ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal

EDGE ARTICLE

Reaction-pathway resolved multimode imaging of
electrocatalytic oxygen evolution on single silver
nanowires@ITO Mott—Schottky junctions

{ ") Check for updates ‘

Cite this: DOI: 10.1039/d5sc06225j

All publication charges for this article
have been paid for by the Royal Society

of Chemistry *

Yu Cui, Lisi Wen, Houkai Chen, Guopeng Li, Zhe Zhang and Rui Hao

Mott—-Schottky junctions are considered an ongoing focus in electrocatalysis due to their unique ability to
modulate charge distribution, thereby improving the performance of electrocatalysts. However, resolving
the interfacial reaction mechanism with high spatiotemporal and chemical resolution in situ remains
challenging. Herein, a time-synchronized multimode optical imaging platform is developed, realizing
multi-perspective visualization of a model Mott—-Schottky (MS) electrocatalytic system. The unique
interfacial electrooxidation dynamics of the individual silver nanowires (AgNWs) on an ITO substrate
(AgNWs@ITO) MS junction and associated electrocatalytic oxygen evolution reaction (OER) pathways are
revealed. The MS effect has been proven to regulate the reaction mechanisms by redistributing
interfacial charges, leading to the superoxide radical-mediated reaction pathway. Thus, the superoxide

radical scavengers can exclusively exert regulatory effects on AgNWs@ITO. Moreover, the finding
Received 15th August 2025 highlights th ible active role of ITO in electrocatalytic studies. Th iled modulating effect of
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the Mott—Schottky nanostructure on the electrochemical reaction pathway shows the potential and
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Introduction

Mott-Schottky junctions could form through the contact
between a metal and a semiconductor," such as by dispersing
the metal on the surface of the semiconductor electrode or vice
versa, and are emerging as favored architectures in electro-
catalysis.” The heterojunctions facilitate significant progress in
energy-related conversion processes, including hydrogenation,®
aerobic oxidation,* artificial photosynthesis,> water splitting,®
and more. Their effectiveness arises from the ability to speed up
interfacial charge transfer, modulate charge distribution, and
control the chemisorption energies of reactive species—key
characteristics vital for tuning catalytic activity.»”*

Water electrolysis is one of the important ways for the
sustainable production of clean energy. The oxygen evolution
reaction (OER), as a critical half-reaction, requires the concerted
transfer of four protons and electrons, with its sluggish kinetics
posing a major bottleneck for overall energy conversion effi-
ciency.*'® Mott-Schottky junctions could play important roles in
designing high-performance OER electrocatalysis. For instance,
Ru-RuO, Schottky nanojunctions are found to be highly effec-
tive for inhibiting the overoxidation of RuO, for extended
durability in acidic water-oxidation.** Silver-based OER catalysts
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importance of the multi-resolved

imaging approach in analyzing fundamental mechanisms of

have been extensively studied due to their cost-effectiveness and
superior conductivity.”> Ag nanoparticles (AgNPs)
anchored on CoV-LDH@graphene nanosheets to form a Mott-
Schottky heterojunction, promoting the deprotonation of *OOH
and enhancing electron transfer kinetics."* Despite the prog-
ress, a deep understanding of the relationship between Mott-
Schottky heterostructures and the OER activities is essential for
developing novel and highly efficient electrocatalysts.
Currently, the exploration of Mott-Schottky junctions is
mainly conducted through evaluating the electronic states of
catalysts and measuring their work functions via ultraviolet
photoelectron  spectroscopy  (UPS) in a
environment.*** However, this method is an overall testing
approach that lacks spatial resolution. Although measurements
at the microscopic level can be accomplished through Kelvin
probe force microscopy (KPFM),"”** which is used for detecting
the surface potential difference and work function of hetero-
geneous catalysts,* it is still challenging to obtain dynamic
charge information in practical catalytic environments. The
Mott-Schottky effect can also be understood and predicted
through DFT calculations,* ™ but there are often discrepancies
between theoretical analysis and the actual catalytic behavior.
Recent advances in optical imaging technologies have op-
ened avenues for probing electrochemical interfaces with high
spatiotemporal and chemical resolutions.>*?” Single-mode
imaging techniques (e.g:, plasmonic microscopy,® fluores-
cence mapping,*?* or dark field microscopy***) provide
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valuable insights into specific aspects of interfacial reactions,
such as localized pH gradients,*** molecular adsorption-
desorption kinetics,**® or vibrational mode changes.*** By
coupling optical observation and the electrochemical process,
these techniques enable researchers to conduct an intuitive,
visualized, and dynamic analysis of the interfacial electro-
catalysis at the single-nano-entity scale.>*** However, single-
mode imaging approaches inherently lack the multidimen-
sionality required to reconstruct reaction pathways with full
details. This limitation highlights the necessity for correlated
multimodal imaging strategies, which synchronize comple-
mentary techniques to capture interdependent electronic,
chemical, and morphological transformations in real time.****

