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ABSTRACT: Cathodic corrosion represents an enigmatic electro-
chemical process in which metallic electrodes corrode under
sufficiently reducing potentials. Although discovered by Fritz
Haber in the 19th century, only recently has progress been made in
beginning to understand the atomistic mechanisms of corroding
bulk electrodes. The creation of nanoparticles as the end-product
of the corrosion process suggests an additional length scale of
complexity. Here, we studied the dynamic evolution of
morphology, composition, and crystallographic structural informa-
tion of nanocrystal corrosion products by analytical and four-
dimensional electrochemical liquid-cell scanning transmission
electron microscopy (EC-STEM). Our operando/in situ electron microscopy revealed, in real-time, at the nanometer scale, that
cathodic corrosion yields significantly higher levels of structural degradation for heterogeneous nanocrystals than bulk electrodes. In
particular, the cathodic corrosion of Au nanocubes on bulk Pt electrodes led to the unexpected formation of thermodynamically
immiscible Au−Pt alloy nanoparticles. The highly kinetically driven corrosion process is evidenced by the successive anisotropic
transition from stable Pt(111) bulk single-crystal surfaces evolving to energetically less-stable (100) and (110) steps. The motifs
identified in this microscopy study of cathodic corrosion of nanocrystals are likely to underlie the structural evolution of nanoscale
electrocatalysts during many electrochemical reactions under highly reducing potentials, such as CO2 and N2 reduction.

■ INTRODUCTION
Corrosion is a ubiquitous process in nature and daily life that
causes the spontaneous degradation of materials, often metals,
by (electro)chemical reactions with their environment.1

Corrosion processes have a significant economic impact, and
it is estimated to cost 3−4% of the gross domestic product of
countries.2−4 Cathodic protection has been widely adapted as
an effective strategy to prevent metal corrosion by applying a
negative potential or using a sacrificial anode which
thermodynamically suppresses the metal oxidation.1 Conven-
tional wisdom would suggest that metals can stay indefinitely
stable in their metallic state under negative potentials.
However, it is counterintuitive to observe that corrosion
processes emerge again at sufficiently negative potentials, a
process that is referred to as cathodic corrosion. Originally
reported by Fritz Haber in the late 19th century, cathodic
corrosion was described as the formation of “metallic dust”
from bulk Pt electrodes under cathodic polarization.5,6

Although cathodic corrosion was briefly studied by Soviet
electrochemists in the late 1900s to prepare alloys,7,8 it
remained mostly as empirical observations during the 20th
century. Recently, our understanding of cathodic corrosion
processes has been revived by the advent of new experimental
techniques, especially when applied to Pt single crystals.9 In

2011, Koper and co-workers reported on the generation of
metallic nanoparticles (NPs) by cathodic corrosion with an
alternating current (AC).10,11 Inspired by this pioneering work,
extensive efforts have been devoted to examining the effects of
different metals, applied potential/current, and electrolyte type
and concentration.12,13 Cathodic corrosion has emerged as a
facile surfactant-free top-down method, relative to elaborate
colloidal synthesis,14 to “disintegrate/pulverize” bulk electro-
des for NP synthesis of alloys15−17 and metal oxides,18 which
can be driven by renewable electricity. These electrogenerated
catalysts can exhibit enhanced activity and/or selectivity for
many renewable energy applications, such as the oxygen
reduction/evolution reactions (ORR/OER) for fuel cells,15

solar-driven water splitting,18 the reduction of CO2
16 and

nitrite,11,19,20 and the oxidation of alcohols and NH3.10,19

Despite encouraging progresses, most studies have employed
cathodic corrosion of bulk electrodes for NP synthesis, while

Received: June 7, 2022

Articlepubs.acs.org/JACS

© XXXX American Chemical Society
A

https://doi.org/10.1021/jacs.2c05989
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
C

A
L

IF
O

R
N

IA
 B

E
R

K
E

L
E

Y
 o

n 
A

ug
us

t 1
7,

 2
02

2 
at

 2
1:

35
:3

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Tsun+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinyao+Lu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hsin-Yu+Ko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+A.+DiStasio+Jr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francis+J.+DiSalvo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Muller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Muller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="He%CC%81ctor+D.+Abrun%CC%83a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.2c05989&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=abs1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.2c05989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


few studies have attempted to quantitatively study the cathodic
corrosion processes and investigate the reaction mechanisms.
Although previous “postmortem” scanning/transmission elec-
tron microscopy (S/TEM) studies provide a baseline under-
standing of the effects of cathodic corrosion,10−19 they cannot
capture real-time changes at electrode−electrolyte interfaces.
Furthermore, in contrast to extensive studies of bulk
electrodes, the cathodic corrosion of nanocrystals has remained
unexplored, due to the lack of operando/in situ microscopy
methods. The cathodic corrosion of nanocrystals can provide
important insights into structural evolution of nanosized
electrocatalysts under reducing potentials, as present in CO2
and N2 reduction.21−26 In addition, the operando methods
developed in this study can also advance our understanding of
many other electrochemical reactions under strongly reducing
or oxidizing potentials, such as the preparation of bulk
electrodes with preferential surface orientations with extensive
potential cycling to oxidizing potentials27−29 and shape-
controlled metal and metal oxide nanocrystals with large
alternating voltage/current methods.30,31

