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ABSTRACT Bubble evolution behaviors play important roles
in bubble emission reactions. Here we fabricated one-dimen-
sional (1D)-aligned MoSx microgrids to investigate the influ-
ence of the periodic structure on bubble releasing. It is
demonstrated that the utilization of the surface energy re-
leased during coalescence of bubbles causes them to jump
from the electrode, which can be an effective route to elim-
inate the bubble shielding effect. Under the optimized archi-
tecture with 40-μm-wide grooves, the generated bubbles tend
to coalesce and release from the electrode with much smaller
size (65% less in volume). By balancing the coalescence effi-
ciency and the adhesive work via the architecture engineering,
the electrocatalytic performance can be promoted with the
rapid bubble removal and lowered ohmic resistance. The re-
sults provide new insights into the rational design of novel
catalytic electrode architectures and promote their applica-
tions in related fields.
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INTRODUCTION
Electrochemical gas evolution reactions (GERs), such as
oxygen evolution reaction (OER), hydrogen evolution
reaction (HER) and chlorine evolution reaction (ClER)
hold the key for developing renewable energy conversion
and storage technologies of fuel cells [1], water splitting
[2,3], and metal-air batteries [4]. To achieve high energy
efficiency of these processes, fast reaction kinetics is
desperately desired. Apart from the intrinsic performance
of catalysts [5–9], gas behaviors on the electrode surface
are known to influence the mass transfer in GER [10,11].
As a huge amount of bubbles are generated in short time
at high current densities [12], the large adhesive force of
gas bubbles would lead to the formation of a bubble layer,

covering the active sites, increasing ohmic resistance and
deteriorating the total activity of the catalysts [13–16].
This denying phenomenon, termed as “bubble shielding
effect”, takes place at the catalytic electrode surface and
lowers the electrolysis efficiency [17].

To eliminate the bubble shielding effect, super-
wettability has been developed to reduce the bubble size
by introducing discontinuous three-phase contact line
(TPCL) to decrease the adhesive force. We and other
groups [16,18,19] have developed nanoarray-based cata-
lysts with superhydrophilicity for GERs [10,17,20,21] and
superhydrophobicity for gas consumption reactions
(GCRs) [22,23]. Such superwetting structures result in
significantly enhanced total activity and stability [16].
However, rational design of surface architectures of next-
generation electrodes still remains rather vague, due to
the lack of fundamental understanding, especially from
quantitative point of view. To develop new strategy for
further optimization is of vital significance [24–27].

Marvellous interfaces with biomimetic architectures
have been fabricated and demonstrated their features
[19,28–30]. As one of the anti-icing strategies, it has been
found that the adjacent bubbles can jump away from the
surface at certain velocities as assisted by surface energy
released during bubble coalescence, which is partly con-
verted into the out-of-plane kinetic energy (due to sym-
metry breaking) [31]. Previous studies on such
coalescence-induced jumping mainly focused on droplets,
demonstrating that the efficiency was related to the coa-
lesced droplet number, droplet-size-dependent surface
adhesion, and pinning state [15,29]. While for numerous
bubbles generated in GERs, such coalescence should in-
duce far more jumping than the droplet counterparts and
benefit the elimination of bubble shielding effect.
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Herein, we fabricated a series of one-dimensional (1D)-
aligned MoSx microarray electrodes with varied groove
widths to investigate the influence of coalescence-induced
jumping for improving the electrochemical hydrogen
bubble evolution (Fig. 1). With the merits of archi-
tectures, the generated bubbles tend to coalesce and
overcome the adhesive work of the electrode with much
smaller size driven by the surface energy. The coalescence
efficiency can be tuned by the groove width, significantly
lowering the bubble shielding effect and the ohmic re-
sistance and promoting the electrocatalytic performance.
The results provide new insights into the rational design
of novel catalytic electrode architectures as well as other
bubble evolution applications.

