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ABSTRACT: Operando/in situ methods have revolutionized our
fundamental understanding of molecular and structural changes at
solid−liquid interfaces and enabled the vision of “watching
chemistry in action”. Operando transmission electron microscopy
(TEM) emerges as a powerful tool to interrogate time-resolved
nanoscale dynamics, which involve local electrical fields and charge
transfer kinetics distinctly different from those of their bulk
counterparts. Despite early reports on electrochemical or heating
liquid-cell TEM, developing operando TEM with simultaneous
electrochemical and thermal control remains a formidable
challenge. Here, we developed operando heating and cooling
electrochemical liquid-cell scanning TEM (EC-STEM). By
integrating a three-electrode electrochemical circuit and an
additional two-electrode thermal circuit, we can investigate heterogeneous electrochemical kinetics across a wide temperature
range of −50 to 300 °C. We used Cu electrodeposition/stripping processes as a model system to demonstrate quantitative
electrochemistry from −40 to 95 °C in both transient and steady states in aqueous and organic solutions, which paves the way for
investigating energy materials operating in extreme climates. Machine learning-assisted quantitative 4D-STEM structural analysis in
cold liquids (−40 °C) reveals a distinct two-stage growth of nanometer-scale mossy Cu nanoislands with random orientations
followed by μm-scale Cu dendrites with preferential orientations. This work benchmarked electrochemistry in the three-electrode
EC-STEM and systematically investigated the temperature and pH dependence of the Pt pseudoreference electrode (RE). At room
temperature, the Pt pseudo-RE shows a reliable potential of 0.8 ± 0.1 V vs the standard hydrogen electrode and remains pH-
independent on the reversible hydrogen electrode scale. We anticipate that operando heating/cooling EC-STEM will become
invaluable for understanding fundamental temperature-controlled nanoscale electrochemistry and advancing renewable energy
technologies (e.g., catalysts and batteries) in realistic climates.

■ INTRODUCTION
Temperature is the most ubiquitous parameter in tuning
chemical reaction rates in modern laboratories1,2 among a
range of environmental stimuli including pressure,3 light,4

electrical bias,5 magnetic field,6 or mechanical force7 accessible
to chemists and material scientists. The empirical observation of
a 2−3-fold increase in the reaction rate for every 10 °C increase
in temperature2 helped chemists develop the first semi-
quantitative understanding of chemical kinetics and is often
demonstrated in classical iodine clock reactions taught in
undergraduate chemistry laboratories.8 Over the past century,
studies of temperature effects have guided the vast development
of solution-based organic and inorganic chemistry at elevated
temperatures. The exponential temperature dependence of
chemical reaction rates was described in the Arrhenius equation
as early as the 19th century,9 which was later elaborated in the

transition-state theory and serves as the cornerstone of
understanding thermodynamics and kinetics in physical
chemistry.10 Temperature has been explored as the primary
tool to tune reaction rates in organic and colloidal synthesis11

from room temperature to around 300 °C and thermal catalysis
at higher temperatures in chemical industry, such as Haber−
Bosch ammonia synthesis, steam methane reforming, and
Fischer−Tropsch synthesis, among others.12−14 However, the
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temperature effects on electrochemistry are less explored until
recently due to emerging interests in renewable energy
applications.15 The deployment of hydrogen energy relies on
key technologies including proton and anion exchange
membrane fuel cells (PEMFCs and AEMFCs) and water
electrolyzer-based clean H2 production, which operate at
elevated temperatures of 60−90 °C.16−19 The higher temper-
ature not only enhances catalyst kinetics but also poses a
significant challenge to the durability of electrocatalysts, which
are subjected to various temperature-dependent degradation
mechanisms (Ostwald ripening, coalescence, dissolution, nano-
particle detachment from a catalyst support, etc.)20 The rapid-
growing electric vehicle (EV) industry requires the development
of safe and fast-charging lithium-ion batteries, which face a real-
world challenge under both cold and hot climates (−40 to 60
°C).21 In particular, battery operation at low temperatures is
necessary for EVs to operate in cold weather22 and electronics
developed for space missions (the Mars Rover requires a battery
operating temperature of −40 to 40 °C).23 For instance, a cold
climate could lead to 40% decrease in the driving range of EVs
and it remains a significant challenge to charge EVs below
freezing temperatures.24 While a mild temperature range of 30−
60 °C has been shown to improve battery cycling performance,

an extreme temperature above 60 °C will lead to the thermal
decomposition of the battery materials and possibly catastrophic
failure.25,26 All those applications point out the need to develop
operando/in situ diagnostic methods to probe nanoscale
electrochemical kinetics under controlled temperatures.27,28

In situ (on site/in position in Latin) methods enable
monitoring of real-time changes under reaction-relevant
conditions, while ex situ (off site in Latin) measurements are
performed on pristine or post-mortem samples.28 In situ
measurements often deviate from optimal operating conditions,
such as environmental transmission electron microscopy
(TEM) at low pressure to simulate gas-phase catalytic reactions
at high pressure. Operando (operating/working in Latin)
methods measure operating catalysts under experimental
conditions comparable to those of benchtop experiments. The
term “operando” was proposed by Bañares, Weckhuysen, and
others in the early 2000s as an alternative for “in situ” Raman
spectroscopy to emphasize the importance of simultaneous
spectroscopic and activity measurements under catalytic
reaction conditions.29,30 In the context of electrochemistry,
operando refers to analytical methods that can deliver
comparable reaction rates (electrochemical currents) at
comparable driving forces (applied potentials) relative to

Figure 1. Schematic of operando heating and cooling EC-STEM. (a−d) The assembly process of a liquid-cell holder with a large electrochemical chip
forms a liquid pocket with the small chip inserted in the gasket and later covered by Ti lead. (e,f) The design of a five-electrode circuit with a three-
electrode electrochemical circuit (WE, CE, and RE) and a two-electrode heating/cooling circuit. Inset in (e): the cross-sectioned view of the liquid cell
with bulged SiNx windows in high vacuum. (g,h) Schematic of operando heating/cooling EC-STEMwith CV profiles under high and low temperatures,
respectively.
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benchtop experiments. We also acknowledge that the gap
between “in situ” and “operando” can be minimized by increasing
the complexity of instrumental design to simulate a working
device or catalytic reactor and enable simultaneous activity
measurements and/or reaction product detection. Operando/in
situ electrochemical liquid-cell scanning/transmission electron
microscopy (EC-S/TEM) has emerged as an important method
to track time-resolved nanoscale structural and compositional
changes under real-time reaction conditions.28 Over the past
decades, operando EC-S/TEM has been developed and
employed in understanding electrochemical processes including
metal electrodeposition,31,32 dynamic evolution of electro-
catalysts,33−37 and battery cycling,38−42 among many other
applications.28 To date, operando EC-S/TEM has demonstrated
quantitative electrochemistry while acquiring quantitative S/
TEM imaging, diffraction, and spectroscopy at nanometer-to-
atomic scales.27,35 On the other hand, operando/in situ heating
liquid-cell TEM has been used to study bubble formation,43

nanocrystal growth/etching,44−47 and polymer self-assembly
processes48 at elevated temperatures. However, it remains a
longstanding technical challenge to enable simultaneous
electrochemical and temperature control in crowdedmicrochips
embedded in a confined liquid space. Recently, Ross and co-
workers customized a two-electrode electrochemical chip with a
heating circuit and investigated electrochemical Ni etching at
room temperature and 50 °C.49 In this work, we developed
operando heating and cooling EC-STEM with a three-electrode
electrochemical circuit and a two-electrode heating/cooling
circuit to achieve quantitative electrochemistry with access to a
full temperature range of −50 to 300 °C. Operando electro-
chemical four-dimensional (4D) STEM studies of Cu electro-
deposition and stripping processes serve as a model system to
investigate heterogeneous nucleation and growth mechanisms,
since Cu electrodeposition is widely used for fabricating
electrical interconnects of integrated circuits in the semi-
conductor industry.50 This study has a broad impact on metal
electrodeposition at solid−liquid interfaces, which have
important technological applications, such as metal electro-
plating, corrosion protection, and preparation of electro-
catalysts.51 Temperature- and potential-dependent electro-
chemical kinetics were investigated in both aqueous and organic
solutions. A rigorous analysis of temperature and pH depend-
ence of the reference electrode (RE) potentials has been
conducted to evaluate the three-electrode electrochemistry with
a Pt pseudo-RE, a critically important yet poorly understood
component in the three-electrode EC-STEM.We anticipate that
this newly developed operando heating/cooling EC-STEM will
stimulate the wide use of operando TEM in electrochemical
studies of energy materials.