The cathodic corrosion processes make it extremely
challenging to employ in situ vibrational spectroscopy,
operando X-ray methods, or scanning electrochemical
microscopy,32 since the vigorously formed H2 bubbles can
cause severe fluctuations in the spectroscopic or imaging
background signals. Although liquid-cell TEM has been widely
used to study morphological changes during chemical

reactions,33 only recent studies have shown reliable electro-
chemical measurements in liquid-cell TEM,34−37 when
compared to standard electrochemical measurements. Conven-
tional EC-TEM employs a liquid thickness of ∼500 nm or
above, which hinders/precludes quantitative elemental analysis
with energy-dispersive spectroscopy (EDX) or electron energy
loss spectroscopy (EELS) as well as crystallographic structural
analysis with electron diffraction.32 There have been several
reports on electron diffraction under TEM mode achieved in
thin liquids by irradiating the liquid at very high beam doses to
form gas bubbles,38,39 such processes lead to significant
changes in pH and compositions of the liquid and thus likely
alter the (electro)chemical processes.32

Here, we have investigated two model systems, Pt(111) and
Au nanocubes on bulk Pt, in an effort to quantitatively
characterize cathodic corrosion mechanisms. While Pt(111)
showed well-defined anisotropic growth during corrosion, Au
nanocubes exhibited significantly higher levels of structural
degradation (than bulk Pt) with the formation of Au−Pt alloy
NPs. We employed operando/in situ EC-STEM to track
dynamics changes in morphology, elemental composition, and
crystal structures. In contrast to previous strategies, we took
advantage of naturally generated H2 bubbles, during cathodic
corrosion, to form a thin liquid without inducing undesirable
beam damage. This enabled STEM imaging, EDX elemental
mapping, and 4D scanning electron nanodiffraction (SEND)
analysis40,41 in a native electrolyte environment. With this thin

Figure 1. Cathodic corrosion of Pt(111) and Au nanocubes on a poly-Pt electrode. (a) CV profiles of Pt(111) in Ar-sat. 0.1 M HClO4 at 50 mV/s
before and after cathodic corrosion. The cathodic corrosion was performed in 0.1 M NaOH at given potentials vs RHE for 2 min. (b) CV profiles
of Au nanocubes on a poly-Pt film in Ar-sat. 0.1 M HClO4 at 50 mV/s before and after cathodic corrosion. The cathodic corrosion was performed
in 0.05 M CsClO4 at −3 V vs SHE for 30 min. (c) SEM images of pristine Au nanocubes (∼100 nm) on a Pt film. (d) SEM images of Au cubes/Pt
film after cathodic corrosion in (b). Region 1 exhibits the formation of deformed/aggregated Au cube clusters and concave pits on the Pt film while
Region 2 shows the formation of newly generated smaller NPs (NPs, 20−50 nm) and pronounced stepped etch features on the Pt film. (e and f)
STEM-EDX elemental composite maps of Au−Pt alloy NPs with Au in green and Pt in red and an atomic ratio of Au/Pt of 3:1.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c05989
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


liquid film strategy, we have been able to carry out, for the first
time, a comprehensive investigation of the dynamic structural
and compositional evolution of nanocrystals at the nanometer
scale, relative to bulk electrodes, during cathodic corrosion. Ex
situ atomic-scale STEM imaging and EELS analysis in a H2-
filled gas cell confirmed the structural and compositional
information at the same locations as in the in situ
measurements. Guided and informed by these microscopic
insights, we employed cathodic corrosion as a top-down
synthetic method to prepare Au−Pt alloy NPs, which are
essentially immiscible, based on their phase diagram. We
proposed a cathodic corrosion reaction mechanism involving
the formation of Au and Pt hydrides in the presence of
adsorbed hydrogen and alkali cations.

■ RESULTS AND DISCUSSION
Pt single crystals and Au nanocubes on a polycrystalline Pt film
were designed as two representative examples of bulk and
nanocrystal electrodes to investigate the dynamic structural
evolution during cathodic corrosion. Pt single crystals,
prepared by the flame annealing technique (Clavilier
method),42 enable a direct correlation between structural
changes on atomically flat surfaces and the cathodic corrosion
conditions. The cyclic voltammetric (CV) profile of Pt(111)
exhibits a well-defined hydrogen region (0.05−0.45 V) and
OH ad/desorption regions (0.55−0.9 V), separated by a
double-layer region in the middle in 0.1 M HClO4 (Figure 1a,
black curve). CV profiles of Pt(100) and Pt(110) exhibit the
characteristic hydrogen underpotential deposition (HUPD)
peaks at ∼0.3 and ∼0.1 V vs reversible hydrogen electrode
(RHE), respectively (Figure S1). Given the flat and featureless
plateau of the HUPD of Pt(111), the emergence of any traces of
(100) or (110) steps will be evident and unambiguous. The
cathodic corrosion of Pt(111) was performed in 0.1 M NaOH
at corrosion potentials from −0.5 to −4.0 V vs RHE for 2 min.
CV profiles of Pt(111) after corrosion from −0.5 to −1.5 V
exhibited negligible changes in the hydrogen region, indicating
little or no surface structural changes (Figure S2a). After
cathodic corrosion at −2.0 V, the emergence of a pronounced
HUPD peak at ∼0.3 V, corresponding to (100) steps, indicated
that the onset potential of cathodic corrosion of Pt(111) in 0.1
M NaOH was at around −2.0 V vs RHE (Figure 1a, red
curve). At increasingly negative potentials (−3.0 and −4.0 V),
the (100) steps gradually diminished, accompanied by the
progressive increase of (110) steps at ∼0.1 V (Figure 1a, blue/
green curves). The well-defined Pt single crystals enable the
accurate and precise quantification of the relative step density
by calculating the HUPD charge (Figure S2c and Table S1). The
(100) step density exhibited a significant decrease at −3.0 and
−4.0 V while the (110) step density exhibited a symmetrical
increase (Figure S2c). Interestingly, the overall HUPD charge
remained relatively unchanged, indicating a gradual conversion
from (100) to (110) steps at more negative corrosion
potentials, while the total integrated charge reflected that the
total step density remained stable. To rationalize this trend, the
HUPD charge values for Pt(111), (100), and (110) were
calculated to be 241, 208, and 147 μC/cm2 (Figure S1), which
are consistent with literature values.43 The constant HUPD
charge values suggest that Pt(111) is the most stable facet with
the highest surface atomic density while Pt(110) is the least
stable facet with the lowest atomic density. This can explain
the trend in anisotropic growth from the most stable Pt(111)
to intermediate Pt(100) steps and finally to the most

