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ABSTRACT: Underpotential deposition (UPD) enables the generation of metal monolayers whose
electronic properties can be significantly different from the bulk. While studied extensively for bulk
electrodes, UPD kinetics for individual nanoparticles can deviate from their bulk counterparts due to
the distinct differences in the distribution of local electric fields. UPD’s nature remains largely
unexplored due to the lack of nanoscale time-resolved operando/in situ techniques at interfaces. This
study presents an investigation on a model system, the UPD of monolayer Cu at single-crystal Au
nanocube surfaces, based on a correlative analysis of electrochemical results and high-resolution
chemical mapping. Operando electrochemical liquid-cell scanning transmission electron microscopy
(EC-STEM) directly visualizes the potential-dependent and spatially resolved Cu electrodeposition
kinetics, classified as planar, island-shaped, or dendritic growth. Operando EC-STEM reveals the well-
defined diffusion-controlled processes during Cu electrodeposition in sub-pm thick liquid with both
quantitative electrochemistry and quantitative imaging analysis. 4D-STEM shows that the Cu
electrodeposition is guided by the crystallographic orientation of the Au substrate. This methodology
of operando EC-STEM for quantitative electrochemistry can serve as a generalized platform to advance fundamental
understanding of (electro)chemical reaction dynamics.
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etal deposition on solid surfaces is important for
l \ / I both fundamental surface science and technological
applications, such as metal coating, corrosion
prevention, and electrocatalysts.”> Cu electrodeposition has
been employed as a model system for understanding
nucleation and growth mechanisms and is widely used for
fabricating electrical interconnects in integrated circuits.” Of
particular note is the underpotential deposition (UPD), in
which a metal monolayer is electrodeposited on a foreign metal
substrate at significantly less negative potentials than that for
electrodeposition on the same metal.” Cu UPD on bulk
electrodes, especially Au and Pt single crystals, has been
extensively investigated by pure electrochemical methods,””
operando/in sztu Xray methods,” "> and scanning probe
microscopies.>~'® Early studies by Ross et al. used liquid-
cell TEM imaging to investigate bulk Cu electrodeposition on
polycrystalline Au and Pt electrodes.'”"® Recently, Cu UPD on
nanocrystal surfaces, together with galvanic displacement, have
been widely used to precisely deposit monolayers of precious
metals on less expensive or nonprecious substrates to maximize
the utilization of precious metals as electrocatalysts.'” >
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However, Cu UPD processes at practical nanocrystal surfaces
remain largely unknown due to the lack of temporarily resolved
With small, finite
sizes, nanocrystals can (and often do) have different/distinct

operando/in situ techniques at the nm scale.””

local electric field distributions at terraces, steps, edges, and
kinks and can exhibit an increased (and dramatically different)
field concentration and reactivity relative to their bulk
counterparts. The local electric field largely determines the
driving force and concentration gradients of solution species at
and near the surface and, thus, has a significant impact on
charge transfer kinetics and overall (electro)catalytic reaction
mechanisms. Here, we employ operando EC-STEM to track
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Figure 1. Cu electrodeposition in a standard three-electrode cell. (A) CV profile of Au nanocubes in Ar-sat. 0.1 M H,SO, at 100 mV/s. (B)
CV profiles of Cu UPD and bulk deposition in Ar-sat. 1 mM CuSO,/0.1 M H,SO, at 5 mV/s. (C) CV profiles of Cu UPD in Ar-sat. 1 mM
CuS0,/0.1 M H,SO, with/without 1 mM NaCl. (d—f) HAADF-STEM images of an Au nanocube after Cu UPD and EELS composite maps
of Au (red) and Cu (green) and line profiles. It should be noted that the measured 5 A width represents an upper limit to the actual
thickness of the Cu monolayer due to sample mistilts and beam spreading, as the sample is ~10X as thick as the depth of field.
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Figure 2. (A) Schematic of operando EC-STEM cell with the capability to enable reliable electrochemistry and simultaneously track dynamic
evolution under operating conditions. (B) CV profiles of Cu electrodeposition on Au nanocubes in Ar-sat. 1 mM CuSO,/0.1 M NaClO, in

the EC-STEM. (C,D) Quantitative analysis of peak currents in (b) vs scan rate, showing that both Cu deposition and stripping processes are
diffusion-controlled.