■ RESULTS AND DISCUSSIONS
The central component of operando heating and cooling EC-
STEM is an electrochemical liquid cell with a heating circuit,
which is compatible with high vacuum conditions of TEM and
enables quantitative electrochemical and temperature control in
liquid environments (Figure 1). The electrochemical liquid cell
is composed of a liquid pocket sealed by a large electrochemical
chip and a small chip, as depicted in the liquid cell assembly
process (Figure 1a and Video S1). The small chip is first inserted
in the perfluoroelastomer gasket-style O-ring, which prevents
the liquid from leaking outside the O-ring. The small chip has a
50 nm spacer and etched trenches on four corners to facilitate
the liquid flow near the nanochannel and rapidly replenish fresh

electrolytes27 (Figures 1b and S1). The large chip is patterned
with five electrodes and has a 500 nm spacer (Figure 1b), which
is placed facing down the small chip after aligning the thin silicon
nitride (SiNx) view windows (550 × 40 μm) on both large and
small chips (Figure 1c,d). The resulting liquid cell has a nominal
liquid thickness of 550 nm and will experience a significant
bulging process of the two 50 nm thick SiNx windows due to the
pressure differential between the liquid cell and the vacuum in
the TEM column (∼10−6 Pa, Figure 1e, inset and Figure S1).
The window bulging will lead to a practical liquid thickness of
500−1000 nm or greater at theWE,52 making it very challenging
to perform high-resolution EC-STEM imaging, diffraction, or
spectroscopy. This issue will be addressed later with a thin liquid
layer created by reversibly electrogenerated hydrogen bubbles
under electrochemical conditions.

The design of a five-electrode system with a three-electrode
electrochemical circuit and a two-electrode heating/cooling
circuit is the key innovation of this work (Figure 1e,f). The Si-
based microchip has dimensions of 6 × 4.5 × 300 μm (length ×
width × thickness) and is patterned with five electrodes by
lithography processes. The electrochemical circuit includes a
three-electrode design, which has a working electrode (WE) and
reference electrode (RE) surrounded by the counter electrode
(CE) (Figure 1e). The WE has a dimension of 130 × 20 μm,
which is made of Pt (∼50 nm thick) with a Ti adhesion layer
(∼25 nm) or low-contrast glassy carbon (∼60 nm thick). In this
work, we employed the Pt WE chip for Cu electrodeposition,
while the electrochemically inert glassy carbon WE is better
suited for studying nanocatalysts.35,53 The circular Pt CE allows
a radially symmetric electric field around theWE. The Pt CE has
a significantly larger electrode area of ∼0.3 mm2, which enables
rapid polarization and sustains the high current density required
by theWE. The RE is also made of Pt (75 × 75 μm) and relies on
the redox couple of surface Pt oxide formed on the Pt film
(PtOx/Pt), i.e., a Pt pseudo-RE which will be discussed in depth
in Figures 6 and 7. A two-electrode heating/cooling circuit
(tungsten coil) is fabricated around the three-electrode
electrochemical circuit (Figure 1f). Given the distance between
the two circuits is less than 100 μm, tremendous efforts in
electrical engineering have been devoted to minimizing the
“cross-talk” between them as the heating/cooling circuit
requires a mA-level current to control the temperature of the
large thermal mass of microchips and liquids, while the
electrochemical circuit demands the high-accuracy detection
of a pA-level current. Another important feature to assess is the
thermal homogeneity across the entire view window and
electrode areas under controlled temperatures. An infrared
camera, used to measure the temperatures at four corners of the
SiNx window, showed that the electrochemical chip under
heating conditions could achieve the target temperatures across
a wide temperature range from 50 to 300 °Cwith a relative error
of 1−2 °C (Figure S2 and Table S1). The electrochemical chip
under cooling conditions has demonstrated a high accuracy of
temperature measurements from room temperature down to a
temperature of −78 °C with a relative error of less than 1 °C
(Figure S3 and Table S2). Operando heating EC-STEM can
achieve operando electrochemical measurements in hot liquids
from room temperature up to 300 °C by controlling the electric
current passing through the heating circuit (Figure 1g).With the
same setup, operando cooling EC-STEM can demonstrate
reliable electrochemical measurements in cold liquids from
room temperature down to −50 °C by heat exchange through a
thermally conductive rod connecting the sample tip to a
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thermoelectric Peltier cooler. The “cold side” of the thermo-
electric Peltier can get down as low as −76 °C while the “hot
side” is kept at temperatures closer to room temperature by
using circulated water from an attached water chiller (Figure 1h,
see experimental section for details). Cyclic voltammetry (CV)
profiles in Figure 1g,h resemble the enhanced and suppressed
electrochemical kinetics under heating and cooling conditions,
respectively (currents in CV are qualitative and not drawn to the
scale). Videos S2 and S3 provide a live illustration of the
capability of operando heating/cooling EC-STEM to reveal
electrochemical kinetics in liquid across a wide temperature
range from −50 to 300 °C.

Cu electrodeposition and stripping processes were selected as
the model system to investigate temperature-dependent
heterogeneous electrochemical kinetics. CV experiments were
performed to investigate Cu electrodeposition/stripping (re-
duction/oxidation) processes in a transient (non-steady) state
(Figure 2). CV profiles were acquired in an aqueous solution (10
mM CuSO4 and 0.1 M H2SO4) with a pH of ∼1 at 50 mV/s
across a wide temperature range of 5 to 95 °C approaching the
freezing/boiling points of H2O, respectively (Figure 2a,b). The
upper potential limit was set at 0.2 V vs Pt RE to ensure complete
stripping (oxidation) processes, while the lower potential limit
was set to achieve full electrodeposition (reduction) processes at
−0.4 to −0.5 V at temperatures below 40 °C, −0.2 V at 70 °C,
and −0.1 V at temperatures above 90 °C. As the temperature
increased from 20 to 95 °C, the Cu electrodeposition current
increased from around −70 to −1750 nA, while the stripping
current increased from about ∼230 to 4200 nA, which shows an

approximately 20-fold increase in the redox current, indicating a
significant increase in electrochemical reaction kinetics at
elevated temperatures (Figure 2a). It should be noted that the
∼18-fold increase in the deposition peak current from 20 to 95
°C is slightly smaller than that for the stripping peak current
(∼25-fold). This asymmetry is attributed to the influence of the
temperature-dependent mass transport on the Cu deposition
process, while the Cu stripping current does not depend on this
factor and follows a classical Butler−Volmer response until the
deposited Cu is depleted from the surface.54 The reduction/
oxidation peak potential difference is ∼120 mV at 20 °C, which
suggests that Cu electrodeposition/stripping is an irreversible
two-electron process. In electrochemistry, a reaction is
considered reversible if the electron transfers are fast and the
system follows the Nernst equation. A reversible one-electron
process has a theoretical anodic/cathodic peak potential
difference of 57 mV at 25 °C, while a reversible two-electron
process has a theoretical value of 35 mV at 95 °C (ΔEp = 2.2 RT

nF
,

where R, T, n, and F are the ideal gas constant, temperature,
electron transfer number, and Faraday constant, respectively).54

The redox peak difference decreased from ∼120 mV at 20 °C to
∼70 mV at 95 °C, approaching the theoretical value of 35 mV,
which suggests an enhanced electrochemical reaction reversi-
bility at elevated temperatures between cathodic (reduction)
and anodic (oxidation) processes at elevated temperatures.

