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Bubble evolution in electrolysis, commonly originating from nanobubbles (NBs), usually gives rise to the extra
overpotential due to a high internal pressure generated in these ultrasmall sized bubbles. The study on the
growth of interfacial NBs is crucial, but nanobubble evolution during electrolysis is still vague. Herein, we
employ the in situ electrochemical surface plasmon resonance imaging method, combined with atomic force
microscopy measurement, to visualize the formation and growth of interfacial NBs during the initial stage of the
hydrogen evolution reaction. We find that NB growth originates from pancake shaped ones, followed by

Received 24th December 2022, increasing the coverage and roughly pinned three-phase boundaries, increasing the contact angle and height;

Accepted 28th February 2023 but the coverage remains almost unchanged after reaching the equilibrium state. Further increasing the
overpotential leads to the increase of the NB curvature (potential shift), as well as a higher gas outflux rate,
namely, higher background current. As confirmed by molecular dynamics simulations, the “pin-rise” growth

mode and the quantitative influence of NBs on the electrochemical performance have been revealed.
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Broader context

Electrochemical gas evolution reactions (GERSs) often suffer from large overpotentials before visible bubbles emerge, which is widely acknowledged to be
initiated by the formation of interfacial nanobubbles. However, according to this traditional view, bubble formation should have a high nucleation barrier and
arapid barrier-less growth process, which is contradicted by the experimental observation that a higher overpotential is required for enlarging the NBs to visible
ones. Here, for the first time, we resolve this contradiction by observing the “pin-rise” growth mode of interfacial nanobubbles under electrolysis conditions
with the combination of newly developed SPRi technology, atomic force microscopy, and molecular dynamics simulations.

1. Introduction

Electrochemical gas evolution reactions (GERs) play vital roles
in energy storage and chemical production,'™ e.g. water split-
ting rections>® and in the chlor-alkali” industry. For a typical
process, it is widely acknowledged that the generated gas
products evolve from nanobubbles (NBs) on defects (e.g:, cracks
or crevices) at the electrode surface, which then grow in size
(commonly >20 pm) until the buoyancy force peels them off
from the electrode.® To lower the overpotential, which is the key
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to determining the device’s energy efficiency, tremendous efforts
have been devoted to developing catalysts with efficient intrinsic
activity.” ™ Meanwhile, electrode structure engineering (e.g,
nanoarray-based superaerophobic electrodes) has recently
attracted attention for enhancing the current density per over-
potential voltage." This is because the interfacial bubbles formed
during the GERs can block the effective contact between the
electrolyte and the electrode surface, thereby hindering the mass
transfer and decreasing the system conductivity, leading to a
decrease in energy efficiency.'®"”

Before phase transformation into macroscopic bubbles, inter-
facial NBs would bring unexpected impacts on the electrochemical
overpotential after nucleation. According to the Young-Laplace

equation (Ap = 23’/,, y is the surface tension; r is the bubble
radius), the internal pressure of bubbles is inversely proportional
to their radius, indicating that the ultra-small sized NBs would
adopt an extremely high internal pressure (e.g., ~28 bar for 50 nm
NBs)."® In this context, one can deduce that the increase of the
bubble size (radius) during the growth of NBs would lower the
internal pressure and consequent chemical potential of NBs."®
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Fig. 1 (A) Schematic illustration of the relationship between the free energy of the electrode surface bubbles and the overpotentials during gas phase
transformation. (B) Linear sweep voltammetry curves (LSVs) of the HER with (the red line) and without (the black line) oxygen plasma treatment. An

additional initial overpotential (7yg) emerges after oxygen plasma treatment.

In other words, after overcoming the rate-determining nucleation
step, the further growth of NBs should be a smooth, fast and even
accelerated process. However, a higher overpotential is required to
complete the gas phase transformation from NBs to macroscopic
bubbles (Fig. 1A), as evidenced by the monotonic increase of the
current density with the overpotential in common polarization
curves. That is, the transformation of NBs into macroscopic
bubbles would require higher free energy (AG) to overcome a
critical value, which still remains a mystery.

As is well known, the growth kinetics of macroscopic bub-
bles can be investigated using a high-speed camera by record-
ing the time-dependent variations of the radius, typically
expressed by Scriven’s theory as R(t) = fit*,”° where f§ stands
for the growth coefficient and x represents the time coefficient.
However, owing to their ultrasmall size,>>* the growth of
interfacial NBs is usually considered to be governed by inertia
imposed by the nearby liquid in milliseconds,* exhibiting
ultrafast kinetics as turning into macroscopic bubbles, accom-
panied by the reduction of free energy. In pioneering studies,
White et al. investigated the nucleation of single embryo NBs by
recording the variation of current based on individual nano-
sized model electrodes, gaining insights into the NB’s critical
nuclei size, reaction rate and activation energy, supersaturation
in solution, etc.?°>° Nakabayashi et al. verified the formation of
surface NBs and the resultant potential shift during electro-
chemical reactions.*® However, the chemical potential of NBs is
significantly associated with morphological characteristics
such as geometry (e.g., radius, height, contact angle, and
curvature) and the surface coverage of electrodes. Operando
detection with a sufficient spatial and temporal resolution is
highly desirable. Yet, to overcome the limitation of the sam-
pling time and statistics of classic atomic force microscopy
(AFM) technology,*** several in situ optical imaging technolo-
gies such as total internal reflection fluorescence microscopy
(TIRFM)?? and dark field microscopy (DFM)** have been devel-
oped to track the evolution dynamics of NBs,**** demonstrat-
ing the potential of fast imaging of optical systems.