In this work, we developed a time-synchronized multimodal
optical imaging platform integrating epi-illumination micros-
copy (Epi) and electrochemiluminescence (ECL) imaging. This
system enables simultaneous visualization of interfacial charge
transfer dynamics and reactive oxygen species generation with
nanoscale spatial resolution. ITO, a widely used substrate in
electrocatalytic optical imaging, is adopted due to its high
transparency, electrical conductivity, and relatively low electro-
catalytic activity.** Unlike conventional studies that overlook
ITO's influence, we consider its impact on the catalytic interface
and use it as the semiconductor side of the Mott-Schottky
junction. By loading metal materials on its surface, we conve-
niently constructed a Mott-Schottky model system conducive to
the optical observation platform.

Taking advantage of this model system, we investigated the
electrochemical oxidation of AgNWs and its associated OER—
an ideal framework to probe interfacial charge redistribution at
Mott-Schottky junctions formed between AgNWs and the ITO
substrate. By synergizing spatially resolved optical signals with
in situ electrochemical measurements, we achieved the resolu-
tion of a unique reaction pathway mediated by superoxide
radicals driven by Mott-Schottky at the single-nanostructure
level. Further analysis reveals that the charge rearrangement
caused by the Mott-Schottky junctions enriches electrons on
the AgNWs, which affects the adsorption of substances in the
surroundings, thus influencing the reaction kinetics and
altering the reaction pathway. This work not only advances the
fundamental understanding of Mott-Schottky electrocatalysis
but also establishes a versatile framework for resolving path-
ways of heterojunction-based catalytic systems through direct
mechanistic visualization.

Results and discussion

Reaction pathway resolved multimodal imaging of
AgNWs@ITO

Here we constructed a time-synchronized multimode imaging
microscope for electrochemical interface monitoring, as shown
in Fig. 1a. The electrochemiluminescence emission wavelength
of luminol (LMN) is around 425 nm.* Epi imaging is performed
using a light source with a wavelength range of 625 + 26 nm.
The wavelength difference between the two is enough to allow
us to achieve the independence of the two light paths through
the rational design of the optical path and the appropriate
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matching of filters. The reflection signal of in situ Epi imaging
can be detected using an sCMOS camera, while the in situ ECL
signal can be recorded using an electron-multiplying CCD
(EMCCD) with high EM-gain (EM gain = 800). Detailed infor-
mation is provided in the Experimental section. Commercially
available AgNWs with a diameter of 120 nm were drop-cast onto
the substrates (Fig. S1) to form an AgNWs®@ITO structure.