As the temperature decreased from 20 to 5 °C, the Cu
stripping current decreased drastically from ∼230 to ∼4 nA
(Figure 2b, inset), which suggests severely suppressed electro-
chemical kinetics as the temperature approaches the freezing

Figure 2.Temperature-dependent Cu electrodeposition/stripping processes in the EC-STEM setup. (a,b) CV profiles in an aqueous solution (10mM
CuSO4 + 0.1MH2SO4) at 50 mV/s under various controlled temperatures of 5 to 95 °C. The inset shows the CV profile acquired at 5 °Cwith a redox
current of less than 4 nA. (c) CV profiles in an aqueous solution (10 mM CuSO4 + 0.1 M H2SO4) and organic solution (10 mM Cu(OAc)2 in H2O/
ethanol (v. 1:1)) at 50 mV/s under the same temperature of 20 °C. (d) CV profiles in the organic solution across a temperature range of −40 to 50 °C
at 50 mV/s.
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point of 0 °C. The 3-order-of-magnitude increase in redox
currents from 5 to 70 °C was primarily assigned to enhanced
reaction kinetics since the ionic conductivity of CuSO4 solutions
only increased by about two times across a similar temperature
range (Table S3). CV profiles among five consecutive cycles
show well-overlapped features at 20 °C and highly reproducible
features at elevated temperatures (80 °C), demonstrating that
the operando heating/cooling EC-STEM setup is capable of
delivering reproducible electrochemical behaviors over ex-
tended periods of time (Figure S4).

Operando EC-STEM images directly visualize heterogeneous
Cu electrodeposition/stripping processes at the nanometer scale
(Figure 3). At the open-circuit potential (OCP), the solid (Pt
electrode) and liquid (aqueous electrolyte) interfaces were
directly visualized in operando EC-STEM images (Figure 3a).
The inset of Figure 3a exhibits the solid−liquid (S/L) interface
as marked by the dashed line. Figure 3b−k exhibits the
maximum amount of Cu electrodeposited on the Pt WE, which
occurs when the electrodeposition peak is complete in the

anodic scan (e.g., −0.3 V for CV at 20 °C, Figure 2b). At 20 °C,
Cu exhibited a planar growth with a relatively uniform Cu
deposition layer (∼100 nm, Figure 3j) when compared to the S/
L interface in the bare Pt WE (Figure 3a, inset). As the
temperature increased from 20 to 50 °C, Cu grew steadily
thicker films with nanoislands formed due to heterogeneous
electrical fields at the S/L interface (Figure 3g−j), which was
ascribed to kinetic roughening followed by diffusion-limited
growth in previous operando TEM studies of Cu electro-
deposition.55,56 From 50 to 70 °C, the Cu film further grew with
a thickness reaching ∼200 nm and an increase in the surface
roughness (Figure 3e−g). As the temperature further increased
from 80 to 95 °C, dramatic growth of Cu grains occurred
throughout the entire Pt WE (Figure 3b−d). As the EC-STEM
image is acquired in high-angle annular dark-field (HAADF)
mode, the HAADF-STEM image contrast is readily interpret-
able and sensitive to heavy elements since the image intensity, I,
is proportional to atomic density, N, and atomic number, Z (I ∝
N·Z1.7).57 At higher temperatures, the brightness of the STEM

Figure 3.Operando heating/cooling EC-STEMof Cu electrodeposition/stripping processes during transient-state CV cycles in the aqueous solution at
50 mV/s. (a) STEM image at the OCP at room temperature. The inset is extracted from the dashed box with the dashed line marking the solid/liquid
(S/L) interfaces. (b−d) EC-STEM images of electrodeposited Cu at the maximum amount of growth under temperatures of 95, 90, and 80 °C,
respectively. The STEM imaging contrast reversal at 95 °C is due to very thick Cu films. (e−k) Operando EC-STEM images of electrodeposited Cu
during CV cycles under temperatures of 70 to 10 °Cwith an interval of 10 °C. The dashed linemarks the position of the electrode−electrolyte interface
at the OCP. (l) The clean S/L interface at the end of all ten CV experiments under temperatures from 95 to 5 °C, when compared to the pristine
interface in the (a) inset, suggests no beam damage during CV cycles. (m) A graphical illustration for the peak numbers and Ramin. (n,o) Temperature-
dependent (n) peak numbers and (o) Ramin.
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Figure 4. Operando heating/cooling EC-STEM of Cu deposition under steady-state CA experiments in the organic solution at (a−e) 80 °C, (f−j) 20
°C, and (k−o) −20 °Cunder −2 V vs Pt and (p−t) −40 °Cunder CA of −5 V vs Pt. (u−x)Normalized growth rates (nm/s) of depositedCumeasured
at (u) 80 °C, (v) 20 °C, (w) −20 °C, and (x) −40 °C. (y) Violin plots of 2D distribution of growth rates I/(nm·s2) of individual EC-STEM frames at
80, 20, −20, and −40 °C. Blue lines are mean values of the growth rates.
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imaging progressively increases, and a larger area is covered by
Cu samples (Figure 3d−j), which are consistent with a gradually
increasing amount of electrodeposited Cu. However, at 90 and
95 °C, STEM imaging contrast of Cu grains appears darker
(Figure 3b,c), suggesting a contrast reversal in the HAADF-
STEM image due to the Cu layer being thicker than 500 nm so
that it scatters electrons outside of the outer angle of the
HAADF detector and leads to a lower STEM imaging
contrast.58,59 Operando EC-STEM movies at 95 °C and CV
cycles were simultaneously tracked and are visualized in Video
S4.

As the temperature dropped from 20 to 10 °C (Figure 3j,k),
the electrodeposited Cu film decreased from ∼100 to ∼70 nm.
At a temperature of 5 °C, the Cu electrodeposition was
completely quenched with no observable Cu growth (Figure
S5), which is consistent with a significant decay of the Cu
electrodeposition peak current from −80 nA at 10 °C to less
than −2 nA at 5 °C (Figure 2b). At the end of all 10 CV
experiments, the S/L interface exhibits a clean Pt WE surface
(Figure 3l), which is nearly identical with that at the OCP
(Figure 3a, inset), suggesting no observable beam damage. The
beam dose control experiment shows no beam damage of 10
mM CuSO4 at a beam voltage of 300 keV and a beam dose of
around 1.5 e/(nm2·s) after a total exposure time of ∼1500 s
(Figure S6).

To quantify temperature effects on heterogeneous Cu
domains, we analyzed peak numbers and minimum-based
average roughness (Ramin), which correspond to the number
and the size of nuclei, respectively (Figure 3m). Ramin is the
average deviation of the surface profile in relation to its
minimum line.60 As the temperature increased from 10 to 95 °C,
peak numbers decreased from 20 to 4, while the Ramin increased
from ∼150 to ∼450 nm (Figure 3n,o). This finding indicates
that increasing temperature leads to a fewer number of nuclei
with enlarged grain sizes under non-steady-state CV conditions.
This observation is consistent with the classical nucleation
theory and previous studies in which an elevated temperature
leads to a decrease in the overpotential, resulting in an increased
nucleus radius and a lower nucleation density.61,62 This
quantitative analysis demonstrates the reliability and applic-
ability of our newly developed operando heating/cooling EC-
STEM that enables us to reveal temperature-dependent
nanoscale electrochemical kinetics.