EXPERIMENTAL SECTION
The original silicon wafer patterns with precise sizes were
obtained by photolithographic technology. The emboss-
ment widths and the groove depths were 10 μm con-
formably, and the groove widths were 20, 40, 60 and
80 μm, respectively. The first step was to make the elastic
stamp, prepared by mixing polydimethylsiloxane (PDMS)
with SYLGARD 184A and SYLGARD 184B (10:1). After
mixing PDMS and curing agent uniformly, the PDMS
was placed still for 30 min to remove inner gas bubbles.
Then the PDMS was cast on the antecedent silicon wafer
patterns and dried in oven at 60°C for 5 h. The solidified
PDMS was peeled from the silicon wafer patterns to form
the replica. The MoSx precursor was prepared by adding
50 mg of (NH4)2MoS4 into 5 mL of N,N-dimethyl for-
mamide (DMF) and then sonicating for 30 min. Ti sub-
strates (2 cm × 2 cm) were sonicated in concentrated HCl
solution (~37 wt%) and rinsed with deionized water and
ethanol for 5 min, respectively, and dried at 80°C for
30 min. After placing PDMS molds on the Ti substrates,
50 μL of (NH4)2MoS4 solution was dropped around the
stamp edge and infiltrated into the channels by capillary
effect twice, and dried by freeze-drying for 3 h, respec-
tively. The PDMS stamps were then stripped from the
substrates gently. Finally, the samples were annealed at
170°C for 30 min in a tube furnace under Ar atmosphere
to form the patterned MoSx electrode.

Field-emission scanning electron microscope (SEM;
Zeiss SUPRA 55) operated at 20 kV was used to char-
acterize the size and morphology of the samples. The
adhesive force between gas bubbles and the surface of
electrodes was tested by a high-sensitivity micro-electro-
mechanical balance system (Dataphysics DCAT21, Ger-
many). An optical microscope and a charge-coupled de-
vice (CCD) system were used to take photographs at the

rate of one frame per second. The electrode surface was
placed in a square quartz cell (5 cm × 5 cm × 5 cm) filled
with 0.5 mol L−1 H2SO4 (electrolyte) and the cell was fixed
to the plate of the balance system. The force of this bal-
ance system was initially set to zero and then a gas bubble
(~2 μL) was suspended on a metal ring in the 0.5 mol L−1

H2SO4. The electrode was moved upward at a constant
speed of 0.01 mm s−1 until the surface contacted with the
gas bubbles. The force value increased gradually until
reaching its maximum and the shape of the gas bubble
changed from spherical to elliptical. When the electrode
moved down further, the contact was sharply reduced to
near zero and the shape of the gas bubbles changed back
to spherical.

The bubble contact angle was evaluated by the captive
bubble method (Data physics OCA20) and was defined as
the observed equilibrium contact angle of liquid around
the pinned bubbles on a solid surface, where the liquid/
gas interface met the solid/liquid interface across the
three-phase contact interfaces. The volume of the gas
bubble was about 2 μL for each testing. All experiments
were repeated for more than five times.

Hydrogen bubble releasing process was measured by a
CCD-mounted microscope (SZ-CTC, OLYMPUS) for
continuous imaging. The illumination was obtained by a
fiber optic illuminator system (Multi-Position, Nikon).
The electrochemical measurements were carried out at
room temperature in a three-electrode glass cell con-
nected to an electrochemical workstation (CHI 660D,
Chenghua, Shanghai). The working electrode was the as-
prepared patterned electrode, and carbon paper was used
as the counter electrode and a silver/silver chloride elec-
trode was used as the reference electrode. H2SO4 solution
(0.5 mol L−1) was used as the electrolyte. The HER was
conducted under the current density of 2 mA cm−2. Prior
to the measurements, hydrogen was bubbled into the
electrolyte solution to eliminate the dissolved oxygen and

Figure 1 Schematic illustration of the underwater bubble coalescence
and release.
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to maintain a fixed Nernst potential for the H+/H2 redox
couple. Linear sweep voltammetry (LSV) with a scan rate
of 5 mV s−1 and alternative current (AC) impedance
measurements were carried out in the same configuration
at the potential of −0.4 V from 105 to 0.1 Hz with voltage
amplitude of 5 mV.

RESULTS AND DISCUSSION
As demonstrated in Fig. 2a, the 1D aligned structure was
achieved by the patterning technology called micro-
moulding in capillaries (MIMIC) on Ti substrate [32,33].
PDMS was firstly cast on a silicon wafer with photo-
lithographic patterning including precise sizes and soli-
dified to form a pattern replica [34]. The as-formed
PDMS replica was stamped on a Ti substrate to form
continuous capillary channels. (NH4)2MoS4 solution as
the precursor was dropped on one end of the channels
until it filled into the channels by capillary force; after
removing the PDMS replica, the structured electrode was
obtained after calcination at 170°C for 30 min. SEM im-
age and the corresponding energy dispersive X-ray
spectroscopy (EDS) indicate that Mo and S elements
distributed along the array structures (Fig. S1) and X-ray
photoelectron spectroscopy (XPS) spectra confirm the
formation of MoSx with the Mo:S ratio of 0.4 (Fig. S2).
The groove widths of MoSx microarrays were chosen to
be 20, 40, 60 and 80 μm and the embossment width and
the groove depth were 10 μm.

