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Abstract: Revealing the dynamic processes at the
electrode–solution interface is imperative for under-
standing electrochemical phenomena. Most techniques
have been developed to sense the electrode surface
changes at the nanoscale, but provide limited informa-
tion on potential-induced interfacial ion redistribution at
the mesoscale. Herein, we present an in operando
visualization method utilizing a microfabricated electro-
chemical cell combined with a laser scanning confocal
microscope to observe high-resolution and fast-response
interfacial processes. We report potential-induced for-
mation and transformation of the Nernst diffusion layer,
demonstrating that pulsed voltage dynamically perturbs
the interface and promotes ion diffusion. This provides
an additional insight into developing a dynamic manipu-
lation method to control the electrochemical process.
Our novel visualization method can easily be applied to
monitor different ionic behaviors in electrochemical
reactions at the mesoscale.

A mechanical understanding of the electrochemical reac-
tions that occur at the electrode–solution interface is
imperative for energy conversion and storage,[1] metal
corrosion and protection,[2] and electrocatalysis.[3] The elec-
trode–solution interface integrates charge transfer, mass
transfer and reactant/product transformation, governing
both the efficiency and selectivity of the electrochemical
reactions.[4] The interfacial region consists of the electrical
double layer and the Nernst diffusion layer, which is a
crucial bridge for mass transfer between the bulk solution
and the reaction sites.[5] As conventional experimental
techniques for studying the interfacial region only provide
ex situ information, thereby preventing accurate analysis of
electrode processes,[6] in operando visualization of the inter-
face at a microscopic scale is highly desired.

Over the last decade, significant progress has been
achieved in the development of electrochemical in situ or in
operando analytical techniques such as scanning probe
microscopy, electron microscopy, and X-ray spectroscopy.[7]

Many of these techniques, focusing on the observation of
interfacial processes with atomic or nanoscale resolution,

have been developed to monitor the evolution of the surface
topography, phase transformation, and redox activity.[8]

However, the interfacial ion transport behavior has rarely
been studied from the micro- and meso-perspectives, which
is in the range of the Nernst diffusion layer (1–100 μm).[9]

Laser scanning confocal microscopy (LSCM) is a non-
contact, nondestructive, and nonvacuum analysis method
with high sensitivity and fast imaging.[10] The LSCM-based
technique is promising for visualizing time-lapse dynamic
processes occurring at the interfacial region, with a nano-
meter resolution.[11] Despite the success of utilizing LSCM
with species-sensitive dyes to observe the chemical boundary
layers and species transport processes,[12] visualization of the
diffusion layer with high spatial resolution is an ongoing
challenge. An appropriate design of the electrochemical cell
used for LSCM is vital for achieving high-resolution visual-
ization of the electrode–solution interface.

Herein, we show a novel microfabricated electrochem-
ical cell (MEC) combined with a LSCM-coupled
fluorescence detection system (MEC-LSCM) to visualize the
high-resolution and fast-response ion accumulation and
depletion at the electrode–solution interface. This system
allows us to directly observe the formation and trans-
formation of the Nernst diffusion layer. In addition, we
demonstrate that constant voltage may cause concentration
polarization, whereas pulsed voltage periodically renews the
diffusion layer to reduce concentration polarization by
promoting interfacial ion diffusion. Our finite element
simulation further confirms that pulsed voltage could guide
the migration of reactants and products.

A novel MEC with an Au microelectrode chip was
designed and prepared by microfabrication techniques.[13]

First, Au microelectrode chips were fabricated on a glass
slide using photolithography (Figure 1a, Supporting Infor-
mation). Second, a printed circuit board (PCB) with a milled
open window was manufactured. Third, the glass slide with
the Au microelectrode chip was sealed to the PCB window.
A silver conductive adhesive was used to connect the square
contact pads on the chip and the PCB for electrical contact.
As a result, a MEC with an inner size of 20×20×1 mm3 was
obtained (Figure 1b and Figure S1). The interdigital elec-
trode pattern, with a thickness of 100 nm, comprises three
pairs of anodes and cathodes arranged in parallel. Triangular
arrays were designed to distinguish cathodes from anodes
under the microscope and facilitate clear visualization of the
interface (Figure 1c,d). The MEC was placed on the loading
stage of the LSCM and connected to a power supply. The
cathode–solution interface was set as the focal plane. The
dimensions of the acquired field-of-view were 103.5×
103.5 μm2 (Figure S2), which is suitable for the visualization
of ion transport and concentration distribution in the
diffusion layer.