To investigate electrochemical kinetics in cold liquids at
temperatures way below 0 °C through our operando cooling EC-
STEM, an organic solution is required to maintain a liquid form
as low as −40 °C while sustaining ionic conductivity for Cu
electrodeposition/stripping processes. 10 mM copper(II)
acetate (Cu(OAc)2) was dissolved in a water/ethanol mixture
with a volume ratio of 1:1 to form an organic solution, which has
the same bulk concentration of Cu2+ as 10 mM CuSO4 in an
aqueous solution. The CV profile in organic solution at 20 °C
exhibits a much more sluggish electrodeposition/stripping
process with a stripping current of ∼33 nA, when compared
with that in the aqueous solution (∼230 nA) at 20 °C (Figure
2c). In addition, the reduction/oxidation peak potential
difference in the organic solution is ∼700 mV, which is
considerably larger than that in the aqueous solution (∼120
mV), revealing a much more irreversible electrochemical
reaction in the organic solution, relative to the aqueous solution.
CV profiles in organic solutions at various temperatures are
presented in Figure 2d. As the temperature decreased from 50 to
20 and 0 °C, the stripping peak current decreased from 58 to 33

and 17 nA, respectively, suggesting a slower reaction kinetics in
organic solutions at lower temperatures (Figure 2d). As the
temperature decreases to −20 and −40 °C, the Cu electro-
deposition and stripping peaks diminish and eventually
disappear, leading to nearly pure capacitive behaviors without
redox couples at −40 °C. The electrochemical potential window
in the organic solution was expanded considerably due to the
suppressed proton activity.63 While the hydrogen evolution
reaction (HER) generates H2 bubbles in the aqueous solution at
around −0.8 V vs Pt (∼0 V vs RHE), the HER in the organic
solution occurs at a much more negative potential of around −2
V vs Pt. The suppressed proton activity in the organic solution
presents an opportunity to explore electrochemical kinetics in
the organic solution under very negative potentials. In light of
negligible morphological changes during CV cycles in the
organic solution, more aggressive electrochemical experiments
were designed to be performed under constant potentials (i.e.,
chronoamperometry (CA)). CA at −2 V delivered a stable
electrodeposition (reduction) current at −200 nA at 20 °C,
which increased to around −800 nA at 50 °C and around −1200
nA at 80 °C (Figure S7a). As the temperature decreased to −20
°C, the CA at −2 V reached a much lower current of −34 nA
(Figure S7b). As the temperature reached a low level at −40 °C,
a minimal current of around −20 nA was achieved with the CA
at an aggressive potential of −5 V (Figure S7b). Overall, CA
profiles show strong temperature-dependent Cu electrodeposi-
tion kinetics.

Operando EC-STEM movies were acquired for the
quantitative evolution of the temperature-dependent structural
evolution of Cu under steady-state CA conditions with constant
driving forces (Figure 4). Across a wide temperature range (80
to −40 °C), Cu exhibited diffusion-controlled growth behaviors
including mossy and dendritic growth, which is likely due to the
low diffusion rate of Cu2+ in the organic solution under large
overpotentials.64 At 80 °C, Cu electrodeposition started with
mossy growth (Figure 4a,b) and abruptly switched to dendritic
growth with the formation of side branches at 3 s (Figure 4c),
which are marked by red and yellow arrows, respectively. All
operando EC-STEM images were denoised with Gaussian blur to
improve STEM image contrast (Figure S8). Quantitative
analysis reveals its rapid growth up to the initial 6 s with growth
rates exceeding 200 nm/s (Figure 4d,u). The growth rate (nm/
s) was calculated by normalizing the growth rate of the sample
area (nm2/s) to the field of view (nm). During this period, both
mossy and dendritic growth occurred simultaneously (Figure
4c,d), which suggests that the local deposition environment is
spatially nonuniform. Heterogeneity in electrodeposited Cu
surfaces can cause variations in the local electric fields. Enhanced
fields at protruding surfaces and elevated temperatures
accelerate Cu electrodeposition kinetics, leading to the rapid
depletion of Cu2+ at the surface, which results in a dendritic
growth. At the same time, elevated temperatures lead to
enhanced diffusion and a sufficient supply of Cu2+ to the growth
front, prompting Cu electrodeposition to follow mossy growth
instead of dendritic growth. The rapid growth of the dendrite led
to nonuniform roughness of the growth front (Figure S9), which
is often detrimental in practical applications involving metal
electrodeposition.65 A similar dendritic growth was also
observed at a CA of −2 V at an intermediate elevated
temperature at 50 °C (Figure S10). Subsequently, the growth
rate reduced drastically to less than 30 nm/s (Figures 4d,e,u,
S11, and Video S5), which is attributed to the rapid
consumption of Cu2+ in solutions resulting from the enhanced
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reaction rate at a high temperature. Careful imaging analysis of
different regions in Figure 4a−e confirms that the reduced
growth rate is due to the depletion of Cu2+ rather than an
underestimation of the deposited area caused by dendritic
growth outside of the field of view (Figure S12). During the later
stage of growth (6−12 s), most of the Cu domains tend to grow
thicker regardless of their morphologies rather than follow sharp
dendrite growth in lateral directions. This behavior is likely due
to the predominance of surface Cu diffusion over Cu deposition
at elevated temperatures, resulting from the reduced concen-
tration of Cu2+ in solution, which facilitates surface rearrange-
ments that stabilize surface energy and make their structures
more rounded.66−68

At 20 °C, Cu exhibits mossy growth with a relatively uniform
growth front throughout the observation (Figures 4f−j, S13, S14
and Video S6). Moreover, its growth rate remained nearly
constant (55.7 nm/s) during the measurement (Figure 4v).
These findings indicate a uniform supply of Cu2+ to the growth
front and balanced kinetics between the electrodeposition
reaction and Cu2+ diffusion rates. Meanwhile, the growth rate at
80 °C is approximately 4 times higher than that at 20 °C, which
demonstrates the accelerated reaction rate at elevated temper-
atures.69,70 As the temperature reduced from 20 to −20 °C, Cu
electrodeposition became a severely sluggish process (Figure
4k−o). As reflected by the CA current decreased from −200 nA
at 20 °C to −34 nA at −20 °C (Figure S7b), the
electrodeposition required prolonged reaction time to achieve
a comparable level of growth. Cu electrodeposition is minimal in
the first 30 s (Figure 4k,l) and achieved a mild amount of Cu
dendrites from 40 to 50 s (Figure 4m,n). From 50 to 72 s, Cu
dendrites abruptly started to grow on existing mossy Cu
nanoislands (Figures 4n, S15, and Video S7). The Cu growth at
−20 °C for 72 s is considerably slower than that at 20 °C for 20 s
(Figure 4j,o). The growth behavior at −20 °C exhibits an initial
growth of mossy Cu at a slow rate of 3.2 nm/s, followed by an
abrupt increase to 44.3 nm/s by about 14 times with a
concurrent formation of dendrites (Figures 4w and S16). The
slow initial growth rate indicates a suppression of the reaction
rate at a lower temperature.70 Concurrently, the low temper-
ature slows down Cu2+ diffusion to surfaces. Continuous
consumption and insufficient mass transport of Cu2+ gradually
deplete Cu2+ on the electrode surface.71,72 With limited Cu2+

concentration at the surface, Cu deposition preferentially occurs
on surface protrusions exhibiting enhanced local electric fields,
thereby promoting the formation of copper dendrites.73 The Cu
dendrites formed at −20 °C feature nanometer-scale thin
filament structures that preserve their sharpness over time
(Figure 4n,o), which is different from μm-sized rounded Cu
dendrites at 80 °C (Figure 4d,e). Such a difference is attributed
to the low surface diffusion rates due to the reduced
temperature, which hinders surface reconstructions into
rounded structures.67,68 The quantification of diffusion rates at
various temperatures requires comprehensive electrochemical
measurements in both EC-STEM and benchtop experiments
and will be included in our future study.

