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Abstract

In a crisis of climate change and environmental pollutions, many researchers have been interested in
so-called green hydrogen fuel through water-splitting since it can be generated from surplus renewable
electricity and carried into a grid by chemical energy conversion. To make water splitting feasible, most
studies have focused on synthesizing cost-effective electrocatalysts. However, the removal of gas
bubbles from the electrode surface is a practically important issue to maintain the activity of
electrochemical gas evolution reactions and less attention has been paid to the bubble removal issues.
Recently, it is reported that the adhered gas bubbles can be readily eliminated by imparting extremely
gas-repellent properties (so-called superaerophobicity) to electrodes via controlling their
nano/microstructure based on the Cassie-Baxter wettability model. Unfortunately, this approach is
material-specific and requires harsh and expensive synthetic conditions, making it difficult to scale up.
To address these issues, we report a universal method to impart superaerophobicity to various electrodes
such as Ni foam and Pt (FTO) through simple coating with cheap polymer-polyethylenimine (PEI, Mn=
10000)-aerogel without affecting underlying target substrates. From catalyst-free aerogel modification,
as-generated gas bubbles can be easily removed from the surface of electrodes, leading to enhanced
hydrogen production performance comparable to other electrocatalysts. This approach can be applied
to dealing with the impeded mass transfer ascribed to adhesive bubbles and provides insights for

designing various energy conversion devices such as commercialized water electrolyzers.
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1. Introduction

1.1 Research Background

In a crisis of climate change and severe environmental problems, the importance of developing
renewable energy (RE) is getting rising. To satisfy the increasing demand for clean and sustainable
energy, numerous studies have focused on generating electricity without emitting pollutants such as
carbon dioxide. However, renowned alternate energy systems such as wind, solar or tidal power are
operated intermittently within restricted continental locations and depending on the weather condition.
On the other hand, hydrogen energy is taking a more and more important role in RE, because it can be
carried into a grid by chemical energy conversion (CEC) (Figure 1)." 2 There are three types of
producing hydrogen. First, Grey hydrogen: split natural gas into hydrogen and CO, without carbon
capture and storage (CCS). Second, Blue hydrogen: like producing grey hydrogen, but adding CCS
process. The last: Green hydrogen: producing hydrogen by water splitting, and it doesn’t emit COs.
Therefore, among three categories, an authentic sustainable alternative energy is considered green

hydrogen and the green hydrogen fuel can be generated from the existing intermittent electricity.
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Figure 1. The energy flow of hydrogen fuel via water splitting by using renewable electricity.



1.2 Water Splitting

Since the waters splitting process is a redox couple, generally hydrogen and oxygen gas are produced
at cathode (reduction) and anode (oxidation), respectively (Eg. 1) (Figure 2).2

H,O (1) » Ha(g) + % 0 (g), AG® = +237.2 kJ mol™! (Overall reaction)
2H" (aq) + 2e"— H: (g) (Cathode: hydrogen evolution reaction, HER)

2H,0 (1) — 4e” +4H" (aq) + O2 (g) (Anode: oxygen evolution reaction, OER)

AE® =1.23 V vs normal hydrogen electrode (NHE)) (Eq. 1)
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Figure 2. The general process of water splitting.

However, the actual energy requires more than the theoretical value (AE° = 1.23 V) to overcome the
activation energy called overpotential (n). Therefore, much research has attempted to minimize the

overpotential (n) by devising a cost-effective catalytic system in both HER and OER.



1.3 Superaerophobicity

On the other hand, the adsorption and desorption of gas bubbles during water splitting have been
overlooked despite their practical importance. The adhered bubbles can block the electrochemically
active sites of electrodes/catalysts and impede mass transport, substantially increasing overpotentials.*
Generally, the as-generated gas bubbles grow until the buoyancy force Fy, (Eq. 3) overcomes the surface
tension force Fs (Eq. 4) (Figure 3).° Then the gas bubbles can continuously exert stretch force (95) to
the electrode/catalysts upon their desorption, causing the degradation and even exfoliation of catalysts.®
8 Therefore, these issues can lower the overall efficiency of producing hydrogen fuel through water-

splitting even with excellent electrocatalysts.’
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Figure 3. The diameter of adhered bubbles during growing and releasing periods depending on

wettability.