the dynamic morphological and structural evolution during Cu Au nanocubes (~100 nm) were selected as well-defined
electrodeposition on single-crystal Au nanocubes. nanocrystal surfaces for Cu UPD. Cyclic voltammetry (CV)
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Figure 3. Operando EC-STEM during Cu electrodeposition under steady-state conditions. (A) Experimental procedures of Cu
electrodeposition at —0.1, —0.2, and —0.3 V followed by stripping at +0.2 V vs Pt. (B,C) Quantitative STEM imaging analysis of the
area increase vs time of two Cu particles in the white and red boxes labeled (b) and (c), respectively, in Figure 3L. (D—O) Operando EC-
STEM movies of Cu electrodeposition at —0.1, —0.2, and —0.3 V, respectively, at the identical location.

profiles of Au nanocubes in a standard three-electrode
electrochemical cell exhibit the characteristic oxidation peak
of Au(100) facets at ~1.45 V vs SHE (Figure 1A), which
matches well with that of Au(100) single crystals at ~1.45 V vs
SHE (Figure S1).*® The CV profiles in 1 mM CuSO,, with
different lower potential limits, exhibit the characteristic Cu
UPD peak followed by bulk Cu deposition at E < 0.25 V vs
RHE and the corresponding sharp Cu stripping peaks (Figure
1B). To further examine whether Cu successfully electro-
deposits at Au nanocube surfaces, chloride was selected as an
ionic probe to “amplify” the Cu UPD and stripping features
(Figure 1C). The addition of 1 mM NaCl in 1 mM CuSO,
converted the broad Cu**/Cu UPD peak at 0.49 V (peak 1) to
sharper Cu®*/CuCl and CuCl/Cu peaks at 0.63 and 0.54 V
(peaks 2 and 2'), respectively. The formation of a Cu—Cl
adlayer on Au nanocubes at 0.63 V matches results on
Au(100) sinigle crystals at 0.63 V in the presence of chloride
(Figure S2).

The microstructure of the Cu UPD on Au nanocubes was
then examined using an aberration-corrected high-angle
annular dark-field (HAADF) STEM equipped with an electron
energy loss spectrometer (EELS). HAADF-STEM images in
Figure 1D exhibit the well-defined cubic morphology of Au
nanocrystals. EELS elemental maps and line profiles revealed
the electrodeposited Cu to be around S A thick after Cu UPD
at 0.25 V vs SHE for 30 min (Figures 1E,F and S3). The
measured S A width is an upper limit to the actual thickness of
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the Cu monolayer due to sample mistilts and beam spreading,
as the sample thickness is ~10X the depth of field. Bulk Cu
electrodeposition onsets at around 0.3 V (Figure 1B). The
corresponding STEM-EELS in Figure S4 indicated the
formation of a thicker electrodeposited Cu layer (~3 nm)
on Au, followed by the growth of pm-sized Cu clusters. In
summary, the correlative analysis of CV profiles and STEM-
EELS provides unambiguous evidence of the electrodeposition
of monolayer Cu during Cu UPD on {100}-oriented Au
surfaces followed by the formation of bulk Cu.

To elucidate the dynamic evolution during Cu electro-
deposition at Au nanocubes, we performed operando EC-
STEM studies. Figure 2A presents a cross section of the
operando three-electrode EC-STEM cell, including the work-
ing, Pt counter, and Pt pseudoreference electrodes (WE, Pt
CE, and Pt pseudo-RE) with a liquid thickness of ~500 nm. In
an effort to demonstrate that operando EC-STEM can provide
reliable electrochemical measurements, we performed Cu
electrodeposition on Au nanocubes near the Pt WE at various
scan rates in Ar-sat. 1 mM CuS0O,/0.1 M NaClO, (Figure 2B).
The Cu UPD peaks in the EC-STEM study are located in the
broad peaks at 0.5—0.6 vs SHE, matching the Cu UPD peak
position at 0.54 V vs SHE in Figure 1B. CV profiles of Cu
electrodeposition exhibit the broad Cu deposition peaks and
sharp Cu stripping peaks. The potential of the Pt pseudo-RE
(PtO,/Pt) in this EC-STEM study was estimated to be 0.7—
0.8 V vs SHE based on our previous studies (Figure S5).””*°
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Figure 4. Ex situ 4D-STEM diffraction imaging of Cu electrodeposited on Au nanocubes from the same setup as previous operando EC-
STEM studies. (A) HAADF-STEM image of Cu on Au cubes. (B—D) Diffraction patterns of Au and Cu in the dashed box in (A). (D)
Overlay of diffraction patterns for Au (B) and Cu (C). (E) Dark-field 4D-STEM maps of Au (red) and Cu (green) domains extracted from

the Cu(115) and Au(115).