As the temperature decreased to a very low level of −40 °C,
the Cu electrodeposition ceased to happen at −2 V. A
tremendous overpotential at CA of −5 V was required to
initiate the Cu electrodeposition in cold liquids (Figures 4p−t,
S17, Video S8). A mild growth of Cu nanoislands was observed
from 0 to 20 s (Figure 4p−r) with a progressive growth of Cu
nanoislands from 20 to 72 s (Figures 4r−t and S18). In line with
the EC-STEM observation, the initial growth rate at −40 °C is

5.9 nm/s, which is comparable to the value of 3.2 nm/s at −20
°C (Figure 4x). Subsequently, the growth rate gradually
decreases to a very slow rate of 0.7 nm/s. This comparison
indicates that Cu electrodeposition kinetics at −40 °C is
significantly suppressed despite the use of an exceptional
overpotential of −5 V, when compared to that under a CA of
−2 V at −20 °C. To investigate the reversibility of Cu
electrodeposition/stripping processes, a CA of +2 V at 20 °C
could completely strip away the Cu nanoislands in the organic
solution within 25 s (Figure S19). In comparison, a CA of +5 V
at −40 °C was not able to completely remove electrodeposited
Cu after 72 s (Figure S20 and Video S9), leaving some remaining
Cu nanoislands/dendrites, which resembles the dead lithium
dendrite during lithium deposition/stripping studies in lithium
metal battery anode.25,26,74

In addition to the above 1D information on quantifying the
overall growth rate as a function of temperature (Figures 4u−x),
we developed automated algorithms to construct violin plots for
analyzing the heterogeneous 2D distribution of local growth
rates and visualization of the nonuniform growth front (Figures
4y and S9, S14, S16, S18). Note that the deposition rate here is
the growth rate at the growth front by quantifying image
intensity normalized to the image width and time (I/(nm·s)),
which is different from the above normalized 1D growth rate
(nm/s). Overall, the violin plots show that both the overall and
local growth slow down significantly as temperatures decrease.
The maximum values of the mean growth rates decrease from
∼20 I/(nm·s) at 80 °C to ∼4 I/(nm·s) at 20 °C and a very low
level of ∼0.1 I/(nm·s) at −20 and −40 °C (Figure 4y). The
violin plot at 80 °C exhibits a highly nonuniform 2D distribution
of growth rates with the mean value achieving a maximum level
at 3 s, followed by a progressive decay until 12 s. It is consistent
with the EC-STEM movies showing preferential growth events
only occurring at particular nucleation sites (Figure 4a−e). In
comparison, the violin plot at 20 °C exhibits more uniform
growth, which matches well with the growth pattern of mossy
Cu domains (Figure 4f−j,y). The drastic difference between 80
and 20 °C can be rationalized as follows: Cu electrodeposition at
80 °C has a lower energy barrier at elevated temperatures and
thus a smaller overpotential than that at 20 °C (see the
Arrhenius analysis in Figure S32). Under the same applied
potential of −2 V, the net driving force after overcoming
overpotentials is much larger at 80 °C, leading to rapid dendritic
growth, relative tomossy Cu growth at 20 °C, whichmatches the
1D growth rate analysis well (Figure 4u,v).

While the overall temperature-dependent growth rate is well
within expectation, it is worthwhile noting that the violin plot at
−20 °C correctly identified a large deviation in the 2D
distribution of growth rates at 50 s, which has a growth rate 3
times higher than the baseline at other time periods and
corresponds to the abrupt formation of Cu dendrites starting at
50 s (Figure 4n). The contour plots of individual EC-STEM
image frames reveal that growth occurs primarily at the furthest
tips of Cu mossy or dendritic structures, irrespective of
temperatures. In addition, the level of nonuniformity in the
growth rate can be reflected in the variations of false color maps
of the growth front in the contour plots (Figures S9, S14, S16,
and S18, blue/red color bars). The false color variations at the
growth front noticeably decay from 80 to −40 °C, suggesting
that the increasing uniformity of growth rates is due to more
sluggish electrodeposition kinetics at lower temperatures. In
summary, the violin plot analysis effectively visualizes temper-
ature effects on 2D nonuniform distribution of growth rates and

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

https://doi.org/10.1021/jacs.5c05005
J. Am. Chem. Soc. 2025, 147, 23654−23671

23661

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_002.zip
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c05005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


highlights the heterogeneity in local electrical fields governing
both global growth rates and local unexpected growth due to
abrupt nucleation/growth of Cu dendrites.

The quantitative analysis for the nucleation process reveals
that an elevated temperature leads to a fewer number of nuclei
with increased sizes (Figure 3). Furthermore, temperatures have
a strong impact on the growth rates and modulate the two-step
growth modes of mossy and dendritic growth (Figure 4).

Elevated temperatures increase the local nonuniformity of
growth rates and amplify the effects of heterogeneous local
electrical fields. In principle, the different growth modes of Cu
have an impact on its resulting crystal structures. Although
diffusion-controlled growth leads to both mossy and dendritic
Cu formation, mossy Cu develops from numerous nucleation
sites, while dendritic Cu grows onto fewer protrusions.55 In light
of these distinct growth mechanisms, operando EC-STEM

Figure 5. Operando 4D-STEM of Cu dendrites at −40 °C in the organic solution. (a,d) Virtual ADF-STEM image of Cu dendrites grown on the top of
mossy Cu and a representative Cu dendrite. (b,c,e,f) False-color 4D-STEM clustering maps of dendritic and mossy Cu structures and corresponding
electron diffraction patterns in various colors showing different crystal orientations. (g) 2D spatial correlation functions of Cu nanograins in dendritic
(left) and mossy domains (right). (h) 1D spatial correlation functions and their exponential fits in dendritic and mossy domains. (i) Segmentation of
dendrites and their ellipse fits for extracting orientation of their major axis. (j) A histogram for orientations of the major axis from the ellipse fit of
segmented dendrites.
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images reveal that mossy Cu features polycrystalline structures
with smaller grains, while dendritic Cu forms elongated
crystalline structures with larger grain sizes. Those findings
demonstrate the robustness and applicability of our operando
heating and cooling EC-STEM methods with machine learning-
assisted high-throughput quantitative analysis.

Moving beyond conventional STEM imaging of morpho-
logical changes, four-dimensional (4D) STEM has the potential
to retrieve structural information on complex polycrystalline
structures in liquid under electrochemical conditions, which are
required by most of air-sensitive energy materials. Given
nanoscale Cu is subjected to rapid air exposure and forms a
surface oxide layer,36 operando 4D-STEM is required to study
the newly formedmetallic Cu dendrites, which are not accessible
by conventional ex situ TEM studies of post-mortem samples.
4D-STEM records a full 2D reciprocal-space diffraction pattern
from each point as the STEM probe is scanned over the sample
and forms a 2D real-space image. 4D-STEM, based on the
electron microscope pixel array detector (EMPAD), achieves
single-electron sensitivity and rapid acquisition. 4D-STEM is
indispensable to resolve the complex structure of beam-sensitive
materials in liquids with low-dose electron diffraction.36,75 Our
previous work suggests that a thin-liquid layer is necessary to
enable operando 4D-STEM diffraction imaging since the liquid
layer in an as-assembled EC-STEM liquid cell is too thick.75

Here, under a CA of −2 V at −20 °C for a sufficiently long time
(∼600 s) (Figure S21), hydrogen bubbles were electrogenerated
and repelledmost of the thick liquid, leading to a thin liquid layer
with significantly improved spatial resolution. Low-loss electron
energy-loss spectroscopy (EELS)76 quantified that the thin
liquid layer has a liquid thickness of around 120 nm and the
hydrogen bubble repelled a liquid layer of 500 nm or thicker
(Figures S22 andTable S4). Given the kinetics is very sluggish to
generate hydrogen bubbles in liquids at −40 °C, Cu dendrites
were formed in a thin liquid at −20 °C and further cooled to −40
°C to evaluate operando heating/cooling EC-STEM in very cold
liquids.

We performed operando 4D-STEM diffraction imaging in
liquids at −40 °C for extended periods of time (∼1 h) to
simulate battery operation in cold liquids (see animation of
operando 4D-STEM of Cu dendrites in the liquid in Video
S10).77,78 Operando 4D-STEM data was acquired at a low dose
of ∼ 40 e−/Å and beam effects were routinely examined to
ensure no beam damage after 4D-STEM measurements (Figure
S23). Operando EC-STEM images reveal the growth of
nanoscale mossy Cu nanoislands on the Pt WE, followed by
the substantial growth of μm-sized Cu dendrites (Figure 5a).
The Cu dendrites were visualized with a fishbone-shaped
morphology.