When a linear sweep voltammetry (LSV) scan was applied to
the interface in 0.1 M NaOH containing 1 mM LMN, with the
potential ranging from 0 V to + 2 V with respect to the home-
made Ag/Ag,O electrode,**** the AgNWs underwent electro-
chemical oxidation. The standard reduction potential of the Ag/
Ag,0 reference electrode (Ag,0O/AgOH ™) is 0.343 V vs. the stan-
dard hydrogen electrode (SHE),*” while in our system at pH 13,
the electrode potential is 1.169 vs. the reversible hydrogen
electrode (RHE). Fig. 1b presents the snapshots of individual
AgNWs at different potentials during the evolution process in
both modes. The concentration of the AgNW dispersion was
adjusted to 30 pg mL " to achieve single nanowire observation.
Due to their high reflectivity, single AgNWs (1#, 2#, and 3#)
manifested a pronounced positive contrast in the images. As the
potential was scanned towards the positive direction, no
observable changes were detected on the AgNWs before 1 V, as
referred to in the horizontal part of the intensity curve in Fig. 1c.
With the potential increased to 1.07 V, it was evident that 1#
darkened rapidly, signifying that the surface of the original
metallic Ag had been electrochemically oxidized. It is generally
acknowledged that the reflectivity of metal oxides is lower than
that of metals. Consequently, the reflective intensity dimin-
ished, and the AgNWs exhibited a negative contrast pattern,
corresponding to the sharp decline on the intensity curve as
depicted in Fig. 1c. As the potential continued to increase, 2#
and 3# were oxidized at 1.12 V and 1.35 V, respectively. This
difference in oxidation potential is most likely an integrated
effect combining the heterogeneity between the AgNWs and the
difference in their electrical contact with the substrate.*®* The
Epi intensity curve exhibited a drastic increase after 1.5 V. This
was caused by the generation of bubbles catalyzed by silver
oxides at the interface, which show high positive contrast in the
Epi imaging mode.

In the ECL mode, EMCCD obtained a clear ECL signal
(Fig. 1b, bottom section) while the AgNWs were oxidized. The
ECL intensity increased while the Epi reflection intensity
decreased, as shown in Fig. 1c. This phenomenon implies that
concurrent with the oxidation of the AgNWs, a specific
substance triggers the luminescence response of LMN mole-
cules. In light of LMN's luminescence mechanism, we presume
that reactive oxygen species (ROS) play a part in this process.*>*
The spreading of the luminescence signal in the ECL images
should be due to the diffusion of free radicals.

The relationship between the ECL intensity and the LMN
concentration was explored, and the resultant data are pre-
sented in Fig. 1d. The luminescence intensity positively corre-
lated with the concentration ranging from 1 mM to 5 mM. The
snapshots of peak intensity at concentrations of 2 mM and
5 mM are shown in Fig. 1e. Meanwhile, we noticed that as the
LMN concentration rose, the luminescence starting potential

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic diagram of time-synchronized multimodal imaging. (b) Images in the Epi mode (upper part) and the ECL mode (lower part)

at different potentials in 0.1 M NaOH containing 1 mM LMN. (c) Curves of the change in Epi intensity (upper part) and ECL intensity (lower part)
with voltage. (d) The ECL intensity curves changing with voltage at different concentrations of LMN molecules. (e) ECL images corresponding to
positions 1 and 2 in (d). (f) LSV curves at different LMN concentrations. All scale bars: 10 pm.

was progressively delayed. Specifically, at 1 mM, 2 mM, and
5 mM, the luminescence starting potentials were measured to
be 0.99V, 1.13 V, and 1.24 V, respectively. On further increasing
the concentration to 10 mM, no ECL signal could be detected,
indicating that the electrooxidation of AgNWs was blocked
(Fig. S2). These findings point out that the electrochemical
oxidation of AgNWs could be postponed or even completely
inhibited with an increased LMN concentration. The corre-
sponding LSV curve is illustrated in Fig. 1f. Evidently, not only
did the peak current diminish gradually, but also the onset
potential shifted in the positive direction as the LMN concen-
tration augmented. We can unambiguously deduce that LMN
molecules exert an inhibitory influence on the electrochemical
oxidation of AgNWs, and this effect becomes more pronounced
with the increasing LMN concentration until the oxidation
process is fully suppressed. The substance responsible for
inducing ECL also constitutes a crucial part of the electro-
chemical oxidation process of AgNWs@ITO.