The bulk Cu deposition/stripping peaks are located at around
0.3 V vs SHE, which matches the corresponding peaks
obtained from standard electrochemical cells at 0.30 V vs SHE
(Figure 2B). Quantitative analysis of the peak currents of Cu
electrodeposition results in a correlation of I, o 14, which
suggests a diffusion-controlled redox process (I, o °%)
(Figure 2C). However, it is intriguing to observe a similar
correlation of I, o 1** for the Cu stripping peaks, which is
different from results from a conventional electrochemical cell
where a surface-controlled stripping process predicts a linear
correlation of I, & v (Figure 2D). Thus, we propose that the
square-root correlation of Cu stripping in EC-STEM is
primarily due to the diffusion of anions to counterbalance/
compensate the Cu’* generated during Cu stripping. The
Randles-Sevcik equation below was used to estimate the
diffusion coefficient to be 3.4 X 107> cm?/s based on Cu
electrodeposition peaks (details in the SI). It is comparable to
the bulk diffusion coefficient of 1 mM CuSO, (7.4 x 107¢
cm?/s), given the significant difference between the micro-
electrode in EC-STEM and bulk electrode in a standard

electrochemical cell.*’

FD
I, = 0.446nFAC, |
RT

With a rigorous electrochemical protocol established, we
performed operando EC-STEM of Cu electrodeposition/
stripping under steady-state conditions. A reduction potential
of —0.1 V, slightly below the open circuit potential (OCP) at 0
V, was able to drive the Cu UPD and bulk Cu electro-
deposition at a slow reaction rate (Figure 3A). An oxidation
potential of +0.2 V vs Pt was then applied to strip Cu, so the
identical region could be used to perform electrodeposition at
—0.2 and —0.3 V. Operando EC-STEM movies were performed
at a very low dose of 2 e”/nm? in a low concentration of Cu**
(1 mM), so that no significant beam-induced Cu deposition
artifacts were observed, as evidenced by the identical STEM
images before/after the first Cu electrodeposition/stripping
measurements (Figure 3D,H). In addition, similar morpholo-
gies of electrodeposited Cu were observed in a region under a
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4 min beam exposure, relative to a nearby region not under
continuous beam exposure, confirming that Cu growth was
initiated by the electrochemical reduction rather than beam-
induced reduction (Figure S6). At a mild reduction potential
of —0.1 V, Cu only electrodeposited noticeably after 80 s
(Figures 3D,E and S7 and Movie S1). Cu continued to plate
on both Au nanocubes and Pt WE and formed a planar coating
of ~200 nm from 80 to 240 s (Figure 3F—G), which is
consistent with the growth by a kinetic roughening
process.'”*> Upon oxidation at +0.2 V, the stripping of the
small amount of Cu electrodeposited at —0.1 V was completed
within 4 s (Figure S8 and Movie S2). At a medium reduction
potential of —0.2 V, Cu electrodeposited within 40 s at an
increasing rate, relative to that at —0.1 V. From 40 to 240 s, Cu
then continued to grow into 200—500 nm isolated islands
(Figures 3H—K and S9 and Movie S3), which shared similar
ramified features to early liquid-cell TEM studies.'” Upon
oxidation at +0.2 V, the increasing amount of Cu electro-
deposited at —0.2 V began to noticeably strip after 16 s and
was completely stripped after 32 s (Figure S10 and Movie S4).
Finally, at an aggressive reduction potential of —0.3 V, a
significantly larger amount of Cu began to electrodeposit in a
dendritic morphology from 80 to 240 s, relative to that formed
at —0.2 V. (Figures 3L—O and S11 and Movie SS). In
particular, Cu particles (b), preferentially grew on the Au
nanocubes and formed well-defined um-sized dendrites
(Figure 3M—0). A Cu particle (c) initially remained detached
from the Pt electrode and thus electrochemically inactive. At
240 s, this particle came into contact with the continuously
growing Cu dendrites underneath and was “electrified”, which
initiated further Cu electrodeposition on this particle from 240
to 312 s (Figures 3N—O and S11). Upon oxidation at +0.2 'V,
Cu particles (b) and (c) initially experienced rapid stripping
processes within 8—16 s (Figures S12A—C and Movie S6). At
24 s, Cu dendrites underneath the Cu particle (c) began to
detach and gradually strip, which led to the termination of
stripping processes for this particle (Figures S12E—H). Given
the large amount of Cu electrodeposited at —0.3 V, residual Cu
dendrites were still observed after 96 s (Figures S12I—L).

