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Abstract 

In electrochemical hydrogen evolution reaction (HER), the produced hydrogen gas 

bubbles often adhered to the electrode surface—and blocked the active catalytic site. While 

different catalysts were developed to improve the catalytic performance of HER, the design of 

a durable and universal approach for minimizing the force of nucleated hydrogen gas-bubble 

adhesion to prevent blockage of electrocatalytic sites because of bubbles-adhesion—is 

unprecedented. Generally, buoyancy should outweigh the capillary force to remove nucleated 

bubbles, which means these forces ratio, Eötvös number Eo > 1. Herein, we report a chemically 

reactive multilayer coating on an electrode to chemically modulate the adhesion force of 

nucleated gas-bubble on the electrode. A dual modified coating on Ni-foam provided a non-

adhesive superaerophobicity with nucleated bubble adhesion force of 4.6 ± 0.3 μN—and 

displayed superior HER performance with lower overpotential (333 to 250 mV) at 100 mA cm-

2 with respect to bare Ni-foam. The chemically-modulated low bubble-adhesion facilitated the 

early removal of nucleated tiny hydrogen gas bubbles with a minimum size of 0.64 mm and Eo 

= 0.05 to keep catalytic sites available for superior electrochemical HER. Such a positive impact 

of the prepared coating was also noted for various other electrodes.  
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Introduction 

Electrochemical water splitting for hydrogen evolution reaction (HER) has emerged as one of 

the promising approaches to attend sustainable and decarbonized technology in the quest of 

green and renewable energy.[1-3] In this context, a humongous attention is paid to improve 

electrocatalytic HER through designing efficient and stable catalytic systems—including single 

atomic and di-atomic.[4-11] Although such catalytic systems are promising to generate more 

hydrogen bubbles—but they fail to address another important aspect of blockage of the catalytic 

sites because of the unavoidable adhesion of nucleated hydrogen bubbles.[12-13] During 

electrocatalysis, the generated hydrogen bubbles mostly adhered to the electrode surface until 

the gas bubbles grow in size to achieve enough buoyancy force to overcome the force of 

adhesion of generated gas bubbles on the electrode. Thus, the adhesion of generated hydrogen 

gas bubbles leads to the formation of a ‘gas blanket’ around the electrode—reducing the 

effective catalytic surface area—which results in an increase in ohmic and concentration 

overpotentials and loss of energy.[14-15] In addition, a strong bubble adhesion may likely to 

impose mechanical stress—which may cause exfoliation of the deposited state of art catalysts 

from the electrode.[16-17] Thus, to address these critical and relevant challenges, a simple and 

universal approach is essential to precisely modulate the force of adhesion of generated 

hydrogen bubbles on the electrode for uninterrupted and early removal of generated hydrogen 

gas.  

In the past, distinct strategies were introduced to overcome the challenge of bubble 

attachment on the electrode, where either i) external energy was employed in different forms—

including shear flow of the electrolyte,[18] acoustic field,[19] magnetic field,[20] capillary 

feeding[21] or ii) bubble wettability on the electrode was modulated through optimizing the 

surface roughness (nano/micro topography).[22-23] Out of these two general strategies, the latter 

approach is energy efficient and promising. For example, a MoS2 nanosheet architecture,[24] 

patterned heterostructure of Co-Ni phosphide/spinel oxide,[5] pine-shaped Pt nanoarrays[25] and 

Ni/NiO-MoO3-x nano array[26] that displayed superhydrophilicity and superaerophobicity 

(underwater), provided improved HER performance. Although these seminal reports 

demonstrated efficient water splitting activity, such strategies are material-specific, often 

require complex and harsh fabrication processes, and state-of-the-art fabrication strategies to 

control nano/microstructure, making them difficult to scale up for practical application. Thus, 

a universal strategy is required for the early detachment of gas-bubbles from gas evolving 

electrode surfaces. 
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Recently, in a rare attempt, Bae and coworkers reported a porous hydrophilic 

polyethyleneimine cross-linked hydrogel coating via Schiff-base condensation to impart 

superaerophobicity to the underlying electrode.[27] The superaerophobic hydrogel coated on 

nickel foam (NF) showed an improved current density (1200 mA cm-2) and overpotential of -

607 mV (at a current density of 500 mA cm-2) with an electrochemical stability of 20 h. 