To address these issues, researchers developed a strategy to impart bubble-repellent properties
to electrodes/catalysts by controlling their morphology.'® '* For example, researchers reported the
fabrication of an extremely gas bubble-repellent electrode with a gas bubble contact angle of >150° (i.e.,
superaerophobic) by vertically aligning MoS, nanoplatelets and making arrays of RuO.@TiO;
nanosheet.*5 1914 They found that the superaerophobic film can facilitate the gas removal and greatly
improve the efficiency of various gas evolution reactions, including hydrogen evolution reaction (HER).
According to the Cassie-Baxter model, hydrophilic nano/microstructured substrates can be more
exposed to the electrolyte and eliminate gas bubbles more efficiently than the flat counterpart.®*’

However, such strategies of directly controlling the nano/microstructure of electrodes and catalysts can



have limitations for practical application. They require the development of material-specific synthesis

methods often under harsh conditions, making them difficult to scale up.

1.4 Distinction of Our Research

In our previous research, the superaerophobic M13 virus overlayer had a limitation of multiplying the
virus, and it was hard to apply in practical use due to less feasibility of scale-up.t® In this study, we
report a simple strategy to fabricate superaerophobic electrodes via coating with polyethylenimine (PEI)
aerogel for efficient and stable hydrogen production even without HER catalysts. Aerogels were coated
on target substrates, such as flat Pt film and microporous Ni foam, by crosslinking inexpensive PEI via
Schiff-base condensation reactions followed by freeze-drying. We can readily control the pore size,
porosity, and superaerophobicity of PEI aerogel by varying the concentrations of PEI upon crosslinking.
We demonstrated that the deposition of hierarchically porous PEI aerogels substantially improves that
the HER performance of the flat Pt and Ni foam electrode without significant performance degradation
for 12 h. At high current densities, the Ni foam modified with the PEI aerogel exhibited a superior
performance even without HER electrocatalysts, such as Ni(OH),, NTA, FeNi@FeNi, and Ru layer due
to a notable decrease of the series resistance related to ionic conductance. These results suggest the
universal applicability of our approach for enhanced hydrogen evolution by controlling the wettability
of electrodes with cheap polymer-based aerogels.



2. Experimental sections

Materials.

Nickel foam (thickness: 1.6mm) was purchased from MTI (Korea). Pt film (100-nm) was coated on
Fluorine-doped tin oxide (FTO, averaged thickness: 500nm and 7 ohm) by an e-beam evaporator.
Polyethylenimine (PEI, Mn= 10000 with d= 1.03 g/ml), KOH (>85%), HCl (37%), NaCl, (3-
aminopropyDtriethoxysilane (99 %), and ethanol were purchased from Sigma-Aldrich Aldrich (USA).
Glutaraldehyde (50wt% in H,O) was obtained from Alfa Aesar (USA).

Preparation of Polyethylenimine (PEI) solutions.

PEI 2% (v/v) solution was prepared by diluting PEI polymer with D.l water, specifically, mixing 25.75
mg/ml of PEI with 37.5 mM NaCl on basis of 0.27 M HCI to adjust to the pH around D.l water. The
PEI concentrations of gel-0.5%, gel-5.5%, and gel-7.3% were 5.14 mg/ml, 59.49 mg/ml, and 80.51

mg/ml, respectively (with different HCI concentrations).

APTES Treatment of electrodes.
Before the deposition of PEI aerogels, all substrates were followed by the APTES coating process

according to the literature for better adhesion with electrodes.®

Coating PEI aerogels on Ni foam/ Pt (FTO).

PEI aerogels were coated on Ni foam by dipping it in PEI 2% solution with mild stirring for 1 hour and
followed by baking it at 120°C for 10 min for better linking to APTES functional groups.?® 2! After
baking, PEI-coated Ni foam was dipped into 1wt% glutaraldehyde (in H,O) for 1 min and freeze-dried.
The PEI aerogel layer was deposited on Pt (FTO) by spin-coating (1250rpm, 2min) and followed the

same fabrication procedure with Ni foam, but it was dipped to 1wt% glutaraldehyde for 5min.

Preparation of alkaline electrocatalysts.
The synthetic procedures were followed by works of literature, Ni(OH), nanoparticles,?? FeNi@FeNi,?

Nickel nanotube array (NTA),?* and Ru layer,? respectively.

