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High-Throughput Correlative Electrochemistry—Microscopy at a
Transmission Electron Microscopy (TEM) Grid Electrode

Isabel M. Ornelas, Patrick R. Unwin®*" and Cameron L. Bentley**

"Nanoscale Physics, Chemistry and Engineering Research Laboratory, University of Birmingham, Birmingham B15 2TT, U.K.
IDepartment of Chemistry, University of Warwick, Coventry CV4 7AL, U.K.

ABSTRACT: As part of the revolution in electrochemical nanoscience, there is growing interest in using electrochemistry to create
nanostructured materials, and to assess properties at the nanoscale. Herein, we present a platform that combines scanning electro-
chemical cell microscopy with ex-situ scanning transmission electron microscopy, to allow the ready creation of an array of nanostruc-
tures coupled with atomic-scale analysis. As an illustrative example, we explore the electrodeposition of Pt at carbon-coated trans-
mission electron microscopy (TEM) grid supports, where in a single high-throughput experiment it is shown that Pt nanoparticle
(PtNP) density increases and size polydispersity decreases with increasing overpotential (i.e., driving force). Furthermore, the coex-
istence of a range of nanostructures — from single atoms to aggregates of crystalline PtNPs — during the early stages of electrochemical
nucleation and growth supports a non-classical aggregative growth mechanism. Beyond this exemplary system, the presented correl-
ative electrochemistry—microscopy approach is generally applicable to solve the ubiquitous structure-function problems in electro-
chemical science and beyond, positioning it as a powerful platform for the rational design of functional nanomaterials.

Over the past three decades, science has been impacted mas-
sively by the revolution in nanotechnology. For example, nano-
particles (NPs) have found a plethora of technical applications,
including in (electro)catalysis, sensing, spectroscopy, and
(bio)medicine.*2 NPs are known to possess strongly structure-
dependent reactivity, meaning that at the single-NP level there
can be large functional differences between even superficially
similar NPs due to minute variations in size, surface faceting,
defects etc.2® For this reason, there is a need for techniques ca-
pable of producing single NPs and screening their properties at
the single-entity level .

Scanning electrochemical cell microscopy (SECCM)’ is a
powerful tool in single-entity studies, in which the meniscus cell
protruding from an electrolyte-filled micropipet (or nanopipet)
probe is used to electrochemically interrogate a single or small
population of supported NPs within an ensemble.* 8! For ex-
ample, in a recent study, SECCM was deployed as a high-
throughput screening method to probe the heterogeneous re-
sponse of individual LiMn,O, particles (a Li-ion battery cath-
ode material), revealing a diverse library of responses within a
family of superficially similar single-entities.’?> The meniscus
cell configuration of SECCM also enables local decoration (i.e.,
micro- or nano-fabrication) at electrodes surfaces, e.g., with
metal NPs,*** polymer nanostructures'® and graphene mi-
crowires.'® Here, we present a platform whereby PtNP “micro-
ensembles” are locally electrodeposited under a series of differ-
ent (tunable) conditions and subsequently characterized ex-situ
with aberration-corrected high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM), al-
lowing the relationship between applied potential (Eapp) and Pt
deposit morphology (i.e., NP size, shape and density) to be stud-
ied in a detailed high-throughput manner.

Pt plays an essential role as a catalyst in many industrial ap-

plications and green energy technology (e.g., autocatalysts and
fuel cells). Due its high cost and scarcity, considerable research

efforts have focused on developing catalysts with high mass-
specific activities (i.e., low Pt loadings), usually achieved by
engineering Pt-based nanomaterials with optimal surface-spe-
cific activities and high surface-area-to-volume ratios.'” Among
a range of synthetic approaches,? electrodeposition is attractive
for producing PtNP electrocatalysts, as it generates particles
that grow directly on the conductive support to ensure good
electrical contact; can be performed with simple equipment un-
der (near) ambient conditions; is scalable and; is relatively low-
cost. Tuning of experimental parameters (e.g., Eapp) offers some
control over NP morphology,*® however, achieving a narrow
size distribution is still a challenge,®® at least partly due to an
incomplete mechanistic (atomistic) understanding of the early
stages of electrochemical nucleation and growth.?

