Real-time Monitoring  Reveals Dissolution/Redeposition
Mechanism in Cu Nanocatalysts during the Initial Stages of the

CO:2 Reduction Reaction

Jan Vavrat’, Tzu-Hsien Shen’, Dragos Stoiant, Vasiliki Tileli%*, Raffaella Buonsantif*

T Laboratory of Nanochemistry for Energy (LNCE), Department of Chemical Sciences and
Engineering, Ecole Polytechnique Fédérale de Lausanne, CH-1950 Sion, Switzerland
¥ Institute of Materials, Ecole Polytechnique Fédérale de Lausanne, CH-1015 Lausanne,

Switzerland

*corresponding authors: vasiliki.tileli@epfl.ch; raffaella.buonsanti@epfl.ch

ABSTRACT

Size, morphology and surface sites of electrocatalysts have a major impact on their
performance. Understanding how, when, and why these parameters change under operating
conditions is of uttermost importance for designing stable, active, and selective catalysts. Here,
we study the reconstruction of a Cu-based nanocatalysts during the startup phase of the
electrochemical CO: reduction reaction by combining results from electrochemical in-situ
transmission electron microscopy with operando X-ray absorption spectroscopy. We reveal that
dissolution followed by redeposition, rather than coalescence, is the mechanism responsible for
the size increase and morphology change of the electrocatalyst. Furthermore, we point out the
key role played by the formation of copper oxides in the process. Understanding of the
underlying processes opens a pathway to rational design of Cu electro (re)deposited catalysts
and to stability improvement for catalysts fabricated by other methods.
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INTRODUCTION

The electrochemical CO; reduction reaction (CO2RR) is a promising strategy to recycle waste
CO; by converting it into fuels and chemical feedstock while storing renewable energy.!!~]
Copper is at the center of attention in the CO2RR research, as it is the only single metal catalyst
able to drive the reaction towards multielectron reduction products, beyond CO and formate.
While 16 different products are generated on polycrystalline copper foil, all the recent record
selectivities and activities have been achieved with copper-based nanoparticle (NP) catalysts
by tuning their composition and/or structure at the nanoscale, along with the electrolyte and the
reactor design.[*-¥]

In addition to monitoring activity and selectivity, the study of catalyst reconstruction processes
is of uttermost importance for building an unambiguous understanding of structure/properties
relations. Thus far, few examples of copper catalyst reconstruction at steady-state operation
have been reported in the literature and they evidence the tremendous impact of the observed
changes on the catalyst activity and selectivity. °~'2 Changes occurring during the startup phase
of the catalytic process often lead to the formation of the active form of the catalytic material,
whereas morphological and compositional changes occurring during steady-state operation are
generally connected to catalyst deactivation.!!>-!®1 Overall, developing a comprehensive
understanding of catalyst modifications under various conditions, including steady-state and
transient (i.e. startup and shutdown) operations is vital in the field of catalysis.

Some insights can be extracted by comparing the catalyst before and after the reaction,!!®-18]
but overall, the knowledge of the mechanism driving copper catalyst reconstruction under
CO2RR conditions is still very limited. The development of in-situ and operando tools,
including transmission electron microscopy (TEM) and X-ray absorption spectroscopy (XAS),
is essential in understanding such phenomena. While in-situ and operando X-ray scattering and
absorption are becoming increasingly common in CO2RR, "] in-situ microscopy studies remain
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scarce with few examples employing in-situ atomic force microscopy [2%2!! and, only recently,

22241 For example, the electrodeposition of

some studies based on in-situ electron microscopy.!
200-300 nm Cuz0 cubes on Pt electrode and their subsequent fast deterioration under reducing
conditions has been observed with in-situ TEM.[??] In-situ electrochemical scanning electron
microscopy has been instead used to describe the reconstruction process of electrodeposited
copper under CO2RR conditions. ?*! While these studies highlight the potential of in-situ
electron microscopy to study catalyst changes during operation, great care must be taken in
interpretation such data. Indeed, in a TEM the Cu deposition can be readily driven by the
electron beam [2°] and additional limitations arise from the requirement of extremely thin and
electron transparent electrochemical cells.[26]

Spherical Cu NPs are not particularly selective towards a certain product.’! However, various
studies have shown that they transform into a catalyst that is more selective towards C-C
coupling during the initial stages of CO,RR.[!7-?7-28] Recently, ex-situ microscopy and in-situ
XAS have revealed that the active catalyst is constituted by disordered aggregates, which was
in line with in-situ TEM observations .[>3! However, the chemistry driving the activation process
remains still to be elucidated.

