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To adapt fluctuating renewable energy for water splitting is challenging, since
the growth of electrochemically generated nanobubbles at early stage requires
high supersaturation during the repeated start-stop cycles, which can accel-
erate the deactivation of electrodes and cause extra energy consumption.
Herein, we propose a “bubble seeding” strategy by introducing nanobubbles
(NBs, ~200 nm in diameter) into electrolyte to promote the generation of
macroscopic bubbles. The precursive nanobubbles can act as the beforehand
nuclei with a certain supersaturation, lower the supersaturation barrier for
further growth, and result in reduced overpotential as high as 130 mV for
oxygen evolution reaction. The enhancement depends on nanobubble cov-
erage and size, with higher coverage and larger sizes favoring macrobubble
growth. The nanobubbles with inert gas species (e.g. N, for oxygen evolution
reaction) can also work as the seeds, while the interfering or consumable gas
species (e.g. O, for hydrogen evolution reaction) would hinder the generation
of macroscopic bubbles and enlarge the overpotential. The water splitting
device working at presence of nanobubbles exhibits stable operation voltage
during repeated start-stop cycles in contrast to traditional electrolyte without
NBs, indicating great potential of such traceless nanobubble additive strategy
for stabilizing gas evolution applications.

Production of green hydrogen via renewable energy-based water
splitting is a promising route to achieve the carbon peak and
neutrality goals’™. The capacity of renewable energy, such as
wind and solar power, has been sharply increased in the last
decade. There comes an emerging issue: how to adapt to the
fluctuation of renewable energy sources?>® Currently, water
splitting devices are usually operated under constant working
conditions with the integration of smart electricity grids or power
plants’°. However, with the explosive development of sustain-
able energy supply, water splitting systems themselves should be
designed with well adaptability to the fluctuation, which still lacks
systematic investigation.

The optimization remains largely unexplored due to the lack of
understanding of a thorough bubble evolution process’™, which
usually starts from the heterogeneous nucleation of nanobubbles
(NBs)'*%, ends up with the detachment of macroscopic bubbles (MBs)
from electrodes? . For the scenarios of large current densities, the
attachment of macrobubbles, on one hand, can decrease electro-
catalytic surface, causing additional transport overpotential®*™; and
on the other hand, the departure of macrobubbles would induce local
convection, relieving supersaturation near the electrode’*. To this
context, regulating bubble behavior is highly desired and rigorously
perused to enhance the overall performance of the steady-state
operation of the water splitting device. Traditional efforts of bubble
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engineering have been made mainly focusing on electrode design (e.g.,
composition, structures)* %, and flow channels®**~*. While for the start-
up stage, the MBs formation would experience the nucleation of NBs
and their further growth from NBs*>*?, which directly relates to the
performance of start-stop operations, but bubble engineering at this
dimension is still overlooked.

The transformation from NBs to MBs requires a unique high
supersaturation to overcome the internal pressure inside NBs owing to
their ultra-small size according to the Young-Laplace equation
(Ap =2y/r), where y is the surface tension, r is the bubble radius*’. Very
recently, our investigation of NBs’ “pin-rise” model revealed that the
curvature radius of NB decreases with increasing contact angle and
height, and pinned three-phase boundaries during the initial growth
stage (Fig. 1a)**. The further growth of NBs needs to overcome the
critical contact angle or curvature radius to de-pin (extend) the three-
phase boundaries for the subsequent transformation to MBs, which
requires high enough supersaturation to overcome the internal pres-
sure inside NBs***¢. The built-up of supersaturation with NB pinning
would become a problem during the start-up stage, accelerating
electrode fading and even hydrogen embrittlement, which cannot be
neglected as usual.

To this end, we propose a “bubble-seeding” strategy to promote
the generation of MBs by introducing suspending NBs into the elec-
trolyte. By adsorbing on the electrode surface, the introduced NBs can
act as the seeding big nucleus to lower the supersaturation barrier for
further growth, resulting in reduced overpotential (Fig. 1b). Besides,
such seeds can be the productive gas (e.g., O, for OER) NBs for prac-
tical devices, which would be transformed to MBs, without interfering
with the purity of final products. Such traceless “NB additive” strategy
demonstrated its versatility by using various productive or inert
reaction gas species (e.g., N, for HER and OER). The stability of the
water splitting device after repeated start-stop cycles indicates great
potential of such NB additive strategy for gas evolution applications.

