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ARTICLE
Single-Entity Electroanalysis

Single Nanobubble Formation on Au
Nanoelectrodes and Au@WS, Nanoelectrodes:
Voltammetric Analysis and Electrocatalysis

Xian-Zhun Luo, Xiao-Hu Chen, Yong-Xin Li’

Anhui Province Key Laboratory of Biomedical Materials and Chemical Measurement, Key Laboratory of Functional Molecular Solids,
Ministry of Education, College of Chemistry and Materials Science, Anhui Normal University, Wuhu, 241000, PR China

Abstract

Taking advantage of the extremely small size of the gold nanodisk electrode, the single hydrogen nanobubble
generated on the surface of the nanoelectrode was studied to evaluate its hydrogen evolution performance. It was
found that compared with the bare gold nanodisk electrode, the bubble formation potential of the gold nanodisk
electrode modified with tungsten disulfide quantum dots (WS, QDs) on the surface was more positive, indicating that
its hydrogen evolution activity was higher. Microdynamic model analysis shows that the average standard rate
constant of the rate-determining step of the hydrogen evolution reaction of gold nanoelectrodes modified with WS,
QDs is approximately 12 times larger than that of gold nanoelectrodes. This work based on the formation of nano-
bubbles provides new ideas for the design and performance evaluation of hydrogen evolution reaction catalysts.

Keywords: Nanoelectrode; Nanobubble; Electrocatalysis

1. Introduction

Today, solar energy, hydrogen energy, nuclear
energy, etc. have attracted much attention, and the
most important issue in the current development
process of new energy sources is how to effectively
realize the conversion, storage and utilization of
these renewable energy sources. The production of
clean energy hydrogen by electrolyzing water con-
sists of hydrogen evolution reaction (HER) and ox-
ygen evolution reaction (OER) [1—4]. In the fuel cell,
the hydrazine hydrate at the anode is oxidized to
generate nitrogen [5,6]. In the chlor-alkali industry,
an anodic oxidation produces chlorine, methanol
oxidation reaction, etc. This series of gas evolution
reactions form the basis of the electrochemical in-
dustry. Due to the extensive research and applica-
tion of nanoparticles, clusters and even single atoms
as catalysts for gas evolution chemical processes, the

study of gas nanobubbles on the surface of nano-
catalysts, especially their formation, growth and
detachment, has attracted more and more scientific
researchers [7—11]. The electrochemistry of nano-
bubbles has only begun to receive attention in recent
years, and nanoelectrodes have been developed as
unique tools that enable the quantitative study of
individual gas nanobubbles [12—18].

In this work, we explored the nucleation of
single hydrogen nanobubbles on gold nano-
electrodes (Au NEs, radius <50 nm), and evaluated
the hydrogen evolution reaction (HER) activities of
gold nanoelectrodes (Au NEs) and gold@tungsten
disulfide quantum dot nanoelectrodes (Au@WS,
NEs) through microdynamic models. The results
showed that the critically dissolved hydrogen con-
centration on the surface of Au NEs is approximately
0.4 mol-L ™. In addition, through the microdynamic
analysis before the formation of a single nanobubble,
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it was found that the rate-determining steps of HER
from the Au@WS; NEs and Au NEs are Heyrovsky
step and Volmer step, respectively, and the standard
rate constant (k°) of the rate-determining step of
Au@WS, NEs is about 12 times that of Au NEs. This
work demonstrates a basic research on nanobubble
electrochemistry and provides new ideas for subse-
quent bubble-based applications.

2. Experimental section

2.1. Chemicals and materials

Sodium tungstate dihydrate (Na,WO,-2H,O,
>98%) and reduced glutathione (GSH, >98%)
required for the synthesis of WS, QDs were pro-
vided by Shanghai Titan Scientific Co., Ltd. The
ferrocene (Fc, 98%), acetonitrile (ACN, AR, >98%,
GC), and sulfuric acid (H,SO,4 AR, 95%—98%)
required in the experiment were purchased from
Sinopharm Chemical Reagent Co., Ltd. Alumino-
silicate glasses (O.D.: 1.0 mm, L.D.: 0.64 mm, length:
10 cm) were purchased from Shutter Instrument
Co., Ltd. (Novato, U.S.A.).