Herein, we use in-situ TEM to study the reconstruction of spherical Cu NPs during the startup
phase of CO2RR in order to gain deeper insights into the underlying mechanisms of the catalyst
activation process. We designed and microfabricated electrochemical chips with glassy carbon
working electrode specifically for in-situ TEM under CO2RR conditions, which allows for
monitoring of the immediate shape, size and crystal structure of the catalyst by imaging and
diffraction techniques in real-time. The controlled electron dose during the experiments and the
improved resolution of this purpose-built chips provide access to details of the reconstruction
process that were not accessible before. Complementary operando XAS then supplies important
insights into the oxidation state of the Cu catalysts, which corresponds well with the in-situ

electron diffraction data. Our results reveal that the catalyst reconstruction process during the
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startup phase is caused by nucleation of larger NPs from Cu ions dissolved in solution at open
circuit voltage. We propose that the growth of these secondary NPs continues via the dissolution
and redeposition of the initial catalysts. By resolving the individual NPs during this

morphological transformation, we exclude the process of migration and coalescence.

RESULTS AND DISCUSSION

The as-synthesized catalyst consists of spherical metallic Cu NPs. Figure la reports a
representative high resolution TEM (HRTEM) image of a few of them. In the corresponding
FFT (Figure 1b) the d-spacing is assigned to Cu {111} planes, which confirm their metallic
nature. Figure 1c then depicts the electrochemical chip design adopted specifically for the in-
situ CO2RR TEM experiments. The ability to perform CO;RR inside the confined volume of
the micro-cells used for in-situ TEM demands the suppression of the hydrogen evolution
reaction and the elimination of the intrinsic activity of the supporting electrode for CO,RR.[2%-30]
These requirements rule out the use of typical metals used for current collectors in micro-cells,
such as platinum or gold. Glassy carbon or carbon felt is typically used as the supporting
electrode for CO2RR nanoparticle catalysts due to its good conductivity, low chemical
reactivity, large overpotential for HER and minimal activity for CO2RR. Inspired by the stable
electrodes used in bulk cells, we modified the in-situ TEM electrochemical chips to feature a
true glassy carbon working electrode that provides a suitable support for the nanoparticle
catalyst. The fabricated thin layer carbon working electrode exhibits glass-like behavior, good
conductivity and high charge transfer resistance, resembling the behavior of its bulk counterpart
(Figure S1). The large area of the working electrode facilitates the catalyst loading, that can be
performed simply by dropcasting. The potential of the working electrode is measured in-situ
with a Pt-pseudoreference electrode, whose potential has been externally calibrated (Figure

S2), allowing us to report all potentials versus the reference hydrogen electrode (RHE).
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Figure 1. Characterization of the as-prepared catalyst. a) HRTEM image of a few Cu NPs from an
as-synthesized sample prepared and analyzed in oxygen-free conditions. b) FFT of the highlighted
particle in a) where d-spacing corresponds to Cu {111} planes. ¢) Optical micrograph of the
electrochemical chip fabricated for the in-situ TEM during CO,RR. d) Low magnification HAADF-
STEM image of the catalyst loaded on the electrode in air before introducing the electrolyte for the in-
situ TEM experiment. e) Rotational average of a SAED pattern of the catalyst in d) with reflections
assigned to Cu,0. f) Schematic cross-section of the cell operating inside the microscope. RE, WE and
CE abbreviate reference electrode, working electrode and counter electrode respectively.