Generally, concentration polarization occurs when reac-
tants are rapidly consumed and products accumulate at the
electrode–solution interface by electrochemical reactions.[14]

Accordingly, concentration gradients are established, partic-
ularly when depleted (or enriched) ions have the same (or
opposite) charges as the electrode. As a typical example, the
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conversion of HCrO4
� to Cr3+ at the cathode was chosen as

a demonstration, as shown in Equation (1).[15]

HCrO�4 þ 7 H
þ þ 3 e� ! Cr3þ þ 4 H2O (1)

This is unfavorable for HCrO4
� /Cr3+ conversion because

of the electrostatic repulsion between HCrO4
� and the

negative cathode.[16] The concentration gradient facilitates
the transfer of HCrO4

� from the bulk solution to the
cathode. Conversely, electrostatic attraction hinders the
diffusion of Cr3+ from the cathode to the solution. More-
over, H+ is attracted to the cathode through electromigra-
tion. Competition between the HCrO4

� /Cr3+ conversion and
hydrogen evolution has a high probability of occurring at
the cathode.[15] Therefore, the HCrO4

� /Cr3+ conversion is a
typical process in which the electric field is unfavorable for
interfacial ion diffusion.

H+ was selected as the detecting ion using MEC-LSCM
with Oregon Green™ 514 carboxylic acid, which is a pH-
sensitive dye with superior photostability and low pKa.

[17]

The selection of fluorescent probes for pH measurements is
discussed in several reviews.[18] Additionally, the threshold
oxidation potential of the fluorescent probes under electro-
chemical conditions should be considered.[19] The
fluorescence intensities of the LSCM images were converted
to pH values based on the calibration curve (Figure S3),
yielding the pH mapping profiles (see details in the
Supporting Information). The evolution of the pH-depend-
ent fluorescence distribution was observed through a time-
sequence of LSCM images (Figure 1f, g and Videos S1 and

S2). When no voltage was applied, uniform fluorescence
intensity was observed at the interface, indicating that the
initial H+ concentration was evenly distributed (Figure 1f–
i). When a constant voltage of 1.5 V was applied, a boundary
layer with bright green fluorescence, known as the diffusion
layer, formed at the interface and increased over time
(Figure 1f-ii–iv). No influence from the micrometer-scale
structures on the electrode reaction or ion diffusion was
observed. Moreover, as the cell voltage increased to 2 V, the
thickness of the diffusion layer increased much faster (Fig-
ure 1g-ii–iv). At 2 V, the thickness of the diffusion layer was
�80 μm after 10 s, compared to �40 μm at 1.5 V (Fig-
ure 1h, i). The temporal and spatial distribution of the
interfacial pH revealed an increasingly basic environment.
The highest pH values were �5.5 and �6 for 1.5 and 2 V,
respectively. These results demonstrate that the rate of H+

consumed by the cathode reaction is faster than that
replenished by electromigration and diffusion. Subsequently,
the buildup of the H+ concentration gradient provides direct
evidence for concentration polarization at the constant
voltage. The in operando visualization method is efficient at
tracking time-dependent changes in ion transport and the
concentration distribution during rapid interfacial processes.

Concentration polarization is not as clearly understood
as ohmic and charge transfer polarization because it occurs
only under non-equilibrium conditions during the redox
process and is not readily measurable by electrochemical
impedance spectroscopy.[20] Severe concentration polariza-
tion aggravates the inhomogeneity of electrochemical reac-
tions, leads to undesired side reactions, and lowers the

Figure 1. a) Fabrication schematics of Au microelectrode chip by photolithography. b) MEC. c) Optical microscope image and d) scanning electron
microscope image of the Au microelectrode. e) In operando MEC-LSCM. Insert is the LSCM light path (PMT: photomultiplier tube). Time-lapse
LSCM images of the pH-dependent fluorescence distribution at the cathode–solution interface under the constant voltages of f) 1.5 V and g) 2 V
(color bar: an exponent relationship between the fluorescence intensity and pH). The development of the pH distribution at the interface under the
constant voltages of h) 1.5 V and i) 2 V. Initial [HCrO4

� ]=0.2 mM, pH 3.
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Faraday current efficiency.[21] The cyclic renewal of the
electrode–solution interface, particularly the diffusion layer,
is a viable technique for suppressing concentration polar-
ization because it is advantageous for breaking down the
barrier of the interfacial concentration gradient.[22]

Pulsed voltages were employed to regulate the interfacial
ion transport through periodic variations in the electric field
and interphase charge transfer. The applied pulsed voltage
with a square waveform generated a constant voltage during
the on-voltage time (ton), following a pause during the off-
voltage time (toff) (Figure S4). Using the MEC-LSCM plat-
form, we successfully observed that the fluorescence signal
at the interface varied periodically under a pulsed voltage of