energetically unstable Pt(110) steps, at increasingly negative
corrosion potentials. In addition to the changes in the HUPD,
the OHads peak at ∼0.8 V vs RHE in Figure 1a is a
characteristic feature of the Pt(111) surface, exhibiting a
continuous decay of the OHads Faradaic charge at increasingly
more negative corrosion potentials (Figure S2d and Table S2).
This is consistent with the increasing step density revealed
from the HUPD measurements and suggests a higher level of
surface roughening. SEM images were acquired to visualize the
morphological changes during cathodic corrosion. After
corrosion at −2.0 V, the Pt(111) electrode changed from a
smooth surface to steps and ridges (Figure S3a−d), which,
from the CV profiles, corresponds to the formation of (100)
steps (Figure 1a). At a very negative corrosion potential of
−4.0 V vs RHE, the Pt(111) electrode exhibited sharp stepped
features and noticeable concave pits.

The cathodic corrosion of the Pt(111) single crystal was also
examined in a nonadsorbing neutral electrolyte, CsClO4
(Figure S4), since it would be suitable for operando/in situ
EC-STEM study due to the instability of SiNx windows in
alkaline media. The Pt(111) used above experienced a similar
growth of (100) features after corrosion at −2.0 V, and
conversion to (110) after corrosion at −3.0 V in CsClO4,
although the changes were less pronounced than those in
NaOH, which is possibly due to the weaker interaction
between Cs+ and Pt, relative to Na+.13 A corrosion onset
potential of around −2.0 V vs RHE was found in both 0.05 M
CsClO4 and 0.1 M NaOH. A recent study by Koper and co-
workers found that the onset potentials of cathodic corrosion
of Pt(111) are less negative, at around −0.6 and −0.4 V vs
RHE in 1 and 10 M NaOH, respectively, indicating a lower
energy barrier for cathodic corrosion at higher hydroxide ion
concentrations.44,45 The cathodic corrosion of Pt single crystals
in (Figure 1a) has important implications for tuning
electrocatalyst activity. For instance, the ORR activity of
Pt(111) in acid was doubled, relative to pristine Pt(111), after
cathodic corrosion, which was ascribed to the formation of
concave etched features.44

The single-crystal Pt(111) study above lays the foundation
for investigating the cathodic corrosion of well-defined
nanocrystals on a bulk poly-Pt film. Au nanocubes (∼100
nm) with {100}-oriented single-crystal surface facets were
selected as an example of inactive electrocatalysts for the
hydrogen evolution reaction (HER), in contrast to Pt. The CV
profile of pristine Au cubes/Pt film showed a PtOx reduction
peak at ∼0.8 V and a smaller AuOx reduction peak of the Au
nanocubes (Figure 1b). The CV profile after cathodic
corrosion in 0.05 M CsClO4 at −3.0 V vs SHE exhibited a
5.4-fold increase in the reduction peak area of AuOx and a 1.3-
fold increase in that of PtOx (Figure S5a). These changes
suggest that Au nanocrystals, with a high surface energy, are
subjected to a significantly higher level of structural changes
and surface roughening, relative to the bulk Pt electrode. A
control experiment of cathodic corrosion of a bulk Au film in
CsClO4 under the same conditions exhibited negligible
morphological changes based on SEM images, confirming
the faster corrosion kinetics of Au nanocrystals than bulk Au
counterparts. The HUPD charge revealed a slight increase in
Pt(100) steps accompanied by a slight decrease in Pt(110)
sites (Figure S5b). Early reports on a poly-Pt wire also showed
a similar enrichment of (100) steps after cathodic corro-
sion.12,13 SEM images of the Au cubes/Pt film exhibited
striking morphological changes after cathodic corrosion
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(Figure 1c,d). Pristine Au nanocrystals exhibited a well-defined
cubic morphology and were self-assembled in a periodic
pattern/arrangement (Figure 1c). After cathodic corrosion in
CsClO4, the Au cubes experienced drastic morphological
changes while the bulk Pt electrode showed only mild changes
with wrinklelike stepped edges (Figure 1d). Region 1
represents an intermediate state of many cubic particles,
which deform and aggregate into clusters, as well as the
formation of triangular, square, and rectangular pits on the Pt
film, which were suggested to preferentially form on (111),
(100), and (110) facets, respectively, based on studies on these
low-index Pt single crystals.45 Region 2 represents a final state
of much smaller newly generated, small NPs (10−50 nm) and
the coexistence of pronounced stepped etching features on the
Pt film (Figures 1d and S6). STEM-EDX elemental maps of
corroded Au nanocubes and newly generated NPs (∼20 nm)
showed homogenous elemental distributions of Au and Pt,
indicating the formation of single-phase Au3Pt alloy NPs
(Figures 1e,f and S7). In summary, during cathodic corrosion,
Pt films and Au nanocubes were “atomized” so that highly
mobile Pt atoms were injected into the Au cubes to form Au−
Pt alloy NPs. It is possible that the disintegration of bulk Pt
and the deformation/aggregation of Au nanocubes occur
simultaneously and are strongly modulated by the local
electrical field, interfacial pH, and concentration of alkali
cations. Although it is challenging to quantify the corrosion
rate, nanocrystals experienced a significantly higher level of
structural destruction than the bulk electrodes.