A representative low-magnification image of the NPs loaded on the working electrode in air
before introducing the electrolyte is reported in Figure 1d. Spherical NPs with the size of 6.7
+ 0.9 nm are observed. The rotational average of a selected area electron diffraction (SAED)
pattern (Figure 1e) indicates that they are Cu2O. The NPs are synthesized as metallic Cu;
however, they gradually oxidize when exposed to air and/or when immersed in the CO2RR
electrolyte (for more details see Figure S3, S4, S5). Schematic cross-section through the
imaging region in Figure 1f illustrates the cell geometry. The in-situ cell is a three-electrode
configuration with glassy carbon working electrode Pt reference and counter electrodes. The
air bubble trapped between the deflected windows provides regions with thin electrolyte layer,

which are ideal for imaging.
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Using the developed setup, we studied the morphological and compositional changes of the
catalyst during its activation stage. We first performed a potential sweep (linear sweep
voltammetry - LSV) in order to simulate a gradual cell startup. Next, we monitored the catalyst
during the first minute of its operation under a constant applied cathodic potential in a
chronoamperometry (CA) experiment. We focused on the initial stage of the process because
the change of selectivity towards ethylene occurs within the first few minutes of operation,]
aiming to capture the structural and morphological transformation accounting for this process.
The operating potential of -0.8V vs RHE was chosen based on previous electrochemical
experiments performed by us and by other groups.[!7-27:31]

We first observed the morphological evolution of the catalyst during LSV, data are reported in
Figure 2 and Sup. Movie 1. By gradually sweeping the potential from open circuit voltage
(OCV), of around 0.5 V vs RHE, to cathodic values, we can correlate the morphology of the
catalyst to the immediate applied potential. After introduction of the CO; saturated electrolyte
in the micro-cell, the contrast and resolution reduce due to increased inelastic electron scattering
from the liquid layer. Still, the pristine Cu NPs can be resolved in areas where they are loaded
as a multilayer (Sup. Movie 1). The in-situ TEM experiments were performed in a conventional
transmission mode as opposed to a scanning mode to minimize the local electron dose and, in
consequence, to avoid catalyst modification due to irradiation effects (Figure S6, S7). We
found that while the STEM imaging mode does provide good contrast, the high local electron
dose of the condensed beam induces rapid changes to the catalyst (Figure S8).

Representative snapshots of the morphological evolution of the catalytic NPs at specific
potentials are depicted in Figure 2a. The corresponding LSV recorded in-situ is shown in
Figure 2b. No changes are observed between 0.5 V vs RHE (OCV) and 0.1 V vs RHE.
Nucleation of larger particles occurs between 0.1 V and 0 V vs RHE. The original 7 nm Cu NPs
and these newly formed larger particles will be referred to as “primary” and “secondary” NPs,

respectively. The nucleation of the secondary particles is well reflected in the statistical data in
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Figure 2c as the total number of secondary particles abruptly increases along with an increase
in the mean particle diameter. The primary particles in this experiment have low contrast and
cannot be reliably analyzed. Spikes in the mean particle diameter between 0.4 and 0.1 V vs
RHE (red curve in Figure 2c¢) correspond to the few primary particles picked up in certain
frames. The nucleation of the secondary particles coincides with the reduction feature in the
LSV around 0 V vs RHE, where Cu ions are reduced to metallic Cu.[*?] The secondary particles
grow to average diameter of about 14 nm. When the potential is swept even more negative to
reach the operational value of -0.8 V vs RHE, additional nucleation and growth of secondary
particles take place. This process is illustrated in Figure S9. The overall catalyst morphology
after LSV corresponds qualitatively to an ex-situ experiment reported in Figure S10, providing

evidence that the electron beam and reduced reaction volumes are not interfering with the

reconstruction process.
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Figure 2. In-situ TEM documenting the catalyst morphological evolution during the cell startup.
a) Representative TEM images from Supplementary Movie 1 depicting the nucleation of larger
secondary NPs during the LSV. Electron dose rate: 35 enm™s™. b) LSV recorded during the in-situ
experiment. c¢) Total number of the formed secondary particles (black line) along with their mean
equivalent circular diameter (red line) with its standard error (pink) as a function of the immediate
applied potential.