A K means-based hierarchical clustering method was
developed as an unsupervised machine learning method to
segment gigabyte-level 4D-STEM datasets into different
clusters.79−81 While traditional STEM images show morpho-
logical changes (Figure 5a,d), 4D-STEM clustering reveals in-
depth structural information on polycrystalline Cu dendrites in
liquids at −40 °C (Figure 5b,c,e,f). A false-color 4D-STEMmap
presents a collection of Cu dendrites with various crystal
orientations (Figure 5b,e). The electron diffraction pattern in
black with an index of 0 represents the amorphous SiNx/liquid
background, while the electron diffraction patterns in colors
with indices from 1 to 8 correspond to Cu dendrites with
different crystal orientations (Figure 5c,f). Cu dendrites in
Figure 5b with the same or similar colors suggest those Cu

dendrites have the same or similar crystal orientations. The false-
color 4D-STEM map in Figure 5b clearly presents the
heterogeneous growth of Cu dendrites with dramatically
different crystal orientations among different dendrites as well
as different branches of the same Cu dendrite. In particular, the
initially grown mossy Cu nanoislands on the Pt WE are granular
with fine grain sizes of about 4800 ± 1500 nm2 with random
crystal orientations (Figure S24). In comparison, Cu dendrites
grown at a later stage have five-times larger grain sizes of around
28,700 ± 3000 nm2 with strongly preferential crystal
orientations (Figure S24). The larger grain size of Cu dendrites
is consistent with the faster growth rate of Cu dendrites, relative
to mossy Cu domains (Figure 4w), and is likely due to strong
local electrical fields at nucleation sites.82 Figure 5e presents a
magnified false-color 4D-STEM map of one individual Cu
dendrite with the same color assignment of 9 different clusters.
The majority of branches attached to the backbone have one
dominant color, indicating one preferential crystal orientation of
the individual branches. Operando 4D-STEM mapping of Cu
dendrites in other regions supports the heterogeneous nature of
Cu dendrites andmossy Cu nanoislands electrodeposited on the
PtWE in cold liquids under electrochemical conditions (Figures
S25 and S26).

In addition to quantification of their grain sizes, 4D-STEM
diffraction imaging datasets were quantified by correlation
analysis to evaluate spatial similarities of heterogeneous crystal
structures.83 The 4D-STEM image in Figure 5a was divided into
dendritic and mossy domains (Figure S27), then 2D spatial
correlations of pixelated diffraction patterns were calculated in
each domain, offering spatial distributions of similar diffraction
patterns (Figure 5g). The 2D correlation map in the dendritic
domain exhibits a strong correlation along the bright diagonal
line from the upper left to the lower right, while the mossy
domain map shows an irregular and darker contrast, which
indicates that Cu nanograins in dendritic domains exhibit
anisotropically stronger and longer structural correlations
(Figure 5g). Radial integration of the 2D maps yielded 1D
correlation functions that feature exponential decay, enabling
the quantification of correlation length (ξ) through numerical
fitting (Figure 5h). The correlation length of the dendritic
domain is 45.8 ± 2.0 nm, while that of the mossy domain is more
than 2 times shorter at 20.5 ± 0.9 nm, which evidence stronger
spatial similarities of crystal structures in dendritic domains
(Figure 5h). To elucidate the strong anisotropic signals in the
2D map of dendritic domains, the 4D-STEM image of one
domain was segmented and fitted to ellipses, which yields the
orientation of the major axis of segmented dendrites (Figure 5i).
A histogram of the orientation shows that the most frequent
orientation aligns with the angle of strong signals (43°) in the 2D
correlation map, which reveals that the strong anisotropic
correlation is attributed to the preferred directional growth of
Cu dendrites (Figure 5j). Other strong directional correlations
are also caused by the directional growth dendrites (Figure S28).

In summary, operando heating/cooling EC-STEM imaging,
equipped with ML-assisted 4D-STEM structural mapping,
reveals the temperature-, potential-, and electrolyte-dependent
reaction kinetics of Cu electrodeposition and stripping processes
from −40 to 95 °C. Operando electrochemical 4D-STEM reveals
a distinct two-stage growth of granular mossy Cu domains with
random orientations, followed by larger Cu dendrites with
preferred directional growth. With operando heating/cooling
EC-STEM imaging and diffraction analysis well demonstrated,
electrochemistry performed in the specialized liquid cell must be
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validated by benchtop (standard) electrochemical measure-
ments. Temperature not only impacts the reaction kinetics at the
WE but also changes the RE potential, which serves as the

necessary reference point for quantifying the driving force
(applied potentials).

Figure 6. Benchmarking temperature-dependent electrochemistry of Cu electrodeposition/stripping in a standard three-electrode cell. (a) A summary
of potential values of various reference electrodes at 25 °C. (b,d) CV profiles of Cu electrodeposition/stripping (reduction/oxidation) processes in 10
mMCuSO4/0.1MH2SO4 using Ag/AgCl (saturated KCl) RE (b) and Pt wire pseudo-RE (d) under various temperatures from −18 to 95 °C. Dashed
lines are CV profiles at 75−95 °C after calibrating the Pt RE at given temperatures based on (g). (c) Oxidation (Ox.) and reduction (Red.) peak
potential differences decrease as the temperature increases, indicating enhanced electrochemical reaction reversibility. (e) The nonmonotonic changes
of potential differences between Ag/AgCl and Pt REs as the temperature increases, indicating both RE potentials are temperature dependent. (f) OCP
measurements of Ag/AgCl RE under various temperatures against Ag/AgCl RE at 25 °C. Both Ag/AgCl REs are in a saturated KCl solution. (g) Pt RE
under various temperatures against Ag/AgCl in saturated KCl at 25 °C.
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Benchtop electrochemical measurements of Cu electro-
deposition and stripping processes were performed in a standard
three-electrode H-cell with Ag/AgCl (saturated (sat.) KCl) as
the standard RE and with Pt pseudo-RE used in this EC-STEM
work, as well as other in situ electrochemical liquid-cell TEM
studies (Figure 6). A summary of the potential conversion axis at
25 °C is presented in Figure 6a to serve as a guide for discussion
here with commonly used reference electrodes. The SHE stands
for the standard hydrogen electrode with its value defined
arbitrarily at 0 V under any temperature. The RHE is the
reversible hydrogen electrode and is pH-dependent on the SHE
scale based on the Nernst equation (ERHE = ESHE − 0.0592·pH)
at 25 °C, which serves as a convenient pH-independent RE on
the RHE scale for electrochemical reactions involving protons.
The Ag/AgCl (saturated KCl) is a widely used commercial RE
and has a potential of 0.197 V at 25 °Cwith a negligible potential
drift of 1−2 mV over extended periods of time. The saturated
KCl (∼4 M KCl solution at 25 °C with excessive KCl salt) is
used to prevent any positive potential drift of the RE due to
gradual diffusion and dilution of KCl solution in contact with the
testing electrolyte (e.g., 10 mM CuSO4 + 0.1 M H2SO4). For
instance, Ag/AgCl in 1MKCl has a potential of 0.235 V vs SHE,
38 mV higher than that of Ag/AgCl in saturated KCl (0.197 V vs
SHE) at 25 °C.84