Preparation of samples for measuring contact angles.
Different concentrations of PEI aerogels were coated on Si wafers with APTES treatment by doctor

blading through the same volume of PEI and GA.



Characterization.

Morphology of aerogels was investigated by a scanning electron microscope (SEM) (Hitachi S-4800,
Japan). Averaged pore diameter and porosity of aerogels were calculated using the home-made analyzer.
The air-contact angles were measured by a DSA100 drop shape analysis (DSA100, Germany). Fourier-
transform infrared (FT-IR) spectroscopy was performed with a ATR mode (Agilent, USA). Raman

spectroscopy (alpha300S, Germany) was examined at 532nm.

Electrochemical measurements.

All electrochemical characterizations were conducted in 1M KOH (pH= 14). All pristine electrodes
were treated with APTES treatment, except synthesizing the alkaline electrocatalysts. Polarization
curves were measured by using an SP-150 potentiostat/galvanostat (Bio-Logic Science Instruments,
France) under the following conditions: a reference electrode, Ag/AgCl (1M KCI saturated); a counter
electrode, Pt mesh; and scan rate, 10 mV/s. Electrochemical impedance spectra were measured under
the following conditions: a reference electrode, Ag/AgCl; a counter electrode, Pt mesh; applied potential,
—0.25 V vs. RHE for a porous model and -50mA/cm? for a flat model; amplitude, 20 mV; and frequency
scan range, 100 kHz to 0.1 Hz.



3. Result and Discussion

3.1 Research Overview

(a) w/o aerogel (b) w/ aerogel

Fy =§n"r3ﬂp.q

F. = —2mrysin*6

F, - Fo
A L
F F,

Figure 4. Underlying the mechanism of bubbles dissipation (a) without aerogel modification, (b) with
aerogel modification. To be specific, Fj = gnr3Apg (eq. 3) and Fg = —2mrysin?0 (eq. 4),
where r is a radius of the bubble, Ap is a density difference between the electrolyte and gas bubble, g is

the gravitational acceleration, y is the intrinsic surface tension of electrolyte, and 0 is an angle between

the electrolyte and electrode surface.

We hypothesized that the HER efficiency could be enhanced through bubble-repellent property induced
by coating hydrophilic aerogels on target substrates. To be specific, the surface tension force (eq. 4)
from the superaerophobic electrodes (6 is under 30°) could be weaker than the buoyancy (eq. 3) within
the same volume of hydrogen bubbles, and the bubbles were faster dissipated without holding on growth
(Figure 4).” In this work, we triggered the superaerophobicity from the PEI aerogel by using
glutaraldehyde (GA) kept in constant 1wt% as a cross-linker. We utilized the cationic polymer,
branched PEI (Mn = 10000) as a building framework, due to its low cost, hydrophilicity, and abundant
NH. groups for crosslinking.?® We expected that the aerogel had a low surface tension force due to the
superaerophobicity, improved the access of the ions from the electrolyte to electrodes, and thus
facilitated hydrogen production. Additionally, the fabrication of the catalyst-free aerogels can be

regarded simple and cost-effective rather than other catalytic modifications.



3.2 Characterizations

(@)

™/ Polyethylenimine (PEI)

Glutaraldehyde (GA) (\m) N/\w
\/\H H,

Cross-linking with

Figure 5. (a) The illustrated comparison with viscous mixture and aerogels after freeze-drying. (b) SEM
image of bare Ni foam and inset image is a photograph of pristine Ni foam. (¢) SEM image of deposited
PEI aerogel on Ni foam and an inset shows a photograph of aerogel modified porous electrode. (d) SEM
image of bare FTO coated with Pt (Pt (FTO)) and inset photograph indicates pristine Pt (FTO). (¢) SEM
image of PEI cross-linked layer on Pt (FTO) and inset picture shows aerogel modified flat electrode.
All the substrates were pre-treated with APTES, and the concentration of PEI was 2%.
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Figure 6. Fourier-transform infrared (FT-IR) spectroscopy of PEI 2% polymer and PEI 2% aerogel.