2.2. Instrumentation and measurements

The Au nanoelectrodes (Au NEs) were prepared
from a laser-assisted puller (P-2000 mode, Sutter
Instrument Co., USA), and the continuity of nano-
tips was checked by a biological optical microscope
(BX53 + DP72, Olympus, Japan). The morphologies
of WS2 QDs were examined by a transmission
electron microscope (TEM, HT7700 mode, Hitachi,
Japan). The mapping and energy dispersive spec-
troscopic (EDS) analyses of the Au NEs
and Au@WS, NEs were done by Regulus8100 mi-
croscope (Hitachi, Japan). An CHI660D model
electrochemical workstation (Chenhua Instruments,
Shanghai, China) was used to perform electro-
chemical test, which was equipped with a three-
electrode system (Au NE as the working electrode,
Pt wire and saturated Ag/AgCl as the counter
electrode and the reference electrode, respectively).

2.3. Fabrication of Au NEs

The Au NEs were fabricated according to our
previous method [19,20]. Put the gold wire into glass
capillary and drew it using the P-2000 laser-assisted
puller according to the following parameters:
Program 1: Heat = 365, Filament = 4, Velocity = 25,
Delay = 225, Pull = 118
Program 2: Heat = 390, Filament = 1, Velocity = 30,
Delay = 120, Pull = 120

Two electrodes were obtained with extremely
fine tips, and the tips were examined under a light

microscope to ensure that the gold wire was
continuous and not broken. The electrode was
encapsulated to obtain a nanodisk electrode, and
the electrode was polished with sandpaper of
different mesh sizes (400—1200 mesh) until the
gold wire was exposed.

2.4. Synthesis of WS, QDs

The WS, QDs were synthesized by referring to
the method reported by Duan et al. [21,22] An
amount of 0.0625 g Na,WO,-2H,0 was dissolved
in 12.5 mL ultrapure water, and the pH of the so-
lution was adjusted to 6.0 with 0.1 mol-L ™" HCL
Then, 0.8625 g GSH and 50 mL ultrapure water
were added to the above solution, and followed by
ultrasonic dissolution. After complete dissolution,
the above reactants were transferred to a 100 mL
polytetrafluoroethylene autoclave, heated at 200 °C
for 9 h, and then centrifuged after natural cooling.
The supernatant was WS, QDs. The obtained WS,
QDs were stored at 4 °C for subsequent use.

2.5. Fabrication of Au@WS, NEs

In order to obtain WS, QDs-modified Au NEs,
the pre-prepared Au NEs were inserted into the
WS, QDs aqueous solution and incubated in an
atmosphere of N, flow for 1 h. The WS, QDs could
be self-assembled onto the Au NEs surface through
Au—S covalent bonds [23], thereby obtaining the
Au@WS, QDs NEs.

3. Results and discussion

3.1. Characterization of Au NEs

We drew the nanoelectrodes, encapsulated and
polished them according to the method previously
reported by our group, and fabricated single Au
NEs with different radii [19,20]. Fig. 1A shows the
cyclic voltammetric behavior of gold nano-
electrodes with different radii in 5 mmol-L™" Fc-
ACN solution (containing 0.1 mol-L~! TBAPFy). It
can be clearly observed that all cyclic voltammetric
curves always maintain a good steady-state “S”
curve and the charging current is small, showing
that single Au NEs with different radii are pre-
pared successfully [24]. Based on the steady-state
limiting current, the radius of the electrode can be
calculated from Eq. 1 [25].

id :4nFDCbu (1)