Classical models of nucleation and growth describe immobile
nuclei that need to reach a certain critical size to become stable
on a low-energy support, which then grow radially by direct ad-
dition of atoms through electroreduction (i.e., Volmer—Weber
3D island growth).?! Recently, through the use of various tech-
niques, including HAADF-STEM,? 2224 yltramicroelectrodes?
and SECCM*** a more complex electrochemical aggregative
growth mechanism has been proposed to explain the earliest
stages of nucleation and growth,?’ where the formation, aggre-
gation and coalescence of discrete NPs are initially the domi-
nant processes driving the formation of stable structures during
electrodeposition. The details of this generalized model are still
under discussion,? but it has been applied to a number of metal
systems, 314 24 including Pt,>® which undergoes a relatively
complex electrodeposition process due to sluggish nuclea-
tion/growth kinetics and competing electrochemical processes
(e.g., hydrogen evolution reaction, HER). Here, we investigate
this complex system to demonstrate the great versatility and
strength of a high-throughput electrochemistry—microscopy
platform, which enables Pt deposition to be probed with single-
atom sensitivity for a range of different conditions in each sin-
gle experiment, providing a wealth of experimental data.
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Figure 1. (a) Schematic showing the operation of hopping-mode SECCM. A single channel micropipet probe is employed to make local
electrochemical measurements at a CCTG, by applying a potential (-Eapp) at the QRCE in the probe and measuring the current at the surface
(isurf). (b) Topographical map of a CCTG obtained in-situ with SECCM, using a basic hopping mode protocol (see Sl, Section S1). (c) Optical
micrographs of a CCTG taken before and after an SECCM experiment. (d) Steady-state voltammograms obtained at CCTG (black trace) and
Au (red trace) substrates, showing the (i) reduction of 4 mM [Ru(NHs)s]** (100 mM KCI) and (ii) oxidation of 1 mM FcDM (33 mM KClI).
The LSVs were obtained in the SECCM configuration with a nanopipet probe of diameter <150 nm and v=0.1V s\,

EXPERIMENTAL SECTION

Details on the chemical reagents and electrode materials; elec-
trochemical measurements; STEM imaging and; data pro-
cessing and analysis procedures, are included in the Supporting
Information (SI), Section S1. SECCM was performed on a
home-built scanning electrochemical probe microscopy work-
station,?”? detailed in Section S1 and shown schematically in
Figure 1a. During operation, a micropipet (or nanopipet) probe
filled with electrolyte solution and equipped with a quasi-refer-
ence counter electrode (QRCE), was used to perform local elec-
trochemistry on a carbon-coated Au TEM grid (CCTG) work-
ing electrode. To facilitate the straightforward use of environ-
mental control (vide infra), and subsequent microscopy analy-
sis, probe positioning was achieved through in-situ topograph-
ical mapping, as shown in Figure 1b.

After topographical mapping, electrochemistry (e.g., electro-
deposition) was performed on the free-standing carbon areas of
the CCTG. The micropipet probe was of diameter 1.6 um (Fig-
ure S1) and filled with a solution of K[PtCl4] (Pt precursor salt,
1 mM) and HCI (supporting electrolyte, 100 mM). A Pt wire
inserted into the back of the micropipet served as a QRCE,
meaning all potentials are referenced to the Pt(I1)/Pt(0) process
(measured to have a stable potential of 0.55 + 0.01 V vs.
Ag/AgCI, 3.4 M KCI) and can thus be directly related to over-
potential (). Oxygen (O,) was excluded from the SECCM
droplet cell through the use of an argon-purged environmental
cell, the designs of which are included in the S, Section S2.