However, in general, such hydrogel is susceptible to mechanical stress during repetitive gas 

bubble detachment and chemical degradation under harsh chemical conditions. Moreover, in 

the past, only superaerophobicity was explored in the early detachment of generated gas bubbles, 

however, in reality, the force of bubble adhesion—competes with buoyancy force, which 

primarily controls the bubble detachment phenomenon. Hence, we hypothesize that the design 

of an interface with the ability to directly and precisely modulating the force of bubble adhesion 

on electrodes would be an alternative approach to achieve improved and unperturbed HER 

performance—but such a strategy is yet to be introduced in the literature. 

Here, we report a chemically reactive multilayer coating (denoted as RMC) on an 

electrode surface (i.e. NF)—following a facile, scalable and substrate-independent layer-by-

layer (LbL) deposition process through 1,4-conjugate addition reaction between amine and 

acrylate groups at ambient conditions as shown in Scheme 1A-B. Adequate single and dual 

post-covalent modifications of the RMC with selected modifiers allowed to tailor both 

wettability and force of gas bubble adhesion, as shown in Scheme 1C. A series of aerophobic 

coatings with the modulated force of the nucleated bubble adhesion from 100.3 ± 3.2  μN to 4.6 

± 0.3  μN were prepared through simple chemical modification of RMC with different types 

(cationic, anionic and neutral) of small hydrophilic molecules, where the enhanced surface free 

energy because of selected chemical modification improves the hydration of porous coating. 

An optimized coating with a minimum force of bubble adhesion allowed an early detachment 

of generated gas bubbles from the electrode surface, as shown in Scheme 1D. Tiny nucleated 

hydrogen gas bubbles (0.64 mm) left the coated electrode surface with negligible buoyancy 

force, and eventually provided a facile basis to enhance the HER performance in comparison 

to bare NF and other recently reported materials (Scheme 1E; more details are provided in Table 

S1).[12,22,27-30] An overpotential value of -39 mV (at 10 mA cm-2) and high current density of 

1270 mA cm-2 (at -0.9 V) were successfully achieved. The strategy also depletes the 

overpotential from -748 mV to -512 mV at high current density (at 500 mA cm-2). Such positive 

impact on HER performance was noticed for other electrodes (carbon cloth, carbon paper etc.) 

as well. Thus, the current approach provided a facile and universal remedy for the early 

detachment of nucleated gas bubbles at gas evolving electrodes. 
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Results and Discussion 

1. Preparation of Porous and Reactive Multilayer Coating 

To design a universal and durable coating with the ability to modulate the adhesion force 

of nucleated hydrogen gas bubbles for their early detachment from an electrode surface, a 

widely accepted, simple and substrate-independent LbL deposition approach is adopted 

here.[31,32,33] In this purpose, the reaction mixture of branched polyethyleneimine (BPEI) and 

dipentaerythritol penta-acrylate (5Acl) that provides dispersion of polymeric nanocomplex 

(PNC) through 1,4-conjugate addition reaction was selected as one of the two deposition 

solutions (where another deposition solution was BPEI) to prepare multilayer (20 bilayers, each 

layer consist of consecutive deposition of BPEI polymer and PNC) coating on a NF electrode 

by following a covalent LbL deposition process.[34,35] To minimize the pore blockage of the 

selected porous substrate because of the deposited multilayer coating, a series of reaction 

mixtures were prepared, where the volume ratios of BPEI (50 mg mL-1) and 5Acl (132.5 mg 

mL-1) were gradually varied from 1:5 to 1:15 (v/v). During the multilayer construction process, 

the selection of volume ratio controlled the growth of the PNC, as evident from the dynamic 

light scattering (DLS) study in Figure 1A. Such a strategy helps to minimize the blockage of 

pores of the selected substrate during the LbL deposition process (Figure 1B-C). The optical 

microscopic/field emission scanning electron microscopic (FESEM) image analysis confirmed 

that the selection of the volume ratio of reactants (BPEI and 5Acl) in the reaction mixture during 