In this study, a surface plasmon resonance imaging (SPRi)
technique, which is extremely sensitive to the dielectric field
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change, and widely used in biological binding/recognition
studies,**3” is employed to investigate the formation and
growth of interfacial NBs using the hydrogen evolution reaction
(HER) as a probe. An operando real-time observation system is
set up with a Pt/Au nano-film as both a working electrode and a
plasmonic imaging platform, where the SPR reveals the growth
of NBs statistically by showing increased reflectivity, and AFM
yields images with a high spatial resolution for each NB (e.g.,
pinning states and curvatures). It is observed that NBs originate
from pancake shaped ones, and then inflate with pinned three-
phase boundaries, leading to the increased bubble contact
angle (CA) and height, reduced curvature radius, and higher
chemical potential of the gas inside the NBs. Such higher
chemical potential results in higher supersaturation of vicinal
dissolved gas and a greater background current, as a conse-
quence of increased overpotentials. And this process is further
confirmed by molecular dynamics (MD) simulation. The pre-
sent work not only provides a promising method to track the
real-time growth of interfacial NBs, but also uncovers the
crucial role of NBs in determining the efficiency and the over-
potential of GERs, and may inspire further optimization for the
phase transformation of electrode surface NBs.

2. Materials and Methods
Electrochemical SPRi (EC-SPRi) setup

Electrochemical SPRi (EC-SPRi) was conducted to explore the
behaviors of nanobubbles, and the experimental setup was
based on the Kretschmann configuration, as shown in
Fig. 2A. Polarized incident light (808 nm) was directed onto a
gold film via a BK7 quartz prism, and the reflected light was
imaged with the objective. At the same time, an SPR response
(variation of reflectivity) from the totally inner reflected light
was obtained. The electrochemically deposited Pt on the sur-
face of an Au-coated prism was used as the working electrode, a
carbon rod as the counter electrode, and a saturated calomel
electrode as the reference electrode to fabricate a three-
electrode in situ electrochemical reaction cell. As the sensitivity

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Time-dependent evolution of NBs at an overpotential of 50 mV. (A) Schematic diagram of the experimental setup for the electrochemical surface
plasmon resonance imaging (EC-SPR). (B) Time-dependent SPR reflectivity (red curve, left axis) and current density (blue curve, right axis). (C) SPR,
(D) AFM, and (E) 3D views of AFM images captured at 1, 5, 10, and 30 min during the hydrogen evolution reaction.

of the SPRi technique is highly dependent on the dielectric
constant, the deposited amount of Pt should be very small to
minimize the dielectric constant variation of the original plasmo-
nic Au film. As revealed by SEM (Fig. S1B, ESIt) and AFM images
(Fig. S2, ESIt), no obvious Pt nanoparticles were formed and no
obvious color change was observed after Pt deposition. The
elemental mapping and onset potential comparison of linear
sweep voltammetry (LSV) curves for Au (—0.1 V vs. RHE) and Pt/
Au (0 V vs. RHE) electrodes (Fig. S1A, ESIT) verify the successful
decoration of Pt on a Au film. The influence of dielectric constant
variation for SPRi sensing with Pt and without Pt coated prisms
was further evaluated by measuring the reflectivity at different
potentials (—0.4 to 0.7 V) (Fig. S3, ESIt). There is a potential-
dependent variation of reflectivity, which might result from the
dielectric constant change induced by the modulation of free
electrons of the metal film at different potentials, but the very
limited deviation between the two reflectivity curves (Au and Pt/Au)
indicates that the dielectric constant remains nearly the same after
the atomic level deposition of additive metals on the Au film.

An electrochemical HER test was performed in 0.05 M H,SO,
solution with a scanning rate of 5 mV s™', with a saturated

This journal is © The Royal Society of Chemistry 2023

calomel electrode as the reference electrode, and a platinum
electrode as the counter electrode.

Verification of the ultra-sensitivity toward gas molecules

Before the experiment, we assessed the theoretical reflectivity
with polarized incident light (R;,) of gas molecules. The theore-
tical reflectivity change can be calculated using eqn (2),®

. 2
For + ripetikind
2k, d

1+ roirpe

Ry = [ronaf’= (2)
where r represents the reflection coefficient between the two
layers; 0, 1, and 2 represent the prism, gas, and electrolyte,
respectively.