Following electrochemistry, the CCTG was “marked” by
pushing the micropipet tip through the carbon film in adjacent
unused squares (M1 — M3, Figure 1b) to make holes, shown in
Figure 1c. The marked areas of the CCTG were used as a guide
to locate the PtNP microensembles (D1 — D3, Figure 1b) for ex-
situ STEM imaging. HAADF-STEM images were recorded at
200 kV using a Cs aberration corrected (CEOS, Germany)
JEM-2100F field emission electron microscope (JEOL, Japan),
employing inner and outer collection angles of 62 and 164
mrad, respectively, a convergence angle of 19 mrad, and a pixel
dwell time of 38 ps (10.0 s per image, 512 x 512 pixels).

RESULTS AND DISCUSSION

Local electrochemistry on a TEM grid electrode. Prior to use
as a support electrode for electrodeposition, the performance of
the CCTG as a general electrode was benchmarked by investi-
gating two rapid, mechanistically simple outer-sphere electron
transfer processes: [Ru(NHs)s]?*** and FcDM%* (where FcDM
= 1,1'-ferrocenedimethanol),?® shown in Figure 1d. Due to the
conical geometry of the pipet probes used in SECCM, mass-
transport is predominantly governed by (quasi-)radial diffusion,
allowing (near) steady-state conditions to be established on the
ms timescale (scan rate, » < 1V s71).2-% Thus, the voltammo-
grams in Figure 1d are sigmoidal-shaped, with a mass-transport
limited current (iim) that is ca. 10% of that expected at a con-
ventional inlaid disc electrode of the same diameter as the used
nanopipet probe (ca. 150 nm).%” The steady-state voltammo-
grams measured on the CCTG (black curves) are indistinguish-
able from those from a conventional metal (Au) electrode (red
curves), and satisfy Tomes criterion of reversibility (i.e., |Esa —
Ews = 56 mV, where Ez4 and Euys are the quarter- and three
quarter-wave potentials, respectively).? This confirms that the
free-standing carbon areas of the CCTGs are able to support
rapid electron-transfer within the Eap, range explored during Pt
electrodeposition [i.e., ca. —0.05 to —0.95 V vs. Pt(I1)/Pt(0)].

Pt electrodeposition: cyclic voltammetry. Pt electrodeposition
on a CCTG was initially investigated using cyclic voltammetry
in the SECCM configuration. Shown in Figure 2a, the cyclic
voltammograms (CVs) exhibit a non-classical shape expected
for nucleation and growth on a low-energy substrate (i.e.,
CCTG), with no discernible reduction processes observed until
Eapp = —0.6 V vs. Pt(11)/Pt(0), where the onset of HER occurs.
Noted above, the mass-transport limited current density (jim) for
a diffusion-controlled process in SECCM is ca. 10% of that for
the same-sized microdisk electrode (=2 um), which for a 2e”
process corresponds to ca. —3 mA cm (iim = —60 pA, detailed
in the S, Section S3). Evidently, no such process is observed,
however the occurrence of the HER at Eapp = 0 V vs. RHE (re-
versible hydrogen electrode) and the increase in juer With cy-
cling are both indicators that Pt is in fact deposited. Thus, it is



clear that the Pt(11)/Pt(0) process is not mass-transport con-
trolled, but rather kinetically-limited on the CCTG support.?
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Figure 2. CVs (20 cycles) obtained from a solution of 1 mM
K2[PtCls] and 100 mM HCI, with v = 0.5V s. Red (Egpp < —0.6
V) and blue (Eapp > —0.6 V) indicate potentials where the HER does
and does not occur, respectively. (a) was carried out in the SECCM
configuration with a 1.6 pm diameter micropipet probe at a CCTG
electrode and (b) was carried out in bulk (i.e., the macroscale) at a
GC electrode (electrode area, A = 0.707 cm?). Note the differing j
scales. The arrows indicate 0 mA cm™2.