To elucidate the structural and elemental evolution of
nanocrystals and bulk electrodes, we employed operando/in
situ EC-STEM, including STEM imaging, EDX elemental

mapping, and SEND diffraction imaging. Figure 2a presents a
cross section of the operando/in situ EC-STEM cell with a
three-electrode configuration, including working, reference,
and counter electrodes (WE, RE, and CE). The SEND works
by using an electron microscope pixel array detector
(EMPAD) to record the 2D electron diffraction pattern over
a 2D grid of probe positions, resulting in 4D data sets,46 which
can dramatically reduce beam dose while retrieving temporal
and spatially resolved structural information in liquids. We
designed an experimental strategy to enable operando, in situ
and ex situ EC-STEM operation in the same cell, and at
identical locations to enable reliable electrochemical measure-
ments and simultaneously probe real-time interfacial changes
across multiple length scales, by generating H2 bubbles to
reversibly control the liquid thickness (Figure 2b). Operando
EC-STEM was employed to track the morphological changes
under similar reaction conditions to standard electrochemical
measurements in Figure 1a,b but was not able to perform EDX
nor SEND analysis in thick electrolytes. The thin liquid,
naturally formed by H2 bubbles during cathodic corrosion,
dramatically improved spatial resolution and enabled nano-
meter scale in situ STEM-EDX and SEND in a native
electrolyte, which nonetheless, deviates from optimal electro-
chemical conditions. To resolve atomic-scale lattice structures,
H2 gas was flowed to completely remove the liquid while
preserving the corroded electrode in a reducing environment.
Ex situ EC-STEM, despite the lack of real-time information,
serves as an identical-location STEM to perform on-site
characterization before and after cathodic corrosion. Ex situ
STEM also improves the spatial resolution of EDX and EELS

Figure 2. Operando/in situ electrochemical liquid-cell STEM (EC-STEM) studies of cathodic corrosion. (a) Schematic of operando/in situ EC-
STEM cell with the capability to enable reliable electrochemical measurements and simultaneously track morphological, compositional, and
structural changes under operating conditions. WE, RE, and CE stand for working, reference, and counter electrodes, respectively. SEND based on
4D STEM data sets acquired on an EMPAD. (b) Overview of characterization methodology: Operando EC-STEM for visualizing morphological
changes in regular thick electrolyte; in situ EC-STEM for STEM-EDX elemental analysis and SEND for resolving crystal structures. The thin liquid
is naturally formed by electrochemically generating a H2 bubble during cathodic corrosion; ex situ on-site STEM imaging at the atomic scale, in an
ultrahigh purity (UHP) H2 gas cell. (c and d) In situ thin-liquid EC-STEM image and EDX composite maps of Au−Pt alloy nanostructures grown
on a Au-rich ribbon (∼100 nm) at the bulk Pt electrode after cathodic corrosion of Au cubes on the Pt WE. (e and f) Ex situ high-resolution
STEM-EDX, in the H2 gas cell, showing the coexistence of small Au−Pt alloy NPs (Au/Pt = 4:1) and mossy structures (Au/Pt = 3:2). (g) Ex situ
HAADF-STEM image, clearly resolving “nanospikes” at the particle surface. (h) Ex situ atomic-scale lattice image of an Au-rich Au−Pt alloy NP
with multiple {111}-oriented domains along different crystal orientations (white arrows). Inset, one Au-alloy domain oriented near the [110] zone
axis, magnified from the dashed box.
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elemental analysis by circumventing the undesirable beam
damage and sample drift in liquids.

In an effort to demonstrate that operando EC-STEM is
capable of delivering reliable electrochemical measurements,
we performed CV measurements of Pt in acid and Cu
electrodeposition (Figure S9). CV profiles of Pt in acid in the
EC-STEM cell matched well the standard electrochemical
measurements of Pt in Figure 1a and showed no evidence of
beam damage at a dose of ∼300 e/nm2. The potential of the Pt
pseudo-RE was estimated to be about +0.8 V vs SHE based on
the HUPD peak position of Pt. CV profiles in CuSO4 showed
the well-defined Cu electrodeposition and stripping peaks at
around −0.65 V vs Pt, which is consistent with the potential
(−0.648 V) at which the largest amount of deposited Cu
nanoclusters occurred (Figure S9). The onset potential of Cu
electrodeposition was estimated to be 0.25 V vs SHE in the
operando EC-STEM study, which matches well with the
theoretical value of E0 (Cu2+/Cu) in 10 mM CuSO4 (0.22 V vs
SHE). With a rigorous electrochemical protocol established,
we performed operando EC-STEM studies of cathodic
corrosion of Au nanocrystals on a bulk Pt electrode. The
cathodic corrosion was first performed on a bare Pt WE as a
control study (Figure S10). After applying sufficiently negative