First, we confirmed the formation of aerogels on target substrates (Figure 5). When diluted PEI solution
was mixed with the same volume of GA (Figure 5a), the mixture turned colorless into the viscous
yellow liquid. After freeze-drying, all the liquid entities were evaporated, and only densely cross-linked
aerogels remained under the Schiff-base reaction.?” The morphology of the deposited aerogels was
investigated through scanning electron microscopy (SEM) (Figure 5 b to e). We observed the coating
of aerogels on each target electrode independent of the morphology of underlying substrates. To
guarantee cross-linking of PEI with GA, we confirmed the structure of uncross-linked PEI 2% and PEI
2% aerogel by Fourier-transform infrared (FT-IR) spectroscopy (Figure 6). N-H stretches were
commonly observed from both the uncross-linked PEI 2% polymer and PEI 2% aerogel at 3383 cm™.
Among a range of 3000~2840 cm™ for C-H stretches, the distinct peak at 2941 cm™ on aerogel was
assigned to (CH2)» under cross-linking with GA. The uncross-linked polymer had a dominant peak at
1623 cm, indicating the N-H bend from a primary amine, whereas aerogel had C=N from PEI cross-
linked with GA at 1610 cm by the Schiff-base reaction. The bands (1465, 1450 cm™) and 1070 cm™
were C-H bend and C-N stretch, respectively.?®3° These results support the deposition of porous

aerogels on target substrates by cross-linked PEI followed by freeze-drying.



3.3 Analysis of Wettability
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Figure 8. The measured air contact angles on Si wafers. All aerogels were coated on APTES treated Si

wafers.

0—

ol Ni foam

£ J

g -100 -

é =
.g* -200 4 "S Pt (FTO)

2] <

s E o]

S z

T 300+ B

c 3

ﬂ=.'l E -20

= :

S -400 a

o -30 / ; ‘

| 0.4 0.2 0.0 0.2
-500 / Voltage (V vs. RHE)

0.8 0.6 0.4 0.2 0.0
Voltage (V vs. RHE)

Figure 9. The HER effect of APTES treatment on target electrodes in 1M KOH. Solid lines mean the

pristine electrodes without treatment, and dot lines indicate APTES treated electrodes.

11



180

+151.69°

160 +131.14°

Air contact angle (degree)

NF Gel on NF Pt Gel on Pt

Figure 10. The measured air contact angles of PEI 2% aerogels on Ni foam and Pt (FTO). (All the

substrates were coated with APTES treatment.)

Gel-0.5%

Figure 11. SEM images of porous structures with different concentrations of PEI aerogels deposited on
Ni foams with APTES treatments.

12



25 15
gzu- |12
7))
et
o 151 L9
o
[T
(o]
= 10 6
-
£
8 54 -3
a

D T T T T 0

N -

3

PEI concentration (%)

4

5

6

Porosity (%)

Figure 12. The correlations between pore’s size and porosity depending on PEI concentrations from

Figure 11. (PEI-0.5% didn’t form the aerogel, so we excluded it for calculations.)

—
Q
~—

-100 -

=200

300 4

-400 4

Current density (mA/cm?)

-500 T

e Ru |ayer]

-0.6

0.4

0.2

0.0

Voltage (V vs. RHE)

=
w
L

AV (V vs. RHE)
o

o
-
L

0.0-

Bare NF

Gel

+131.59°

Ru layer

160

T
-
(2]
(=]

Air contact angle (degree)

- 140

-130

- 120

-
-
(=]

- 100

-90

Figure 13. (a) The HER effect of Ru layer depending on an iR correction, and (b) the relationship

between corresponding discrepancy in applied voltage at -500mA/cm? (w/ and w/o iR corrections) and

air contact angles.

13



To figure out the HER effect of catalyst-free aerogels in the alkaline media (1M KOH and pH =14), we
analyzed the effect of PEI concentrations on superaerophobicity and the structure of the various aerogels
(Figure 7). First, we measured the HER efficiency of aerogels with different PEI concentrations through
a liner sweep voltammetry (LSV) (Figure 7a). The applied voltage of bare Ni foam was -0.775 V vs.
RHE to reach -500 mA/cm?2. On the contrary, in the modified system, gel-0.5%, gel-2%, gel-5.5%, gel-
7,3% needed -0.656, -0.608, -0.661, and -0.719 V vs. RHE, respectively. Also, we measured air contact
angles based on Si wafers to confirm the aerophobicity (Figure 8). First, we coated target electrodes
with APTES treatment for better adhesion of aerogels, and it had no significant effects on HER (Figure
9). The air contact angles of the pristine and APTES-treated Si wafer were 128.69° and 119.28°,
respectively. Gel-0.5% showed 131.51° on account of residual hydrophilic PEI. Gel-2%, gl-5.5%, and
gel-7.3% had air contact angles of 153.79°, 154.07°, and 147.61°, respectively. Moreover, to affirm the
genuine superaerophobicity on target substrates, we coated PEI 2% aerogel on Ni foam and Pt (FTO)
based on the result of LSV curves, (a) (Figure 10). We observed bare Ni foam and Pt (FTO) had 131.14°,
and 132.22°, respectively. Each aerogel deposited electrode was 151.69° on Ni foam and 147.69° on Pt
(FTO), and we verified that we realized superaerophobic target substrates with aerogel modifications.