As a point of comparison, the Pt(11)/Pt(0) process was further
investigated in a conventional 3-electrode format on a glassy
carbon (GC) macroelectrode, which is a widely used low energy
carbon material in bulk electrochemistry and electrodeposition
experiments.? Shown in Figure 2b, a similar pattern of reactiv-
ity is observed at the GC substrate, with relatively small j values
initially measured (cycle 1) that grow continuously with poten-
tial cycling. Interestingly, j increases with cycling at a much
faster rate on GC compared to CCTG suggesting that the kinet-
ics of Pt nucleation is slower on the latter support, giving rise to
a significant time lag during electrodeposition. Thus, compara-
tively more Pt is deposited during potential cycling on GC, re-
sulting in a larger active (Pt) surface area and the appearance of
the additional processes of hydrogen adsorption/desorption
(symmetrical peaks at ca. —0.49 and —0.58 V) and Pt deposition
onto Pt? 222 (reductive peak at ca. —0.67 V). Note that these
processes also occur during potential cycling on CCTGs in the
SECCM configuration (Figure 2a), but do not give rise to dis-
cernible reduction currents in the CV due to the comparatively
small deposited surface area of Pt on this timescale (i.e., the
processes cannot be distinguished from the nonfaradaic base-
line current, analogous to cycles 1 —5 on GC, Figure 2b). Over-
all, the CCTG and GC supports behave analogously as supports
for Pt electrodeposition, albeit with a significant time lag (i.e.,
slower kinetics) at the former compared to the latter.

Pt electrodeposition: chronoamperometry. Pt electrodeposi-
tion was further explored using chronoamperometry, where a
series of depositions were carried out on the CCTG electrode
by varying Ezpp from 0 to —0.9 V vs. Pt(II)/Pt(0) in 0.1 V incre-
ments. It is worth reemphasizing that this approach is: (i) high-
throughput, i.e., a range of deposition parameters (Eap, and/or
deposition time) can be explored in a single experiment; (ii)
high-resolution, i.e., the use of a CCTG support enables com-
plementary, co-located structural analysis through STEM with
single-atom sensitivity?* and; (iii) statistically sound, i.e., each
individual NP within the microensemble can be counted and
characterized. Importantly, although it has been exclusively ap-
plied to study electrodeposition herein, this approach would be

applicable to any class of material that can be studied by
(S)TEM (e.g., supported NPs, thin films etc.).

Chronoamperograms (CAs) obtained in the SECCM config-
uration on a CCTG are shown in Figure 3a. In general, |j|: in-
creases with decreasing Eapp (increasing #); decays towards zero
at Eapp > —0.6 V and; increases with time at Eqpp < —0.6 V. The
increasing |j| at Eapp < —0.6 V is attributed to the HER [the con-
tribution of Pt(11)/Pt(0) to j is negligible, see Figure 2], which
plateaus at longer times, shown in Figure 3b, implying that the
active surface area of the deposited Pt initially grows before
reaching a stable value. In other words, as the HER is predom-
inantly surface-controlled at E.pp < —0.9 V, j directly indicates
the Pt surface area, which reaches a constant value after ca. 4
seconds. Shown in Figure 3c, the charge passed during reduc-
tion (Q) increases with decreasing Eagp (increasing #), consistent
with Figure 3b and c. In the absence of the competing HER (i.e.,
Eapp > —0.6 V), Q is a direct measure of the amount of Pt depos-
ited (Figure 3e, inset), which exhibits a relatively weak depend-
ence on Eqy (i.€., Q only increased ca. 18-fold from = 0.1 to
0.6 V). Note that repeat experiments carried out in adjacent
squares confirm that the Pt electrodeposition process was con-
sistent across the CCTG surface, shown in the Sl, Section S4.

Again, as a point of comparison, analogous experiments were
carried out in a conventional 3-electrode format on a GC mac-
roelectrode, shown in Figure 3d. The aforementioned time lag
during Pt electrodeposition at CCTGs compared to GC is clear
when comparing Figure 3a and d, where at E;pp = —0.8 and —0.9
V, |j| is ca. one order-of-magnitude lower at the former com-
pared to the latter. At longer times, the CAs obtained at GC
(Figure 3e) and CCTGs (Figure 3b) display very similar char-
acteristics (i.e., morphology and j), indicating that while the in-
itial nucleation process(es) are more sluggish on the CCTGs,
the growth processes are largely unaffected by the identity of
the low energy carbon support.