Where i4 is the steady-state limiting current of the
nanoelectrode, n is the number of electron trans-
fer, F is the Faraday constant, D and C;, are the
diffusion coefficient (2.4 x 10° m?*s!) and
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Fig. 1. (a) Voltammetric responses of single Au NEs with different sizes in a 5 mmol-L™" Fc-ACN solution containing 0.1 mol-L~" TBAPFs. (b)
Normalized current to the limiting value of the voltammetric responses of Au NEs in 5 mmol-L™" Fc-ACN solution containing 0.1 mol-L™*
TBAPF;. (c) Optical micrograph of the Au NE. (d) HRTEM image of the Au NE.

concentration of Fc-ACN, respectively, and a is the
radius of the nanodisk electrode. According to the
above equation, the radius values of the Au
nanoelectrodes determined from the voltammetric
curves shown in Fig. 1a are 2 nm (black curve),
6 nm (red curve), 9 nm (green curve), and 24 nm
(blue curve). When the voltammetric current in
Fig. 1a is normalized by dividing it by the corre-
sponding limit diffusion current, the result is
shown in Fig. 1b. It can be observed that with the
decrease of Au NE radius, the voltammetric half-
wave potential E;; gradually shifts to the positive
potential, indicating that the shorter the nano-
electrode radius, the faster the mass transport rate
can be obtained, which is in good agreement with
the results of Pt NE [25,26]. The prepared Au
nanoelectrode was placed under an OLYMPUS
bio-optical microscope to observe the integrity of
the continuous and uniform state of the gold wire.
The optical microscope image of the middle part is
shown in Fig. 1c. It can be clearly seen from the
image that the gold wire and the outer glass can be
perfectly integrated, extending all the way to the
middle, becoming even and thin, and the tip is
complete and continuous without any fusion.
Further through HRTEM (Fig. 1d), it can be

observed that a single gold nanowire is sealed in-
side the glass tube with no obvious gap and a
diameter of approximately 40 nm.

In addition, SEM characterization was also per-
formed on the nanoelectrode surface. Fig. Sla is
the surface of the polished Au NE, and Fig. S1b is
the enlarged view of Au NE surface, where a flat,
disc-shaped geometric surface can be observed,
and the radius is about 25 nm. According to the
results of EDS element mapping characterization
(Fig. S1c, S1d), Au NEs were successfully prepared.

3.2. Characterization of WS, QDs

We characterized the morphology and size of
the synthesized WS, QDs by TEM. Results from
Fig. S2a show that the synthesized WS, QDs are
spherical and well dispersed. Particle size statistics
were performed on the WS, QDs in Fig. S2a, and
the results are shown in Fig. S2b. Size distribution
analysis shows that the average particle size of
WS, QDs is 3.62 nm. We further performed EDS
elemental analysis on WS, QDs, and the results
are shown in Fig. S2c. The analysis results show
that the quantum dots contain a large amount of
W and S elements, the W/S atomic ratio is nearly
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1:2, which agrees with the element composition of
WS, [27,28]. The EDS spectrum also proves the
successful synthesis of WS, QDs. Fig. S2d pro-
vides the Raman spectrum of WS, QDs. The
characteristic peaks of E,; and A;; of WS, QDs
located at 350.89 and 421.8 cm ™', respectively, can
be observed, which are assigned to the in-plane
motion of the W/S atoms and the out-of-plane
vibrations of the S atoms, respectively [27,29].
Fig. S3 shows the XPS spectra of WS, QDs, which
was used to confirm the chemical state and
elemental composition of the quantum dots. As
shown in Fig. S3a, except for W and S elements,
other elements show their original chemical states.
The appearance of C and O is attributed to the
oxidation of W element and the adsorption of CO,
in the air on the quantum dot surface [27,30]. The
bands at 32.28 and 34.48 eV (about 2.2 eV) are
assigned to W 4f;,, and W 4f5),, respectively, and
the W 5p3/, peak can be seen at 37.88 eV (Fig. S3b),
indicating that the W element of WS, QDs mainly
exists in the +4 valence form, and the existence of
W®" may be due to the oxidation of the W edge
during ultrasonic exfoliation and hydrothermal
processes [31,32]. The bands of 161.98 and