potentials (−1.5 V vs Pt), noticeable mossy features appeared
on the bulk Pt electrode surface, while no mossy features were
evident in the absence of alkali cations, indicating the
important role of alkali cations to initiate cathodic corrosion.
Operando EC-STEM was then employed to investigate the
cathodic corrosion of Au nanocubes on bulk Pt working
electrodes (Au cubes/Pt WE) in 1 mM CsClO4. CV profiles of
Au cubes/Pt WE exhibited the characteristic oxidation peaks of
both Au and Pt at ∼0.6 V vs Pt (∼1.4 V vs SHE) (Figure S11),
which matched the standard electrochemical measurements in
Figure 1b. To explore the effects of corrosion potentials, the
lower potential limit was systematically lowered from −1.0 to
−2.0 V (Figure 3a,b). As the lower potential limit was lowered
from −1.0 to −1.6 V, the peak current density of the redox
couple gradually increased (Figure 3a). Ten continuous CV
cycles from 0 to −1.6 V vs Pt at 100 mV/s are plotted as an
example, to show the progressive growth of well-defined redox
couples with shoulder peaks at −1.0 V vs Pt. When the lower
potential limit was further decreased to more negative values of
−1.8 and −2.0 V, a rapid current drop to nearly zero was
observed at around −1.5 V vs Pt, corresponding to the
formation of H2 bubbles, which created a native thinner liquid
layer (Figure 3b). The gradual increase of peak currents at

Figure 3. Operando EC-STEM studies of dynamic morphological changes during cathodic corrosion. (a) CV profiles of Au cubes on Pt WE in 1
mM CsClO4 in EC-STEM in a regular thick electrolyte with various lower potential limits from −1 to 1.6 V vs Pt at 100 mV/s. Ten continuous
cycles from −1.6 to 0 V (orange profiles) are shown to demonstrate the process of accumulating soluble H2 and other reaction intermediates. The
potential of the Pt pseudo RE was determined to be around 0.8 V vs SHE based on standard electrochemical measurements in Figure S9. (b) CV
profiles with lower limits at −1.8 and −2.0 V vs Pt. At −2.0 V, the H2 concentration in the electrolyte reaches saturation and generates a H2 bubble,
which caused a sharp current drop to nearly zero. (c) Representative example of the dramatically enhanced spatial resolution enabled by the
formation of H2 bubble. (d−f) Three continuous STEM imaging frames from the orange box in (c) showing the dynamic morphological changes
during cathodic corrosion. The dashed white boxes mark the reconstruction of two large NP clusters into a longer particle chain. The red arrows
point the migration of two clusters of small NPs and the green boxes mark the growth of new NPs.
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more negative potentials and during continuous CV cycles is
possibly due to the accumulation of higher concentrations of
soluble H2 and other reaction intermediates during cathodic
corrosion in the presence of alkali cations. Once the H2
concentration in the electrolyte reaches a critical saturation
concentration, a H2 bubble forms instantaneously. A recent
study by White and co-workers reported that H2 bubble
nucleation on Pt nanoelectrodes follow first-order kinetics and
the nucleation rate can increase by four orders of magnitude
over a very small relative change in the H2 concentration at the
electrode surface.47 The possibility of diffusion of Pt ions from
Pt CE to WE was excluded given the large distance between
CE and WE (Figure S12). The current density in operando
EC-STEM in Figure 3a,b is of the order of ∼20 mA/cm2 in
CsClO4 solution, which is comparable to the value of ∼10
mA/cm2 under similar cathodic corrosion conditions in a
standard electrochemical cell (Figures S12 and S13).

Operando EC-STEM imaging was employed to track the
morphological changes during cathodic corrosion. Operando
EC-STEM images showed little morphological changes during
the first 200 s cycling between 0 and −1.6 V vs Pt at 20 mV/s
(Figure S14a,b). After 248 s, a H2 bubble emerged and pushed
away the electrolyte, leading to a dramatically improved spatial
resolution (Figures 3c and S15). The upper part of the STEM
image in Figure 3c illustrates that the Au nanocubes are barely
visible in the thick liquid film. Once a H2 bubble is
electrochemically generated, the STEM image of the NPs
can be clearly resolved. Operando EC-STEM images in Figure
3d−f exhibit the dynamic morphological changes during
cathodic corrosion over three continuous frames magnified
from the orange box in Figure 3c. Two large NP clusters of
100−200 nm experienced particle agglomeration into one
longer particle chain (white dashed boxes in Figure 3d,e). In
addition, two small new particles of ∼30 nm emerged and
migrated in between these large particle clusters (red arrows,
Figure 3e). Individual particle growth was also observed (green
boxes in Figure 3d,e). These particle reconstruction/
migration/growths were obtained at a very low beam dose of
∼8 e/nm2, which was caused by cathodic corrosion, rather
than beam-induced artifacts, as verified by a beam dose control

experiment at a higher dose of 15 e/nm2 over longer-time
STEM imaging (Movie S1). The full details of the
morphological changes and image processing for Figure 3d
can be found in Movie S2 and Figure S15. A static STEM
image in Figure S16 exhibited the coexistence of partially
reacted Au cubes (∼100 nm) and newly generated small NPs
(20−50 nm) at the solid−liquid−gas interface, quantitatively
reproducing the formation of small alloy NPs in Figure 1d.

