro-cata-
lytic materials and processes due to the higher chemical sensitivity of 3d transition
metal L-edge spectroscopy relative to K-shell spectroscopy, along with the potential
to spectroscopically image reaction products or intermediate species, using the car-
bon K-edge, for example.?’->? Despite this promise, soft X-rays are prone to atten-
uation, leading to challenges in the design and implementation of in situ soft X-ray
spectro-microscopy methods under electrochemical conditions where photons
must transmit through reactor walls, an electrolyte layer, and the electro-active ma-
terials being characterized. Because of these challenges and the recency of the cam-
era innovations that enable soft X-ray spectro-ptychography,**** in situ soft X-ray
spectro-ptychography has not been reported previously, to the best of our knowl-
edge. This situation presents an opportunity for scientific innovation, one that was
explicitly flagged in a recent review article.”> We note that in situ hard X-ray ptycho-
graphic imaging of X-ray nucleated, thermally driven growth of Cu,O particles from
a static Cu(acetylacetonitrile), solution was reported recently.46 Although oxidation
state changes from Cu(l) to Cu(0) in the temporal evolution of the particles was
5354 direct spectros-
copy-based, in situ evidence of the reduction was not obtained since all measure-

inferred (and verified by non-spatially resolved spectral studies

ments were performed at a fixed X-ray energy (15.25 or 8.98 keV). Neither electro-
chemical processing nor liquid flow was part of that experiment.

In this work, we used in situ spectro-ptychography in the soft X-ray region to charac-
terize electro-deposited Cu electrocatalysts under electrochemical CO,R conditions.
By leveraging our custom micro-fluidic reactor design that employs a three-electrode
micro-chip electrochemical cell,****2? in situ soft X-ray spectro-ptychography measure-
ments were conducted under applied electrode potentials in the presence of controlled
electrolyte flow. Through direct comparison we demonstrate that the spatial resolution
for in situ spectro-microscopy measurements is improved 3-fold by using spectro-
ptychography rather than conventional STXM. Characterization of Cu electrocatalysts
under controlled electrochemical CO,R conditions enabled us to monitor the
morphology and spatially resolved oxidation state changes occurring both within a sin-
gle Cu particle and multiple Cu particles distributed over a wider region of the electrode
surface. The measurements showed that initially electrodeposited Cu(0)/Cu(l)-based
particles are converted to metallic Cu at potentials approaching or below —0.2'V versus
the reversible hydrogen electrode (Vgyg). At more reducing electrode potentials where
electrochemical COR occurs, a single Cu particle was observed to undergo morpho-
logical changes from a cubic structure to a dendritic-like particle structure. This study
demonstrates that in situ soft X-ray spectro-ptychography is an effective approach for
attaining fundamental insight into the morphology and chemical structures of elec-
tro-catalysts under electrochemical CO,R conditions.

RESULTS

Brief description of techniques and experiments

In situ spectro-ptychography experiments were conducted using a custom-designed
microfluidic device encompassing an electrochemical micro-chip reactor (see exper-
imental procedures). A brief description of the fundamental physics of ptychography
is provided in the supplemental information, Note S1, and Figures S1-S3. For more
extensive details, examples and discussion of ptychography, readers are referred to
citations in Note S1. Cu particles were prepared by electrodeposition on the working
electrode from a solution of 0.01 M CuSO,4 and 0.01 M KCI. After electrodeposition,
the electrolyte was changed to CO,-saturated 0.1 M KHCO3 followed by the appli-
cation of electrode potential to initiate CO,R. More details are provided in the

Cell Reports Physical Science 4, 101665, November 15, 2023 3



raphy, Cell Reports Physical Science (2023), https://doi.org/10.1016/j.xcrp.2023.101665

Please cite this article in press as: Zhang et al., Copper carbon dioxide reduction electrocatalysts studied by in situ soft X-ray spectro-ptychog-

¢? CellPress

OPEN ACCESS

B Ptychography

Wt IR

= }’- ‘:
et | Y VRE
€2 ,.;& 3

>
w

] : E - -
A @) N SR P

Cu(l) Cu(ll)
¢ STXM map D Ptycho map

1

Figure 1. Comparison of imaging and chemical mapping by in situ STXM and in situ spectro-
ptychography of area A

(A) In situ STXM transmission image at 933.3 eV.

(B) In situ ptychography amplitude image at 933.3 eV. Color-coded composite of Cu(l) (green) and
Cu(ll) (blue) component maps, derived from (C) the fit of an in situ STXM 4-E stack and (D) the fit of
an in situ spectro-ptychography (Ptycho) 4-E stack. All measurements were collected under open
circuit potential (OCP) conditions in CO;-saturated 0.1 M KHCO3. Scale bars, 500 nm.

Experimental procedures. The presentation of results in this manuscript is organized
as follows. Comparing in situ STXM and ptychography (area A) compares the results
of in situ STXM and in situ spectro-ptychography measured on electrodeposited Cu
catalyst particles, which we denote as “area A" at open circuit potential (OCP) con-
ditions in CO,-saturated 0.1 M KHCOs. In situ spectro-ptychography of Cu particles
under COR conditions (area B) reports in situ spectro-ptychography results for Cu
particles on a region of a different electrode surface that was subjected to an applied
potential of +0.1 Vgye, which we denote as “area B,” Morphological and chemical
changes of a single Cu particle under CO4R conditions reports spectro-ptychogra-
phy results from an individual Cu particle while subjecting it to a stepwise series of
chrono-amperometry holds between OCP and —0.85 Vgug, which is in the range
of electrochemical CO,R. We denote this Cu particle as “area C.” More details about
techniques and experiments are shown in the experimental procedures and supple-
mental information.