LbL deposition influenced the porosity and pore size of the NF electrode (Figure S1, Supporting 

Information). The average pore sizes and porosity were gradually increased from 96.9 ± 1.13  

μm to 190.2 ± 0.67 μm and 4.3 ± 1.5 % to 16.3 ± 0.78%, respectively, on changing the 

composition of the reactants from 1:5 to 1:15 (v/v) as shown in Figure S2 (Supporting 

Information). This is likely due to the slower growth of PNC in the reaction mixture having 

volume ratios of 1:10 and 1:15, which prevented the excess deposition of coating components 

during the LbL fabrication process. The multilayer coating that was derived from the reaction 

mixture of BPEI and 5Acl with 1:10 (v/v) volume ratio provided a multilayer coating—without 

blocking the available pores of NF as confirmed from the FESEM images in Figure 1B. The 

deposited multilayer coating was found with randomly aggregated granular domains (average 

size of about 400 nm; Figure 1B). Further, the elemental mapping analysis confirmed the 

uniform deposition of porous coatings across the entire substrate (Figure S3, Supporting 

Information).  
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The optimized multilayer coating was found to be comprised of residual acrylate groups, 

as confirmed by Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-

FTIR) in Figure 1D, where the IR signatures for C=O stretching and the deformation of vinylic 

C–H appeared peak at 1730 cm-1 and 1408 cm-1, respectively. On the other side, the XPS 

analysis confirmed the presence of residual reactive amine groups in the prepared RMC (Figure 

S4, Supporting Information). These residual acrylate and amine groups were strategically and 

independently modified to achieve single and dual-modified multilayer coatings with 

appropriately selected small molecules through the 1,4-conjugate addition reaction at ambient 

conditions. To prepare different single modified coatings (SMC), the RMC on NF was 

separately reacted with selected primary amine-containing small molecules, i.e., glucamine 

(Glu, neutral), β-alanine (β-ala, anionic) and N, N-dimethylaminopropylamine (DMAPA, 

cationic) through 1,4-cojugate addition reaction and the resulted coatings were denoted as 

SMC-1, SMC-2, and SMC-3, respectively. The successful post-covalent modifications were 

characterized with ATR-FTIR analysis, where the characteristic IR signature for vinylic C-H 

deformation at 1408 cm-1 was significantly depleted with respect to the normalized IR peak for 

carbonyl stretching (Figure 1D). During the 1,4-conjugate addition reaction between residual 

acrylate groups of prepared RMC and primary amine of selected modifiers, the vinyl group was 

compromised, and the carbonyl group remained unaffected at the end. Thus, the IR signature 

for carbonyl group acted as an internal reference to monitor the successful and unambiguous 

post-covalent modification of the prepared RMC. Thereafter, to derive different dual modified 

coatings (DMC), these SMCs were separately treated with various acrylate containing small 

molecules, i.e., 2-hydroxyethyl acrylate (neutral), 3-sulfopropylacrylate (sulfonate acrylate, 

anionic), 2-(dimethylamine) ethyl acrylate (DMAEA, cationic). Depending on the successive 

and selective chemical modifications, these coatings were referred as DMC-1 (Glu/hydroxy 

acrylate), DMC-2 (β-ala/sulfonate acrylate), DMC-3 (DMAPA/sulfonate acrylate) and DMC-4 

(DMAPA/DMAEA), where residual amine of the prepared coatings reacted with acrylate 

groups of selected modifiers through 1,4-conjugate addition reaction. The modification was 

characterized by ATR-FTIR analysis, as shown in (Figure S5, Supporting Information). 