In situ EC-STEM in thin liquid films, enabled carrying out
STEM-EDX elemental analysis in an electrolyte (Figure 2c,d).
After pushing away most of the bulk electrolyte, newly grown
nanostructures were clearly observed at the Pt electrode
surface (Figure 2c). In situ STEM-EDX composite elemental
mapping at a dose of ∼8500 e/nm2 exhibited a striking
inhomogeneous elemental distribution of Au and Pt where
Au−Pt alloy nanostructures were grown on a Au-rich ribbon
(∼100 nm, green) on the bulk Pt electrode (red) (Figure 2d).
The drastic changes from Au nanocubes to Au−Pt alloy
nanostructures suggest a much higher level of structural
degradation for nanocrystals during corrosion, relative to the
mild changes exhibited by the bulk electrodes. Quantification
of STEM-EDX spectra yielded a Au/Pt atomic ratio of ∼1:1
for these alloy nanostructures, and ∼ 5:1 for newly formed Au-
rich alloy NPs (∼30 nm) located in the upper left corner
(Figure S17). The presence of a thin liquid film was indicated
by the significantly higher intensity of O signals in EDX
(Figure S17) as well as the rapid flow of NPs as shown in
Movie S3. Minimal beam damage was observed after EDX
mapping (Figure S18).

In addition to morphological and elemental information
obtained by in situ EC-STEM, crystallographic structural
information was derived from 4D STEM data sets by
performing in situ SEND in the thin liquid film (Figure 4).
For example, Figure 4a shows a high-angle annular dark-field
(HAADF) image of reacted Au nanocubes and newly
generated Au−Pt alloy NPs. A virtual bright-field (BF)
image (Figure 4b) was reconstructed from the SEND data
set by integrating the transmitted (000) spot, which revealed
additional mossy particles of 20−50 nm in the left region of
the image. The crystallographic orientation of each NP was

Figure 4. In situ SEND of reacted Au nanocubes and Au−Pt NPs in thin liquid. (a) HAADF-STEM image of reacted Au nanocubes near the Pt
WE in a thin layer of 1 mM CsClO4. SEND, based on a 4D data set, was acquired by recording a 2D diffraction pattern at each probe position in a
2D grid. (b) Virtual BF image reconstructed from the SEND data set, showing larger Au cubes (∼100 nm) and smaller Au−Pt NPs (20−50 nm).
(c) Crystallographic orientation map obtained by careful indexing of each clustered diffraction pattern using an fcc structure model. (d−f)
Representative diffraction patterns shown in the logarithmic scale from labeled regions in (c), respectively.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c05989
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_001.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c05989/suppl_file/ja2c05989_si_002.pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c05989?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c05989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


retrieved by indexing the diffraction patterns for each cluster
using an fcc structure model. Figure 4c shows the
reconstructed crystallographic orientation map, where the
color represents the superposition of three corners ({100},
{110}, and {111} as R, G, and B, respectively) in the inverse
pole figure. Figure 4d−f shows representative diffraction
patterns from labeled regions in Figure 4c with orientations
near the zone axes of [100], [110], and [110], respectively.
The left region in Figure 4c exhibits the crystal orientation of
highly polycrystalline mossy structures. The thickness of the
thin liquid film was estimated to be around 100 nm (Figure
S19), using the EELS plasmon peak and the zero-loss peak.48

This indicates that a 50 nm liquid film is covering each SiNx
window, which is comparable to the estimation in a similar
liquid-cell configuration in a recent EELS study by Stach and
co-workers.49 In the future, we plan to employ molecular
dynamics (MD) simulations (in conjunction with the SEND
analysis) as an alternative approach to quantify the liquid film
thickness in the vicinity of the amorphous SiNx window (see
Supporting Information). In addition, SEND illustrates the
polycrystalline nature of the newly generated Au−Pt alloys
(Figure S20) after corroding the Au nanocubes on the Pt film
in Figure 1d, which serves as a valuable complementary
structural information for STEM-EDX maps in Figure S8b.
This is the first demonstration that in situ SEND diffraction
analysis, in thin liquids, serves as a powerful tool to provide
structural insights beyond morphological and compositional
changes.

Ex situ EC-STEM in the H2 gas cell was employed to resolve
the atomic lattice structure of individual alloy NPs (Figure 2e−
h). A significant improvement of the spatial resolution was
demonstrated in the H2 gas cell by resolving the subtle features
of Au−Pt NPs and mossy structures (Figure 2e), which were

not accessible in the thin liquid film images (Figure S21).
STEM-EDX in the H2 gas cell showed that, in general, the
small NPs were Au-rich alloys with Au/Pt atomic ratios of
4∼5:1, while the mossy structures near the Pt WE had Au/Pt
atomic ratios of 1.5∼1:1 (Figures 2e,f and S22−S24). Figure
S24 presents an example of a Au nanocube that was in the
process of being converted into mossy structures and small
alloy NPs by the Pt WE. The above STEM-EDX analysis has
provided unique insights into the locally heterogenous
elemental distributions of Au−Pt alloys after cathodic
corrosion. It should be noted that the Ti peaks in the EDX
spectra (Figures S17 and S22−24) are from the Ti adhesion
layer under the Pt WE. Ex situ STEM-EELS in the H2 gas cell
showed the presence of Au and Pt and the absence of Ti,
confirming that the alloy NPs contained only Au and Pt
(Figure S25). The absence of Cs also rules out the formation
of Cs-intercalation compounds after corrosion. Valence EELS,
based on the relative intensity of the plasma peak,48 allowed
estimating the thickness of Au−Pt alloy NPs and corroded Pt
WE as 50 and 100 nm, respectively (Figure S26). Ex situ EC-
STEM also enabled the direct visualization of crystal structures
at the atomic scale (Figure 2g,h). Small Au−Pt alloy NPs
exhibited “nanospikes” on the particle surface (Figure 2g),
which are not readily visible in the thin liquid film (Figure
S21). An atomic-scale HAADF-STEM image exhibited the
polycrystalline nature of the small alloy NPs (Figure 2h).
Given the Au-rich composition of the small alloy NPs and the
close values of lattice parameters (aAu = 4.078 Å, aPt = 3.923
Å), it is reasonable to use the d-spacing values of pure Au to
index the lattice images of these Au5Pt alloy NPs (Figure S27).
Multiple {111}-oriented domains of a few nanometer were
visualized along different crystal orientations. The domain
magnified from the dashed box in Figure 2h exhibited an fcc