Fig. 2b–e show the schematic illustration of MoSx mi-
croarrays with four different groove widths (20, 40, 60
and 80 μm), and the top-view SEM images (Fig. 2f–i) and
digital images (Fig. 2j–m) verify the periodic structures
with different intervals. Thanks to the periodic patterned
rough surface structure [35], the bubble contact angles on
all the four electrodes were greater than 130°, as shown in
Fig. S3. The side-upper schematic images in Fig. S3 in-
dicate the distinct discontinuous state of the TPCL of a
bubble of ~ 2 μL on the four kinds of MoSx patterns with
different groove widths. As the groove width increased
from 20 to 80 μm, the corresponding adhesive force of
bubbles decreased from 32 to 5.8 μN.

With the aligned structure, the generated bubbles were
able to coalesce and jump from the electrode, similar to
the liquid drops bounded off by coalescence on the anti-
icing surfaces [28]. An optical microscope with a CCD
camera system was used to snapshot the processes of gas
bubble formation, growth, coalescence and release during
HER with a three-electrode system, as shown in Fig. 3. All
videos/images were taken at the same time interval with
relatively low current density (−2 mA cm−2) to ensure the

clarity of bubble releasing behaviors. Due to the coales-
cence of two small bubbles into a bigger one and the
induced jumping effect (red dashed circles), the detach-
ment size of bubbles with coalescence was essentially
smaller than that without coalescence.

Typically, for the electrode with 20 μm groove width,
the size for coalescence-induced detachment was found to
be 50 ± 10 μm, whereas that without coalescence was
80 ± 10 μm. Similarly, H2 bubbles released by coalescence
with grooves of 40, 60 and 80 μm in width were 60 ± 10,

Figure 2 (a) Schematic illustration of the patterning of MoSx micro-
arrays on Ti substrate achieved by MIMIC. Schematic cartoons of the
top-view and side-view of different periodic groove widths of (b) 20 μm,
(c) 40 μm, (d) 60 μm and (e) 80 μm. SEM images of MoSx micro-arrays
with different periodic groove widths of (f) 20 μm, (g) 40 μm, (h) 60 μm
and (i) 80 μm. Digital images of the typical top-view of MoSx micro-
arrays with different periodic groove widths of (j) 20 μm, (k) 40 μm,
(l) 60 μm and (m) 80 μm.
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80 ± 10 and 100 ± 10 μm in diameter, respectively. They
were ~ 65% less in volume relative to the bubbles without
coalescence, which were 90 ± 10, 130 ± 10 and
150 ± 10 μm in diameter, respectively. The above results
demonstrate that the coalescence-induced jumping effect
can promote the detachment of bubbles when they were
still small.

Such bubble behaviors significantly influenced the
electrocatalytic HER performance. The effect of bubble
detachment on polarization curves was firstly confirmed
on the same electrode with different orientations. The
polarization curves recorded on the same electrode with
two different directions based on the same line-patterned
MoSx nanoarrays were compared, as shown in Fig. 4a. As
the electrode was put into the electrolyte vertically
(namely, the groove direction was parallel to the buoy-
ancy direction), the bubbles rolled up along the grooves,
coalesced and released efficiently. In contrast, when the

electrode was placed vertically with the groove direction
perpendicular to the buoyancy direction, the generated
bubbles would have to grow big enough to overcome the
“stages”, leading to much slower current increase rate.
The results clearly prove the bubble effect on the per-
formance.

The groove width would affect the efficiency of coa-
lescence and the consequent current increase rate. To
further clarify the coalescence efficiency, the polarization
curves of the four electrodes were compared in
0.5 mol L−1 H2SO4 solution with iR correction (Fig. 4b), as
well as the electrochemical surface area and theoretical
physical surface area (Fig. S4). The onset potentials for all
the four MoSx electrodes were the same (−0.13 V), as the
same intrinsic activity. But with different bubble de-
tachment behaviors, as we expected, the electrode with
40 μm groove width exhibited the fastest increase of
cathodic current density with the slope (current density:

Figure 3 Digital images of different bubble behaviors and their corresponding statistics of size distribution of the released bubbles on MoSx micro-
arrays with different periodic groove widths of (a) 20 μm, (b) 40 μm, (c) 60 μm and (d) 80 μm (scale bar: 150 μm).
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potential) of 0.32 mA mV−1, which is 1.2, 1.2 and 1.5
times higher than that of 20 μm (0.26 mA mV−1), 60 μm
(0.26 mA mV−1) and 80 μm (0.21 mA mV−1) groove
electrodes corresponding with detachment behaviors of
smaller bubbles. Moreover, it also exhibited smaller re-
sistance (19 Ω) than that of the electrodes with 20 μm (24
Ω), 60 μm (24 Ω) and 80 μm (37 Ω) groove width, as
evidenced by the electrochemical impedance spectro-
scopy (EIS) studies (Fig. S5).