2. Tailoring the Force of Nucleated Hydrogen Bubble Adhesion. 

Thereafter, the impact of both single and dual modifications of the prepared RMC on 

both the water (in air) and air-bubble (underwater) wettability was examined in detail (Figure 

1E-F and Figure S6, Supporting Information). The water wettability of the NF altered from 

hydrophobicity (water contact angle (WCA) of 124.6 ± 1.2°, Figure 1G) to hydrophilicity 

(WCA of 74.2 ± 0.7°, Figure 1G) on deposition of the RMC—and it became superhydrophilic 
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with water contact angle of 0° on adaptation of either single or dual modifications—irrespective 

of the types (neutral, cationic and anionic) of the selected hydrophilic modifiers (Figure 1G). 

This can be attributed to the introduction of high surface free energy on the porous RMC coating 

(Figure 1B)—through post-covalent modification with selected hydrophilic molecules. An 

elevation of surface free energy was observed on modification of RMC with selected modifiers, 

as shown in Figure 1G (blue dotted line). As a result, WCA was dropped to 0° (Figure 1G)—

and the modified coating became superhydrophilic. Interestingly, underwater air bubble contact 

angle (BCA) of the prepared coatings was noticed to be improved—depending on the selection 

of single modifiers, i.e., glu (SMC-1; BCA of 145.5 ± 0.3°), β-ala (SMC-2; BCA of 146.9 ± 

0.2°) and DMAPA (SMC-3; BCA of 149.1 ± 0.3°) as shown in Figure 1G—however these 

single modified coatings remained inappropriate to display superaerophobicity as the 

underwater BCA remained < 150°. On the contrary, the dual modified coatings, i.e., DMC-1, 

DMC-2, DMC-3, and DMC-4 displayed underwater superaerophobicity with BCA of > 150°, 

where DMC-4 displayed maximum air-bubble repellence, i.e., 161.1 ± 1.4° as shown in Figure 

1F. This elevation of BCA was noticed with increase in the surface free energy (blue dotted 

line) of the modified coating (Figure 1G; gray bars). The improved hydration of the porous 

coating becuase of high surface free energy in the submerged condition minimizes the contact 

between air bubble and prepared coating—and provides extreme bubble repellence. This study 

revealed that all superhydrophilic interfaces are not adequate to display superaerophobicity—

rather, the controlled post-covalent modification tailors the underwater superaerophobicity with 

distinct underwater air BCA (denoted as θa). It is known that θa and WCA in air (θw), sum up 

to 180° as they are supplementary to each other.[36,37,38] However, the current approach allowed 

us to derive a series of highly porous superhydrophilic interfaces (θw ~ 0°) that displayed 

distinct variations in air-bubble contact angles—depending on the selected chemical 

modifications. This is an unnatural tendency in wetting.  

To further understand this unusual gas-bubble wetting behavior, we plot in Figure 1H-

I, the wetting diagram of the coated NF with different chemical modifications, in which we 

obtained the linear relationship that the apparent air BCA increases with the Young contact 

angle. In this plot, we just changed the chemical modifications of the coating, keeping its 

structure intact. Thus, it is expected that the plot can be fitted with the Cassie−Baxter model: 

cos 𝜃𝑎 =  𝜑 cos 𝜃𝑌 − (1 − 𝜑)    (1) 

where 𝜑 is the solid−bubble contact fraction or Wenzel model: 

cos 𝜃𝑎 =  𝑟 cos 𝜃𝑌     (2) 
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where 𝑟 is surface roughness.[39] In these models, the intercept of cos 𝜃𝑎-axis is always negative 

or zero. However, the linear fitting we obtained from the plot is following the equation: 

cos 𝜃𝑎 =  2.50 cos 𝜃𝑌 + 0.87    (3) 

with fitting reliability of R2 = 0.95, which can be explained by neither the classical wetting 

model[36,37,38] nor recently proposed models. [40,41,42] 

 We have selected DMC-4, having maximum underwater BCA to study HER 

performance. Thereafter, the stability of the DMC-4 was examined, exposing to various 

chemically harsh conditions—including extremes of pH, ionic surfactants contaminated (1 

mM) aqueous phase, high salinity (5 M) and artificial seawater. The superaerophobicity of 