Figure 5. Cathodic corrosion for the synthesis of Au−Pt bimetallic NPs. (a) CV profiles of Au−Pt mixed wires in Ar-sat. 0.1 M HClO4 at 50 mV/s
before and after cathodic corrosion in 10 M KOH for 2 h. The inset shows the corrosion conditions with an AC square wave between 0 and −10 V
with a DC offset at −5 V at a frequency of 100 Hz. (b) SEM images of Au−Pt wires after corrosion for 2 h showing the cracking of bulk electrodes
and generation of numerous small NPs. (c) SEM image of Au−Pt wires after corrosion for 20 h showing a much higher level of surface roughening,
relative to 2 h in (b). (d and e) SEM images of a Au wire (d) and Pt wire (e) under the same cathodic corrosion conditions after 2 h. (f−i) STEM
images and EDX elemental maps of newly generated Au−Pt bimetallic particles from Au−Pt wires after cathodic corrosion processes in (a).
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lattice domain oriented near the [110] zone axis. Atomic-scale
STEM images of other Au−Pt alloy NPs and mossy structures
confirmed their polycrystalline nature (Figures S27−28).

Cathodic corrosion can serve as an effective top-down
synthetic method to “disintegrate” bulk electrodes into alloy
NPs. Au and Pt intertwined wires were subjected to cathodic
corrosion in 10 M KOH with an AC square wave (−10 ∼ 0 V)
at 100 Hz with a direct current (DC) offset of −5 V to ensure
a reduction process (Figure 5a, inset). After corrosion for 2 h,
the CV profiles of the Au−Pt wires exhibited a fivefold increase
of the AuOx reduction peak and an evident PtOx reduction
peak, relative to pristine electrodes (Figure 5a). After cathodic
corrosion, the CV profiles of the Au−Pt wires exhibited the
HUPD features of polycrystalline Pt, indicating that Au was
subjected to a higher level of corrosion relative to Pt (Figure
S29). SEM images of Au−Pt wires after 2 h of corrosion
indicated that the electrode had cracked into micrometer-sized
domains generating new NP clusters of 10−100 nm (Figures
5b and S30). After a longer corrosion time of 20 h, the Au−Pt
wires further disintegrated into a highly porous surface
(Figures 5c and S30c,d). In order to deconvolute the
morphological changes of Au from Pt, cathodic corrosion of
individual Au and Pt wires were performed under the same
conditions. SEM images of the Au wire after corrosion,
exhibited the formation of needle-shaped nanocrystals and
noticeable etching steps on the electrode surface (Figure 5d),
which corresponded to a 10-fold increase of the AuOx
reduction peak (Figure S31a). In comparison, SEM images
of Pt showed much milder etching features (Figure 5e) and
only an ∼15% increase of the ECSA (Figure S31b). Such
differences between Au and Pt can be rationalized by the
competition between cathodic corrosion and their HER
activities. The HER kinetics on Au are so sluggish that the
strongly reducing potentials mainly drive the corrosion of the
bulk Au into nanocrystals. In contrast, the HER occurs readily
on Pt below 0 V vs RHE, which makes the very negative
potentials primarily drive the HER while causing milder
morphological changes as a result of the corrosion. STEM-
EDX maps of the as-synthesized NPs showed the elemental
distribution of Au−Pt alloy NPs with multiple Au-rich (green)
and Pt-rich (red) domains of a few nanometer (Figure 5) with
average Au/Pt ratios ranging from 2:1 to 2:3 (Figure S32).
The disintegration of Au and Pt bulk wires into Au−Pt
bimetallic NPs yielded a certain level of alloying at the
nanometer scale but not a single phase as that formed by
corrosion of the Au nanocubes on the Pt film (Figure 1e,f).
This is ascribed to the significantly higher corrosion rate of
nanocrystals, relative to bulk electrodes in Figure 5. Thus,
cathodic corrosion shows the potential to overcome the
thermodynamic solubility limitations of phase diagrams and
enable the incorporation of Au into Pt lattices, which has been
reported to enhance durability of platinum group metal
(PGM)-based ORR electrocatalysts.50,51 Cathodic corrosion
of other largely immiscible alloys from bulk electrodes, such as
Pt−M (M = Bi, Pb, and Pr),15,17 Au−Co,11 and Sn−Pb16 also
show noticeable evidence of phase and/or elemental
segregation of the synthesized alloy NPs. By optimizing
cathodic corrosion conditions and environments, cathodic
corrosion has the potential to enable preparation of single-
phase alloys with tunable structures and compositions.