The reflection coefficient (r) between two interfaces is given
using eqn (3),*®

_ gikyi — &ikyy

ri = 3
/ gikyi + ik G

where £ is the longitudinal wave vector, and ¢ is the dielectric
constant of different layers (y and j are quartz and Au,
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respectively). Here, the dielectric constants of quartz and Au are
2.25 and —16, respectively.
Furthermore, the k value can be calculated using eqn (4),*®

K= n? @r/n) (n))/(n? — sin 2a)) (4)

where n; and n; are the refractive indices of the prism (1.515)
and Au (1.48), respectively.

Accordingly, the theoretical reflectivity (R) change of gas
molecules was calculated to be 36.6%, which is an extremely
big value, and directly related to the sensitivity toward gas
bubbles. To demonstrate the considerable reflectivity change,
we compared the SPR curves of the evolution of a single
hydrogen bubble on a Pt/Au film prism and reference biomo-
lecule (DNA) recognition (Fig. S4, ESIT). As the bubble grows
and finally fully occupies the pre-selected area as marked
in a red circle (Fig. S4, ESIf inset), the reflectivity gradually
increases and reaches a plateau of ~36%, while the reflectivity
of similarly fully occupied DNA molecules is only about 7%.
Similarly, the corresponding SPR images (Fig. S4, ESIT inset)
also display that the contrast of the bubble contact area is
much higher than the binding area of DNA molecules. This
suggests that the SPR is suitable for bubble observation.

Characterization of surface nanobubbles

SPR (Horiba) and AFM (Bruker catalyst) were used to character-
ize the geometric change and growth trend of surface nano-
bubbles in the electrochemical gassing reaction. SPR is very
amenable for studying the nanobubble system due to its very
high response degree, and the change in the nanobubble on the
electrode can be judged according to the changing trend of the
image. AFM is a traditional instrument used to characterize
nanobubbles. As shown in Fig. S5 (ESIt), tip correction (the
AFM probe scans a given patterned substrate and compares the
obtained groove size with the standard size) was used to
improve accuracy, and the tapping mode is used to obtain
the geometry of surface nanobubbles.

Simulation methodology

A patterned plate with 4 layers of Au was utilized as the
substrate in the simulation. Au atoms of different color were
assigned different interaction parameters to simulate hetero-
geneous nucleation as shown in Table S1 (ESI).**™** The size of
the whole simulation box is 14 nm X 14 nm x 12 nm.
Molecular dynamics simulations are performed with a mod-
ified version of the open source code LAMMPS.*® The equations
of motion are integrated with the velocity Verlet algorithm with
a time step of 5 fs. The temperature is set to 300 K, controlled
with the Nose-Hoover thermostat with a relaxation time of
0.25 ps.

The electrochemical production of gas at the electrode is
mimicked by inserting it at a random position within a disk
with the same area of the electrode and 2.5 A above the Au
electrode. The gas molecules can only be created if there is at
least one water molecule within 4 A of the creation point,
because water is needed for the electrochemical reaction to
proceed in the experiment. If that requirement is not met, a
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new gas creation attempt elsewhere above the electrode plane is
carried out for the same configuration, up to ten trials. The gas
molecules’ inserting frequency (F) was used to mimic the electro-
chemical reaction driving force by using the algorithm.** With the
different values of F, we can get the variations of the NB profile
and internal pressure Pyg,

N .

rifi
NksT Z i )

4 dv

Pnp =

where N is the number of atoms in the selected calculation region,
V is the volume of the calculation region, kp is the Boltzmann
constant, d is the dimensionality of the system, and r; and f; are the
position and force vector of atom i, respectively.

The whole simulation box was split into several cubic
meshes with a size of 3 A, and the local water density in each
mesh was recorded. By plotting the half-water-density points as
the NB profile, we can obtain the CA.

3. Results and discussion

Operando observations of interfacial NBs at an overpotential of
30 mV

We conducted electrochemical HER measurements using a Pt
deposited Au film with mild hydrophilicity (CA = 56°) as the
working electrode. Similar to those typical polarization curves,
the overpotential losses can be divided into three parts®>*>*®
(Fig. 1B): activation overpotential (17,),">*” ohmic overpotential
(Monm),*®*° and concentration overpotential (Heonc).*>>">" How-
ever, as the electrode surface was treated with oxygen plasma to
strengthen the hydrophilicity until the water droplet CA
dropped to 12° (Fig. 1B inset), an obvious extra HER over-
potential of ~100 mV, as compared with the electrode without
oxygen plasma treatment, is added. By contrast, as the reaction
switched to non-bubble redox of potassium ferricyanide on two
identical electrodes with/without oxygen plasma treatment, the
two reduction curves overlap each other perfectly (Fig. S6, ESIT),
verifying that the extra overpotential should be related to new
(gas) phase formation. We defined this extra overpotential as
n~e, Which is the nanobubble-induced overpotential during the
initial stage of gas evolution reactions.