DMC-4 remained unaffected even after prolonged (30 days, Figure 2A) exposure to these 

chemically harsh conditions. Most importantly, the current approach of single and dual-

modifications of RMC allowed to modulate force of adhesion of air-bubble underwater. On the 

association of DMC-4 on NF, the force of adhesion of beaded air-bubble (5 µL) reduced (4.6 ± 

0.3 μN) by ~ 96% compared to the bare NF (148.9 ± 2.6 μN), as shown in Figure 2B-C. 

Interestingly, the selected chemical (single or dual) modifications provided a distinct force of 

adhesion for a beaded air bubble, as shown in Figure 2B. The force of air bubble adhesion was 

noticed to be depleted with elevation of the surface free energy of the differently modified 

coatings, as shown in Figure 2B. This is due to improved hydration of the modified porous 

coating, where the change in surface free energy because of the difference in the chemical 

modification controls the extent of hydration of the prepared polymeric coating. Next, an air 

bubble was beaded and squeezed against the bare and coated (DMC-4) NF, prior to receding 

the beaded air bubble from respective substrates underwater. We noticed a significant distortion 

of the air bubble on bare NF during the receding process, even the air bubble was found to be 

broken and a trace of air bubble remained on the bare NF. (Figure S7, Supporting Information 

and Movie 1). Whereas the air bubble left the coated NF, neither having any noticeable 

distortion nor leaving any trace of remnant air bubble on the coated NF (Movie 1). This result 

independently supports the existence of low force of air-bubble adhesion. The chemically 

modulated low force of underwater air-bubble adhesion is anticipated to facilitate an early 

detachment of tiny air-bubbles from the coated electrode. As presented in Figure 2D, hydrogen 

gas bubbles are generated on the cathode during the electrolysis of water, then they grow into 

a bigger gas bubble—and block the active catalytic site before leaving the electrode surface. 

The detachment of the generated gas bubbles on the bare electrode—entirely depends on the 

two competing forces acting on the generated hydrogen gas bubble underwater, i.e., 1) force of 

bubble adhesion on the electrode and 2) buoyancy force (Figure 2D). In this section, we 
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attempted to study the nucleated hydrogen bubble adhesion property of the modified multilayer 

coating. In this context, we examined the relationship between air bubble adhesion and 

nucleated hydrogen bubble removal property. This is because the mechanics of the static air 

bubble adhesion differs from that of nucleated hydrogen bubbles (Figure 2E).[43] In the static 

air bubble adhesion regime, the single air bubble is attached to the outermost surface of the 

electrode (Figure 2C). While, the nucleated hydrogen bubbles must exist inside the porous 

structure of the electrode (Figure 2F). We first measured the buoyancy force applied to the 

nucleated hydrogen bubble just detached from the surface Fb, which is given by 

𝐹b =
𝜋𝐷3(𝜌w−𝜌h)𝑔

24
[4 − (1 + cos 𝜃ℎ)2(2 + cos 𝜃ℎ)] for 

𝜋

2
< 𝜃h < 𝜋  (4) 

where 𝐷, 𝜌w , 𝜌h , 𝑔, and 𝜃ℎ  are bubble departure diameter, water density, hydrogen 

density, gravitation acceleration constant, and hydrogen bubble contact angle. We estimated 

that the hydrogen BCA is equal to that of air (that is 𝜃a ≈ 𝜃h) and quantified Fb. Figure 2G 

shows that Fb is linearly proportional to Fa, which fills the gap between the air bubble adhesion 

and nucleated hydrogen bubble removal property. Moreover, Fb is balanced with the adhesion 

force of the nucleated hydrogen bubble, Fh (Figure 2E), which is estimated by the Young-Dupré 

model, which yields:[44] 