A complementary experiment was performed in a region with higher signal to background ratio

that ultimately provided enhanced resolving power for tracking the transformation of individual
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primary particles into secondary ones (Figure 3 and Supplementary Movie 2). We note that
the total cell thickness is usually not homogeneous across the imaging area (Figure S9), due to
membrane bulging and/or possible air trapped in the probed area.*3 In this experiment the
potential is first swept from OCV to -0.25V vs RHE (between -12 s and 0 s) which is followed
by a chronoamperometry experiment at -0.25V for 60s (Figure 3d). The onset of secondary
particle nucleation around OV vs RHE is consistent with the previous experiment, but the
particle growth is slower due to the amount of Cu ions locally available to undergo reduction.
The secondary particles in this case nucleate more densely and grow to a lower final size, yet
with the above-mentioned considerations we can qualitatively translate the observed process
back to the bulk cell. Figure 3a shows an overview of the process. A magnified series of images
in Figure 3b, reveals that some of the primary particles grow into secondary particles. By
following the process on a single particle level (Supplementary movie 2), it is evident that this
growth is not caused by particle coalescence, but is instead mediated by soluble Cu species. In
turn, some of the primary particles visibly shrink in size and disappear between 30 s and 60 s
(Figure 3c). In the plot of area weighted particle size distribution (Figure 3e), the decrease in
the population of the primary nanoparticles (arrow I) is accompanied by the increase in
population of the secondary particles (arrow II). From a statistical analysis of the full image
sequence, we conclude that the mean particle size remains constant (Figure 3f), which, in this
initial stage, is not surprising as the effect of dissolution of the smaller primary particles is
compensated by the growth of a fewer secondary particles. This process is better demonstrated
by looking at the standard deviation of the lognormal particle size distribution, which steadily
grows from 1.9 nm to 2.7 nm during the experiment. By resolving individual particles during
this process, we see that the evolution of primary to secondary particles goes through a solution
intermediate state. This is indicative of a process similar to Ostwald ripening, where dissolution
of smaller primary particles feeds the growth of the bigger secondary particles, assisted by the

applied potential in our case.
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When the electrodes were analyzed immediately after the cell disassembly, we identified a
mixture partially oxidized primary and secondary particles (Figure S3). After full re-oxidation
of the catalyst, we observed the formation of distinct, single crystal Cu,O cubes (Figure S4),
which were previously identified as an ex-situ signature of the catalyst active for C-C

coupling.[?3]
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Figure 3. In-situ TEM documenting the catalyst morphological evolution under constant applied
potential. a) Sequence of TEM images taken from Supplementary movie 2 at given times during the
experiment. Red and blue frames correspond to magnified images b) and c) respectively. b) Magnified
images depicting the secondary particle growth process (red). ¢) Magnified images depicting the
shrinking process of the primary particles (blue) Electron dose rate: 35 enm™s™. d) Electrochemical
data recorded in-situ during the experiment. ¢) Evolution of the area weighted particle size distribution.
Arrow [ highlights the decrease in population of primary particles, whereas arrow II points to the
gradually increasing population of secondary particles. f) Mean circular equivalent diameter (black line)
* its standard error (grey) and a standard deviation of the fitted lognormal distribution. The constant
potential applied during this experiment is -0.25 V vs RHE.

In addition to the morphological changes imaged in real-time, we monitored the structural

transformation of the catalyst by recording in-situ SAED patterns under similar electrochemical
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conditions. Figure 4a depicts diffractograms at selected potentials of 0.4 V vs RHE (OCV)
corresponding to CuO. Diffractograms at -0.1 V and -0.8 V vs RHE correspond to metallic Cu.
Representative diffraction patterns of the two structures are shown in Figure 4b,c¢ and the full
dataset is reported as a color map in Figure 4d. Individual components were extracted from the
dataset (Figure 4e) and synchronized to the immediate applied potential during the LSV
(Figure 4f). The onset of this process is at 0.2 V vs RHE and reduction into metallic Cu is
mostly completed at a potential of -0.1 V vs RHE. The metallic Cu reflections are becoming
more intense and narrower with increasingly negative potentials, indicating an increase of the
Cu crystallite size (details in Figure S11). The reduction of the initial Cu2O to Cu correlates
with the onset potential for the growth of secondary NPs described above.
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Figure 4. In-situ SAED documenting the catalyst structural evolution during the initial stages of
CO:RR. a) Diffractograms at selected potentials reported as rotational averages of the respective
electron diffraction patterns in panel b) and c). d) Time-resolved diffractograms synchronized with the
electrochemical experiment. Diffractograms at selected potentials are horizontal cross-sections from the
dataset. e) Fractions of Cu and Cu,O components extracted by MCR-ALS. f) LSV recorded during the
experiment.