Results and discussion

Initial assessment of the “bubble-seeding” strategy

To investigate the promotion effect of bulk NBs for macrobubble
evolution, a three-electrode setup consisting of the as-prepared
Pt/Au electrode (Fig. S1) as the working electrode, a Pt plate as
the counter electrode, and Hg/HgO as the reference electrode,
was used to conduct the electrochemical tests. The bulk NB
solution was prepared via a NB generator by shearing force, and
the clear Tyndall effect under an incident laser beam indicates the
existence of NBs in the transparent solution (Fig. S2a). The
number concentration of NBs was evaluated by nanoparticle
tracking analysis (NTA) as 10® particles/mL, which is three expo-
nentials higher than the control samples of deionized water
(3x10° particles/mL) and oxygen-saturated water (6 x10° parti-
cles/mL), and the average size of NBs is ~200 nm in diameter
(Fig. S2b). No performance variation of Pt/Au electrode was
observed during linear sweep voltammetry (LSV) testing and
cyclic voltammetry (CV) testing (Fig. S3), eliminating the possi-
bility of surface reconstruction of the electrode during electro-
chemical testing*’.

As presented in Fig. 1c, by introducing NBs to the electrolyte, the
OER onset potential of the Pt/Au electrode at the current density of
1mA/cm? is found to be 1.70 V (vs RHE), with a lowered overpotential
(An) of 130 mV relative to the intrinsic onset potential (1.83 V) without
bulk NBs. To further verify such promotion effect, a small amount of
bulk NB solution (5 mL) was injected into the electrolyte (25 mL) at the
equilibrium state (400 s) of OER at a rather limited potential of 1.7 V (vs
RHE). As shown in Fig. 1d, there is an obvious current jump after the
injection of bulk oxygen NBs solution, accompanied by the appearance
of MBs on the electrode (Fig. 1d inset), while no observable current
change after the injection of oxygen-saturated solution, which is

similar to the control experiment without injection. Such a phenom-
enon can be solely attributed to the addition of NBs, rather than the
convection induced by the injection. Besides, the promotion effect is
sustained when NBs are continuously injected into the cell (Fig. S4). As
a result, the introduction of bulk NBs can effectively lower the onset
potential of OER, as a “traceless” additive to promote the gas evolution
reaction.

The influence of NBs’ coverage

The adsorption process of NBs on the flat Pt/Au electrode surface
without applying voltage was visualized with real-time surface plas-
mon resonance imaging (SPRi) technique, which is extremely sensitive
to the dielectric field change near the 50 nm Pt/Au film, and has been a
powerful tool to investigate surface chemistry***5*°. As shown in
Fig. 2a, accompanied by the typical NB adsorption process, the dif-
ferential images of SPRi become more and more brightened (from
black to gray) from O to 180s, and the contrast remains constant
afterward. Accordingly, with the NB adsorption, the SPR reflectivity
increases from O to a plateau of -2.6%, indicating the adsorption
equilibrium after 200 s. The results suggest that the surface adsorption
of bulk NBs would approach an equilibrium state in a short time
(<240s), and the surface coverage would remain constant after this
period.

Atomic force microscopy (AFM) test was further conducted on a
Pt/Au electrode within a 3 x 3 um? area to evaluate the morphology of
NBs after the adsorption equilibrium (Fig. 2b). The AFM image (Fig. S5)
verifies that the as-prepared Pt/Au electrode is smooth (Ra=0.897
nm), and the adsorbed NBs are found to be with the contact angle of
~10-40° (Figs. S6-S8). Based on the verification of AFM images, the
coverage-reflectivity relation can be established, similar to our repor-
ted results*.

By adjusting the adsorption time before OER tests, we found that
the onset potential at 1mA/cm? shifts from 1.76 V to 1.70V with
increasing adsorption time (without adsorption of NBs, the onset
potential is 1.83 V), verifying the promotion effect of introducing NBs
(Fig. 2c). As taking a different perspective for such variation, the cur-
rent density at the potential of 1.75V (vs RHE) increases accordingly
with the prolonging of NB adsorption time (Fig. 2d). For the scenario
with intrinsic nucleation, the current density is rather limited, as low as
0.17 mA/cm? (black line). According to our reported result*, the typi-
cal growth of NBs would probably follow a “constant contact diameter”
model, and the formed NB nucleus keeps the pinning state before the
formation of MBs. As the internal pressure of NBs is much higher than
the ambient pressure, as estimated by Young-Laplace equation
(AP=2y/r), there would be corresponding supersaturated environ-
ments nearby, regarded as the concentration of NB surface (C;), as
expressed by,

1 20
CS_E<PO+?> @

where P is the ambient pressure, g is the surface tension. According to
Henry’s law, namely Pyg = kyy % Cs, where ky is Henry’s coefficient. And
the outflux from NBs to the bulk phase is balanced with the influx of
electrochemically generated H, molecules. Thus, the electrochemical
reaction nearby NBs would undergo in a supersaturated environment,
and further transformation from NB to MB requires a higher threshold
(e.g., higher gas concentration) during the NB pinning process, since
the chemical potential of NBs would increase with their decreasing
curvature radius. While for the scenarios with adsorbed NBs as given
nucleus (<130 nm in curvature radius, Fig. S8), which are commonly
larger in size than the intrinsically formed ones (-72 nm) reported in
our previous work®, namely, larger curvature radius r. Thus, the
supersaturation nearby the adsorbed NBs would be lower than that of
the intrinsic nucleus. As OER is rather a kinetic irreversible reaction, we