https://doi.org/10.1021/acsenergylett.2c00209
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Cu particles, labeled as (b) and (c) in Figure 3L, were
selected for quantitative analysis of the electrodeposition
kinetics after segmenting STEM images from the surrounding
liquid background. The growth of particle surface area was
plotted as a function of time (Figure 3B,C). Both particles

exhibited excellent linear fittings with the first derivative of %

(i.e, the growth rate) with an exponent of ~0.5, indicating a
diffusion-controlled process. Current transients at —0.3 V in
EC-STEM meet the criterion of a diffusion-controlled process,
based on the Cottrell equation, which matches with the well-
defined diffusion-controlled process in a standard electro-
chemical cell (Figure S13). In addition, the effects of chloride
on Cu electrodeposition were also shown as the formation of
dendritic Cu with finer branches formed on Au nanocubes
(Figures S14 and 15 and Movie S7), which correlates to the
pronounced Cu**/CuCl/Cu redox couples in Figure 1C. We
acknowledge that the present operando EC-STEM studies
primarily focused on tracking the nm-scale electrodeposition of
bulk Cu rather than monolayer Cu due to the inherent
limitation of spatial resolution in EC-STEM, and a significantly
higher beam dose was required for resolving Cu/Au interface
at the atomic scale, which may cause undesirable beam-
induced damage. Nonetheless, Cu bulk electrodeposition
closely follows the monolayer Cu UPD on Au, which, in
turn, can provide indirect insights on the Cu UPD
mechanisms.

Ex situ 4D-STEM diffraction imaging was performed on the
same locations after Cu electrodeposition in EC-STEM studies
(Figure 4). 4D-STEM works by using an electron microscope
pixel array detector (EMPAD) to record the 2D electron
diffraction pattern over a 2D grid of probe positions, which can
retrieve spatially resolved structural information at a
dramatically reduced beam dose.**** The scanning electron
nanobeam diffraction patterns of both the Au nanocube and
electrodeposited Cu exhibited the face-centered cubic (fcc)
single-crystal features close to the [110] zone axis (Figure
4B,C). The composite image of representative diffraction
patterns from Cu and Au clearly demonstrates that Cu
electrodeposition was guided by the crystallographic orienta-
tion of the Au nanocube substrates (Figure 4D). 4D-STEM
dark-field imaging using the two diffraction spots of Au(115)
(0.8 A) and Cu(115) (0.7 A) (Figures 4D and S16) yielded a
false-color map showing crystal domains with crystal
orientations matching those two diffraction spots (Figure
4E). The false-color image exhibits ~10 nm Cu layers on Au
nanocubes, which are consistent with our STEM-EELS results
under similar electrodeposition conditions (Figure S4). The
formation of Cu nanoclusters was further confirmed by
additional 4D-STEM analysis and supported by STEM-EDX
mapping (Figures S17 and S18). The large 13% lattice
mismatch between Au and Cu can rationalize that Cu UPD
was followed by the growth of oriented Cu nanoclusters
instead of an epitaxial growth, which often requires a <3%
lattice mismatch.’>*°

In summary, operando EC-STEM and 4D-STEM have been
employed to resolve the potential-dependent kinetics of Cu
UPD at nm scale and revealed that the crystal orientation of
the diffusion-controlled Cu electrodeposition is guided by the
Au nanocube substrates. The strategy of operando EC-STEM
illustrates the potential to provide a microscopic picture for
many electrocatalytic reactions at interfaces, such as fuel cells,
water splitting, and CO, electroreduction.”” "'
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