To complement and validate the in-situ TEM data, we performed a similar experiment at a

synchrotron beamline with a standard H-cell in fluorescence configuration (Figure S12). An
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overview of the X-ray absorption near edge structure (XANES) data acquired during a
CO2RR/LSV experiment is given in Figure 5. The Cu K-edge spectra at the selected potentials
of 0.4 vs RHE (OCV) and -0.8 V vs RHE are displayed in Figure 5a and Sb, respectively.
Notably, they match the Cu,O and Cu metal standards, as displayed below each spectrum. The
time-resolved intensity map in Figure 5c¢ was extracted into its individual components by
multivariate curve resolution using alternating least-squares (MCR-ALS). Individual
component fractions as a function of the applied potential are reported in Figure Sd. The LSV
measured during the experiment is shown in Figure Se. Prior to 0.1 V vs. RHE, the Cu catalyst
exists in its oxidized form. At around 0.1 V a reduction feature appears in the LSV.
Concomitantly, the Cu2O component starts to decrease and the concentration of metallic Cu
increases. The reduction feature reaches its minimum around -0.1 V vs. RHE and this
corresponds to a composition of about 50% Cu metal and 50% CuxO. At the operating potential
of -0.8 V vs. RHE ca. 95% of the catalyst is reduced to its metallic state. By the end of the LSV
scan to -1.1 V vs. RHE, the catalyst is entirely reduced to its metallic form. Overall, the XAS
experiment confirms the structural evolution of the particles observed by the in-situ SAED. The
slower kinetics of the catalyst reduction compared to the TEM cell are ascribed to a high catalyst

loading, which was required to collect enough signal to resolve the Cu absorption edge.
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Figure 5. Operando XAS monitoring the oxidation state of the catalyst during the initial stages of
CO:RR. a) and b) Cu K-edge spectra at the indicated potentials along with the reference spectra from
Cu foil and Cu,O pellet. ¢) Time resolved intensity map of the Cu K-edge during the CO,RR/LSV
experiment. d) Concentration profile expressed as ratio of Cu’ to Cu” components obtained by MCR-

ALS on the operando dataset. ¢) LSV curve acquired during the experiment.

The insights gained from the in-situ experiments all together enable us to separate the
restructuring process of the primary Cu NPs (Figure 6a) into three subsequent stages, namely

catalyst exposure to electrolyte at OCV (Figure 6b), cell startup (Figure 6¢), and cell operation

(Figure 6d).
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Figure 6. Schematic illustration of the catalyst reconstruction process. a) depicts the as-synthesized
metallic Cu NPs, b) is the catalyst oxidization and Cu ion dissolution into the electrolyte, c) shows the
dissolved ions that redeposit onto the catalyst while applying the reducing potential, and d) shows the
dissolution of the smaller particles into transient species, of unknown nature to date, that feeds the
growth of larger nanoparticles under constant applied potential during the cell operation.
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In the first stage, the Cu catalyst is immersed in the CO2RR electrolyte at OCV and undergoes
spontaneous oxidation to CuO accompanied by Cu ion dissolution into the electrolyte.**] The
presence of Cu ions in the electrolyte was verified by elemental analysis. The solution was
filtered (pore size of around 0.7 nm) to remove any detached NPs prior to inductively coupled
plasma-mass spectroscopy (Table S1). The data reveal that 4.8 % of the total catalyst mass
was already dissolved after only 5 min of catalyst immersion. This process is in agreement with
predictions based on the Cu Pourbaix diagram?! where coexistence of Cu20, Cu® and Cu?" is
expected at pH 8. Notably, the measured amounts of dissolved Cu is several orders of
magnitude higher than experimental equilibrium concentrations for dissolution of CuO and
CuO.B% The large surface-to-volume ratio of the NP ensemble and the presence of
undercoordinated Cu atoms at their surface most likely account for such increased
dissolution.¢!