Various increasing overpotentials from 50 mV to 200 mV (vs
RHE) with an interval of 50 mV were applied on the oxygen
plasma treated Pt/Au electrode to check the bubble effect. As
shown in Fig. S7 (ESI{), there are no macroscopic bubbles on
the electrode surface at small overpotentials (50 and 100 mV),
and the current decreases exponentially to a smooth and rather
limited balanced value lower than 1 mA cm 2 While the
balanced current becomes fluctuant as the applied overpoten-
tial is set to 150 mV, accompanied by macroscopic bubble
formation on the electrodes. With a further increased over-
potential at 200 mV, more macroscopic bubbles are generated
on the electrode, whose growth and detachment further induce
strong current fluctuations.

The above “current fading” experimental phenomenon should
be relative to the NB formation at the electrode/electrolyte

This journal is © The Royal Society of Chemistry 2023
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interface before the appearance of macrobubbles in a relatively
large potential window (nearly 100 mV) after oxygen plasma
treatment.>* To gain further deep insights into the interface
behaviors of the electrode/electrolyte, SPR technology, a
method with high sensitivity to a dielectric constant change
at the nanoscale,>*>® was applied to investigate the “invisible”
NBs at the surface of the Pt/Au prism electrode after careful
verification (Fig. S1, ESIf). And, the applied overpotentials
are restricted to lower than 100 mV to avoid visible bubble
formation.

The experimental setup of the electrochemical SPR (EC-SPR)
was established based on the Kretschmann configuration®” to
explore the behaviors of NBs (Fig. 2A). The polarized incident
light (808 nm) was directed onto the Pt/Au film via a BK7 quartz
prism, and the reflected light was imaged with the objective. At
the same time, an SPR response (variation of reflectivity) from
the totally inner reflected light was obtained. A considerable
change in the reflectivity from the SPR image, which is tightly
related to the dielectric constant, is observed due to the
formation of a new gas phase. And then the reflectivity change
could indicate the bubble-coverage ratio finally. The control
experiment was conducted in a certain area totally covered by a
planted macrobubble, and the reflectivity can reach up to a
maximum value of ~36%, which is also in accord with the
theoretical calculation (SI), which is much higher than that of
totally covered by the commonly applied DNA molecules (7%).
Therefore, the variation of the reflectivity of SPR of the gener-
ated NBs from the totally inner reflected light can be regarded
as a bubble-coverage ratio.

After the oxygen plasma treatment of the electrode, as
conducted at an overpotential of 30 mV (—30 mV vs. RHE
electrode) with a scanning rate of 5.0 mV s~ in 0.05 M H,SO,
solution, the current density rapidly decreases in 5 min and
gradually reaches a plateau after 20 min (Fig. 2B), accompanied
by the brightening of typical SPR images of the whole prism
(Fig. 2C), as well as a fast increase of reflectivity reaching up to
~ 3%, which implies the formation of NBs with a coverage of nearly
8% on the electrode (100% x 3%/36%).

As combined with statistical SPR imaging, we collected
in situ time-dependent AFM images on a hydrophilic electrode
within a 10 x 10 pm? area under the same reaction conditions
(Fig. 2D) to source the time-dependence function of the current
density and reflectivity. Profile details of each NB, including the
height and the contact area can be obtained by AFM after tip-
correction, which was conducted by scanning a standard sub-
strate with a given size (280 x 200 nm?), and the clear image
verifies the tip precision (Fig. S5, ESIt). Before the reaction, the
roughness of the Pt/Au surface was verified as low as 1.3 nm
(Fig. S2, ESIY). In the beginning of the reaction (~1 min), there
were a few tiny white spots accounting for only 0.4% coverage
(the ratio of the total contact area of NBs to the electrode area.)
in the whole area, which were further confirmed as NBs after
brief AFM scanning by showing a negative signal compared
with the Pt/Au substrate in the force profile (dim spots in
Fig. S8, ESI}).>® As the working time is prolonged from 1 to
30 min, the coverage of NBs increases from 0.4% to 8.2%, as

This journal is © The Royal Society of Chemistry 2023
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evidenced by the 3D-view AFM images (Fig. 2E), with some NB
agglomerates (Fig. S9, ESIt). The evolution of the NB coverage is
increased quickly to a plateau, consistent with the variation of
the current density and the reflectivity of SPR images (Fig. S10,
ESIt). Accompanied by the continuous formation of NBs on the
electrode surface, the current density reaches an equilibrium

value of 0.083 mA cm 2.