Although the exact cathodic corrosion mechanisms are still
under investigation, based on this study and Koper’s previous
work,9 we propose the following possible reaction pathways for

the cathodic corrosion of Au nanocubes on bulk Pt electrodes
(Figure 6). At sufficiently negative potentials, atomic hydrogen

is generated, in the presence of alkali cations (Na+, K+, and
Cs+), which adsorbs on the Au and Pt surfaces (Figure 6a).
Adsorbed hydrogen (H*) and alkali cations can induce a
surface reconstruction and initiate the corrosion from flat
terraces to roughened step edges. Au nanocubes, with a larger
surface energy, are subjected to faster corrosion kinetics,
relative to bulk Pt. Mobile Au and Pt atoms, etched from
electrode surfaces, are hypothesized to form metal hydrides
and diffuse to nearby electrolyte (Figure 6b), potentially
contributing to the redox peaks in Figure 3a,b. A general
chemical formula of metal hydrides can be written as
[MHn]δ−,13 such as [AuH2]−, [AuH4]−, and [PtH4]2−,
depending on the valence states of the metal centers (M =
Pt or Au). For simplicity, [MH4] with four hydrogen atoms
was used to represent metal hydride anions in the mechanistic
illustration in Figure 6. These metal hydride anionic species,
while unconfirmed, can be stabilized by alkali cations in a
locally strong reducing environment. When metal hydrides
encounter water molecules at appropriate collision orienta-
tions, the negatively charged H in [MHn]δ− reacts instanta-
neously with the positively charged H in H2O (Figure 6b) and
results in the formation of elemental Au and Pt atoms (Figure
6c). Thus, these metal hydrides, once generated, have
extremely short lifetimes and are very challenging to isolate
and analyze. These newly generated Au and Pt atoms nucleate
and grow into Au−Pt alloy NPs (Figure 6d). At reducing
potentials well below equilibrium, the cathodic corrosion
process leads to the formation of highly active Au−Pt
bimetallic anions and subsequent quenching and deposition
of Au−Pt alloy NPs, which can achieve metastable phases that
are normally immiscible in the phase diagram (Figure S33).
The proposed Pt hydrides, such as Na2[PtH4] and Cs2[PtH4],
have been previously synthesized with Pt and alkali hydrides.52

The presence of Au hydrides has been experimentally
confirmed at ultralow temperatures.53 A recent study by

Figure 6. Schematic of the proposed cathodic corrosion mechanisms.
(a) Cathodic corrosion is initiated by the presence of atomic
hydrogen and adsorbed alkali cations at sufficiently negative
potentials. (b) Pt and Au atoms are electrochemically converted to
metal hydrides (e.g., [MHn]δ−), which are stabilized by alkali cations
when in close proximity. (c) Highly reducing, negatively charged
hydrogen (ostensibly hydride) in [MHn]δ− anions reacts with water,
resulting in an extremely short-lifetime intermediate species. (d) Au
and Pt atoms encounter and nucleate in the form of Au−Pt bimetal
alloys, leading to the growth of alloy NPs. Note: Only one Au and one
Pt atom in (b and c) were drawn for the purpose of simplification.
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Hoffmann and co-workers predicted that ternary Au hydrides
could be thermodynamically stabilized by alkali cations under
ambient conditions.54 In addition, the presence of surface gold
hydride on nanostructured gold catalysts was evidenced by
inelastic neutron scattering.55 Alkali cations are required to
induce the cathodic corrosion since the corrosion process does
not occur if the protons are the only cations in solution.13 In
summary, the current hypothesis, pending experimental
verification, suggests that cathodic corrosion mechanisms
likely involve key intermediates, such as ternary metal hydrides,
in the presence of alkali cations. We anticipate that additional
theoretical calculations and operando/in situ vibrational
spectroscopy will contribute to the identification of key
reaction intermediates, metal hydrides, in the proposed
mechanism and advance our understanding of this highly
kinetically driven corrosion process.

■ CONCLUSIONS
In conclusion, this work reports on the anisotropic cathodic
corrosion processes of Pt single crystals and reveals, for the first
time, the dynamic corrosion process of nanocrystals, which
have significantly faster corrosion kinetics than bulk electrodes.
Operando/in situ EC-STEM in regular electrolyte and thin
liquid filmss, as well as ex situ STEM in a H2 gas cell, has
enabled the direct probing of morphological, compositional,
and structural changes at nanometer and atomic scales. Guided
by microscopic insights from operando EC-STEM, we
demonstrate that cathodic corrosion can serve as a top-down
surfactant-free alloy NP synthesis method, which can over-
come the thermodynamic limitations of phase diagrams.
Cathodic corrosion of nanocrystals can provide valuable
insights into the structural evolution of widely used nanosized
electrocatalysts under reducing potentials, such as in CO2 and
N2 reduction. Such unintentional structural changes of
nanosized electrocatalysts occurring within the potential
window of cathodic corrosion can have a great impact on
electrocatalyst activity/selectivity and electrode stability. This
study provides valuable insights to utilize cathodic corrosion to
tailor the structures and compositions of nanosized electro-
catalysts for enhanced activity and selectivity. A microscopic
understanding of the cathodic corrosion of nanocrystals will
help circumvent the undesirable corrosion under reducing
potentials, so as to develop corrosion-resistant electrocatalysts.
Operando EC-STEM offers a platform for advancing the
microscopic understanding of cathodic corrosion, which can be
extended to the study of other renewable energy-related
electrochemical reaction mechanisms at electrode−electrolyte
interfaces under realistic operating conditions.
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