Comparing in situ STXM and ptychography (area A)

Figure 1 compares in situ STXM (Figure 1A) and in situ ptychography (Figure 1B)
images at 933.3 eV (the peak energy of Cu L3 absorption of Cu metal and Cu,O)
of deposited Cu particles in area A measured at OCP in COj-saturated 0.1 M
KHCOj3. The Cu particles range in size from ~300 nm to 1 pm, with the particles
better resolved in the ptychography image than in the STXM image. As outlined
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in Note S2, the spatial resolution of in situ ptychography is estimated to be ~25 +
5 nm from a Fourier ring correlation analysis (Figure S4), which is confirmed by eval-
uating the abruptness of sharp features in the amplitude images (Figure S5). This is
considerably better than the ~75 £+ 10 nm spatial resolution of the same features
measured from the corresponding in situ STXM image. Typically, ptychography
can provide up to five times improvement in spatial resolution relative to the resolu-
tion determined by using a focused probe and single-channel, integrated signal
detection (i.e., STXM). Perhaps more important is that the quality of the ptychogra-
phy image in terms of signal-to-noise and sampling is much better than that of
STXM. This is in part due to a longer acquisition time and in part to a finer pixel
size in the reconstructed images. In this work, each diffraction image was integrated
for 60 ms and the reconstruction pixel size was 5.5 nm. In contrast, the STXM mea-
surements used 20 ms sampling and 100 nm pixels. Due to the ptychography mea-
surement conditions used—1 pm spot size and 80%—-90% overlap—a given sample
area contributes to many DI and these in turn contribute to the signal at each 5.5 nm
pixel in the reconstructed amplitude image. In addition, the ptychographic recon-
struction partly compensates for scanning artifacts in the STXM, which cause smear-
ing of the boundary of particles and thus lower resolution. Another important point is
that, with the use of a defocused spot size (1 pm in this study), the radiation dose is
much smaller in spectro-ptychography than a corresponding STXM measurement.
As discussed in Note S15, the estimated reduction in dose by using ptychography
instead of STXM is a factor of 6.

To investigate the chemical identity and quantify the composition of electrodepos-
ited Cu catalyst particles in area A, in situ STXM and ptychography images were
measured at four photon energies (927.3, 930.3, 933.3, and 937.3 eV), which we
denote as a four-energy (4-E) stack. These four photon energy values were selected
as they allow an unambiguous differentiation of Cu(0), Cu(l), and Cu(ll) oxidation
states based on the Cu L3 X-ray absorption spectra of Cu, Cu,O, and CuO (Note
S3 and Figure S6).°° At each of the four photon energies the contrast of the particles
in the STXM and ptychography images changes significantly (see Note S4 and Fig-
ure S7). Analysis with suitable reference spectra® is used to map the different Cu
oxidation states present within the particles. Although the reference spectra used
in this work were those digitized from Jiang et al.,>> we have recently re-measured
these spectra in STXM, with identical results and identical analysis outcomes. The
average spectrum of the Cu particles from the 4-E STXM stack (Figure S7c¢) and
4-E spectro-ptychography stack (Figure S7d) of area A indicate the presence of
both Cu(l) and Cu(ll) after electro-deposition. The component maps for Cu(0),
Cu(l), and Cu(ll) were derived from fitting (Note S5; Figure S8). Figure 1C presents
a rescaled color-coded composite of the STXM-derived Cu(l) and Cu(ll) component
maps showing that the particles in area A are mainly Cu(l) or Cu(ll). Cu(0) was de-
tected in area A, as shown in Figure S8. To focus on the improvement in spatial res-
olution afforded by ptychography, we have only included the Cu(l) and Cu(ll) signals
in the color-coded composites (Figures 1C and 1D).

Ptychography stack measurements were conducted using the same 4-E approach.
The resulting amplitude images (Figure S7) show contrast variations similar to
those in the 4-E STXM images (Figure S7A) but with higher spatial resolution.
The 4-E ptychography stack was analyzed to generate Cu(0), Cu(1), and Cu(ll)
component maps. Figure 1D presents a rescaled color-coded composite of the
ptychography-derived Cu(l) and Cu(ll) component maps. The spatial distributions
of Cu(l) and Cu(ll) are similar to those derived from STXM, albeit with much higher
spatial resolution.