Nature Communications | (2025)16:5732


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61131-3

a b
P,~2y/r~¢
. A e S Adsorbed NBs >, r’>r
g ~ © Intrinsic Nucleation
IS o =
@ ! 3 £ ©
3 ' B g
L8 . .
o : § Critical point %
= n
I 9
—= -
| ; Overpotential
I m
VN | )
Nucleation O \\
MB formation
Overpotential
c d
1.2 L
6.0 —— W/ NBs —— W/ NBs injection
o~ —— W/O NBs o~ W/ only electrolyte injection
g E —— W/O injection
< < 0.9
£4.04 NB solution Che
2 2
7 B
c c
S50 3
= 207 = 0.61
o o
5 5
(@) o
0.0
0.3 1
1.4 1.5 1.6 1.7 1.8 1.9 0 100 200 300 400 500 600
E-iR (V vs. RHE) Time (s)

Fig. 1| NBs as a traceless additive to promote gas evolution reactions. a Pin-rise
growth of surface nanobubbles during the initial stage of gas evolution reaction.
b Scheme of the relation between the supersaturation nearby the intrinsic gener-
ated (black), adsorbed (red) surface NBs and the overpotential during gas phase
transformation. ¢ OER polarization curves of the Pt/Au electrode (1x1cm?) with
(red) and without (black) the introduction of NBs (with 100% iR correction and

Rs=3.62 Q for W/NBs and 3.73 Q for W/O NBs. The non-iR corrected voltammo-
grams are provided in Supplementary Fig. S30). d Current density variations at 1.7 V
(vs RHE) after the injections of NB solution (red), electrolyte-only (blue), respec-
tively, and without injection (black) (working area: 1.5 x 1.5 cm?). Source data for
(c, d) are provided as a Source Data file.

did not attribute the promotion effect to the OER concentration
overpotential»**~**, Besides, as the adsorbed NBs can transform to MBs
at an earlier stage of gas evolution reaction, the enhanced local con-
vection during the MB growth would further facilitate mass transfer,
resulting in a promotion effect, coinciding with the phenomenon in
Fig. 1c, d**°.

We further conducted surface plasmon resonance micro-
scope (SPRM)*%** to observe the growth/detachment of processes
at a potential of -0.58 V vs RHE (Fig. S9). As shown in Fig. 2e and
Supplementary Movie 1, at 1.35s, a macrobubble approached its
critical size for detachment. After 50 ms (1.40s), a gas nucleus
with a size of -10 pm remained. At this stage, even though the
adsorbed NBs have transformed to macrobubbles, the gas nuclei
at macroscale that remained could still act as the generation site
for the growth of the next macrobubbles (7.65 and 13.70 s). Since
this is a buoyancy-driven bubble departure process, the inevitable
roughness/defects on the Pt/Au electrode would serve as the
pinning sites of the macrobubble. Upon departure, buoyancy and
the adhesion force would induce a bubble neck, which results in
the incomplete departure of the macrobubble, leaving the gas
nuclei®*. We elucidate that the adsorbed NBs can not only serve
as the nuclei for the growth of MBs, but also help to form gas
seeds for the successive growth of MBs after their detachment
(Figs. 2e and S10).

The influence of NBs’ size

Besides, the size influence is also critical for such promotional effect.
Different-sized bulk NBs were acquired by placing the freshly gener-
ated NB solution for different times. As shown in Fig. 3a, the average
diameter of freshly generated NBs is ~235 nm and increases to ~290 nm
within 10 h. Accordingly, the number density of the NB solution
decreases from ~11.0 x 107 particles/mL to 3.10 x 107 particles/mL. Such
different-sized NBs were diluted to maintain a number density of
-3 x107 and further introduced into the electrolyte for the adsorption,
and the equilibrium coverages were found to be essentially the same,
as evidenced by the reflectivity of 2.5 + 0.1% SPRi after 240 s (Fig. S11).
As shown in Fig. 3b, the corresponding polarization curves indicated
that the OER onset potential decreases with the increase of the intro-
duced NB size. Like the trend of NB coverage, the current density also
exhibits a positive correlation with r at the overpotential of 1.75 V. Also,
the OER potential shifts from 1.76 to 1.73V at the current density of
0.4 mA/cm? as the average r increases from 225 to 291 nm. Further
calculation demonstrates that the OER overpotential decreases with
decreasing adsorbed NB supersaturation ratio (Fig. 3c). In other words,
the required critical overpotential for the transformation from NBs to
MBs decreases with the increase of the introduced NBs’ size. As men-
tioned above, the further growth of the NB nucleus to MBs is to
overcome the critical contact angle (or curvature radius) for de-
pinning the three-phase boundaries, and the critical contact angle is
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Fig. 2 | Effect of nanobubble coverage on the onset potential of OER. a Time-
dependent reflectivity variation with NBs” adsorption, top: differential images of
surface plasmon resonance at 0, 30, 60, 180, and 300 s (Scale bar =400 pm).