Modulatory effect of p-BQ on reaction pathways

We speculate that the reason for luminol inhibiting the
electrochemical oxidation of AgNWs@ITO is that it can
consume free radicals. To further explore the oxidation mech-
anism of AgNWs and unravel the pivotal role of free radicals in
this process, we introduced p-BQ, a typical superoxide radical

scavenger,®™* into our system. We correlated the p-BQ

© 2025 The Author(s). Published by the Royal Society of Chemistry

concentration with solution pH and found negligible pH vari-
ations when the p-BQ concentration was less than 20% of the
main solute (Fig. S3). Since we control the concentration of p-BQ
at 10% of the main solute, it is reasonable to assume that the
experimental results caused by p-BQ are not related to the pH
changes it induced, but rather only related to its presence.
LSV curves tested in electrolytes with and without p-BQ are
shown in Fig. 2a. The OER current was suppressed to 2.75 pA at
even 2 Vwhile p-BQ exists, at the same level as the bare ITO with
no modification (Fig. S4). When the solution was replaced, the
current at 2 V surged significantly to 29.55 pA. The Epi images
corresponding to the LSV process at different voltages are
shown in Fig. 2c. In the presence of p-BQ (top row), the AgNWs
remained intact at the ITO interface. Conversely, once p-BQ was
removed (bottom row), the same AgNWs gradually underwent
electrooxidation. Correspondingly, their reflection intensity
curves in the Epi mode also exhibit a striking contrast, with one
demonstrating negligible change and the other a precipitous
fall (Fig. 2b). Considering the possibility that this phenomenon
arises from the electron tunneling effect of the modification
layer, we investigated the electrochemical behavior of AgNWs
on an unmodified substrate, as shown in Fig. S5. The results are
basically consistent with those of the modified substrates,
indicating that this phenomenon is irrelevant to the modified
layer. The LSV curves and the Epi images before and after the
reaction in the dark environment are presented in Fig. S6. This
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(a) LSV curves in electrolytes with and without p-BQ on the ITO interface. (b) Epi intensity curves plotted vs. potential in electrolyte with

and without p-BQ. (c) Snapshots at different voltages corresponding to the LSV process in (a): with (upper row) and without (lower row) p-BQ.

Scale bar: 10 pm. (d) LSV curves in electrolytes with and without p-BQ

on the Au interface. (e) Snapshots at different voltages corresponding to

the LSV process in (d): with (upper row) and without (lower row) p-BQ. Scale bar: 10 pm. (f) LSV curves in solutions with different pH values. (g)
Potential and current curves changing with time in the electrochemical test. The initial electrolyte is 10 uL 0.1 M NaOH. During 0-20 s, voltage
increases linearly from O V to 1 V. During 20-50 s, a constant voltage of 1V is maintained for 30 s to ensure the complete oxidation of AQNWs.
During 50-70 s, voltage increases linearly from 1V to 2 V. 10 uL 0.1 M NaOH + 20 mM p-BQ is added at 41 s. (h) Epi images at different voltages

and a wide field of view at 2 V.

demonstrates that the electrooxidation and OER on AgNWs and
the modulation effect of p-BQ are unrelated to the red light used
in Epi mode and the potential thermal effects it induces. To
further ascertain the dominant role of superoxide radicals,
a typical radical sacrificial agent for hydroxyl radicals, tertiary
butanol (¢-BA),*"** was also investigated. The results showed
that #BA cannot regulate the electrochemical process of
AgNWs@ITO when its concentration is fixed at 10 mM and this
inability persisted even when the concentration was increased
tenfold (Fig. S7). In this case, we believe that hydroxyl radicals
have a negligible effect on the electrooxidation of AgNWs@ITO.
These outcomes perfectly meet our anticipation that the
superoxide radicals induce direct oxidation of AgNWs@ITO.
We assume that the AgNWs@ITO structure induces the
superoxide radical involved reaction pathway. Hence, the
electrooxidation behavior of AgNWs on metallic substrates was
further explored, wherein the prevalently utilized Au substrate
was adopted (denoted as AgNWs@Au). As presented in the LSV
data in Fig. 2d, the electrochemical behavior of AgNWs
remained essentially consistent both in the presence and
absence of p-BQ. Merely, the onset potential exhibited