𝐹h = 𝜋𝐷𝛾w′ cos 𝜃ℎ  (1 + cos 𝜃ℎ)    (5) 

where 𝛾w′ is water−hydrogen interfacial tension. We assumed 𝛾w′ ≈ 𝛾w and obtained 

the relationship between 𝐹h  ~ 𝐹b  (Figure 2H). The net force between 𝐹h  and 𝐹b  maybe the 

viscous energy dissipation force in hydrogen bubble growth. Further, we estimated Eötvös 

number Eo, which is a dimensionless quantity representing the relative effect of buoyancy 

forces versus capillary forces, given by 

Eo = (𝜌w−𝜌h)𝑔𝐷2γ
w′
−1    (6) 

Figure 2I shows the effect of the chemical modification on D and Eo. When the surface is bare, 

the bubble departure diameter is large enough to work buoyancy force to detach the bubble 

from the substrate (Eo > 1). However, after the chemical modification, the bubble departure 

diameter is small to be Eo << 1. Especially, DMC-4 removed the hydrogen bubble with a 

minimum size of 0.64 mm and Eo = 0.05. It means the chemically modified surface can remove 

nucleated hydrogen bubbles with negligible buoyancy force. Thus, a tiny (diameter of 0.64 mm) 

gas bubble was released underwater from coated NF, as shown in Figure 2J. Whereas a 

significantly larger (~ 4.6 times) gas bubble was noticed to be detached from the bare NF. 

(Figure 2K). We noticed a depletion in the size of detached gas-bubbles from coated NF—

depending on the selection of post modifications. (Figure S8, Supporting Information). The 
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larger gas bubbles attached on bare NF lead to a high electrode surface coverage during 

electrolysis, and eventually, it is likely to reduce electrolyte diffusion and increase polarization 

loss—which eventually compromises the HER performance.  

Notably, the electrochemically generated bubbles are first entrapped in the topography, 

corresponding to the Wenzel state, where the easy detachment of these bubbles is difficult for 

conventional interfaces. However, in our case, these bubbles detached with extremely small 

diameters, indicating that our chemical modulation has a high hydration ability on the surface, 

enough to cause a transition from Wenzel to Cassie state. This excellent hydration ability is 

supported by the data: (1) well-matched probe-bubble adhesion force vs. generated-bubble 

adhesion force (Figure 2G-H, and (2) unclassical wettability diagram Young contact angle vs. 

apparent contact angle (Figure 1I). Generally, to increase the electrode efficiency, increasing 

the surface roughness (area) is promising; however, the adhesion force of the nucleated 

hydrogen bubble should be increased with the surface roughness, leading to a decrease in the 

electrode efficiency. While the smooth hydrophilic coating, for example, hydrogel coating, 

enabled superaerophobicity,[27] our coating gives the electrode both nanoscale roughness and 

excellent hydrogen bubble removal property.  

 

3. Influence of Tailored Force of Air-Bubble Adhesion on HER Performance. 

In the following section, we have examined and compared the HER performance of NF (utilized 

as a working electrode in a three-electrode setup) with and without single and dual modified 

coatings under alkaline condition (1M aq. KOH, pH 14), where no additional electrocatalysts 

were involved. The HER performance was significantly improved on the association of both 

single-modified (SMC-1, SMC-2, SMC-3) and dual-modified (DMC-1, DMC-2, DMC-3, 

DMC-4) coatings; however, DMC-4 exhibited highest current density of -1270 mA cm-2 at -0.9 

V versus reversible hydrogen electrode (RHE), which is almost double than that of the bare NF 

(-680 mA cm-2) (Figure 3A). This can be attributed to the early detachment of generated 

hydrogen gas bubbles, as evident from the digital images in Figure 3B, where smaller gas 

bubbles left the coated (DMC-4) electrode surface in comparison to the bare electrode (Figure 

3B). Further, Movie 2 allows to directly visualize the difference in the sizes of detached 

hydrogen gas bubbles from bare and coated (DMC-4) NF electrodes at a current density of 500 

mA cm-2. This current strategy improved the overpotential of HER at both low and high current 

densities (Figure 3C). Notably, the NF electrode coated with DMC-4 displayed a depleted 

overpotential for HER at low current density of 100 mA cm-2 than those reported coatings 

embedded with additional catalysts.[27, 29, 30] This is because the generated gas bubbles are 
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expected to be attached more firmly on the bare or conventional electrode surface at low current. 