b Atomic force microscopy image of the electrode surface (3 x 3 pm?) with
adsorption of NBs after 300 s. ¢ OER Polarization curves of the Pt/Au electrodes
(1x1cm?) with different NBs” adsorption time (colored) and without NBs’” adsorp-
tion (black) (with 100% iR correction and Rs =3.73 + 0.108 Q. The non-iR corrected

voltammograms are provided in Supplementary Fig. S30). d Plots of current den-
sity (statistically derived from (c)) and NB coverage at1.75 V vs RHE. e In situ surface
plasmon resonance microscope (SPRM) observation of macrobubble (MB) forma-
tion/detachment and the remaining gas nuclei. Source data for (a, ¢, d) are pro-
vided as a Source Data file. For further details of (e), we refer to Supplementary
Movie 1.

essentially a certain value owing to the surface wettability of a given
electrode™ ", As a result, as long as the size of introduced bulk NBs is
determined, the footprint diameter or the initial curvature radius (r) is
also determined (Fig. 3d, black line), and the critical curvature radius
(rc) is accordingly determined as with the given critical contact angle
(orange line). Hence, larger-sized NBs adsorbed on the electrode sur-
face would get larger r., namely, lower supersaturation required
(lighter background color), corresponding to earlier transformation.

Verification of NB gas species

To further investigate the versatility of such NB additive strategy, other
specific gas NBs were evaluated for OER and HER tests. Specifically, a
series of gas species, including N,, H,, O,, and air NBs, were introduced
into the electrolyte for OER. After the adsorption of NBs reached
equilibrium (>5 min), LSV tests were performed. As shown in Fig. 4a, it
can be seen that the presence of nitrogen, oxygen, and air NBs can lead
to lowered onset potentials as compared with the solution without NBs
(black line). Whereas H,-saturated solution and H, NBs solution lead to

enlarged onset potential for OER. A similar situation can be observed
for HER (Fig. 4b), where solutions containing H,, N,, and even air NBs
exhibit a promotion effect, while the introduction of O,-saturated and
0O, NBs solutions causes a negative effect. It is reasonable that the
introduced target or reaction-inert gas species (e.g., H, or N, for HER,
0O, or N, for OER) would promote the MBs’ formation, but the negative
effect of reaction-interfering gas species (e.g., O, for HER, H, for OER)
should be relative to the side reactions (ORR or HER).

In order to trace the variations on the cathode, we conducted the
in situ SPRi observations for the HER with and without introducing O,
NBs. As shown in Fig. 4c, the reflectivity initially increases from 0 to
~2.41% till 400 s owing to the absorption of O, NBs. Strikingly, there is
an obvious decrease in the reflectivity after 411s at which the HER
potential (-0.01V vs RHE) is applied, indicating the consumption of
adsorbed O, NBs. After 470 s, the reflectivity gradually increases, but
the increasing rate (slope) at that time are much lower than that of the
intrinsic nucleation without the introduction of O, NBs (as marked
with blue dashed line in Fig. S12a), which clearly indicated the negative
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influence of O, NBs-introduced HER polarization curves (Fig. 4b).
Apart from the oxygen reduction reaction induced bubble removal, we
suspect that the adsorbed O, NBs and electrogenerated H, NBs could
constitute a pair of reactive gas species, exhausted by the highly cat-
alytic Pt surface upon bubble coalescence®. As a result, the cavities
would get wetted and eliminated for new NBs’ nucleation and bringing
an extra nucleation energy barrier. In other words, such phenomena of
the area wetting induced by the side reactions would cause the deac-
tivation of NBs’ nucleation sites (Fig. 4d), and require extra over-
potential for re-nucleation. Taking the above observations into
account, the full separation of produced gas bubbles in electrolyte
during electrolysis should be of great significance for the start-up of
water electrolysis devices, as the mixed NBs would induce extra energy
consumption owing to the bubble removal effect, which has always
been neglected before.

Application for a water splitting device with repeated start-stop
operations
To further verify the NB addition strategy for the adaptation of
the power fluctuations of renewable (wind and solar) energy in
practical scenarios (Fig. 5a), we applied it in an anion exchange
membrane (AEM) water splitting device (Fig. S13) as a probe
system, with nickel-iron layered double hydroxide (NiFe-LDH) as
anode (Figs. S14 and S16) and NiMo (Figs. S15 and S17) as cathode.
With Ar NBs as the additive, the constant current density was set
as 200 mA/cm? and the duration of both on and off was set as
100 s (Fig. 5b). The overall water splitting potential of the device
remains stable at 1.54 V, but the scenario without introduction of
NBs is 1.55 V initially (Figs. 5c and S18) and gradually increases to
1.59 V during 120 cycles of repeated start-stop operation.