Chem. Sci.

a marginal delay in the electrolyte containing p-BQ. Fig. 2e
presents the images at varying voltages in electrolyte with (top
row) and without (bottom row) p-BQ. Unlike the ITO surface, the
Au surface has a higher reflectivity, resulting in a negative
contrast pattern of AgNWs. When the voltage was scanned to
1.38 V, AgNWs were oxidized and significant OER arose in both
electrolytes. The results showed no obvious difference when the
Au layer was modified using poly-tyramine (Fig. S8).** The
negligible inhibitory effect of p-BQ on AgNWs@Au suggests that
its effectiveness on AgNWs@ITO is unlikely to be attributed to
the adsorption of p-BQ. Furthermore, it demonstrates that
superoxide radicals may not serve as the primary reactive
species in the electrochemical oxidation of AgNWs@aAu, indi-
cating that the electrochemical oxidation of AgNWs@ITO
follows a completely distinct electrochemical reaction pathway.
Furthermore, we conducted experiments in electrolytes with pH
values ranging from 5.88 to 11.21. The pH value was adjusted
with NaOH. The LSV curves are shown in Fig. 2f, showing that
the OER current was suppressed when p-BQ existed. The cor-
responding Epi images are shown in Fig. S9. Once p-BQ was
removed, bubbles appeared at the interface. These results

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indicate that this particular reaction pathway is not pH-
dependent; it is attributed to the unique interface structure
formed between AgNWs and the ITO surface.

Whether the inhibition of the OER by p-BQ occurs during the
electrochemical oxidation stage of AgNWs or the OER stage is
quite important for analyzing the reaction mechanism. There-
fore, we pre-oxidized the AgNWs and then added p-BQ during
the continuous electrochemical test. For details, see the
electrochemical test section in the SI. p-BQ was added at 41 s, as
manifested in Fig. 2g. The corresponding snapshots are shown
in Fig. 2h. It can be seen that all the AgNWs have been oxidized
during the constant voltage stage. When the voltage reached 2
V, bubbles appeared even when p-BQ was already added. In the
larger field of view area, the oxygen evolution at the interface is
quite obvious, which indicates that p-BQ has no obvious
inhibitory effect on the OER of the already oxidized AgNWs.

As analyzed, the superoxide radical-related reaction pathway
highly relies on AgNWs-ITO contact, which can be easily regu-
lated by adjusting the concentration of the AgNW drop-casting
solution. The relationship between the suppression effect of p-
BQ and the AgNW dispersion concentration was studied. LSV
curves are shown in Fig. 3a. As the AgNW concentration
decreases, OER current diminishes and onset potential shifts
positively. When the concentration was reduced to 30 ug mL™ ",
the electrooxidation of AgNWs and the OER were occluded.
Note that at 500 pg mL ", an oxidation peak appears from 0.81V
to 1.1 V, which occurs nearly simultaneously with the decrease
in reflection intensity in Epi mode, as shown in Fig. 3b, indi-
cating that the intensity drop is caused by the oxidation of

View Article Online
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AgNWs. Fig. 3¢ shows Epi images at different voltages during
LSV. Evidently, the AgNW concentration significantly affects its
distribution at the ITO interface. At high concentrations, the
AgNWs are densely stacked, and most of the AgNWs-solution
contact regions were distant from the ITO interface. The
AgNWs-ITO contact can no longer alter the electrochemical
properties of these regions. Consequently, these regions still
follow the reaction pathway where superoxide radicals play little
to no role, leading to the inefficiency of p-BQ. When the
concentration was 100 pg mL ™" and 50 pug mL ™", the oxidation
and OER behavior were observed on part of the AgNWs, while
another part remained unchanged. When the concentration
was reduced to 30 ug mL ™", the AgNWs remained bright in the
Epi images even when the voltage was increased to 2 V, meaning
that AgNWs®@ITO junctions formed on the entire ITO surface.
Therefore, in the previous experiment, it is reasonable for us to
fix the AgNW concentration at 30 ug mL ™"