Operando observations of equilibrium interfacial NBs at
different overpotentials

Next, various overpotentials (10 mV to 50 mV) were applied on
the electrode to reveal the variations of the current density and
SPR reflectivity (Fig. 3A and B) during the HER process. As it is
conducted at a overpotential of 10 mV for 10 min, the system
tends to approach a dynamic equilibrium state with a current
density of 0.047 mA cm™? and a reflectivity of 1.4% after an
initial rapid decrease of the current density and an increase of
reflectivity. As the applied overpotential increases, both the
current density and the reflectivity rapidly reach the corres-
ponding new plateaus (current density plateaus of 0.050 to
0.069, 0.095, and 0.157 mA cm ™2, corresponding to the given
overpotentials of 20, 30, 40, and 50 mV, respectively). Accord-
ingly, the reflectivity exhibits the same rising trend (from 1.5%
to 1.7%, 2.0%, and 2.7%) as that of the current density
(Fig. 3C). This indicates that each overpotential can supply a
certain driving force to form NBs with a given curvature, and
enable a new balanced state with an equilibrium current
density. After normalizing the time-dependent current varia-
tions (Fig. S11, ESIY), it can be found that the current density
reaches equilibrium at essentially the same time at different
overpotentials, as well as the changing trend of current density
(Fig. S12, ESIf). Correspondingly, the brightness of SPR images
of the equilibrium states also rises faster with an increase of the
overpotential but terminates at the same time point (Fig. 3D).
As revealed by the top-view and 3D-view AFM images (Fig. 3E,
F), the coverage of equilibrium NBs surprisingly remains nearly
constant as 7% =+ 1% at different overpotentials, besides more
agglomerates appear at higher overpotentials (e.g., 50 mvV),
which indicates that the brightening of SPR images would be
mainly attributed to the variation of the NB morphology/height.

In the SPR configuration, the excited evanescent wave
usually propagates tens of micrometers in the lateral direction,
and thus the reflectivity is sensitive to the interfacial variation.
As there are species adsorbed or generated on the given surface,
the localized evanescent wave would be greatly attenuated and
the reflectivity would increase. By contrast, in the vertical
direction, the evanescent wave is exponentially damped away
from the interface (Fig. S13A, ESIT), so that the reflectivity is not
sensitive to the height of NBs, except for the bubble edge. For
the cap-shaped surface NBs, their edge region has a rather
small height, usually lower than 10 nm, and the edge part of the
evanescent wave would be partially attenuated, not as fully as
the central part (Fig. S13B, ESIt). As a result, when interfacial
NBs further grow with an increase of the contact angle, the edge
part would be thickened, and the corresponding localized

Energy Environ. Sci.
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Fig. 3 Overpotential-dependent variations of nanobubbles. (A) Current density and (B) reflectivity of SPR of Pt/Au electrodes, as a function of time at
varying overpotentials: 10, 20, 30, 40, and 50 mV. (C) Curves plotting the reflectivity (red dots) and equilibrium current (blue dots) as a function of the
overpotential. Overlapping of the 2 lines indicates the strong relationship between the two factors. (D) SPR, (E) AFM, and (F) 3D-view of AFM images
captured at —10, —20, —30, —40 and —50 mV during the HER in the plateau zone of SPR.

evanescent wave would be further attenuated slightly, leading
to a limited increase of reflectivity (Fig. S13C, ESI¥).

Variations of interfacial NBs during the growth process and
equilibrium states

Deep analysis of AFM measurements was applied to obtain
more detailed structural parameters of NBs to reveal how the
SPR images become brighter under the same bubble coverage.
As shown in Fig. 4A and 4B, with the height (H) and the contact
diameter (D), the curvature radius () of the NBs can be
H? +D*/4
2H
the bubble CA can also be obtained. Typically, at a constant
overpotential of 30 mV, a few embryo NBs nucleate stochasti-
cally on the electrode surface within 1 min, as an initial pinning
stage with an average CA of ~26° (H =7 nm, D = 62 nm, and
r = 74 nm, corresponding to 19.5 bar). Subsequently, massive
NBs form in the next 5 min, and the size and shape of NBs also
change rapidly to reach a CA of ~45° (H =13 nm, D = 72 nm,
and r = 51.5 nm, corresponding to 28 bar). As the reaction time
is extended to 30 min, the coverage of NBs approaches a
constant value of 8.2% (Fig. 2D), and the morphology also
stabilizes (CA = 47°, H = 15 nm, D = 74 nm, and r = 51.5 nm,
corresponding to 28 bar), indicating the dynamic equilibrium
state. This analysis indicates that the interfacial NBs grow

calculated using the equation r = , and therefore

Energy Environ. Sci.