The loading conditions of catalysts after tests were verified by the
scanning electron microscopy (SEM) images of the working electrode

(Fig. 5d), where the catalyst layer remains intact for both NiMo and
NiFe-LDH electrodes with the introduction of NBs. While there is
obvious peeling off from the electrodes without NB introduction, with
a considerable proportion of exposure of bare nickel foam backbone,
which can also be verified by the optical image (Fig. S19). Further LSV
tests reveal that electrochemical activity can be well preserved for the
electrodes after cycles in the presence of NBs. Since the redox peak
slightly overlaps with the OER onset potential, a negative scan with the
rate of =5 mV/s was used, and the same reduction peak at ~1.35V cor-
responding to the reduction from Ni** to Ni** sites can be observed®®®",
Specifically, at a current density of 10 mA/cm?, the overpotentials of
NiMo and NiFe-LDH electrodes are diminished by 71 and 20 mV, as
compared to the ones after cycles without NBs, respectively (Fig. Se, f).
Besides, the performance degradation is also verified through the
examination of double-layer capacitor (Cp;) and Tafel slope mea-
surements (Fig. 5g, h). For example, the Cp, of the NiFe-LDH electrode,
as depicted in Figs. 5g and S20, exhibits a decline from 4.40 to
3.26 mF/cm? after 300 cycles in the presence of NBs, which is in con-
trast to the sharper decrease to 2.34 mF/cm? for the absence of NBs.
Similarly, the Tafel slope of the NiFe-LDH electrode after 300 cycles
without NBs escalates from 58.86 to 80.32 mV/dec. Conversely, for the
electrode after cycles operated in the presence of NBs, the Tafel slope
remains almost constant at 60.69 mV/dec (Fig. S21), indicative of
sustained electrochemical activity.

Besides, steady-state operation was also conducted using the
same AEM configuration. The addition of Ar NBs to the electrolyte
exhibits beneficial effects in terms of reducing the operating voltage
and decreasing the decay rate of performance (Fig. S24). In detail, the
operation voltage of the AEM device without the introduction of Ar
NBs is 1.738 V initially, and increases to 1.845V during ~38 h operation
time. In comparison, the operation voltage in the presence of Ar NBs is
1.701V at start, and increases to 1.779 V at the end of operation. The
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rate of voltage rise is 2.82 mV/h without Ar NBs and would decrease to
2.05 mV/h in the presence of Ar NBs. The beneficial effects can also be
verified by the polarization curves (Fig. S25), as the presence of Ar NBs
brings 14 mV voltage decrease at a current density of 1A/cm? com-
pared to that without Ar NBs.

To exclude possible gas crossover induced by the addition of NBs
with cathodic H, and anodic O, species, an AEM device (for its superior
capability against gas crossover) was chosen with Ar NBs as an additive
to fully demonstrate the solely “NB effect” in the above experiments.
Nonetheless, we also provide experimental results by using the H-cell
with commercial Zirfon membrane. As shown in Fig. S26, the addition
of NBs (injection of O, NBs into O, generating half-cell and H, NBs into
H, generating half-cell) can lead to 89 and 11 mV promotion effect (at
3 mA/cm?) even against high solution resistance (14.71Q). Besides, all
the results, including the addition of Ar or H, NBs to the cathode half-
cell, and O, or Ar NBs to the anode half-cell, exhibit stable operation
voltage during repeated start-stop cycles (Fig. S27). With both H, and
0, NBs as additives, the operating voltage at 50 mA/cm? during repe-
ated start-stop cycles is almost unchanged (10 mV after 400 cycles)
compared to the voltage increase of 132 mV of the operation without
NB introduction (Fig. S28).

Energy comparison indicates that the energy input for NB
generators (ca. 72 kWh) operating during the start-up stage is
almost negligible (0.047%) compared to the energy consumption
by the electrolyzer (ca. 152,000 kWh for a 38 kW electrolyzer)
(Note S3). Thus, by using NBs with targeted gas species, we created

a scenario in which our NB additive strategy is traceless and would
not interfere with the product purity (therefore, it would be rather
easy to couple with the modern water splitting device). As further
verified by the NB concentration measurement, the NBs do not
process the ability to cross Zirfon membrane, since no obvious
increase in NB concentration can be observed in the anode half-cell
when NBs are present in the cathode half-cell for 6 h (Fig. S29 and
Table S1), ensuring the strategy safety when applied. Altogether,
these results demonstrate that the introduction of NBs can effec-
tively stabilize the operation condition without crossover risk,
which is also helpful for extending the lifetime of the catalyst during
the repeated start-off operations.