Classical 3D island growth models of electrodeposition pre-
dict a steady increase in the Pt surface area with time, contrary
to the results presented in Figure 3b and e. One possible expla-
nation for the constant active surface area would be that Pt elec-
trodeposition completely ceases after ca. 4 seconds. While ad-
sorbed H (Hags) has been shown to the limit growth of Pt on Pt
(termed self-terminating growth),®* this cannot explain inhibi-
tion of Pt nucleation on the CCTG (or GC) support itself, and
further is inconsistent with our observation of 3D Pt nanostruc-
tures (vide infra). In addition, physical blockage of nucleation
sites (on the CCTG) by H, nanobubbles generated during the
HER is also unlikely at pH > 0, due to fast gas-exchange across
the gas-liquid interface in the SECCM configuration.? Another
possible explanation is that the formation of Pt through nuclea-
tion and growth proceeds in parallel with aggregative growth
processes®® 2 that effectively annihilate Pt surface area. In this
scenario, nucleation and growth processes would initially dom-
inate at t < 4 s, before being eventually balanced by aggregative
processes leading to coalescence, giving rise to a relatively con-
stant active surface area at t > 4 s. Indeed, the existence of par-
allel classical nucleation/growth and aggregative growth path-
ways is supported by our STEM observations, below.

Correlative STEM analysis. Following the electrodeposition
experiments (Figure 3), the Pt “microensembles” on the CCTG
substrate were imaged ex-situ with HAADF-STEM, which is a
powerful tool for analyzing structures arising from nucleation
and growth due to its large dynamic magnification range that
enables visualization of the whole droplet footprint (commen-
surate with the size of the micropipet probe, shown in the S,



Section S5) and down to single atoms with sub-nanometer res-
olution.?* We demonstrate this herein by considering the Eapp-
dependent NP distributions (i.e., size, particle count and Pt
mass) and NP morphologies. Note that only PtNP microensem-
bles obtained at E.yp < —0.6 V have been analyzed in detail (at
Eap > —0.6 V, the PtNPs were too small and/or too few to be
resolved at a low magnification, Figure S7). Particle size anal-
ysis was performed on low magnification images (Figure 4a-d),
with the resulting distributions given in Figure 4e (further de-
tails can be found in the Sl, Section S6). For all E,pp, the histo-
grams comprise bimodal distributions (also reflected in the N
histograms, Sl, Figure S9), with a sharp peak at very small NP
sizes (<2 nm), and a broader wave for larger NP sizes, con-
sistent with the literature.?
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Figure 3. CAs obtained in the SECCM configuration at a CCTG,
with Eapp = 0 to —0.9 V (0.1 V increments). (a) First 0.5 s and (b)
full 10 s of the transient. (c) Bar chart showing the charge (Q)
passed during each i—¢ transient in (b) versus Eapp. Note the loga-
rithmic scale. Inset is a plot showing only Eap > —0.6 V vs.
Pt(I1)/Pt(0), where Pt electrodeposition is the dominant process,
plotted on a linear scale. (d) and (e) are analogous to (a) and (b),
respectively, except carried out in bulk at a GC macroelectrode.
Note the differing current and time scales.

The SECCM microensembles provide a wealth of infor-
mation on how NP size distributions are affected by deposition
parameters. In general, the percentage of small NPs (d < 2 nm)
decreases with increasing #, while the percentage of medium-
sized NPs (2 < d < 8 nm) increases. In addition, the percentage
of large NPs (d > 10 nm) decreases with increasing driving
force, as does the maximum diameter of the NPs (ca. 13 and 21
nm at Esp, = —0.9 and —0.6 V, respectively). For the largest driv-
ing forces, Eapp = —0.8 and —0.9 V, the histograms are very sim-
ilar, indicating that the deposition mechanism does not change
within this potential range (consistent with the electrochemical
data, Figure 3). Low magnification images also show that the
particle density and total amount of Pt increase with E,p, = —0.6