In the second phase, corresponding to the cell startup, a cathodic potential is applied, which
causes reduction of the aqueous Cu ions back onto the working electrode. This results in an
apparent growth of a subpopulation of particles, forming the metallic Cu secondary particles.
The process starts right at the onset of the reduction feature in the LSV at 0.1 V vs RHE. The
LSV features are well resolved in the XAS experiment and are also apparent in the imaging in-
situ TEM experiments at similar potentials. This is accompanied by the Cu2O primary NPs
being reduced back to metallic Cu, as determined in both SAED and XAS experiments.
Additional copper ions are likely released into the electrolyte during the lattice rearrangement
of primary particles. Release of aqueous ions upon reduction of the respective oxide has been

reported previously for Cu and other noble metal catalyst such as Ru, Ir, Rh, Pd, Pt and Au.’*37-

39]

In the third phase, the catalyst is under constant applied potential, which is meant to simulate
the cell operation. At this point, the catalyst is fully reduced to its metallic Cu® state, yet the

particle size distribution continues to change. We observe further growth of the subpopulation
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of larger secondary particles. The growth process is accompanied by size reduction and
eventual disappearance of the smaller primary particles. While the primary particles are mobile,
no coalescence is observed. The process is rather similar to Ostwald ripening, and the net
reduction of surface free energy is a plausible driving force for the observed process to occur.
The nature of the transient Cu species formed under the reducing conditions is yet unclear.
Dissolution of aqueous Cu* and Cu?" ions under the reducing conditions is unlikely, but the
highly alkaline local pH under operation might drive dissolution of metallic Cu to Cu(OH)>".
[32.[34:401 A similar process of anomalous dissolution of Cu under cathodic polarization in acidic
media has been studied and its chemical conjugation to oxygen reduction reaction was
suggested as an explanation.[*1*?1 Another possibility is the migration of negatively charged
transient Cu” species in a water depletion layer close to the electrode surface; a process referred
to as cathodic corrosion.[**) This process was observed on Pt electrodes at potentials as high as
-0.5 V vs RHE.!*# Finally, while previous observations on the same or similar nanocatalysts
suggest that the CO; reduction intermediates are not crucial for the reconstruction process to
occur 18171 their role in the formation of the transient Cu species should also be assessed.

Obtaining experimental evidence for these transient species is non-trivial and would likely

require development of advanced electrochemical in-situ spectroscopic techniques.

CONCLUSIONS

We have studied the activation process of spherical Cu NPs (~7nm) as catalysts for CO2RR
during the initial stages of the reaction (startup and constant applied potential) by combining
in-situ imaging and diffraction methods in TEM with operando XAS. Initially, the evolution of
these primary NPs towards larger secondary NPs is correlated with the reduction of aqueous
Cu ions. It is demonstrated that Cu ions are generated by the chemical dissolution of the Cu,O
phase under open circuit conditions. It is further proposed, that additional Cu ions are released

into the electrolyte during reduction of Cu2O phases to metallic Cu. While the role of Cu surface
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oxides on CO2RR has been debated across the literature,**#-48) we clearly identify its role
during reconstruction of Cu-based catalysts, which offers a novel outlook on the subject.
Subsequently, the reconstruction process continues under constant applied reducing potential,
despite the absence of oxidized phases. This secondary process is also mediated by transient
soluble Cu species, whose exact nature is yet unknown.

The dissolution of Cu nanocatalysts at OCV might negatively impact long-term intermittent
operations. However, the observed phenomena are expected to be less pronounced for larger
NPs with lower surface-to-volume ratio, that are a more attractive choice for CO2RR because
of suppressed activity for HER.[*!°1 Furthermore, the development of strategies aimed at
preventing dissolution, i.e. the introduction of tailored interfaces with oxides or carbon, might
help to overcome this issue. 4! Finally, future studies on the facet-dependence of the
proposed mechanism are interesting and foreseen in the near future.

By advancing the understanding of the mechanisms underlying copper catalyst reconstruction
during its activation process, we contribute towards establishing a framework to understand
catalyst transformations towards more active forms, a subject which remains underexplored in
the context of CO2RR. Using such analytical tools that monitor the dynamics of the catalyst
transformations will aid towards the rational design of electro (re)deposited catalysts, and will

help in explaining the processes responsible for catalyst deactivation in later stages.
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