We further investigated the pore structure of aerogels via SEM images (Figure 11), and we
confirmed that at the lowest concentration of PEI, gel-0.5% cannot form an aerogel due to insufficient
PEI concentration to become densely cross-linked. On the other hand, from the concentration of 2% to
7.3%, aerogels were formed, and they had a porous structure within Ni foam skeletons. Additionally,
we deduced a correlation of pores’ diameters (um) with porosity (%) of aerogels (Figure 12). At the
gel-0.5%, it had only Ni foam skeleton with a tiny amount of PEI, we excepted it from the calculations.
With increasing PEI concentrations, the following gel-2%, gel-5.5%, and gel-7.3% had the averaged
diameter of 20.18 um, 12.98 um, 11.15 um, and the porosity of 0.94, 5.01, 2.37% respectively. Based
on these results (Figure 7b), we correlated the HER efficiency and aerogel properties (the porosity and
air contact angles). Specifically, the air contact angle mostly increased with higher PEI contents, but
the pore size and porosity come to decline, and after all, the air contact angle tends to decrease due to
lowered swelling behavior ascribed from the excessive aggregation.®! 32 These suggest that we can
induce superaerophobicity of aerogels with a proper porous structure suitable for HER by adjusting the

PEI contents.

To verify the efficient HER by aerogels from better wettability, we examined the HER
efficiency of PEI 2% aerogels on each target substrate depending on iR corrections (Figure 7c and 7d).
Since an iR drop is related to the solution resistance in the electrolyte,® we speculated the
superaerophobic electrodes had relatively low ionic resistance and thus could reduce the discrepancy in
the applied voltages between with and without an iR correction. In a porous Ni foam system, we

additionally compared the Ru layer as a representative less bubble-repellent catalyst for giving

14



prominence to the effect of the aerogel. As expected (Figure 13), the differences in applied voltages
depending on iR corrections (at -500 mA/cm?) were 308 mV (Ni foam), 168 mV (aerogel), and 272 mV
(Ru layer), respectively. The bubble-repellency notably decreased the difference in applied voltages at
high current density. Even in the flat Pt model, the discrepancy (at -30 mA/cm?) declined from 234 mV
to 202 mV by 13.7%. Moreover, we found that aerogel modifications had no catalytic sites since the
LSV curves near onset potentials (bare target substrates and aerogels) were overlapped after iR

corrections.
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3.4 Electrochemical Activities
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Table 1. The EIS of (a) a porous system and the EIS of (b) a flat system.

(a)
@ -0.25 P1 CPE P2
V vs. RHE [ohm -m] [F] [ohm -m]
Bare NF 0.0291 0.177e-3 [s0-058] 0.446
Gel on NF 0.0208 0.254e-3 [s0-140] 0.117
Ni(OH), 0.0319 0.856e-3 [s0100] 0.0862
FeNi@FeNi 0.0409 0.168e-3 [s0167] 0.108
NTA 0.0311 0.983e-3 [s0-230] 0.0571
Ru layer 0.0337 0.939e-3 [s0-257] 0.0682
(b)
@ P1 CPE P2
-50mA/cm? [kohm -m] [F] [kohm - m]
Bare Pt 0.999 4.71e-3 [s0519] 0.174
Gel on Pt 0.771 2.46e-3 [s0-446] 0.163

To further explore the additional HER effect of the catalyst-free aerogel without iR corrections to mimic
the actual HER conditions (Figure 14), we compared various alkaline electrocatalyst with the aerogel
modification (Figure 15). At low current density, the HER performance of the electrocatalyst could be
better than the catalyst-free aerogel, but the performance of the aerogel could surpass other
electrocatalysts at high current density as a practical water-splitting condition since the superaerophobic
aerogel could facilitate dissipation of adhesive bubbles (Figure 14a and 16). From the LSV curves
(without iR corrections) (Figure 14b), we confirmed the HER mechanism of the aerogel did not
significantly change based on the almost same Tafel slope with pristine. This implies the identical

tendency with the LSV data depending on iR corrections.