In conclusion, we propose a traceless “bubble-seeding” strategy
by introducing target (H, and O,) or inert (N,) NBs into the electrolyte
to promote the generation of MBs. The adsorbed NBs on the electrode
surface can work as the beforehand nuclei with a certain super-
saturation, and lower the supersaturation barrier for MBs’ growth,
resulting in reduced overpotential. With the introduction of NBs, the
operation voltage of the AEM device during repeated start-stop cycles
can be stabilized within 120 cycles, indicating great potential for
water electrolysis applications using renewable fluctuating energy
supply. Such traceless NB additive strategy paves an alternative way for
devices themselves to adapt fluctuating renewable energy, and more
importantly, promotes the performance from another perspective
from bubble engineering besides the traditional efforts toward catalyst
optimization.
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Fig. 5 | Application for a water splitting device with repeated start-stop
operation. a Scheme of the power fluctuations of renewable (wind and solar)
energy for hydrogen production devices. b Repeated start-stop cycles performance
of the AEM device with/without the introduction of Ar NBs to keep the current
density of 200 mA/cm?’. ¢ Voltage variation during repeated start-stop test with/
without the introduction of Ar NBs. d SEM images of the NiFe-LDH electrode after
repeated start-stop cycle tests with and without NBs. e HER polarization curves of
the as-prepared NiMo electrode (black) and after 300 cycles of repeated start-stop
operation with Ar NBs (red) and without NBs (blue) (with 100% iR correction and
Rs=0.89 + 0. 050 Q. f OER polarization curves of the as-prepared NiFe-LDH

electrode (black) and after 300 cycles of repeated start-stop operation with Ar NBs
(red) and without NBs (blue) (with 100% iR correction and Rs =0.84 + 0.120 Q).

g Cp, and Tafel slope of the freshly prepared NiMo electrode (Initial NiMo) and
NiMo electrode after repeated start-stop cycles operation with NBs (After Cycles
W/ NBs) and without NBs (After Cycles W/O NBs). h Cp, and Tafel slope of the
freshly prepared NiFe-LDH electrode (Initial NiFe-LDH) and NiFe-LDH electrode
after repeated start-stop cycles operation with NBs (After Cycles W/ NBs) and
without NBs (After Cycles W/O NBs). Note: The non-iR corrected LSV curves of SE
and 5F are provided in Supplementary Fig. S31. Source data for (b, ¢, e-h) are
provided as a Source Data file.

Methods

Chemicals and materials

All aqueous solutions were prepared using DI water with a con-
ductivity of 18.2 MQ-cm™ from a Heal Force water purification
system. Hydrochloric acid (37%), (NH4)¢M070,4°4H,0 (99%),
potassium hydroxide (95%), and silicon wafers (99.999%) were
purchased from Aladdin Shanghai. Ni(NO3),:6H,O (99%), Urea
(99.5%), and Fe(NO3)3-9H,0 (99%) were obtained from Alfa Aesar.
Acetone (99%) and ethanol absolute (99.9%) were purchased from
Beijing Chemical Reagent Factory. Gold particles (99.99%) and
chrome rods (99.99%) were purchased from Shanghai Hao Chen Co.
Nickel foam was purchased from Shanxi Li Zhiyuan Battery Mate-
rials Ltd. Pt plates and all reference electrodes were purchased from
Beijing Union Trust Technology Co., Ltd. All chemicals were used as
received.

Preparation of electrolyte with/without bulk NBs

A micro and nanobubble generator (YC-WNM-Q3-03, U-Tron Envir-
onmental Technology Co.) was used to prepare bulk NBs with a gas
inlet of 100 mL/min. After 30 min, potassium hydroxide solution (5 M)
was added into the bulk NB solution to adjust the solution pH to be 13
(+0.02) or 14 (+0.02) using a pH meter (BPH-7100C, BELL Analytical
Dalian Instruments Co., Ltd). For electrolytes without bulk NBs, the
procedures were identical except that DI water was used instead of NB
solution. The as-prepared electrolyte was either used immediately
after preparation or stored in a glove box. The NB concentration was
confirmed via NTA device (NS500, Malvern Instruments Ltd).

Preparation of Pt/Au electrode
The silicon wafers were immersed in acetone for 30 min with ultra-
sonication, then rinsed with water to remove any contamination. A
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3 nm thick chromium and a 47 nm thick film were deposited on the
surface of the clean silicon wafers using a vacuum hydro-evaporator
(MB-ProVap 3G, MBRAUM). Finally, a high-vacuum coater (LEICA EM
SCD 500) was used to spray Pt on the wafer for 30s. The prepared
electrode is denoted as a Pt/Au electrode.