Next, we fixed the concentration of ANWs at 30 ug mL™ " and
adjusted the concentration of p-BQ in 0.1 M NaOH solution to
explore the inhibiting effect. The results are exhibited in Fig. 3d.
As shown, when the p-BQ concentration increased from 0 mM
to 10 mM, the onset potential gradually shifted positively, and
the peak current gradually decreased. This indicates that the
inhibitory effect of p-BQ becomes stronger with the increase in
the concentration. On further increasing the p-BQ concentra-
tion to 8 mM, the OER current is reduced to 2.7 pA, nearly the
same as the case when the concentration was increased to
10 mM. This indicates that the inhibitory effect of p-BQ has
already reached saturation, and reactions are suppressed. After
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(a) LSV curves with different amounts of AgQNWs loaded on the modified ITO substrate in 0.1 M NaOH + 10 mM p-BQ. (b) 0-1.2 V LSV curve

drop casting solution is 500 pg mL™ . (c) Snapshots at different voltages

corresponding to the LSV process in (a) with concentrations of AQNW drop casting solution ranging from 500 pg mL™ to 30 ng mL™. (d) LSV
curves in electrolytes with varied p-BQ concentrations in 0.1 M NaOH on the modified ITO interface. (e) Snapshots at different voltages cor-

responding to the LSV process in (d). All scale bars: 10 um.
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replacing the electrolytes with solutions not containing p-BQ in
these almost fully suppressed cases, we can see from the LSV
curves that the OER recurred (Fig. S10a), and only the peak
current decreased which might be attributed to the incomplete
removal of p-BQ. Epi images at different voltages at different p-
BQ concentrations are shown in Fig. 3e. As shown, the
electrochemical behavior of AgNWs exhibits a trend of complete
oxidation-partial oxidation-negligible oxidation. After the
replacement of the solution, the superoxide radical pathway
reoccurred (Fig. S10b). The inhibitory effect of p-BQ and similar
trends still persisted even when we used 1 M NaOH electrolyte
solution which is more conducive for oxidation and the OER to
take place (Fig. S11). These results further corroborate our prior
inference that the contact between AgNWs and ITO modifies the
reaction pathway. Additionally, they imply that the inhibitory
effect of p-BQ necessitates a well-formed AgNWs@ITO Mott-
Schottky junction and a specific p-BQ concentration threshold.

The influence of the AgNWs@ITO Mott-Schottky junctions on
reactions

The formation of the AgNWs@ITO heterojunctions will affect
the electrooxidation pathway of AgNWs and thereby the OER
process. Therefore, we studied the changes in the oxidation
peak when the AgNWs@ITO heterojunction gradually formed.
We analyzed the LSV process of the AgNWs at a slow scan rate in
0.1 M NaOH. Normally, three typical oxidation peaks will appear
when the Ag plate electrode is electrooxidized,*® as shown in
Fig. 4a:

Al: Ag(s) + 20H™ (aq) 2 Ag(OH), (aq) + e~

A2:2Ag (s) + 20H™ (aq) 2 Ag,0 (s) + HO (1) + 2e~
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Fig.4 (a) The LSV curve of the silver disk electrode (diameter: 2 mm) in

0.1 M NaOH. The red dashed box is the enlarged view of Al, A2 and A3
oxidation peaks. (b) The A3 oxidation peak of AgNWs on the Au
substrate. (c) The A3 oxidation peak of AgNWSs on the ITO substrate. (d)
The potential statistical chart of the Al, A2 and A3 oxidation peaks on
the Au and ITO substrates. The inserted graph shows the potential
differences in the Al, A2 and A3 oxidation peaks when the concen-
tration of AGQNWs is 30 pg mL~* and 500 pg mL ™%,
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A3: Ag,O (s) + 20H™ (aq) — 2AgO (s) + H,O (1) + 2e™