¢? CellPress

OPEN ACCESS

Cell Reports Physical Science 4, 101665, November 15, 2023 5




raphy, Cell Reports Physical Science (2023), https://doi.org/10.1016/j.xcrp.2023.101665

Please cite this article in press as: Zhang et al., Copper carbon dioxide reduction electrocatalysts studied by in situ soft X-ray spectro-ptychog-

¢? CellPress

OPEN ACCESS

In situ spectro-ptychography of Cu particles under CO,R conditions (area B)
Another electrodeposited Cu-based electrode (area B) was prepared in situ. After
changing the electrolyte to CO,-saturated 0.1 M KHCO3, a Cu L3 ptychography
stack (40 energies from 920 to 946 eV) was measured at an applied potential
of +0.1 Vrpe. The chrono-amperometry results (current as a function of time) are pre-
sented in Note Sé6 and Figure S9A. Figure 2 presents the results of analysis of this
Cu L3 spectro-ptychography stack. The stack images were converted to optical den-
sities and fit to quantitative Cu, Cu;0, and CuO reference spectra (Figure S6) using
the singular value decomposition (SVD) matrix method, described in more detail
elsewhere.’® This forward fitting analysis generates quantitative component maps
of each chemical species with amplitudes providing the thickness of each species
at each pixel in the area measured. Additional details regarding data processing
are provided in Experimental procedures. Quantitative maps of Cu(0), Cu(l), and
Cu(ll) were derived from the Cu Lj spectro-ptychography stack (Figures 2C-2E).
The particles observed in this region range in size from a few tens of nm to
~300 nm (Figure 2A). In contrast to area A, the particles in area B are mainly
Cu(0), with a very small amount of Cu(l). There is also a very small amount of Cu(ll)
more or less uniformly distributed over the electrode. To check these results, an
alternate, multivariate statistical analysis was applied to this dataset, with results pre-
sented in Note S10. This analysis reports there are at most three statistically signif-
icant spectral components. The first two components are pure metallic Cu and a
slightly modified metallic Cu due to mixture with a small signal of Cu(l). These two
signals account for over 99% of the variance of the dataset while the third compo-
nent is attributed to noise.

To further confirm this analysis, the spectra of the Cu(l)- and Cu(0)-rich regions were
extracted and analyzed to verify the quantitative composition of each region. These
spectral analysis results (Figure S9) are consistent with the mapping analysis. Cu(0) is
the largest contributor (>95%), showing that, under +0.1 VgyE in situ conditions, the
majority of Cu(l) and Cu(ll) species (such as those observed at OCP in area A) were
reduced into metallic Cu. Figure 2B shows the ptychography amplitude spectra of
Cu(0), Cu(l), and Cu(ll) derived from the spectro-ptychography data.

In addition to the amplitude signal, which is similar to conventional X-ray absorption,
ptychography measurements also provide phase images and thus a phase spectro-
microscopy. Figure S10 (Note S7) is a sketch outlining the relationship of X-ray
absorption, ptychography amplitude, and ptychography phase signals. Phase
spectra are quite different from absorption spectra. It is of interest to see if there
is complementary, or perhaps even new, information from phase spectroscopy.*®
The phase spectra of Cu(0), Cu(l), and Cu(ll) (displayed in Figure 3A) were generated
by extracting the signal from the phase stack at the spatial locations of Cu(0), Cu(l),
and Cu(ll) determined by the analysis of the ptychography absorption stack (Figure 2)
(i.e., from the same measurement). These phase spectra were used to make an SVD
analysis of the Cu L3 spectro-ptychography phase image stack (Figure 3). The spatial
distributions of Cu(0), Cu(l), and Cu(ll) components (Figures 3B-3D) and a relative
scale color-coded composite (Figure 3F) derived from the phase stack are similar
to those derived from the ptychography amplitude stack. The residual of the fit (Fig-
ure 3E) is rather featureless at the spatial scale of the particles, but it does contain a
slowly varying diagonal structure. We interpret this as a result of changes in the
phase of the incident probe over the course of the measurement. The probe phase
is assumed to be constant in the ptychographic reconstruction. As with the analysis
of the amplitude signal, a small amount of Cu(ll) is reported from the fit. The phase
signal of Cu(ll) is quite sharp and occurs ~2 eV below the Cu(0) and Cu(l) phase
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Figure 2. Cu L3 in situ spectro-ptychography analysis of area B at +0.1 Vgue

(A) Ptychography amplitude image at 933.3 eV.

(B-E) (B) Reference spectra of Cu(0), Cu(l), and Cu(ll) from in situ spectro-ptychography (Ptycho)
measurements, indicated by the 5 um ™" vertical scale bar. Component maps, derived from the fit of
the reference spectra to the ptychography amplitude (absorption) stack, for (C) Cu(0), (D) Cu(l), and
(E) Cu(ll). The intensity scales show the thickness in nm.

(F) Residual of fit.

(G) Color-coded composite of the component maps using relative scaling.

(H) Color-coded component map using absolute scaling. Measurements were conducted in CO,-
saturated 0.1 M KHCOs3. Scale bars, 500 nm.

signals, which means the sensitivity to Cu(ll) is very high. The particles consist of Cu(l)
and Cu(0), as indicated in the color-coded composites of component maps derived
from both the ptychography amplitude (Figure 2G) and ptychography phase
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Figure 3. Analysis of full Cu L; in situ spectro-ptychography phase stack of area B

A) Reference spectra from in situ spectro-ptychography (Ptycho) phase stack.

B) Cu metal component map derived from fit of the phase stack using the reference spectra in (A).
C) Cu(l) component map from phase.

D) Cu(ll) component map from phase.