T
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163.08 eV belong to S 2p3,», and S 2py,, respec-
tively (Fig. S3c), which is caused by the —2 valence
state of the S atom [33]. The results shown above
are in good agreement with literature reported
previously for 2H-WS, and demonstrate the suc-
cessful synthesis of WS, QDs [33,34]. The XRD
pattern of WS, QDs is provided in Fig. S4. For WS,
QDs, there are only three very weak characteristic
peaks correspongding to (004), (006), and (008),
which is similar to the single-layer TMD quantum
dots reported previously [27], revealing that the
WS, quantum dots synthesized have the nano-
structure of quantum dots.

3.3. Formation of single nanobubbles on Au NEs

Fig. 2a shows a typical cyclic voltammogram
(CV) recorded on an Au NEs with a radius of 18 nm
in H,SO, solution. When the scan voltage is more
negative than —0.5 V, the current increases rapidly,
corresponding to the thermodynamic potential of
proton reduction (E(H"/H,)o), until it reaches a
peak value (i ) is about 20.23 nA), at which the
voltage is approximately —0.82 V relative to Ag/
AgCl. Within the range of 0 ~ —0.5 'V, the i-V curve
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Fig. 2. (a) Cyclic voltammogram for the Au NE (20 nm radius) immersed in a No-purged 0.5 mol-L ™" H,SOy solution at a scan rate of 10 mV-s ™,
(b) Cyclic voltammograms of the same electrode recorded at different scan rates ranging from 10 to 200 mV-s™. (c, d) Cyclic voltammetric re-
sponses of Au NE (15 nm radius) as a function of H,SO, solution concentration.
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is smooth and continuous, meaning that no bubble
was formed. After the peak current at ~ —0.82 V,
the current decreases sharply to a residual current
value i of ~ —2.2 nA. According to previous re-
sults, this voltammetric response was due to the
formation of a single nanobubble on Au NE, which
blocks large area of the active surface of Au NE
(>95%) [12,35]. The inset in Fig. 2a shows a
magnified view of the residual current after
nanobubble formation. The H reduction i re-
mains basically unchanged, indicating that the
nanobubbles at NE are in a dynamic steady state
[12]. In the reverse voltammetric scan from —1.0 V
to positive potential, no anodic peak H, nano-
bubbles, corresponding to the oxidation at the
positive potential E(H"/H,),, was observed, indi-
cating that H, bubbles dissolve rapidly on the
voltammetric time scale once H can no longer be
reduced. Fig. 2b shows the CV responses of Au
NEs at different scan rates in the range of
10—200 mV-s ', which is independent of the scan
rate. Before nanobubble formation, the current is
limited by H* transport and reduction kinetics at
NE [12]. When the current reaches a critical value
of ~ —21 nA, the current decreases rapidly, and
nanobubbles are formed very quickly and are not
affected by the scanning speed.

We also studied the electrochemical behaviors of
Au NEs in different concentrations of H,SO,, and
we can see that the shape of the CV curve gradu-
ally changes from “S-type” to “peak-type” as the
concentration of H,SO, increases (Fig. 2c, d). Ac-
cording to the mechanism of proton electro-
reduction to form nanobubbles on Pt NEs
proposed by White et al. [12], reaching critical H,
supersaturation on the NEs surface is important
for the generation of single nanobubbles, which is
related to the value of i . When the concentration
of H,SO, is in the range of 0.01 mol-L™' to
0.05 mol-L ", it cannot reach critical H, supersat-
uration, and the maximum current is limited by the
proton diffusion flux. Therefore, an S-shaped curve
without nanobubble formation was obtained in
Fig. 2c. However, when the concentration is larger
than 0.1 mol-L™", a peak-shaped curve with con-
centration-independent i { can be observed in
Fig. 2d, indicating that H, reaches critical super-
saturation on the electrode surface and single
nanobubbles are generated.