At the low current density, the generation of gas bubbles is less, hence the growth of the gas 

bubble will be slow, and it would be challenging to acquire enough size and buoyancy force to 

compensate the high force of bubble adhesion on bare NF. Eventually, the blockage of the bare 

NF because of nucleated bubble is more prominent in low current density as clearly 

demonstrated in Movie 3. On the other hand, the chemically modified coating (DMC-4) 

embedded with low force of bubble adhesion enabled early detachment of the nucleated 

hydrogen bubbles even at low current density of 10 mA cm-2 as shown in Movie 3. Thus, even 

at very low current density, the currently prepared coating remained effective to keep the 

overpotential low and displayed a superior HER performance compared to relevant literature 

(Scheme 1E).  

The overpotential at a high current density of −500 mA cm-2 was also decreased from -748 mV 

(of bare NF) to -512 mV (Figure 3C) for coated (DMC-4) NF. Whereas the other dual-modified 

coatings, i.e., DMC-1, DMC-2 and DMC-3, showed a relatively lesser change in overpotential 

values, i.e., -598, -596 and -576 mV, respectively. To understand the role of superaerophobicity 

with modulated force of bubble adhesion on this improved electrochemical HER performance, 

we have performed a control experiment to compare the LSV trace of bare NF and NF with 

RMC—prior to its post-covalent modifications with desired modifiers. A very similar 

electrochemical performance (current density of 658 mA cm-2 at the potential of -0.9 (Vs HER) 

and overpotential of 760 mV at current density of -500 mA cm-2) was noticed for the NF with 

RMC when compared with bare NF, as shown in Figure 3A, C. However, the RMC on NF, 

which was subjected to appropriate post-covalent modifications (SMC/DMC) for conferring 

superaerophobicity with the modulated force of bubble adhesion, displayed a significant 

improvement in HER performance (with respect to current density and overpotential; Figure 

3A, C). In another separate control study, RMC was modified with ODA to acheive an 

underwater superaerophilicity with BCA of 0—and such superaerophilic coating on NF 

displayed a poor HER performance when compared with bare NF (Figure S9, Supporting 

Information).These control studies unambiguously support that the current strategy of 

chemically modulated tailoring of force of adhesion of gas bubble provided a simple basis to 

improve current density and overpotential of HER – through the early detachment of gas 

bubbles. The low force of nucleated hydrogen gas bubble adhesion (4.6 ± 0.3 μN) of DMC-4—

which enables the detachment of generated  tiny hydrogen gas bubbles—helped to reduce “dead 

space” on the electrode surface during HER and improved micro-convection of electrolyte. 
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Eventually, the overpotential was observed to be depleted (Figure 3C) even at a high (−500 mA 

cm-2) current density. Thus, negligible or no involvement of intrinsic catalytic activity of 

deposited multilayer coating embedded with modulated force of bubble adhesion is expected 

towards the improved HER performance. Notably, as the applied current density increased, the 

difference between the required potential for the bare NF and DMC-4 coated NF electrodes 

became larger as more hydrogen bubbles were formed and adhered to the bare electrodes at 

higher current densities. These findings showed the importance of lowering the force of 

nucleated hydrogen gas bubbles to address the bubble detachment challenge.  