rapidly with the fast increasing CA (from 26° to 45°) and H
(from 7 to 15 nm), but limited the change in D (from 62 to
74 nm) at a given overpotential, which is higher than that
required for NB nucleation. Namely, the three-phase bound-
aries move outward a little within the first 8 min, then reach a
dynamic equilibrium state with a constant morphology and
pinning contact lines. The curvature indicator, r, decreases
rapidly in the beginning and approaches a plateau in the end
(from 74 to 51.5 nm) as evidenced by the time-dependent
statistics of AFM measurement (Fig. S14, ESIT). It should be
noted that the constant contact diameter (CCD) mode is also
nearly applicable to describe the NB growth features, where the
diameter only expends from 62 nm to 72 nm (16%) while the
height is increased from 7 nm to 13 nm (nearly 2 times). It is
also closely related to the “rising-up” growth mode, which
bridges the growth behaviors of NBs and the impact on over-
potential, based on the well-known characteristic CCD mode.
According to the statistics of the NB dynamic equilibrium
states at different overpotentials from 10 to 50 mV (Fig. S15 and
S16, ESIT), the average values of CA gradually increase from 40°
to 65°, and H simultaneously climbs from 10 to 19 nm, while D
only slightly varies from 64 to 68 nm. This indicates a stricter,
nearly CCD variation mode of the NBs with their three-phase
boundaries steadily pinning on the surface (Fig. 4C and D) than
the time-extension case. This CCD evolution mode leads to a

This journal is © The Royal Society of Chemistry 2023
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decrease of r from 56 to 40 nm. Correspondingly, the internal
pressure of NBs would be increased by ~40% according to
Laplace pressure calculation. It explains the reason why 5y is
much more obvious after oxygen plasma treatment: the plasma
treated Pt/Au surface is of higher hydrophilicity, which means
that the extension of bubble zones or movement of the contact
line into the liquid phase would be more difficult (Fig. 1B). As
the surface is confirmed by the variations of the SPR images
and the curves with different oxygen plasma treatment times,
NBs are more likely to be retained on the electrode surface with
higher hydrophilicity (aerophobicity) (Fig. S17, ESIT).
Moreover, it is further found that the change in coverage is
rather limited (<1.5%) at various overpotentials (10-50 mV,
Fig. S18, ESIt), and the number density (p) of NBs is almost
unchanged (Fig. 4B and D), indicating that the increased over-
potential prefers to promote the “pin-rise” growth of formed
NBs rather than new bubble nucleation. Such constant p would

This journal is © The Royal Society of Chemistry 2023

induce balanced distribution and distance between the NBs. If new
NBs are formed, the shortened distance between the already formed
NBs and newly formed nuclei would promote the interactions of gas
molecules between the adjacent NBs, namely, ripening.>® As a
result, the reflectivity variation and the brightening of the SPR
images (Fig. 3B and D) at different overpotentials can be mostly
attributed to the increase of bubble height, as the evanescent wave
on the Pt/Au surface can be extended to a height of ~200 nm based
on an applied polarized incident laser of 808 nm in principle
(Fig. S13A, ESIT).* The results reveal that the equilibrated geometry
of the formed interfacial NBs tightly depends on the applied over-
potential: the higher applied overpotential causes a higher chemical
potential of the electrochemically generated gas, corresponding to
the higher internal pressure of the formed interfacial NBs (with a
smaller curvature radius).

Since the operando electrochemical cell in our experiments
can be regarded as an open system without sealing, the high
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pressure inside NBs (26-36 bar) would lead to supersaturated
environments which release H, into the bulk solution besides into
bubbles. Thus, the decrease of the r value at a higher overpotential
would increase the concentration gradient between the interfacial
NBs and the bulk aqueous phase, thereby enhancing the outflux of
H, from NBs to the bulk phase, to generate overpotential-
dependent residual current (Fig. 3A and Fig. S19, ESIt). When
the applied potential is further increased over the threshold, the
over-high internal pressure caused by a greater CA will eventually
cause the sudden expansion of the three-phase contact line (i.e. de-
pinning), which breaks the dynamic equilibrium between the
chemical potential of NBs and the applied overpotential (and
residual current). The depinning is accompanied by a sudden
increase of the bubble radius and a significant decrease of the gas
chemical potential, leading to accelerated generation of massive
amounts of gas and rapid extension of NBs and formation of
macroscopic bubbles.

Simulations of variations of interfacial NBs

To uncover the molecular mechanism of the surface pinning
effect in NB growth on a flat electrode surface during the GERs,
as well as the corresponding relation between the NB geometry
and the overpotential, atomistic molecular dynamics (MD)
simulations are carried out to investigate the interfacial NB
formation process using an algorithm to mimic the driving
force (i.e., electrochemical overpotential) with the frequency F
of gas creation attempts.*>**®" The whole simulation system is

divided into three regions: the empty reservoir, the electrolyte
layer, and the substrate with a cylindrical hydrophobic region
(bubble-generation region) with weaker interaction parameters,

as well as the surrounding hydrophilic region with stronger
44,62

interaction parameters. On a real electrode surface, due to
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the heterogeneous chemical compositions, surface roughness,
and impurities’ adsorption, the non-uniform distribution of
wettability is inevitable. It is noteworthy that in experimental
studies, it was found that the NBs tend to form on aerophilic
spots. In order to mimic the real electrode surface for NB
growth, we constructed a heterogeneous electrode (as shown
in Fig. 5A), consisting of a yellow hydrophobic region for
nucleation and a gray hydrophilic region for the de-pinning
limitation of the three-phase contact lines. Their hydrophilicity
was regulated by the parameter in the Lennard-Jones potential.