E) Residual of fit.

F) Color-coded component map using relative scaling. Scale bars, 500 nm.

(
(
(
(
(
(
(Figure 3F) stacks. It is noteworthy that, based only on contrast, the analysis of the
phase signals suggests more Cu(l) relative to Cu(0) than determined from the ampli-
tude signals. We think that this does not mean there is more Cu(l); rather just that the
phase is more sensitive to Cu(l) than to Cu(0). Basically, at this point in the develop-
ment of soft X-ray ptychography, the relationship between phase spectra and mate-
rial thickness is not sufficiently understood so as to allow quantitative analysis of
phase signals measured by spectro-ptychography. Thus, there is no intensity scale
bar for the component maps displayed in Figure 3.

Morphological and chemical changes of a single Cu particle under CO,R
conditions

In situ spectro-ptychography was used to measure the morphology and spatially
resolved oxidation state distributions in a single Cu particle (denoted as area C) in
COgp-saturated 0.1 M KHCO3; under a series of applied electrode potentials
(OCP, +0.1, —0.2, —0.5, —0.8, and —0.85 Vgye) spanning electrochemical CO3R con-
ditions. After collecting in situ spectro-ptychography 4-E stacks or fully sampled Cu
L3 energy stacks at each applied electrode potential, the electrode was returned to
OCP (~0.36 Vrue) to return to the same catalyst starting state. Figure 4A depicts the
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electrode potential profile as a function of time utilized during the sequence of mea-
surements. The steady-state current measured during the chronoamperometry mea-
surement holds are plotted in Figure 4B. Note S8 and Figure S11 display the current
as a function of time at each potential. We note that faradic efficiencies, current den-
sities, and product distributions for CO2R using the same type of electrocatalyst
(electrodeposited Cu on Au) were measured in a lab-based two-compartment elec-

trochemical cell.*

The similarity of the onset of higher negative currents and unam-
biguous product-based evidence of CO, reduction®® are direct evidence that the
larger negative current observed at electrode potentials below —0.8 Vgye in Fig-

ure 4B is due to CO,R reactions.

Figure 5A displays an STXM transmission image at 933.3 eV of area C. Figure 5Bis an
expansion in the area of the in situ spectro-ptychography studies for a single Cu par-
ticle with a pseudo-cubic morphology. Figure 5C shows the ptychography ampli-
tude image at 933.3 eV measured from the same area. The improvement in spatial
resolution is dramatic (~25 nm in ptychography versus ~75 nm in STXM; Figures S5
and S6).The edges of the particle are much better defined in ptychography, allowing
us to track changes in the particle morphology as a function of electrode potential
under CO2R conditions. The Cu particle in Figure 5C showed a cubic shape prior
to applying potential, very similar to the structure of Cu particles reported in the
literature prepared by similar methods.”~"#:2%:7:58

Ptychography 4-E stacks were used to quantitatively monitor the morphology and
chemical changes in the Cu-based particle as a function of potential from +0.1 to
—0.8 Vgue. Figures 5D-5G show ptychography amplitude images at 933.3 eV,
collected at the four different electrode potentials indicated in the figure. As the
electrode potential becomes increasingly negative and enters the regime of CO,R
(~< —0.2 V versus RHE), the Cu particle loses its initial cubic structure and grows
small, sharp dendrites. The reconstructed 4-E ptychography amplitude stacks
were converted to absorption and analyzed by SVD fitting to obtain quantitative
component maps of each Cu species, as shown in Note S9 and Figure S12. The
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Figure 5. In situ spectro-ptychography study of the cubic Cu particle

(A) STXM image of area C at 933.3 eV at OCP and (B) STXM image of the Cu cubic particle at
933.3 eV. Ptychography (Ptycho) amplitude images at 933.3 eV of the Cu cubic particle at (C) OCP,
(D) +0.1 Vgye, (E) —0.2 Vgpg, (F) —0.5 Vrpe, and (G) —0.8 Vgpe. Color-coded composite of the Cu(0)
(red) and Cu(l) (green) component maps of the cubic particle derived from in situ spectro-
ptychography 4-E stacks measured at (H) OCP, (1) +0.1 Vgug, (J) —=0.2 Vgue, (K) —0.5 Vgpg, and (L) —0.8
Vgpe. The yellow contour lines in (H-L) identify the regions with thickness of Cu(0) or Cu(l) higher
than 20 nm (see Figure S12). Scale bars, 500 nm (A) and 100 nm (B-L).

color-coded composite component maps of Cu(0), Cu(l), and Cu(ll) in absolute
scaling (showing the thickness of the materials in units of nm) are presented in
Figures 5H-5L, showing the spatially resolved distribution of each Cu species under
each electrode potential. At OCP, the cubic particle was a mixture of Cu(0) and Cu(l).
When more negative electrode potentials were applied, the Cu(l) in the cubic parti-
cle converted to Cu(0), with almost all of the Cu(l) being converted to Cu(0) at poten-
tials below —0.2 Vgye.

The average spectrum of the Cu cubic particle (regions of yellow shapes in

Figures 5H-5L) extracted from the 4-E and fully sampled Cu L3 spectro-ptychogra-
phy amplitude stacks as a function of electrode potential (+0.1 to —0.85 Vgye) are
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Table 1. Compositions of Cu cubic particles under various potentials

Average thickness (nm)?