The benchtop CV experiments of Cu electrodeposition and
stripping were performed on PtWE in 10mMCuSO4 and 0.1M
H2SO4 at 20 mV/s (Figure 6b). A standard electrochemical
liquid cell with three electrodes was immersed in a temperature-
controlled setup with 0 and −18 °C achieved by an ice bath and
a salt bath, respectively (Figure S29). The reference electrodes
used were a commercial Ag/AgCl (saturated KCl) and a Pt wire.
As the temperature increased from −18 to 95 °C, the Cu
stripping current increased from ∼0.5 to ∼3 mA with either the
Ag/AgCl RE or the Pt pseudo-RE (Figure 6b,d), which
qualitatively agrees with the positive current−temperature
correlations with the Pt pseudo-RE in EC-STEM (Figure
2a,b). The electrodeposition/stripping (cathodic/anodic) peak
potential differences decrease from 480 mV at −18 °C to 140
mV at 95 °C with both the Ag/AgCl RE and the Pt pseudo-RE,
which indicates significantly improved reaction reversibility
(Figure 6c). It qualitatively matches the decaying trend in the
redox peak potential differences from ∼220 mV at 5 °C to ∼78
mV at 95 °C in the aqueous solution (Figure 2a,b). Overall, the
curvatures and amplitude of CV profiles with Ag/AgCl RE are
very similar to those with the Pt pseudo-RE (Figures 6b−d).
The redox peak potential differences are very similar between
Ag/AgCl and Pt pseudo-RE (Figure 6c). It indicates that
switching from Ag/AgCl RE to Pt pseudo-RE mainly shifts the
potential values of Cu electrodeposition/stripping peaks
without altering the nature of redox couples. However,
noticeable deviations occurred for CV profiles at 75−95 °C
with the Pt pseudo-RE (green line in Figure 6d). The Cu
stripping peaks at 75−95 °C are located in between stripping
peaks of 0 and 25 °C instead of on the left of stripping peaks of
50 °C as anticipated by the left-shift trend from −18 to 50 °C
and higher temperatures. CV profiles vs Pt pseudo-RE at 75−95
°C, with similar corrections (Figure 6d, dashed profiles), are
very similar to CV profiles vs Ag/AgCl at 75−95 °C (Figure 6b)
and indicate the potential corrections are effective in addressing
the shift of Pt pseudo-RE at elevated temperatures.

To elucidate the origin of the deviations of CV profiles with
the Pt pseudo-RE at 75−95 °C, Cu stripping (oxidation, ox.)
and electrodeposition (reduction, red.) peak potentials were

used as metrics to calculate the potential differences between
Ag/AgCl RE and Pt pseudo-RE (Figure 6e). The ox. or red. peak
potential differences show a progressive increase from 0.55 to
0.67 V from −18 to 20 °C, followed by a sharp decay to ∼0.60 V
as the temperature further increased to 95 °C. Overall, the
potential difference between Ag/AgCl RE and Pt pseudo-RE is
around 0.60 V. The nonmonotonic changes of potential
differences between two REs indicate that the potentials of
both Ag/AgCl RE and Pt pseudo-RE are temperature-
dependent. Thus, careful temperature calibration of the RE is
necessary for quantifying temperature-controlled nanoscale
electrochemistry. We conducted temperature calibration experi-
ments by measuring the OCP between the two REs under
controlled temperatures (T) and Ag/AgCl (sat. KCl) at a
constant room temperature of 25 °C (Figures 6f,g). The Ag/
AgCl RE (T) vs Ag/AgCl (25 °C) shows a minimal change (<5
mV) between −18 and 50 °C and a mild decrease by 10 and 70
mV as the temperature increased to 75 and 95 °C, respectively. It
is consistent with the decaying trend of the Ag/AgCl potential at
higher temperatures reported by Bard and Greeley et al.85,86

Similarly, we calibrated the potential of the RHE at various
temperatures against Ag/AgCl (25 °C) (Figure S30). It shows a
near linear increase of the RHE potential between 25 and 65 °C
with a mild increase of 6 mV every 10 °C. In contrast, the OCP
measurements between Pt pseudo-RE at various temperatures
and Ag/AgCl (25 °C) show a relatively stable value of 550 ± 10
mV between −18 and 20 °Cwith a significant decay to 480 ± 24
mV at 50 °C and 450 ± 50 mV at 75 °C. While the decay of Ag/
AgCl RE from 25 to 75 °C is 10 mV, that of Pt pseudo-RE under
the same temperature change is ∼100 mV with a large error bar
of ∼50 mV. Thus, the negative shift of Pt pseudo-RE at elevated
temperatures is the primary reason for the noticeable decay of
the peak potential differences from 25 to 95 °C in Figure 6e. In
other words, the whole CV profiles at 75, 85, and 95 °C were
shifted negatively due to the temperature-induced negative shift
of the Pt pseudo-RE (Figure 6d). A ca. 100 mV drift correction
was applied to compensate for the drift of CV profiles at 75−95
°C (Figure S31), showing the stripping peak with Pt pseudo-RE
shows the correct trend, which is very similar to that with Ag/
AgCl RE across the whole temperature range from −18 to 95 °C
(Figure 6b). For clarity, only the temperature-corrected CV
profiles at 75, 85, and 95 °C are displayed in Figures 6d and
S31a. As shown in Figures 6g and S31b, the maximum possible
error at uncorrected temperatures is ca. 100 mV at 75−95 °C,
being much lower, ca. 20 mV, at low temperatures (0 and −18
°C), relative to 25 °C (Figure S31). In summary, the Cu
electrodeposition/stripping peak potential differences show a
value around 0.60 V, while the OCP measurements with the use
of two REs show a value around 0.55 V with the use of Pt
pseudo-RE vs Ag/AgCl. Therefore, a potential conversion of
+0.6 V with a conservative uncertainty of 0.1 V between Pt
pseudo-RE (pH = 1) and Ag/AgCl (sat. KCl) RE is shown in
Figure 6a. The potential conversion axis points out the potential
of Pt pseudo-RE (pH = 1) is 0.8 ± 0.1 V vs SHE, which is
consistent with previous reports.75,76

Although both CV profiles obtained in benchtop experiments
(Figure 6b,d) and the EC-STEM setup (Figure 2a,b) show an
increasing redox current at increasing temperatures, they show a
noticeable discrepancy in the amplitude of the current increase.
While the benchtop experiments show a factor of 2 increase from
1 to 2 mA in the stripping current and −0.12 to −0.25 mA in the
electrodeposition current from 25 to 75 °C (Figure 6b), EC-
STEM shows a factor of 10 increase from 230 to 2450 nA in the
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stripping current and from −70 to −1016 nA in the
electrodeposition current from 20 to 70 °C (Figure 2a). To
investigate the possible kinetic and/or mass transport effects, a
Tafel analysis was conducted between the Cu stripping current
and overpotential (η) since the Cu stripping process is not mass
transport limited by the amount of the solid Cu reactant (Figure
S32). The exchange current density was extrapolated from the
large overpotential region of the Tafel analysis and used for the
Arrhenius plot (ln(I) vs 1/T) to estimate the activation energy
barrier (Ea). The Cu stripping process in EC-STEM exhibits an
Ea value of 45.0 ± 1.2 kJ/mol, which is slightly higher but
comparable to that in benchtop experiments (40.2 ± 1.2 kJ/
mol). The small difference in activation energy may not fully
explain the discrepancy in the amplitude of the increase in the
stripping current between the EC-STEM and benchtop setup.
Other factors may also play a role, including the temperature-
dependent diffusion processes of Cu2+ and counteranions in
highly confined liquid layers, as well as Cu underpotential
deposition (UPD) kinetics on Pt substrates.55