In this regard, we supplementally conducted electrochemical impedance spectroscopy (EIS)
(Figure 14c, 14d, 17, and Table 1) and measured double-layer capacitance values to support the better
wettability of aerogel modifications. In EIS analysis, we plotted EIS based on the resistivity (p) (chm'm)
so that we intentionally eliminated the deviation of the impedance caused by each surface area. In the
porous model (Ni foam), the resistivity was measured near the onset potential of aerogels (-0.25 V vs.
RHE). The p1 from the series resistance related to the solution resistance by the ionic conductance, of

PEI 2% aerogel had the lowest value than pristine and other electrocatalysts. Whereas the p2 resulting
20



from charge-transfer resistance, of PEI 2% aerogel has been dramatically decreased than bare Ni foam,
but slightly greater than other alkaline catalysts. The equivalent tendency was predominant in Pt (FTO)
measured at -50 mA/cm?. The p2 decreased by 6.3% after the deposition of the layer, on the other hand,
the p1 greatly decreased by 23% from the pristine.

According to Figure 18, the double-layer capacitance values of Ni foam and PEI aerogel were
1.315, and 1.690 mF/cm?, respectively. Electrochemical surface areas of a porous system have been
kept in similar. On the contrary, on the flat Pt (FTO), the double-layer capacitance values decreased
from 0.822 to 0.307 mF/cm? due to the direct shielding of the Pt film by the insulated aerogel layer.
Combined with EIS analysis, the HER performance of aerogel modification comparable to other
electrocatalysts in the porous model and the HER performance surpassed Pt in the flat model were
linked to the notably declined solution resistance through the electrolyte and electrode due to easy
elimination of adhered hydrogel bubbles. These results follow the iR corrections to elucidate the

superaerophobicity underlying each substrate.
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Figure 19. (a) Chronopotentiometry at -10 mA/cm? for 12hr with 350 rpm of the aerogel deposited on
Ni foam vs. bare Ni foam. (b) Measurement of LSV after the cyclic voltammetry (CV) 1000 times
within the same sweep potential range. (¢) Raman shift to confirm the functional groups after long-term

stability tests. (d) SEM images after A: (a)/B: (b) stability tests, respectively.

To confirm the stability of the aecrogel modification (Figure 19), we conducted two types of long-term
stability tests. In a chronopotentiometry at -10 mA/cm? (Figure 19a), PEI 2% aerogel remained its
applied potential at around -0.2 V vs. RHE, while bare Ni foam showed about -0.3 V vs. RHE for 12
hours. After repeating cyclic voltammetry 1000 times with a scan rate of 100 mV/s (took more than 7
hours) (Figure 19b), both bare Ni foam and PEI 2% aerogel had almost kept in constant with initial
LSV curves. Also, to ascertain the aerogel structure after the long-term electrochemical tests, we
examined Raman spectroscopy at 532 nm™! and scanning electron microscopy (SEM) (Figure 19¢ and
19d). In Raman spectroscopy, the two obvious peaks of the aerogels deposited on Ni foams have been
maintained at 1364 cm™ and 1573 ¢cm™! before and after the tests. The followings are CH, wagging and
NH: with different degrees of protonation by interacting with metal, respectively.***” Moreover, we

verified that pore structures of aerogels have been almost identical before and after the tests by SEM.
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Conclusion

In summary, the catalyst-free PEI aerogel modified system provided a simple strategy to enhance HER
in the aspect of practical bubble detachment. Using PEI as a building block with 1wt% GA as a cross-
linker, we could control the pore structure of PEI aerogel and realize the superaerophobic electrodes.
The aerogel could facilitate the as-generated bubble detachment on the surface of the electrode during
HER, and it had the HER performance comparable to other electrocatalysts. Moreover, in flat Pt (FTO),
the overall HER efficiency of the aerogel layer deposited on Pt surpassed flat Pt films. Our results
suggest that cheap-based polymer aerogels can deal the impeded mass transfer due to adhered gas

bubbles for designing the energy conversion devices such as an electrolyzer.
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