Potential (VguE) Cu(0) Cu(l) Cu(ll)
OCP 69+ 5 45+ 4 <1
+0.1 81 +7 19+ 2 <1
-0.2 83+ 7 <1 <1
-0.5 76 + 6 <1 <1
-0.8 78 + 6 <1 <1
—0.85 60 £ 5 <1 <1

®The uncertainties combine statistical (+3%) and estimated systematic uncertainties. The latter were esti-
mated by comparing quantitation of component maps derived from slight but reasonable changes in the
analysis procedure.

presented in Figure S13. The evolution of the average spectrum confirms the conver-
sion from Cu(l) to Cu(0) during the electrochemical process. Moreover, the spectra
extracted from the Cu(0)-rich and Cu(l)-rich regions were analyzed by SVD using
the OD1 (optical density per nm) reference spectra to quantify the composition un-
der various potentials. The results showing the average thickness of each Cu species
on the Cu nanoparticles are presented in Table 1. This spectral-domain analysis con-
firms the changes of Cu oxidation states during the CO3R reactions. No statistically
significant amounts of Cu(l) were detected at potentials more negative than —0.2
Vgrue, verifying that Cu(0) is the oxidation state of the active catalyst under electro-
chemical CO;R conditions. The average thickness of Cu(0) gradually reducing could
be due to the detachment of Cu materials from the catalytic particles during the
CO3R process, which has been observed in other literature.?” Our results quantita-
tively show the Cu detachment during the reactions.

A detailed Cu L3 ptychography stack was measured during chronoamperometry at
—0.85 Vgue, where Cu is very active for the electrochemical conversion of CO,
into alcohol and hydrocarbon products.***” Under these electrochemical condi-
tions, bubbles were occasionally observed at or near the working electrode surface,
likely due to the formation of gas-phase CO3R products (CO, small hydrocarbons)
and/or H; evolution from water splitting. An example of a spectro-ptychography
measurement under gas evolution conditions is presented in Note S11, Figure S16,
and Video S1. Despite the changing position of the liquid interface, it was still
possible to conduct spectro-ptychography measurements on the same cubic Cu
particle. Quantitative component maps of Cu(0), Cu(l), and Cu(ll) and a color-coded
composite of the component maps from processing of the ptychography amplitude
stack are presented in Note S12 and Figure S17. The results from the full spectro-
ptychography stack are similar to those from the 4-E stack measured at —0.8 V ge
(Figures 5L and S13), thereby verifying the chemical analysis provided by the 4-E
stack.

DISCUSSION

Individually, in situ flow electrochemical STXM and soft X-ray spectro-ptychography
are very challenging experimental methods. The combination of controlled in situ
electrochemical modification of samples in the presence of a liquid electrolyte
and soft X-ray spectro-ptychography has not been reported previously in the scien-
tific literature to the best of our knowledge. In this work, we demonstrate the appli-
cation of in situ spectro-ptychography under controlled electrolyte flow and applied
electrode potentials to characterize Cu catalysts under electrochemical CO3R condi-
tions. This research shows that spectro-ptychography can provide chemically selec-
tive imaging under in situ conditions with results similar to those from STXM, albeit
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with superior spatial resolution and image quality. The improved spatial resolution
provides increased insight into the morphological changes as the catalyst particles
evolve under reducing conditions (Figures 1 and 5). The combination of improved
spatial resolution and the ability to quantitatively map Cu oxidation states with
high spatial resolution made it possible to monitor the morphological and chemical
state evolution of a single Cu particle under CO4R conditions.

4,6,11,23 10,20

Using in situ spectroscopic or microscopic characterizations, some
studies have reported the presence of Cu(l) under electro-catalytic CO,R condi-
tions,*"'%"*"” while others report only Cu(0)."®?° The quantitative, spectroscopy-
based results from our in situ spectro-ptychography measurements provide further
insight into this issue. As reported in Table 1, within estimated errors, the particles
are 100% + 7% Cu(0) at electrode potentials of —0.2 Vgye or lower. This strongly
supports the viewpoint that non-zero-valent Cu species do not exist under steady-
state electrochemical CO,R conditions.'®?° After complete conversion of Cu(l) to
Cu(0) at —0.2 Vgye, there are no further oxidation state changes, but morphology
changes continue in the form of dendrite growth (Figure 5). This suggests that
Cu particles do not change shape solely as a result of changing oxidation state.
Rather the morphology changes are the result of restructuring, reconstruction,
and re-deposition processes caused by the driving forces associated with the
CO,R reaction itself.?%7?%?° These results are in good accord with a sub-set of other
in situ studies of the same type of Cu CO3R electrocatalysts.®**?%?"?> |n addition,
they are supported by the results of a parallel study we have conducted using in situ
STXM on a similar electrocatalyst using the same in situ device and protocol,
including electrodeposition from CuSO,/KCI, followed by changing the electrolyte
to CO,-saturated KHCO3 and potential dependent chronoamperometry. The in situ
STXM measurements were made over a larger area of the electrode and thus a much
large number of Cu-based particles. The trends observed in the in situ STXM study
are consistent with those reported in this work.*”