0.1 Hz (ton= toff=5 s), indicating a periodic change in the H
+

concentration (Figure 2a,b and Videos S3 and S4). At a
pulsed voltage of 1.5 V (Figure 2a and c-i), the interfacial
H+ was quickly consumed during the ton, leading to a
concentration gradient in the diffusion layer. However,
when the pulsed voltage was switched off, H+ concentration
was rapidly restored owing to a quick diffusion of H+ ions
from the bulk solution to the interface. The interfacial pH
changed periodically from �3 to �5. Similar H+ concen-
tration phenomena were observed at frequencies of 0.2 and
0.5 Hz during the off-voltage stage, demonstrating a balance
between H+ consumption and replenishment in each cycle
(Figure 2c-ii–iii and Figure S6). The cyclic renewal of the

Figure 2. Time-lapse LSCM images of the pH-dependent fluorescence distribution at the cathode–solution interface under the pulsed voltages of
a) 1.5 V and b) 2 V, with 0.1 Hz (ton= toff=5 s). The development of the pH distribution at the interface under pulsed voltages of c) 1.5 V and d) 2 V,
with different frequencies. Initial [HCrO4

� ]=0.2 mM, pH 3.
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diffusion layer occurs because the intermittent reaction can
increase the ion diffusion rate, thereby contributing to the
reduction of excessive concentration polarization and the
overpotential of the electrodes.[23] However, when the pulsed
voltage was increased to 2 V, the thickness of the diffusion
layer increased with each cycle (Figure 2b and d-i). Notably,
the toff of 5 s was insufficient to replenish the amount of H

+

consumed during the ton of 5 s, indicating a less efficient
regeneration of the diffusion layer. At 0.2 and 5 Hz, the
thickness of the diffusion layer grew faster again and was
largely unrenewed at 5 Hz (Figure 2d-ii–iii and Figure S7).
This suggests that the frequency and on-off ratio of the
pulsed voltage should be optimized according to the electro-
chemical reactions.

Since the concentration profiles of HCrO4
� and Cr3+

were difficult to measure, finite element simulations were
conducted using MATLAB (see details in the Supporting
Information). Figure 3a demonstrates that both the variation
and concentration of the simulated H+ were in good
agreement with the experimental results, under the constant
and pulsed voltages of 1.5 V (see also Figure S8). This
indicates that the simulation model was valid and the

calculation results were reliable. At a constant voltage,
interfacial HCrO4

� was depleted immediately after power
was applied, and the Cr3+ was generated and accumulated
(Figure 3b-i and c). Owing to the higher redox potential,
HCrO4

� /Cr3+ reduction (1.33 V vs. RHE) is more favored
than hydrogen evolution (0 V vs. RHE). However, the
HCrO4

� /Cr3+ ratio decreased continuously and the thickness
of the diffusion layer increased, leading to severe concen-
tration polarization (Figure S9). Because of the full con-
sumption of HCrO4

� at the interfacial region, ion diffusion
was the rate-limiting step of HCrO4

� reduction and hydro-
gen evolution became dominant (Figure S10). However, at a
pulsed voltage of 0.1 Hz (Figure 3b-ii and d), HCrO4

� was
resupplied and the generated Cr3+ was released from the
electrode during the off-voltage stage. Cyclic variations in
ion concentration were also observed at 0.2 and 0.5 Hz
(Figure 3b-iii–iv). Because the cathode surface was nega-
tively charged as a voltage was applied, HCrO4

� was
repelled while attracting Cr3+. A periodic on-off power cycle
was beneficial for the diffusion of HCrO4

� to the electrode
surface and the desorption of Cr3+ from the surface to the
bulk solution. Therefore, the HCrO4

� /Cr3+ ratio at the

Figure 3. Time-dependence of the ion concentrations at 1 μm from the cathode surface under the constant and pulsed voltages of 1.5 V: a) H+

measured by MEC-LSCM at Point A (Figure S2, details provided in the Supporting Information) and H+ simulated by MATLAB, and b) HCrO4
� and

Cr3+ simulated by MATLAB. The HCrO4
� and Cr3+ distribution in time and space at the cathode–solution interface under the control of c) constant

and d) pulsed voltages of 1.5 V. Initial [HCrO4
� ]=0.2 mM, pH 3.
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interface returned to a high value before the power-on of
each cycle, which in turn reduced the concentration over-
potential (Figure S9) and increased the current efficiency
(Figure S10). These results demonstrate the great potential
of the MEC-LSCM combined with finite element simula-
tions to overcome the lack of suitable fluorescent probes for
some reactants/products and improve understanding of the
interfacial dynamic processes.