The oxidation peaks of AgNWs with different concentrations
on Au and ITO substrates are shown in Fig. S12a and c. The
higher the concentration of AgNWs, the more obvious the
oxidation peak and the greater the oxidation current. The A1l
and A2 peaks on Au and ITO are shown in Fig. S12b and d, and
the A3 peaks are shown in Fig. 4b and c. The potentials of A1,
A2, and A3 are summarized in Fig. 4d. As the concentration of
AgNWs decreases, the potentials of A1 and A2 on both the Au
and ITO interfaces gradually shift positively, showing almost
the same trend. Nevertheless, the potential of A3 on the ITO
interface increases significantly as the concentration of AgNWs
decreases, but the change on the Au interface is minimal. We
further statistically analyzed the potential differences in the
three oxidation peaks when the interface was dominated by the
Schottky structure (concentration at 30 ug mL ™~ *) and by AgNWs
(concentration at 500 pg mL '), and the results are presented in
the inset of Fig. 4d. We can observe more clearly that the
magnitudes of the positive shifts of the three oxidation peaks on
ITO are all greater than those on Au, and the variation magni-
tude of A3 is the largest. This indicates that the Mott-Schottky
heterojunction mainly affects the A3 oxidation process of
AgNWs on the ITO interface, which is consistent with the
abovementioned phenomenon that the ECL signal only appears
during the high-valence oxidation of AgNWs. Moreover, at low
concentrations, the AgNWs@ITO structure tends to be perfect,
and the potential of A3 on the ITO interface accordingly tends to
be stable.

This particular reaction pathway of AgNWs at the ITO
interface is attributed to the Mott-Schottky junctions formed
between the two, as illustrated in Fig. 5a. When a metal comes
into contact with a semiconductor, electrons spontaneously
migrate from the side with a lower work function to the other,
forming the Mott-Schottky junction.*” This process leads to
the equilibrium of the Fermi level, inducing the bending of the
semiconductor energy band and generating a built-in electric
field. The Mott-Schottky effect redistributes electrons, which
leads to the transformation of the electronic states on both
sides of the interface and adjusts the adsorption status of small
molecules at the interface in the liquid phase environment. In
our case, the work functions (@) of ITO and Ag were calculated
to be 3.805 eV and 4.615 eV respectively using the formula:*

¢ = h’Y — Ecutofr

where Ay is 21.22 €V and E.of Was determined by extrapolating
the linear section of the UPS to the baseline (Fig. S13)."” Note
that the samples for Ag were prepared by coating a 100 nm Ag
layer on ITO, for the measurement of the work function of bulk
silver. Considering the sparse distribution of AgNWs and the
insufficient spatial resolution of UPS measurements, it is rela-
tively difficult to directly obtain the work function of AgNWs.
Here, we use the work function of the Ag layer as a substitute for
the work function of AgNWs to estimate the electron flow
direction. According to the formula:*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Energy band diagram of the AgNWs@ITO Mott—Schottky junction. (b) Normalized differential capacitance curves of a silver layer

coated on ITO with different thicknesses. (c) Schematic of the reaction pathways of AQNWs on Au, the ITO surface and the p-BQ modulation. (d)
Electron paramagnetic resonance spectra of AQNWs at the ITO interface after conducting a chronoamperometry test. (e) In situ Raman spectrum
of AgNWs on modified ITO in 0.1 M NaOH. (f) In situ Raman spectra of AQNWs on Au and ITO substrates at 0.7 V.

W = Wou + %

where W is the work function and d is the diameter of the metal
nanoparticle, the work function of nanoparticles is higher than
that of their bulk counterparts, so this substitution is reason-
able. Given this difference in the work function, Mott-Schottky
junctions are formed between AgNWs and ITO, and electrons
transfer from ITO to Ag with a Mott-Schottky barrier of 0.81 V.
To further demonstrate this electron enrichment, we tested the
potential of zero charge (PZC) of silver layers with varying
thicknesses deposited on ITO substrates within 1 mM NaOH
solution.*® The differential capacitance curve is presented in
Fig. 5b. As the thickness of the silver layer diminishes from
100 nm to 2 nm, PZC gradually increases from —0.45 V to 0.1 V
(vs. Hg/HgO).””* This positive shift clearly indicates that the
thinner the silver layer, the higher the concentration of negative
charge.®>®* A visual illustration of this relationship is presented
in Fig. S14. As AgNWs come into contact with ITO, they will be
negatively charged as electrons spontaneously transfer from
ITO to AgNWs.