Overall, this study demonstrates that in situ soft X-ray spectro-ptychography pro-
vides sensitive and quantitative chemical speciation with high spatial resolution,
which gives insight into the complex structural and chemical evolution of CO2R
and other electrocatalysts. In this study we found that in situ spectro-ptychography
is practical for small areas (<2 um). Larger areas, with the required large overlap
sampling (>80%, see experimental procedures), take too long and can generate
datasets larger than the SOLEIL HERMES ptycho processing computers can
handle. Currently, the upper limit at HERMES for PyNX analysis of a single pty-
chography dataset (1 real space image) is 2,500 DI. Thus spectro-ptychography
is best suited to studies of detailed changes in small areas. In the context of
studies of Cu-based CO,R electrocatalysis, the 4-E Cu Lj stack approach is very
time efficient, allowing studies of a larger range of in situ conditions within a
limited time period. We estimate that 4-E stacks save more than 75% of the
time compared with 40 energy stacks. This raises the potential of following the
kinetics of some changes, as long as the processes occur in the timescale of a
few minutes. However, it is always useful to measure the detailed energy stacks
at selected conditions, both to confirm results from faster 4-E stacks and to check
for unexpected components.

As a final comment, the total elapsed time for spectro-ptychography using defocused
spot size (e.g., 1 um, as used in this work) is not much longer than what would be
required to measure STXM of the same area with suitable parameters. Basically the
spatial sampling has to be much greater in STXM than in spectro-ptychography to
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sufficiently sample the morphology. The data collection time for spectro-ptychography
of area B was 90 min. To measure the same area by STXM using a 20 nm spot size and
5 ms/pixel the acquisition time would be 70 min (3 x 3, 150 x 150 pixels, 5 ms/pixel, 34
energies). If the same dwell time as spectro-ptychography was used (60 ms), the time for
the analogous STXM measurement would be 14 h. That long an STXM measurement
would deliver an enormous radiation dose. So, for the size of areas studied in this
work, ptychography has a slight advantage in elapsed time (ignoring the significant
amount of time needed for ptychography reconstruction!) and huge advantages in
terms of (1) much finer pixels in the final reconstructed images, (2) better spatial resolu-
tion, (3) better statistics, and (4) greatly reduced radiation dose, and thus less concern
about radiation damage. Aside from the effort and computational resources needed to
carry out the reconstruction (which is getting easier year by year), spectro-ptychography
has many advantages relative to conventional STXM.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to, and will be ful-
filled, by the lead contact, Drew Higgins (higgid2@mcmaster.ca).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The datasets generated in this study are available from the lead contact upon
reasonable request.

Reagents and chemicals
CuSOy, KCI, and KHCO3 were purchased from Sigma-Aldrich and used as received
without further purification. Deionized water was used in all experiments.

In situ device and instrumentation

A custom-designed microfluidic device encompassing an electrochemical micro-
chip reactor’® was used for these in situ studies. The device is presented in
more detail in Note S13. The in situ device consists of a machined printed circuit
board (PCB) (Figure S18A) front frame, a poly(methyl methacrylate) backplate (Fig-
ure S18B), and a polydimethylsiloxane/glass cell equipped with the electrochemi-
cal in situ chips (Figure S18C). The electrode equipped in situ chip (Figure S18D),
fabricated by Norcada, is connected to a potentiostat (lvium pocketstat) through a
4-pin electrical connector on the PCB frame. The four microfluidic channels (shown
as dotted lines in Figure S18C) are connected using Tefzel fluoropolymer tubing
(Idex) with an inner diameter of 0.0254 cm and outer diameter of 1.5875 cm.
One of these tubes is connected to a syringe pump (New Era 1000) for controlled
electrolyte flow. The electrochemical reactions were performed using the three
electrodes on base chip E (Figure S18E). Spacer chip F has a pre-deposited spacer
layer (500 nm or 1 pm thick) defining the height of the flow channel. The three elec-
trodes on the base chip E, working/counter/reference electrode (WE/CE/RE), are
all gold. (Figure S18E) The darker circles on the WE and CE are regions with
thinner Au coating to reduce X-ray absorption from the electrodes.
Figures S18A and S18B show pictures of the assembled device inside the
HERMES STXM chamber with the Dhyana 92 ptychography camera and associated
stray light shield installed.
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STXM and ptychography

STXM

The HERMES beamline is described in detail elsewhere.®® The STXM is commercial,
supplied by Rl Research Instruments. The fresnel zone plate (FZP) with an outermost
zone width of 25 nm was supplied by Applied Nanotools. The sample was placed on
an XYZ piezoelectric stage. The lateral position of the sample relative to the FZP was
stabilized to a precision of 5 nm by a differential laser interferometer system.®" Recti-
linear raster scans were used. In STXM mode, the X-rays transmitted through the
sample are converted into visible photons by a phosphor and are detected in sin-
gle-event counting mode by a high-performance photomultiplier tube.