After the full relaxation of the whole system without any gas
molecules, we start the generation of H, molecules by applying
a certain driving force F = 0.4 ps~' (one reaction attempt for
every 2.5 ps), and the formation process of the NB is shown in
Fig. 5A. Fig. S20 (ESIt) shows that the nanobubble fully reaches
a stable state after 10 ns. MD simulations show rapid nuclea-
tion of NBs on the hydrophobic region of the electrode, where
the dissolved H, molecules tend to gather on the surface and
show a pancake morphology, coinciding with experimental
results in Fig. 2D to show easy initial nucleation of the inter-
facial NBs. Then, the initial growth of the NBs follows a triple-
line-extension mode with a super large CA until the pancake
gradually occupies the whole hydrophobic area of the electrode.
After that, the contact line of the NBs is pinned by the hydro-
phobic/hydrophilic boundary, and the growth of the NBs starts
to follow a CCD mode, with the CA and the bubble height being
gradually increased by the continuous injection of H, mole-
cules. Meanwhile, accompanied by an increase of CA, the
growth rate of the NBs becomes lower and gradually
approaches 0, and finally stops with a CA close to 90°,°® which
is almost the same degree on different sized substrates
(Fig. S21, ESIT). By comparing the CAs and curvature radii with
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Fig. 5 Simulations and electrochemical verification of interfacial H, NBs. (A) Snapshots of the nucleation and growth of a H, NB on an electrode surface

when the gas creation frequency F = 0.4 ps~t

. (B) Schematic diagram of the growth of a NB on the Au electrode surface and the shape of NBs with

different driving forces. (C) The contact angle of the NB and curvature radius of the NB corresponding to the different driving forces. (D) The time-
dependent current variation of the diffusion, the free area and the sum of them. (E) Schematic illustration of the time-dependent NB growth process at a
certain overpotential. (F) Variation of the coverage and equilibrium current at different overpotentials. (G) Schematic illustration of the overpotential-

dependent NB growth process.
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different driving forces (Fig. 5B and C), it is confirmed that the
equilibrated CA and the curvature radius of the pinned NBs are
respectively increased with the increase of driving force
(applied overpotential). However, we also find that the curva-
ture radius and contact angle of the nanobubble have critical
values within a certain range of driving force (Fig. S22, ESIt)
Furthermore, the higher internal pressure of NBs at higher
overpotentials was also confirmed by MD simulations (Fig. S23,
ESIT). Therefore, the simulated growth process of NBs is con-
sistent with the experimental observations and previous
predictions.®*

Based on the experiments and simulations, a time-
dependent bubble-current model is proposed to quantify the
relation between the residue current and the NB morphology
and coverage (Fig. 5D). For a typical process at a certain over-
potential, the electrochemically generated H, molecules based
on such an unblocked area would mainly contribute to new
nucleation of NBs and/or growth of already formed NBs
(defined as “isypstrate”’s green line) and the replenishment of
the above-mentioned outflux of NBs (defined as “ixg’”’, red line),

[ = Igubstrate T INB (6)

At the beginning (defined as ¢;), there is no NB formed on
the electrode, the contribution to the current i (blue line) is
solely the exposed electrode substrate (green line). After that,
with the free nucleation/generation of NBs (¢;), the unblocked
area significantly decreases, with the opposite variation trend
of NB coverage (p), thereby the corresponding current contribu-
tion can be expressed as

isubstrate oc d[)/dt (7)

Meanwhile, a supersaturated gradient (Fig. 5E) would form
near the surface of each NB. The supersaturated gradients near
NBs would release H, molecules into the bulk solution (the
outflux of H,). According to Fick’s Law,®® the outflux rate () is
determined by a supersaturated gradient, as j = —DVCs, where
D is the gas diffusion coefficient and V(s is the concentration
gradient, which should be proportional to the concentration
difference value between the surface concentration Cs and the
bulk concentration C,, namely, (C; — C,). By assuming the
same concentration gradient nearby for each NB, the diffusion
current for the replenishment of the total outflux diffusion of
H, molecules into the bulk solution on the whole electrode can
be expressed as

ing o¢ p2FD(Cs — Cy) (8)

where z is the electron transfer number, and F is the Faraday
constant, respectively. Thus, at a certain overpotential, as the
reaction continues (¢;), p and the CA are increased, and r is
decreased (Fig. 4B), and as the supersaturated gradient VCg
increases, iy is correspondingly increased.