It is clear that the coalescence would induce bubble
jumping (Scheme S1) as the released surface energy (Es)
can overcome the total adhesion work of two bubbles
(Wtotal), namely, Es > Wtotal. According to the calculation
(see more details in Note S1, Supplementary informa-
tion), the key point was found to be only related to the
contact angle of the two generated bubbles on two ad-
jacent grooves before the coalescence. As we assumed the
two bubbles were with the same size, the critical value of
contact angle was 130°. Typically, the electrode with the
20 μm groove width had the smallest theoretical coales-
cence bubble size, but the generated bubbles on the given
grooves could not grow big enough and move to the top
surface with the contact angle larger than 130° (Fig. 4c,
Case 1). As a result, the surface energy released during
coalescence could hardly be higher than the adhesion

work of two bubbles and the coalesced bubble would keep
growing till big enough to detach from the electrode by
finally overcoming the adhesion force. The ineffective
coalescence on the electrode with 20 μm groove width
caused the practical detached bubble size much bigger
than the just coalesced size, even as the biggest among the
four electrodes due to the largest adhesion force. For the
other cases, the larger width provided enough space for
bubbles to grow big enough on the grooves and the
contact angle could reach up to greater than 130° before
the coalescence (Fig. 4c, Case 2). Hence, the coalesced
bubble would jump away from the electrodes effectively
for the electrodes with groove widths of 40, 60 and 80 μm.
While the increase of groove width would cause the re-
duction of the electrochemical active surface area
(Scheme S2). By balancing the coalesced efficiency and
the electrochemical active surface area, the average bubble
size for detachment on the electrode with 40 μm groove
width was the smallest, which thereby exhibited superior
performance than the other three electrodes, particularly
the smallest overpotential (−0.26 V) than the others at the
current density of −10 mA cm−2. Moreover, the bubble
effect became more and more significant at high current
densities. As the current density increased to −40 and
−70 mA cm−2, such overpotential difference (0.13 V) be-

Figure 4 (a) Polarization curves obtained for 90° (vertical) and 0° (horizontal) MoSx array electrodes with groove width of 40 μm. (b) Polarization
curves obtained from patterned MoSx electrodes with different periodic groove widths of 20, 40, 60 and 80 μm. (c) Scheme of two different bubble
behaviors. (d) Plots of overpotential variation and the effective radius for bubble detachment on different groove widths.
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came more obvious owing to the severe bubble shielding
effect at high current densities (Fig. 4d). The results in-
dicate that the coalescence-induced jumping strategy
would be a promising route to promote bubble removal
and GER performance.

CONCLUSIONS
In summary, MoSx microarray electrodes with 1D-aligned
pattern were fabricated to investigate the influence of the
periodic structure on bubble releasing. It was found that
the generated bubbles would coalesce and jump from the
electrodes with much smaller size (~65% less in volume)
driven by the surface energy released during coalescence.
The coalescence efficiency can be tuned by the variation
of groove width and the groove width of 40 μm exhibited
superior HER performance than the other widths, owing
to the well balance between enough surface energy change
and adhesion work of substrate and larger electro-
chemical surface active area. Such coalescence-induced
bubble release not only lowers the bubble shielding effect
to promote the catalytic performance, but also provides
new insights into the rational design of architectures of
catalytic electrodes in emerging devices.
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多硫化钼微网格电极的几何弹跳效应对析氢效率
提高的研究
商志成†, 张英†, 罗亮*, 成聪田, 谢天慧, 陈凡红, 盛思雨, 邝允,
刘文, 许海军*, 孙晓明*

摘要 气泡的析出行为在电化学析气反应中具有重要作用. 为了研
究周期性结构对气泡脱离的影响, 我们构建了一维线性构造的多
硫化钼微网格电极. 结果表明, 利用该电极上的气泡融合行为释放
出的表面能可诱导气泡弹起, 从而实现气泡的快速脱离, 消除气泡
屏蔽效应. 基于优选的40 μm凹槽宽度, 产生的气泡以融合的方式
可使得脱附尺寸显著降低(体积减小65%). 通过结构调控权衡融合
效率和黏附功, 可以提升气泡脱附效率, 进而降低欧姆电阻, 提升
电催化性能. 该研究结果为新型催化电极结构的合理设计提供了
新思路, 促进了催化电极在相关领域的应用.
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