3.4. Characterization of WS, QDs

We characterized the morphology and size of the
synthesized WS, QDs by TEM. Results from
Fig. S2a show that the synthesized WS, QDs are
spherical and well dispersed. Particle size statistics
were performed on the WS, QDs in Fig. S2a, and

the results are shown in Fig. S2b. Size distribution
analysis shows that the average particle size of
WS, QDs is 3.62 nm. We further performed EDS
elemental analysis on WS, QDs, and the results are
shown in Fig. S2c. The analysis results show that
the quantum dots contain a large amount of W and
S elements, the W/S atomic ratio is nearly 1:2,
which agrees with the element composition of WS,
[27,28]. The EDS spectrum also proves the suc-
cessful synthesis of WS, QDs. Fig. S2d provides the
Raman spectrum of WS, QDs. The characteristic
peaks of E;; and A;, of WS, QDs located at 350.89
and 421.8 cm™!, respectively, can be observed,
which are assigned to the in-plane motion of the
WIS atoms and the out-of-plane vibrations of the S
atoms, respectively [27,29].

Fig. S3 shows the XPS spectra of WS, QDs, which
was used to confirm the chemical state and
elemental composition of the quantum dots. As
shown in Fig. S3a, except for W and S elements,
other elements show their original chemical states.
The appearance of C and O is attributed to the
oxidation of W element and the adsorption of CO, in
the air on the quantum dot surface [27,30]. The
bands at 32.28 and 34.48 eV (about 2.2 eV) are
assigned to W 4f;,, and W 4f; ,, respectively, and the
W 5p3/» peak can be seen at 37.88 eV (Fig. S3b),
indicating that the W element of WS, QDs mainly
exists in the +4 valence form, and the existence of
WS may be due to the oxidation of the W edge
during ultrasonic exfoliation and hydrothermal
processes [31,32]. The bands of 161.98 and 163.08 eV
belong to S 2p;,» and S 2py,, respectively (Fig. S3c),
which is caused by the —2 valence state of the S atom
[33]. The results shown above are in good agreement
with literature reported previously for 2H-WS, and
demonstrate the successful synthesis of WS, QDs
[33,34]. The XRD pattern of WS, QDs is provided in
Fig. 54. For WS, QDs, there are only three very weak
characteristic peaks correspongding to (004), (006),
and (008), which is similar to the single-layer TMD
quantum dots reported previously [27], revealing
that the WS, quantum dots synthesized have the
nanostructure of quantum dots.

3.5. Formation of single nanobubbles on Au NEs

Fig. 2a shows a typical cyclic voltammogram
(CV) recorded on an Au NEs with a radius of 18 nm
in H,SO, solution. When the scan voltage is more
negative than —0.5 V, the current increases rapidly,
corresponding to the thermodynamic potential of
proton reduction (E(H"/H,)o), until it reaches a
peak value (i® is about 20.23 nA), at which the
voltage is approximately —0.82 V relative to Ag/
AgCl. Within the range of 0 ~ —0.5 V, the i-V curve
is smooth and continuous, meaning that no bubble
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was formed. After the peak current at ~ —0.82 V,
the current decreases sharply to a residual current
value i of ~—2.2 nA. According to previous re-
sults, this voltammetric response was due to the
formation of a single nanobubble on Au NE, which
blocks large area of the active surface of Au NE
(>95%) [12,35]. The inset in Fig. 2a shows a
magnified view of the residual current after
nanobubble formation. The H reduction i}, re-
mains basically unchanged, indicating that the
nanobubbles at NE are in a dynamic steady state
[12]. In the reverse voltammetric scan from —1.0 V
to positive potential, no anodic peak H, nano-
bubbles, corresponding to the oxidation at the
positive potential E(H"/H,),, was observed, indi-
cating that H, bubbles dissolve rapidly on the
voltammetric time scale once H can no longer be
reduced. Fig. 2b shows the CV responses of Au
NEs at different scan rates in the range of
10—200 mV-s ', which is independent of the scan
rate. Before nanobubble formation, the current is
limited by H" transport and reduction kinetics at
NE [12]. When the current reaches a critical value
of ~ —21 nA, the current decreases rapidly, and
nanobubbles are formed very quickly and are not
affected by the scanning speed.