When the reaction prolongs to equilibrium state (t.q) at a
certain overpotential, the CA and p increase to a peak value
without further variations over time, with the value of dp/d¢
decreasing to nearly zero (Fig. S10, ESIt); Also, the supersaturated

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

gradients nearby each NB tend to be constant. Thus, the distribu-
tion of NBs can be approximately regarded a “close-packed”
structure (Fig. 5E). In this case, ispstate decreases to nearly zero
and iy reaches the maximum value.

For the equilibrium states at different overpotentials (e.g.,
10-50 mv), the internal pressure of the NBs is proportional to
the concentration according to Henry’s law, namely, Pyg = H X
Cs, where H is Henry’s coefficient. Thus, the applied over-
potential can be balanced with the surface concentration of
the NBs, as described according to the Nernst equation,

_RT,HC ©)
T=2F 0

where T represents the thermodynamic temperature, R is a
constant, and [H'] is the proton concentration. According to the
relative steady coverage of ~7% =+ 1%, in other words, the
overall electrode surface can be considered as averagely divided
by each NB, thereby we can infer that every NB would affect the
surrounding zone about 14 times of NBs themselves. In contrast
to the unchanged coverage, the NB profile (i.e., the CA and r)
tightly associates with the surface concentration C, (Henry’s law),
and hence the relationship between the equilibrium current
(namely ixg) and the applied overpotential can be revealed as
combined with the Nernst equation,

= plk - exp(An) — B]

As the parameters except n can all be considered as the
constants owing to the equilibrium state in a given system, the
current exhibits an exponential function versus 1 with simpli-
fied constants k, A and B. The trend is in accord with the fitted
curve (red line in Fig. 5F). As a result, a higher overpotential (i7)
endows the NBs with a higher internal pressure and higher
surrounding supersaturation gradients (blue background in
Fig. 5G, V; < V,) according to the Young-Laplace equation,
namely, higher outflux induced ixg (red line in Fig. 5F), or a
shorter time to the equilibrium state (Fig. S9, ESIT). In contrast,
the results also indicate that interfacial NBs would generally
grow up following a “pin-rise” mode with the three-phase
contact line pinned, as well as varying profiles (CA and r)
during the gas phase transformation process. Therefore, the
as-formed NBs would indeed generate an extra overpotential for
phase transformation into macroscopic bubbles, until the
applied overpotential is large enough (e.g., >150 mV in
Fig. S7, ESIf) beyond the critical value of the NB profile for
extending (‘“de-pinning”) the three-phase contact lines, which
is determined by the electrode surface heterogeneity (such as
type of materials, roughness, and surface wettability)."*
This underlines the importance of comprehensively under-
standing the NB growth process during gas evolution reactions,
and may inspire further optimization for the phase transforma-
tion of electrode surface NBs, such as hydrophilic/hydrophobic
hybrid electrode structures or surface tension tailoring (e.g.,
surfactants).

Energy Environ. Sci.


https://doi.org/10.1039/d2ee04143j

Published on 02 March 2023. Downloaded by Dalian Institute of Chemical Physics, CAS on 4/17/2023 3:13:07 AM.

Paper

4. Conclusions

In conclusion, we carefully investigate the nucleation and
growth process of interfacial H, NBs during the initial stage
of the HER process using in situ SPRi, AFM, and MD simula-
tions. A comprehensive picture of interfacial NB formation
under the GER conditions has been revealed: (i) the nucleation
of interfacial NBs on the aerophobic sites of the electrode
surface is easy, while the further growth of NBs requires a
higher applied overpotential. (ii) The growth of NBs exhibits a
CCD mode with the three-phase contact line pinned by the
surface heterogeneity. The “pin-rise” evolution of the interfa-
cial NBs leads to a smaller curvature radius, higher Laplace
internal pressure, and higher gas chemical potential, which
endow the GERs with an extra overpotential nyg. As compared
to the growth of NBs, the nucleation of new bubbles on the
hydrophilic surface is more difficult, and as a result, the surface
coverage of NBs at different overpotentials remains almost
unchanged. When the applied potential exceeds the critical
profile value (CA or r) of NBs, the depinning of NBs occurs,
leading to a sudden drop in gas pressure. Subsequently, the
NBs rapidly expand into macrobubbles. Based on the data from
operando SPRi and current measurements, we present a bubble-
current model to establish the quantitative relation between the
NB growth and the electrolysis current, which is a great step
forward compared to the traditional Tafel current model for
GERs. The present work not only provides a promising method
to track the real-time growth of interfacial NBs, but also
uncovers the crucial role of NBs in determining the efficiency
and the extra overpotential during GERs, which sheds new light
on electrode design for gas involving electrochemical reactions.
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