The OER process in alkaline solution is very intricate, and
the generally accepted mechanism is the Adsorption Evolution
Mechanism (AEM).®> Normally, the OER commences with the
adsorption of OH™ onto the active site of the electrocatalyst.®® As
depicted in Fig. 5¢, an ohmic contact is formed between AgNWs
and the metal interface, and OH ™ is adsorbed onto the active
sites on the surface of AgNWs, resulting in the formation of Ag—

© 2025 The Author(s). Published by the Royal Society of Chemistry

OH. Further adsorption leads to the transformation of Ag-OH
into Ag-O. Through additional adsorption steps, Ag-O con-
verted into Ag-OOH. Then another OH ™ is adsorbed to Ag-OOH
and finally leads to the release of oxygen. Superoxide radicals do
not appear to be involved in this process; thus p-BQ cannot
suppress this process as we confirmed before.

When AgNWs are on the ITO interface, the negative charge
accumulates on the surface of AgNWs due to the formation of
Mott-Schottky junctions, which makes it difficult for OH™ to
adsorb. More importantly, the electrons are likely captured by
dissolved oxygen to form superoxide radicals.®**® Electron
Paramagnetic Resonance (EPR) is used to detect the existence of
O, . As shown in Fig. 5d, BMPO, a classic capture agent was
applied. In order to ensure the full oxidation of AgNWs and
enough -0, for detection, chronopotentiometry was used and
the potential was set at 1.6 V. The EPR signal of conformer II of
-0, was detected in the electrolyte.®” The generation of Ag-O
can be verified by in situ Raman spectroscopy as demonstrated
in Fig. 5e. As the potential increased to 0.6 V, peaks that
appeared at 220 cm ™, 300 cm ', 426 cm ™ * and 467 cm ! could
be attributed to the stretching vibrations of Ag-O in AgO, while
the peak at 486 cm™ " corresponds to the vibrations of Ag-O in
the Ag,O phase.® While increasing the potential to 0.9 V, the
Raman signal was blocked due to the generation of bubbles.
The test on the Au surface showed nearly the same peaks as
those on the ITO surface, as shown in Fig. S15a. As presented in
Fig. 5f, compared with AgNWs@Au at 0.7 V, a small peak at
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around 930 cm ' appeared on AgNWs@ITO, which can be
associated with the vibration of 0-0.* Fig. S15b shows that
when p-BQ exists, no obvious Raman peak emerges, firmly
confirming our conclusion.

Conclusions

In conclusion, we established a multimode imaging system that
enables us to observe the interfacial electrochemical reaction
concurrently from diverse perspectives. We designed an ITO-
based Mott-Schottky junction, which incorporated ITO into
the catalytic system and avoided analytical biases. In situ
multimode observation showed that the high-valence oxidation
of AgNWs occurred simultaneously with ECL, enabling the
resolution of the reaction pathway mediated by superoxide
radicals. The superoxide radical-consuming agents, such as
luminol and p-BQ, exhibit a remarkable modulating effect on
this unique reaction pathway. The EPR spectrum proves the very
existence of superoxide radicals. Our research further revealed
that the formation of Mott-Schottky junctions between AgNWs
and ITO leads to charge transfer, enriching electrons on the
surface of AgNWs. This charge accumulation effect, which is
verified by the positive shift of PZC, influences the adsorption of
substances at the AgNWs®@ITO heterojunction interface,
further affecting the high-valence oxidation of AgNWs, and
finally alters the reaction pathway to a superoxide radical
involved one. Our strategy provides an effective platform for in
situ observation of Mott-Schottky junctions at the single
nanoentity level and provides new ideas for reinforcing the
fundamental comprehension of heterogeneous nano-catalytic
reactions.
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