With a thorough investigation of the temperature-dependent
behavior of Pt pseudo-RE, Ag/AgCl, and RHE, the last section
of this work aims to provide a rigorous analysis of pH-dependent
behaviors of Pt pseudo-RE (Figure 7). We conducted pH-
dependence experiments of the Pt pseudo-RE in a standard
three-electrode cell (Figures S33 and 34) with a future plan to
perform real-time RE calibration in EC-STEM. Figure 7a
presents a well-defined CV of polycrystalline Pt nanoparticles (3
nm) deposited on the inert glassy carbon electrode in a strong
acid (pH = 1) with Ar-saturated 0.1 M HClO4 at 5 mV/s. The
CV of Pt shows a well-resolved hydrogen region (−0.2 to 0.2 V

vs Ag/AgCl) involving hydrogen underpotential deposition
(UPD) and oxidation and the oxygenated species region (0.2−
1.0 V vs Ag/AgCl) involving OH adsorption/desorption and Pt
oxidation/reduction. The distinct HUPD peak at around −0.155
V vs Ag/AgCl (∼0.1 V vs RHE) is the characteristic peak of
Pt(110) facets87 and can be used as a fingerprint to track the shift
of CV profiles (Figure S33). In other words, CV profiles of Pt
can be used to calibrate the potential of Pt RE against the Ag/
AgCl RE at various pH values. When the Ag/AgCl RE was
switched to Pt pseudo-RE, the whole CV profile shifted
negatively with Pt(110) located at −0.837 V vs Pt RE. Those
two independent measurements suggest the potential of Pt RE is
0.693 V vs Ag/AgCl (Figure S34). CV profiles of Pt were then
performed at a neutral pH value of 6.8 with buffered solution
(CO2-saturated 0.1 M KHCO3), which is commonly used for
evaluating the performance of CO2 reduction electrocatalysts
(Figure 7b). CV peaks of Pt(110) remain distinguishable and
are used to calculate the potential of Pt RE as 0.377 V vs Ag/
AgCl (Figure S35). In a strong base (Ar-saturated 0.1 M KOH),
the Pt(110) peak potential differences are even smaller, leading
to the potential of Pt RE being 0.060 V vs Ag/AgCl (Figure
S36). Given the positions of Pt(110) peaks with Pt pseudo-RE
experience a significant positive shift as the pH increases from 1
to 13, the Pt(110) peak potential differences with the use of Pt
RE and the Ag/AgCl RE are plotted in Figure 7d. A strong linear
correlation with a R2 of 0.999 shows a slope of −53 mV. It is
close to the ideal Nernstian shift of −59 mV for the pH-
dependent behavior of Pt pseudo-RE, pointing out an important
implication: Pt pseudo-RE with a native Pt oxide layer is pH-
dependent on the SHE scale but pH-independent of the RHE

Figure 7.CV of Pt at 5 mV/s using Ag/AgCl (sat. KCl) and Pt RE in a standard three-electrode cell in solutions with a (a) pH of 1 in a strong acid (Ar-
saturated 0.1MHClO4), (b) neutral pH of 6.8 in CO2-saturated 0.1MKHCO3 (buffered solution), and (c) pH of 13 in a strong base (Ar-saturated 0.1
M KOH). (d) A summary of Pt(110) peak potential differences between Pt RE and Ag/AgCl RE with a slope of 53 ± 1 mV, which exhibits a near-
Nernstian shift on the SHE scale and indicates the Pt RE potential is independent of the RHE scale.

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

https://doi.org/10.1021/jacs.5c05005
J. Am. Chem. Soc. 2025, 147, 23654−23671

23666

https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.5c05005/suppl_file/ja5c05005_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05005?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05005?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05005?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c05005?fig=fig7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c05005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


scale. A generalized half equation of Pt pseudo-RE can be
expressed in eq 1.

Fx x xPtO 2 e 2 H Pt H Ox 2+ + ++ (1)

The Pt pseudo-RE with a PtOx/Pt redox couple shows a near-
Nernstian pH dependence and can serve as a convenient pH-
independent RE on the RHE scale in strong acid, strong base, or
buffered solutions. In an unbuffered solution (bulk pH = 7, Ar-
saturated 0.1MNaClO4), the Pt(110) peak differences between
Pt pseudo-RE and Ag/AgCl RE result in a value of 0.517 V,
which deviates from the value (0.377 V) obtained in buffered
solution (Figure S37). It indicates a surface pH of around 4
based on the linear correlation, suggesting a noticeable deviation
of the surface pH from the bulk pH of 7. CV of Pt nanoparticles
with Pt pseudo-RE in a three-electrode cell, with a porous glass
frit separating the WE from the RE, suggests that Pt pseudo-RE
delivers remarkable stability with the drift of the RE less than 5
mV during 2 h extended periods of CV tests (Figure S38). In
typical CV experiments with Pt pseudo-RE in the EC-STEM
setup, the Pt(110) peak shows a potential of −0.7 ± 0.1 V vs Pt
(Figure S39). The large uncertainty comes from the inherent
lack of a salt bridge to block the interference of the PtOx/Pt RE
by the nearby WE and CE (Figure 1e). Given Pt(110) is around
0.1 V vs SHE, the potential of Pt pseudo-RE (pH = 1) is 0.8 ±
0.1 V vs SHE in the EC-STEM setup. This potential conversion
of 0.8 V (PtOx/Pt (pH = 1) vs SHE), based on the CV of Pt, has
an excellent agreement with the early potential conversion of 0.6
V (PtOx/Pt (pH = 1) vs Ag/AgCl), based on the CV of Cu
electrodeposition/stripping processes (Figure 6a). In summary,
systematic electrochemical measurements of Cu electrodeposi-
tion/stripping processes and Pt examine the temperature-
dependent and pH-dependent behaviors of Pt pseudo-RE
(PtOx/Pt) used in the EC-STEM setup and calibrate the RE
values against Ag/AgCl. At pH = 1, the potential of Pt pseudo-
RE is +0.6 ± 0.1 V vs Ag/AgCl and +0.8 ± 0.1 V vs SHE. Across
a wide range of pH values, the potential of Pt pseudo-RE follows
a near-Nernstian pH-dependent behavior on the SHE scale,
indicating the robustness of the Pt pseudo-RE in strong acid or
base conditions for fuel cell or water electrolyzer applications or
neutral buffered solution for the CO2 reduction reaction.

■ CONCLUSION
In conclusion, we have demonstrated operando heating and
cooling EC-STEM with electrochemical and thermal control
with access to a wide temperature range of −50 to 300 °C. Such
an operando method has been employed to investigate Cu
electrodeposition and deposition processes at nanoscale solid−
liquid interfaces from −40 to 95 °C. Operando heating−cooling
EC-STEM reveals strong temperature- and potential-dependent
heterogeneous growth of Cu nanostructures in both aqueous
and organic solutions. Operando electrochemical 4D-STEM,
assisted by machine learning, reveals the initial growth of
granular Cu nanoislands, followed by micrometer-large Cu
dendrites in cold liquids. Close examination of the temperature
dependence of the Pt pseudo-RE and Ag/AgCl RE reveals that
the Pt RE experiences a significant negative potential shift at
elevated temperatures, while the Ag/AgCl RE remains relatively
stable. The pH-dependent studies of the Pt RE point out the
reliability of the Pt RE across a wide pH range from 1 to 13. The
0.1 V uncertainty of the Pt pseudo-RE is not a severe issue in
electrochemical reactions requiring large overpotentials, such as
the CO2 reduction reaction and oxygen reduction/evolution

reactions. However, other electrochemical reactions with small
overpotentials, such as hydrogen oxidation/evolution reactions,
demand a higher accuracy of the RE. Future operando heating/
cooling EC-STEM studies on temperature effects on electro-
chemical kinetics, mass transport, and beam-induced radiol-
ysis88−90 will increase the robustness of this rapidly developing
method.We anticipate that operando electrochemical 4D-STEM
with a higher temporal resolution will become feasible to track
rapid structural evolution given the continuous development of
faster and more sensitive 4D-STEM electron detectors.91 With
continuous advances in techniques, we foresee that operando
heating/cooling EC-STEM, equipped with ML-assisted 4D-
STEM, will revolutionize our mechanistic understanding of
nanoscale electrochemical dynamics of energy materials under
realistic climates. Operando methods developed here will help us
understand catalyst activation or degradationmechanisms under
elevated temperatures and battery fatigue under varying
temperatures or failure mechanisms under extremely cold or
hot climates. These findings open the door for investigating
temperature-controlled nanoscale electrochemistry as an
emerging new branch of modern electrochemistry, in particular,
and physical chemistry in general.
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