Ptychography

The setup for ptychography and the operating procedures are described in detail
elsewhere.?>*%3749 |n this work, a modified Dhyana-92 sCMOS camera®®** was
used. A coated sensor was used, since X-rays above 900 eV are damaging to the
uncoated sensor.”® Before each ptychographic measurement, a statistically precise
background was measured with the X-ray beam blocked by an upstream valve. The
average background after subtraction of the stable camera background was about 1
electron, giving a dynamic range of over 20,000. A custom holder allows the camera
to be mounted on the STXM detector stage with enough positioning flexibility to
center the camera on the diffracted image and adjust the sample-to-camera dis-
tance as a function of photon energy to ensure fixed-g scans. All ptychography mea-
surements were made using a defocused spot, which reduces radiation dose, due to
much lower fluence (factor of 400, relative to the fully focused ~50 nm spot). To
generate a 1.0 pm defocused spot, the zone plate was moved upstream by
18 um, a distance calculated from dr/dz = D/f where (dr/dz) is the change in the
spot size (dr) for a given change in position of the ZP relative to the sample (dz), D
is the diameter of the FZP, and f is the focal length given by f = Dar/E, where dr is
the outermost zone width (25 nm) and E is the photon energy.”” Diffraction images
were sampled with 80% or 90% overlap and a 1.0 pm defocused spot.

In situ STXM and ptychography

The WE/CE/RE were gold. All potentials were measured relative to the Au pseudo-
reference (Va,) during the experiments. The OCP was —0.045 + 0.01 V,,, showing
that stable potentials were achieved using the Au pseudo-reference. The measured
potentials versus the Au pseudo-reference were subsequently converted to poten-
tial versus the RHE (Vgryg), by a conversion of Vryg = Vau + 0.4V, which was deter-
mined by comparing cyclic voltammograms for Cu reduction and oxidation under
the in situ conditions (versus Au) and under the lab-based conditions (versus RHE),
where a Ag/AgCl reference electrode was used to bridge to the RHE scale. The
OCP of —0.045 V4, is equivalent +0.355 Vgye.

Details of the procedures used for the in situ measurements are presented in Note
S14. First, Cu particles were electrodeposited from a mixture solution of 10 mM
CuSO4 and 10 mM KCI on the thin region of the Au working electrode in the in
situ device. The electrolyte tubes were pre-filled with CuSO4/KCl solution and con-
nected with the assembled in situ device. Then a syringe pump was used to slowly
(50 pl/h) fill the in situ device with the electrolyte. The filling process was conducted
under an optical microscope (20X objective) to confirm that the electrolyte
completely fills the window region and that the electrolyte layer is of appropriate
thickness, as measured by counting Newton rings. For the first in situ experiment,
the Cu electrodeposition was carried out by performing three cycles of cyclic voltam-
metry in the potential range —0.1 to +0.4 Vgye with a scan rate of 20 mV/s. In this
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way, Cu particles were deposited on the WE electrode region, as shown by STXM
images in Figure S19. Our goal was to generate cubic particles, as documented us-
ing similar, mixed Cu(ll) and KCl electrolyte solutions.”'® Copper particles having a
well-defined cubic structure have been reported to have good efficiency and C,.,
selectivity for CO; reduction.””'? The changing morphology in these images (all re-
corded by STXM at 933.3 eV) is caused by electrochemical changes during the in situ
measurements. The last spectro-ptychography recorded on area A used a fully
focused X-ray beam (~50 nm). (The results reported in Figure 1 were measured
before that scan.) When the incident flux was increased to >200 MHz by opening
the exit slits, the high radiation dose caused X-ray-induced reduction of Cu oxide
to copper, as evidenced by the square region observed in area A of the electrode
that was illuminated under these high flux conditions (region in yellow square in Fig-
ure S19B). After reducing the incident X-ray flux to that used for this study (20 MHz),
radiation damage artifacts were not observed (see Figures S20 and S21). Note S15
discusses the issue of radiation damage during these measurements in more detail.
It estimates the X-ray doses used to obtain the reported results and provides exper-
imental evidence that the results reported in this in situ spectro-ptychography study
of Cu electrocatalysts were not significantly affected by radiation damage.

After in situ Cu deposition under the optical microscopy, the electrolyte was
changed to COj-saturated 0.1 M KHCOj3 for CO2R reaction. Millipore Type | Ultra-
pure water was first used to flush the CuSO4/KCl out of the in situ device. The
micro-chip reactor was then filled with CO,-saturated 0.1 M KHCO3 electrolyte using
the syringe pump with a flow rate of 25 plL/h. The whole process for changing the
electrolyte took around 20 min.

Different oxidation states were observed in the particles measured in area A and
area B. A possible reason for this is given in supplemental information and Note S14.

After Cu particle deposition and changing the electrolyte to CO,-saturated 0.1 M
KHCOg3, the in situ device was carefully loaded into the STXM instrument chamber.
Then the airin the chamber tank was replaced with He gas for STXM and spectro-pty-
chography measurements. In some cases, the tank was pumped to <1 mbar and the
tank backfilled with 0.8-1 bar He. In others, a slow flow of He was used to displace
the air, without the STXM tank pressure deviating much from 1 bar. Operation at
1 bar greatly reduced the window bulging that is common when operating in situ
cells with thin silicon nitride (SiN,) windows. While performing measurements, chro-
noamperometry at various potentials was applied to the Cu particles on the WE at
areas A, B, and C. Table S2 summarizes the potentials and measurements of
STXM or spectro-ptychography performed to generate the data presented in this
paper. When at low potentials or OCP, an electrolyte flow rate of 20 pL/h was
used. While at potentials more negative than —0.5 Vgye, where H, and CO gas are
produced, a faster electrolyte flow rate (50 uL/h) was applied to remove the gas bub-
bles from the WE region. Between the measurements and prior to changing the po-
tential, the system was returned to open circuit potential +0.355 Vgpyg (—0.045 V) in
order to have a standard starting point before applying the next potential in
sequence.