Preparation of NiFe-LDH electrode

NiFe-LDH electrodes were prepared by a hydrothermal method. First,
0.66 mmol Ni(NOs3),:6H,0, 0.33 mmol Fe(NO3);-9H,0 and 0.5 mmol
urea were dissolved in 36 mL DI water to form a clear solution. Nickel
foam (about 5x2cm) was immersed in concentrated HCI solution
(37 wt%) in an ultrasound bath for 5 min to remove the surface nickel
oxide layer, and then washed by deionized water and ethanol,
respectively, for 5 min to remove the remnant acid. The solution and
the nickel foam were transferred to a 40 mL Teflon-lined stainless-steel
autoclave, which was sealed, maintained at 120 °C for 12 h, and then
allowed to cool to 25°C naturally. A brown NiFe-LDH nanoarray was
formed and subsequently rinsed with distilled water, ethanol for 5 min,
ultrasonically. The prepared NiFe-LDH was dried in the air. The catalyst
loading was determined to be 4.13 + 0.606 mg/cm’ (4 independent
measurements) by measuring the mass difference before and after the
hydrothermal process.

Preparation of NiMo electrode

NiMo electrodes were prepared by a two-step method. First, a piece of
Ni form (23 x 30 mm) was cleaned with ethanol, 3M HCI, and deio-
nized water for 20 min, respectively. 10 mM (NH,4)¢M0,0,4-7H,0 and
40 mM Ni(NO3),-6H,0 were added to deionized water (60 mL) and
stirred to form a uniform solution. Finally, the cleaned Ni form was
transferred to a Teflon-lined stainless-steel autoclave (80 mL), main-
tained at 150 °C for 6 h to grow NiMoO, on the Ni form. The sample
was taken out of the autoclave and rinsed with deionized water and
ethanol. The sample was dried in an oven at 60 °C and then placed into a
quartz tube furnace and heated to 500 °C with heating rate of 5°C-min™
under Hy/Ar atmosphere (5 vol.% H,+95 vol.% Ar). After thermal
reduction for 2 h, the resulting product was denoted as NiMo electrode.
The catalyst loading was determined to be 17.55+3.129 mg/cm?* (4
independent measurements) by measuring the mass difference before
and after the hydrothermal process.

Characterization of Pt/Au electrode

SEM was performed using a Zeiss SUPRA 55 microscope to investigate
the surface morphology of Pt/Au silicon wafers. The dispersion of
platinum and gold elements on the electrode surface was analyzed by
elemental energy spectroscopy (GENESIS XM), and the roughness of
the electrode surface was characterized by AFM (Keysight 5500 ILM).

Characterization of surface nanobubbles

SPRi (Horiba) was used to characterize the adsorption behaviors of
NBs. Briefly, polarized incident light was directed onto the Pt/Au film
via a BK7 quartz prism. The Au-coated prism was beforehand depos-
ited with Pt to ensure the same chemical environment as the electro-
chemical tests. To avoid any signal fluctuation, the observation cell was
firstly filled with 0.5mL of water. After the background signal was
stable, 2.0 mL NBs solution was injected into the cell, and the reflec-
tivity variations were recorded as well as the differential images at
different NB adsorption times. AFM (Bruker catalyst) tapping mode in
liquid was used to characterize the geometry of surface NBs after an
adsorption time longer than 300 s.

Setup of surface plasmonic resonance microscopy (SPRM)

The SPRM setup consists of an inverted microscope (Nikon TI2-E,
Japan) equipped with a 100x (NA 1.49) oil immersion objective. A 660
nm-wavelength P-polarized laser generated by a fiber-coupled super

luminescent light-emitting diode (SLED, QSDM-68002, Qphotonics)
was directed onto the sensor chip surface to excite surface plasmons
on the Pt-coated Au film. Plasmonic images were recorded using a
complementary camera (C13440-20CU, Hamamatsu, Japan). The Pt-
coated Au glass slide was used as the working electrode with Pt wire as
the counter electrode and Ag/AgCl as reference electrode, constituting
a three-electrode setup to perform electrochemical tests with 0.1 M
KOH (pH =13 + 0.02) as electrolyte via an electrochemical workstation
(Chi 660E).