V t0 -0.8 V, and less strongly from —0.8 VV to —0.9 V. A particle
count and estimation of the total platinum mass (the methodol-
ogy is described in the Sl, Section S6) confirm this trend, as
summarized in Table S1. Alluded to above, a narrow (and ide-
ally controllable) NP size distribution is preferable from a prac-
tical standpoint,2 which, from this SECCM experiment is shown
to be very sensitive to Eapp, with larger 5 (and possibly hydrogen
coevolution®) giving rise to a more narrow size distributions
(i.e., smaller size polydispersity). Other experimental parame-
ters that could be systematically explored in this high-through-
put configuration include the deposition time and/or deposition
waveform (e.g., designer E—t waveforms?é).
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Figure 4. Representative low magnification (250k) STEM images
of Pt electrodeposited at Eapp = () 0.6 V, (b) 0.7 V, (c) 0.8 V,
(d) —0.9V, all at 10 s deposition time. (e) Particle diameter distri-
butions (histograms).

Figure 5 shows high magnification images of representative
PtNPs morphologies at 3 different potentials where parallel
HER is and is not important, which we use to gain an atomistic
view of electrochemical nucleation and growth.?® 2224 Gener-
ally, the smallest clusters do not have a well-defined structure
(e.g., cluster 1 in Figure 5a; note the inset FFT, which indicates
that the cluster is amorphous). For clusters with diameters larger
than ~2 nm, the structure becomes monocrystalline (e.g., cluster
2 in Figure 5a, and the smallest cluster in Figure 5b), and above
~4 nm, one or more grain boundaries can be identified within
the same particle (Figure 5b-d). From this, we infer that clusters
are initially formed by a direct addition mechanism (i.e., addi-
tion of single atoms) up to a critical size, and larger particles
must be formed by the aggregation of these smaller clusters, in
agreement with the generalized electrochemical aggregative
growth mechanism.? 2

It is also important to note that, independently of E.yp and the
size of and distance to the nearest NP, single Pt atoms were seen
consistently across the CCTG (indicated by red arrows in Fig-
ure 5). From the spatial distribution of these single atoms, it is
unlikely that they were ejected from neighboring NPs due to
electron beam exposure (explored in the Sl, Section S7), but ra-
ther must originate from the Pt electrodeposition process. There
is significant interest in stable single atoms for use in applica-
tions such as (electro)catalysis,** but the role of these entities in
the early stages of electrochemical nucleation and growth is still
debated, although recent studies have provided indirect
(through voltammetry?) or direct (through ex-situ STEM imag-
ing?) evidence for their existence. In any case, the coexistence
of single atoms (Figure 5a-d) and amorphous (Figure 5a),



monocrystalline (Figure 5a-b) and polycrystalline (Figure 5b-d)
NPs (and aggregates of these), indicates that several early
growth mechanisms occur simultaneously.?

Figure 5. High magnification (5M) HAADF-STEM images of
PtNPs deposited at (a - b) Eapp = —0.9 V, (C) Eapp = —0.6 V, and (d)
Eapp = —0.5 V. Insets in (a) are FFTs obtained from the highlighted
NPs. The scale bars indicate 5 nm in all images. The red and blue
arrows in (a), (b) and (d) indicate single Pt atoms located near (<2
nm) and far from the featured NPs, respectively.

CONCLUSIONS

In conclusion, we have presented a high-throughput SECCM-
STEM platform that allows structure-electrochemistry to be
correlated with single-atom sensitivity. Applied to Pt electro-
deposition on a CCTG as an exemplary system, in a single ex-
periment, it was shown that PtNP density increases and size pol-
ydispersity decreases with increasing driving force (i.e., in-
creasing #). Furthermore, it was shown that structures ranging
from single Pt atoms (imaged directly on the CCTG support) to
amorphous, monocrystalline and polycrystalline PtNPs (and ag-
gregates of these) coexist during the early stages of nucleation
and growth, further supporting the existence of an electrochem-
ical aggregative growth mechanism.2’ Beyond this system, the
presented correlative electrochemistry—microscopy approach
should be generally applicable to any class of (electro)material,
for example battery materials'? and electrocatalysts,® position-
ing this technology as a powerful tool for structure-property elu-
cidation and the rational design of functional materials.
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