We also studied the electrochemical behaviors of
Au NEs in different concentrations of H,SO,, and
we can see that the shape of the CV curve gradually
changes from “S-type” to “peak-type” as the con-
centration of H,SO, increases (Fig. 2¢, d). Accord-
ing to the mechanism of proton electroreduction to
form nanobubbles on Pt NEs proposed by White
et al. [12], reaching critical H, supersaturation on
the NEs surface is important for the generation of
single nanobubbles, which is related to the value of
nb When the concentratlon of H2504 is in the
range of 0.01 mol-L™" to 0.05 mol-L ™, it cannot
reach critical H, supersaturation, and the
maximum current is limited by the proton diffusion
flux. Therefore, an S-shaped curve without nano-
bubble formation was obtained in Fig. 2c. However,
when the concentration is larger than 0.1 mol-L™ ",
a peak-shaped curve with concentration-indepen-
denti? can be observed in Fig. 2d, indicating that
H, reaches critical supersaturation on the electrode
surface and single nanobubbles are generated.

We compared the cyclic voltammetric curves of
Au NEs obtained with different radii in H,SO,
solution (0.5 mol-L™1). For the NEs with r < 60 nm,
a “peak-type” cyclic voltammetric response can be
obtained (Fig. S5a, S5b, S5c), while for the NEs
with r > 60 nm, an “S-type” cyclic voltammetric
response can be obtained, but there is obvious
hysteresis in forward and reverse scans (Fig. S5d).
The value of i} increases as the radius of NEs

increases. However, for Au NEs with a radius
larger than 60 nm, the maximum current ap-
proaches the diffusion-limited current. Taking the
Au NE with a radius of 143 nm as an example, the
maximum current observed from Fig. S5d is about
—283 nA, which is close to the calculated ~—295 nA
according to Eq. 1. The appearance of “S-type” on
larger-sized electrodes may be caused by insuffi-
cient nanobubbles generated covering the entire
electrode surface [12].

3.6. Bubble nucleation conditions of Au NEs

According to the cyclic voltammogram, changes
in voltammetric current are produced by proton
reduction. Before bubble nucleation, the system is
in a steady-state, and the steady-state dissolved H,
concentration (Cy,) on the electrode surface can be
estimated from the peak current by Eq. 2 [12,35].

inpb = 4nFDH2 CI_SIZ critical a (2)

where n is the number of electrons transferred per
molecule of H, generated (n = 2), F is Faraday's
constant (96,485C -mol %), Dy, is the diffusion co-
efficient of H, (4.5 x 10~° cm?-s™ 1), and CI_SIZcrmcal is
the concentration of H, on the NE surface. It can be
seen from Eq. 2 that i} is related to the radius of
the electrode (a) and the Cq, ..., According to our
measurements of Au NEs with different radii in
H,SO,, il is proportional to the radius of nano-
electrode (Fig. 3a). The slope @r /@) that can be
derived from the linear relationship between i
and a is ~0.12. And according to Eq. 2, Cl{lmml is

calculated to be approximately 0.4 mol-L™ ", which

is similar to the results reported in the literature
[36]. Fig. 3b shows that the Cj for the forma-
tion of H, nanobubbles on the ‘surface of NEs is
relatively constant for Au NEs with different radii,
indicating that the critical concentration of dis-
solved H, for bubble nucleation/formation at the
NE is not related to electrode size [37].