Potential scaling to RHE and ohmic resistance determination
An experimental calibration method was adopted to convert measured
potential to RHE, and the corresponding equation is,

Evs RHE = Emeasured - Eoffset (2)

where E ..ureq Tepresents the potential relative to a designated
reference electrode (e.g., vs SCE). E . iS an experimentally deter-
mined conversion factor, obtained by averaging the two zero-current
potentials from a CV of the hydrogen evolution/oxidation reaction at a
Pt rotating disk electrode (RDE). These CVs were performed in H,-
saturated electrolyte (identical to that used in the designated reaction)
within the HER/HOR potential window, using a scan rate of 5mV/s and
a rotation speed of 1600 rpm. E . of Hg/HgO (in pH =13 + 0.02 KOH
solution), Hg/HgO (in pH=14+0.02 KOH solution), Ag/AgCl (in
pH =13+ 0.02 KOH solution), and Ag/AgCl (in pH =1.04 £ 0.02 H,SO,
solution) are 0.873V, 0.930V, 0.960V, and 0.257 V, respectively. The
calibrated values of the reference electrodes (E ) can be calculated if
the following relationship holds entirely,

Eoffset =0.0592 x pH + Eref (3)

giving calibrated values of 0.103V, 0.100V, 0.190V, and 0.195V for
Hg/HgO (in pH=13+0.02 KOH solution), Hg/HgO (in pH =14+ 0.02
KOH solution), Ag/AgCl (in pH =13 + 0.02 KOH solution), and Ag/AgCl
(in pH =1.04 + 0.02 H,SO, solution). The ohmic resistance was deter-
mined at high frequencies using electrochemical impedance spectro-
scopy (EIS). For HER, the EIS tests were conducted at =10 mV vs OCP,
and for OER, 10 mV vs OCP.

Electrochemical tests of Pt/Au electrodes

A three-electrode system was assembled with a Pt plate as counter
electrode, Hg/HgO as reference electrode, and the Pt/Au electrode as
working electrode in 40 mL pH =13+ 0.02 NB aqueous solution/KOH
solution. Electrochemical tests were performed using an electro-
chemical workstation (PARSA 4000). LSV curves were collected within
the potential window of the designated reference electrode and
reaction (e.g., 0-1V vs Hg/HgO for OER) with a scanning rate of 5 mV/s
for OER and -5 mV/s for HER. All polarization curves were corrected for
iR compensation (100%) within the cell.

Electrochemical tests of NiMo and NiFe-LDH electrodes

A three-electrode system was assembled using a Pt plate counter
electrode, an Hg/HgO reference electrode, and NiMo or NiFe-LDH
working electrode in 75 mL of aqueous KOH solution (pH =14 + 0.02).
Electrochemical tests were performed using an electrochemical
workstation (PARS 4000). LSV curves were collected within the
potential window of the designated reference electrode and reaction
(e.g., 0-1V vs Hg/HgO for OER) with a scanning rate of -5 mV/s for
both OER and HER. All polarization curves were corrected for iR
compensation (100%) within the cell. To determine the Cp, of NiMo
and NiFe-LDH electrodes, CV measurements were performed at mul-
tiple scan rates. The Cp; value for NiMo and NiFe-LDH electrodes was
obtained by plotting the average absolute current density at the open-
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circuit potential against the scanning rate. The slope of this linear fit
corresponds to the Cp, value. The Tafel slopes were derived from LSV
curves at a low overpotential fitted to the Tafel equation,

n=a+blogj “4)
where np is the overpotential, a is the constant, b is the Tafel slope, and j
is the current density.

Repeated start-stop cycles using AEM devices

First, the test cell (Au-coated Ti body) was carefully cleaned with 1M
HCI, DI water, ethanol, and DI water again and then dried in an Ar
atmosphere. Both NiMo and NiFe-LDH electrode (2 x 2 cm?) was flat-
tened by hot press under a pressure of 6 Mpa, resulting in an average
thickness to be 0.3 mm. Then, the AEM with a size of 3.5x3.5cm*and a
thickness of 20 pm (PiperlON-A20, Versogen) was used without pro-
cessing and sandwiched between the cathode and anode, which were
positioned between two bipolar plates with PTFE sealing gaskets to
prevent electrolyte leakage. Finally, all components were fastened
using bolts and nuts with a torque of 4 N-m. 1L of electrolyte with/
without bulk NBs (pH =14 + 0.02) was used. The program was set in the
battery test system (LANHE, CT3002K), i.e., constant current charging
(800 mA) for 100 s and resting for 100 s with 300 cycles®*®*. All the
data were not iR corrected and displayed as raw data.

Repeated start-stop cycles using H-cell devices

In this two-electrode system, a Pt plate was used as the counter elec-
trode, and as-prepared NiFe-LDH and NiMo electrodes (1 x 1 cm?) were
used as anode and cathode for the repeated start-stop operations. A
microporous membrane (2.5 x 2.5 cm? in size and 500 pm in thickness)
was used as a separator (Zirfon UPT 500, Agfa-Gevaert N.V.) without
additional treatment. Twenty milliliters of electrolyte with/without
bulk NBs (pH =13 + 0.02) were added to each compartment after the
assembly of the half-cell. The program was set in the battery test sys-
tem (LANHE, CT3002K), i.e., constant current charging (50 mA) for
100 s and resting for 100 s with 300 or 400 cycles. All the data were not
iR corrected and displayed as raw data.

Data availability
The data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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