The reduced concentration polarization that occurs by
promoting interfacial ion diffusion with the pulsed voltage is
promising for accelerating electrochemical reactions. To
confirm this prediction at the bulk level, we further explored
the reaction kinetics of the electroreduction process. As
presented in Figure 4a, no obvious HCrO4

� reduction was
observed with a Pt sheet at a constant voltage (1.5 or 2 V)
for 60 min at pH 3. The current and energy were consumed
by side reactions like hydrogen evolution. However, 28.2%
of the HCrO4

� was reduced at a pulsed voltage (2 V) (see
also Figure S11). The reaction rates were greatly accelerated
at pH 2, and the conversion efficiencies increased to 5.8%
and 73.8% (constant voltage), and 31.5% and 81.5%
(pulsed voltage) at 1.5 and 2 V, respectively. The electro-
reduction of HCrO4

� with carbon paper (CP) showed a
similar result: a 36% higher reduction efficiency at the
pulsed voltage compared to that at the constant voltage.
Furthermore, the specific energy consumption at the pulsed
voltage was less than that at the constant voltage (Fig-

ure S12). These results provide solid experimental evidence
that manipulating interfacial ion diffusion by the pulsed
voltage can improve reaction kinetics in an energy-efficiency
way.

Figure 4b illustrates the effect of pulsed voltage on mass
transport. During the ton, HCrO4

� is transported to the
cathode by diffusion and then strips off the water of
hydration to adsorb onto the surface. Subsequently, electron
transfer occurs from the cathode to HCrO4

� , and yields the
reduced products. The electrochemical reduction of HCrO4

�

is controlled by mass transport because of the negatively
charged working electrode; thus, interfacial ion diffusion is
the dominant factor in HCrO4

� reduction. Pulsed voltage
with periodic toff can mitigate these mass transport limita-
tions by replenishing the reactants (e.g., H+ and HCrO4

� ) in
the diffusion layer while the products (Cr3+) diffuse from
the interface to the bulk solution. Therefore, the diffusion
layer can be cyclically renewed, which is advantageous for
diffusion-controlled reactions.[24] Moreover, the pulsed strat-
egy increases the ratio between the reactants and products
by influencing the competition between transport and
reaction kinetics.[25] Specifically, the variation in ion concen-
tration at the interface is the result of competition between
electrostatic migration, concentration diffusion, and reaction
consumption (or production). The pulsed power supply
dynamically regulates electron transfer and ionic transport,
consequently modulating the consumption/replenishment of
reactants and the generation/desorption of charged
products.[26] Using this strategy, it is possible to maintain a
balance between the reactant replenishment and electron
supply to avoid side reactions. Hence, the electrochemical
performance can be improved by minimizing the over-
potential of the electrodes caused by concentration polar-
ization, which in turn improves the reaction rate and reduces
energy consumption.

In summary, we created a MEC with an Au micro-
electrode chip that facilitates the visualization of the
dynamic processes occurring at the electrode–solution inter-
face by optical microscopy with high spatial resolution. An
in operando MEC-LSCM visualization method that facili-
tates successful imaging of the fast-response ionic transfer
behavior in the diffusion layer (�100 μm) was developed.
Using this method, we demonstrated the formation of
concentration gradients at the electrode–solution interface.
Reactant depletion and product enrichment occur in the
diffusion layer at a constant voltage, whereas the application
of a pulsed voltage could effectively renew the diffusion
layer by promoting interfacial ion diffusion. Our study is the
first to directly visualize the effects of constant and pulsed
voltages on mass transfer and concentration polarization,
providing new insights into the fundamental mechanism.
While this method has been tested with H+ because H+ is
the most representative and widely participating ion in
electrochemical processes, our method can readily be
extended to many other species (e.g., metal ions) by
applying different fluorescent probes. Although it may be
limited and challenging to choose proper probes for specific
electrochemical reactions currently, we anticipate that this

Figure 4. a) Electrochemical reduction of HCrO4
� with different cath-

odes: i)–iv) Pt sheet and v) CP. Initial [HCrO4
� ]=0.2 mM. b) Schematic

of the effect of pulsed voltage on the mass transport of different
species.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2022, 61, e202206236 (6 of 7) © 2022 Wiley-VCH GmbH

 15213773, 2022, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202206236 by R

esearch C
enter O

f E
co-E

nvironm
ental Sciences, W

iley O
nline L

ibrary on [18/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



novel work will promote the development of new fluores-
cent probes in the field of electrochemistry.
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