3.7. Formation of single nanobubbles on WS,@Au
NEs

To obtain WS, QDs coated Au NEs (WS,@Au
NEs), we soaked the Au NE with a radius of 9 nm
into WS, QDs solution (2 mg'mLfl) for 1 h. Then,
WS, QDs would be attached on the surface of Au
NE through Au—S bonds to obtain the WS,@Au NE
[23]. In order to prove that the WS, QDs were
successfully self-assembled onto the Au NE surface,
we conducted EIS tests on the Au NE and WS,@Au
NE, respectively, and the results are shown in
Fig. S6. The charge transfer resistance (R.;) of Au
NE (black curve) is 445 Q. After self-assembly of
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Fig. 3. (a) H, nanobubble peak current i | as a function of NE radius for Hy bubble nucleation in 0.5 mol-L ™" H,SO,. (b) The concentration of
dissolved H, at the NE surface that is required for bubble nucleation and formation, C§,  , as a function of NE radius. The linear data-fitted

lines are included.

WS, QDs onto the Au NE surface, the R value of
WS,@Au NE increased significantly (578 Q, red
curve). This result proved that the WS, QDs were
successfully assembled onto the Au NE surface. In
order to explore the optimal conditions for gener-
ating H, bubbles, we optimized the incubation time
for the self-assembly of WS, QDs onto the Au NE
surface. Cyclic voltammetric tests were performed
on Au NEs soaked in WS, QDs for different time,
and the test results are shown in Fig. S7. We found
that as the soaking time increases (from 0 to
60 min), the potential corresponding to i} moves
positively, while at 60 and 80 min of soaking, the
potential appears moving negative slightly. Ac-
cording to the different soaking time of Au NE and
the corresponding potentials of i}, we drew a
broken line (Fig. S8a). We found that a soaking time
of 60 min produced a potential correction of H,, so
60 min were selected as the optimal soaking time,
and used for all the subsequent related experi-
ments. Fig. S8b compares typical voltammetric re-
sponses of Au NE and WS,@Au NE in H,S50,
solution, and the nanobubble formation potential of
WS,@Au NE (—0.522 V) is corrected relative to that
of Au NE (—0.8 V), indicating the enhanced HER
activity with the modification of WS,, and further
proving the successful modification of WS, QDs
[36]. However, when the WS, QDs are assembled
on the Au NE, the larger peak current is required to
form H, bubbles in the WS,@Au NE compared to
the Au NE, which may be due to the increased
surface area [38].

3.8. Microdynamic analysis

We performed microkinetic analysis of the HER
processes of Au NEs and Au@WS, NEs to evaluate
the HER activity. The HER process generally con-
sists of two possible steps, the Volmer step (Eq. 3)
and the Heyrovsky or Tafel step (Eq. 4 and Eq. 5),
as shown below [37,39,40].

Volmerstep: H " +e  +M =M — H (3)
Heyrovskystep :H' +e"+M - H=M+H, (4)

Tafel step :2M — H = 2M+H, (5)

where M denotes the surface empty site. The
overall rate can be determined by each step, and
their corresponding kinetic current expressions
can be expressed as [41].

iee =nFAK ay;+ exp (-afn) (6)
K02, :
oA K iy eXP(caf) (7)
exp(fn) + Koy
2
KU 2 .
jq=nFAK |~ 8)
exp(fn) +K'ay+

where i, and F are the current flowing under the
kinetic limit and the Faraday constant, respec-
tively, and A and k° are the electrode surface area
and the standard rate constant of the HER rate-
determining step, respectively. K° and a- are the
equilibrium constant and proton activity of the
Volmer step, respectively. fis equal to F/RT and 7 is
the overpotential, and « is the conversion coeffi-
cient of the rate-determining step.

Before data fitting, i,x could be obtained by
subtracting the contribution of mass transfer from
the Koutecky—Levich equation (Eq. 9) [37,42].