Ptychography data processing

The basic principles of scanning coherent diffraction imaging, known as ptychogra-
phy,*® are outlined in Note S1. Spectro-ptychography®’—* further extends the basic
ptychography imaging method by measuring ptychographic data at a sequence of
X-ray energies spanning an X-ray absorption edge of an element of interest, in this
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case, the Cu L-edge. Ptychographic reconstruction was carried out using the open-
source PyNX software®” developed at the European Synchrotron Radiation Facility.
Two hundred iterations of the alternate projection algorithm with a single probe
function (AP**200) was used for the initial analysis, which could be performed in
~15 m, about the same time it takes to acquire the next spectro-ptychographic
4-E dataset. After the run, the data were re-processed using 800 iterations
(AP**800). The increased number of iterations typically reduced the extent of raster
grid artifact, and slightly improved spatial resolution. Details of the ptychography
acquisition and reconstruction are presented in Table S2.

Spectromicroscopy data processing

Three types of STXM and ptychography measurements were used in this work: im-
age, full stack, 4-E stack. STXM/ptychography images were measured by scanning
the sample in a point-by-point mode while recording DI with 20-60 ms acquisition
time at each pixel. Spectroscopic information was obtained by recording a stack,
which is a series of STXM or ptychography image sequences,®® covering a range
of photon energies. In this work, a Cu L3 stack consisted of measurements at 34 or
40 energies from 920 to 946 eV. A2 X 2 um (20 x 20) pixel, 60 ms/DI ptychography
stack took ~90 m to measure. When measuring the Cu L3 STXM stack, using the cam-
era and integrating the full DI, the pixel size was 50-100 nm, with a per pixel dwell of
20 ms, which took ~30 m. The 4-E stack used in this work measured images at 927.3,
930.3, 933.3, and 937.3 eV. This took ~20 m for ptychography and ~15 m for STXM,
the 4-E stacks provided similar chemical mapping as a full stack, although the latter
gave more complete spectroscopic information.

The STXM and reconstructed ptychography data were analyzed using aXis2000 soft-
ware.®* The images in a stack typically drift by a few hundred nm over a 40-80 eV
scan range. Therefore, the stacks were aligned to an ~2 nm registry using a Fourier
cross-correlation method. The transmission signal (I) of the aligned stack is con-
verted to OD using the Beer Lambert law: ODy ) =-In(l/I,), where | is the X-ray inten-
sity transmitted through the sample and support, and I, is the incident X-ray intensity
measured off the sample but where the X-rays transmit through all other parts of the
X-ray path (optics, windows, zone plate, detector) and the sample support (SiN, win-
dow). After OD conversion, the Cu L3 X-ray absorption spectra of selected areas
(many pixels, which are not necessarily contiguous, but are related by spectroscopy)
are extracted from the STXM and ptychography stacks using methods described in
greater detail below.

The fitting procedure in aXis2000, which is based on a SVD matrix method,’® was
used to analyze the stacks. The SVD stack fitting routine fits the NEXAFS spectrum
at each pixel to a user-identified set of reference spectra, which can be derived
from the spectroscopy on well-defined reference compounds (external). The result
of an SVD stack fitting is a set of component maps (spatial distributions), one for
each component, along with the residual of the fit.”*?/ To quantitatively fit the
data, reference spectra were converted to an absolute intensity scale, OD1, by
scaling the relative intensity spectra so that the signal in the pre-edge and far-con-
tinuum (>30 eV above the edge) match the predicted spectrum for the 1 nm thick-
ness of the known composition and density of the reference material, which is calcu-
lated using elemental parameters from the Center for X-ray Optics database. The
grayscale of the component maps derived from SVD stack fitting using OD1 refer-
ence spectra is an estimate of the thickness of that component at each pixel in the
region analyzed. To confirm the validity of the spectromicroscopy fitting procedure,
spectra are extracted from specific areas of a stack, identified based on morphology
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and/or spectral similarity and then subjected to a “curve-fit” procedure in which SVD
is used to fit the extracted spectra. When reference spectra on OD1 intensity scales
are used in a curve-fit, the contribution of each spectral component is an estimate of
the average thickness in nm of that component in the area from which the spectra
were extracted. Color-coded composites of the component maps are displayed in
both relative and absolute scaling. Relative scaling (e.g., Figure 2G), in which the
grayscale values of each component are mapped to a 0-255 bit scale for the color
representing that component, shows the locations of a component, independent
of the amount of the other components. In contrast, in absolute scaling (e.g., Fig-
ure 2H), the thickness values for each component are displayed such that the
0-255 bit scales of the red, green, and blue are each mapped to the same limits,
by default, the minimum and maximum of thickness over all three components.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101665.
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