1 1 1 1 1

L S 9
i 1 im 1 AFDyCppor ©)

Where i represents the experimentally mea-
sured overall current, i,; and Dy are the limi-
ting current controlled solely by mass transfer
of H" and diffusion coefficient of HT
(7.8 x 10°° em?-s7?), respectively. r is the radius of
the NE. By fitting the experimental data using the
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Fig. 4. (a) Polarization curves and (b) the corresponding Tafel plots of Au NE and Au@WS, NE (both with 30 nm radius) in a 0.5 mol-L™" H,SO,

solution.

three rate-determining formulas provided above,
and the correct kinetic model by finding the
best result between fit and experiment can be
obtained.

After the nonlinear fitting of Eqs. 6—8, the best
fit was obtained using Eq. 6 for the Au NE
(Fig. S9a), which suggests that the rate-deter-
mining step should be the Volmer step in the HER
process of Au NE. On the other hand, the Heyr-
ovsky step is the rate-determining step in the HER
process of Au@WS, NE (Fig. S9b). As reported
previously, the Volmer step on the Pt surface is
very fast [43], and the rate-determining step of our
fitted Au NEs may contradict this. Therefore, in
order to further verify the accuracy of the simu-
lation results, the polarization curves and Tafel
slopes of Au NE and Au@WS, NE with a radius of
30 nm were obtained, as shown in Fig. 4. Tafel
slope is used to distinguish different mechanistic
pathways in HER. Generally, there are three main
reaction steps for HER in acidic electrolytes,
including an initial discharge step (Volmer step,
Tafel slope of ~120 mV-dec '), followed by an
electrochemical desorption step (Heyrovsky re-
action, Tafel slope of ~40 mV-dec ') or the
recombination step where hydrogen is adsorbed
on the catalyst surface (Tafel reaction, Tafel
slope ~ 30 mV-dec ). For the HER process, the H,
generation mechanism step is either a combina-
tion of Volmer-Tafel steps or a combination of
Volmer-Heyrovsky steps. In Fig. 4b, the Tafel
slopes of Au NE and Au@WS, NE are
126 mV-dec ' and 79 mV-dec !, respectively,
which are in agreement with the theoretical
values, indicating that during HER, the Volmer-
Heyrovsky process exists on the Au NE and
Au@WS, NE. Based on the consistency between
experimental results and simulation results, the
surface coverage of adsorbed H on the Au@WS,
NE can be calculated by Eq. 10:

9 KOEIH+
exp(fn) + Ko+
The values of «, k°, K° and 6 for the Au NEs and
Au@WS, NEs are shown in Table S1 and Table S2.
At the bubble formation potential, the value of ¢ is
about 0.98, indicating that the adsorbed H protons
almost completely cover the Au@WS, NEs when
the bubbles are formed. In addition, the average k°
of Au@WS, NEs is approximately 12 times that of
Au NEjs, indicating that Au@WS, NEs have higher
HER activity. Compared with «, K° and 6, k° of
different NEs showed larger changes, indicating
the activity heterogeneity of NEs. This heteroge-
neity may not only be due to size effects but also
result from the structural dispersion observed at
the nanoscale [44—47].

(10)

4. Conclusions

We have studied the behaviors of single hydrogen
bubbles formed on AuNEs and Au@WS, NEs based
on voltammetry, providing help for understanding
the basic research on nanobubble electrochemistry
and the evaluation of HER activity. Microkinetic
analysis of the voltammetric response showed that
the average k° of Au@WS, NEs was approximately
12 times that of Au NEs, indicating that Au@WS,
NEs had higher HER activity. As the HER activity
increased, the bubble formation potential shifted to
a more positive potential. This work can help us
design and screen new nanomaterials for the
application in fundamental electrochemistry, elec-
trocatalysis and energy-related field, especially at a
single entity level.

Supporting information

Additional information as noted in the text. This
material is available free of charge via the internet
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spectrum of WS, QDs; XRD patterns of WS, QDs;
CVs of the Au NE with different radius; EIS char-
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ing time and the voltage of bubble generation; and
experimental CVs and their corresponding best fits.
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