Thereafter, the Tafel slope of NF electrode with and without DMC-4 was measured 

from the steady-state polarization curve following reported protocol,[45] and a minimal change 

(157.8 vs 162.9 mV dec-1) in the slope values was noticed—which suggests that DMC-4 had a 

negligible influence on the water splitting mechanism of the selected native electrode (i.e., NF, 

Figure 3D).[46] This implied that the current strategy of chemically modulated tailoring of the 

force of adhesion of gas bubble has the ability to improve the overpotential for HER activity 

without affecting the HER mechanism of the native electrodes. To provide more insights into 

the role of DMC-4 on HER performance, electrochemical impedance spectroscopy (EIS) data 

was investigated at -0.25 V vs. RHE. [27,47-48] The decrease in both series resistance (R1) and 

charge transfer resistance (R2) was observed when the bare NF electrode was coated with 

DMC-4 (Figure 3E). This is because of the early detachment of nucleated hydrogen gas bubbles 

on the coated (DMC-4) NF electrode. The attachment of big gas bubbles on bare NF electrode 

reduces effective surface area and increases resistance of the electrode (Figure 3E). Moreover, 

LSV curves for bare and coated (DMC-4) electrodes with and without iR corrections are 

provided in Figure 3F. After the iR corrections, bare and coated (DMC-4) electrodes displayed 

similar polarization curves (Figure 3F). This result also suggested that the improved HER 

performance of the coated electrode is because of the lower resistance of the coated electrode 

with respect to the bare electrode.[27] The bare electrode suffers from the blockage of the 

catalytic surface because of the bubble attachment—and lead to elevation in resistance of bare 

NF. Thereafter, electrochemically active surface area (ECSA) was analyzed. The active surface 

area of bare NF and coated (DMC-4) NF electrodes were 1.3 and 1.1 mF cm-2 (Figure 4A), 

(Figure S10, Supporting Information). This slight decrease in ECSA implied partial blocking 

of active sites in coated (DMC-4) NF. However, the embedded superaerophobicity with low 

force of bubble adhesion in coated (DMC-4) NF facilitates detachment of generated tiny gas 

bubbles—and prevents further blockage of the active surface area of the electrode during HER 
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at low and high current densities. However, unavoidable blockage of the catalytic surface area 

in bare electrode because of the large bubble attachment—restricts the access of electrolytes—

and enhances the ionic resistance during HER. 

To further check the stability of the coated (DMC-4) NF electrode for practical 

application, a chronoamperometric stability test was performed. Chronoamperometric data was 

recorded at a current density of -250 mA cm-2. A slight depletion in current density (245 mA 

cm-2) was noticed after 60 h (Figure 4B), which suggests the stability of coated electrode. 

Moreovere, there was a negligible change in the LSV traces before (red solid line in Figure 4C) 

and after (black solid line in Figure 4C) the stability test, further confirming the stability of the 

coated (DMC-4) electrodes. Furthermore, the superaerophobicity of the coated (DMC-4) 

electrode remained intact with an air BCA of ~160° (Figure 4D) and force of adhesion of 5.3 ± 

0.5 μN even after performing chronoamperometric stability for 60 h (Figure 4E). The 

deconvoluted XPS spectra (Figure S11, Supporting Information), FESEM images (Figure S12 

A-B, Supporting Information), and FTIR spectra (Figure S12C, Supporting Information) 

independently support the stability of the coated NF. The coated (DMC-4) NF electrode before 

and after exposing it to harsh chemical environments for 1 month (Figure 2A) displayed very 

similar polarization curves and Tafel slopes for HER (Figure S13, Supporting Information).  

Finally, electrolysis was carried out in two-electrode mode employing coated (DMC-4) 

NF as the cathode and bare NF as an anode to replicate the electrolyzer configuration. While 

the theoretically required voltage for overall water splitting is 1.23 V, the experimentally 

required voltage for water splitting in this 2 electrode set-up is observed to be 2.14 V at current 

density of 100 mA cm-2 (Figure 4F). Hence, the overpotential for overall water splitting in 2 

electrode system was calculated to be 910 mV (at current density of 100 mA cm-2)—which 

matches well when compared with the combined overpotential of individual OER (650 mV) 

and HER (250 mV)—which are calculated using 3 electrode electrolyzer configuration. The 

faradaic efficiency of H2 production was calculated by comparing the theoretical and 

experimental values using earlier reported procedures in two electrode system.[49-50] The 

faradaic efficiency for H2 was estimated to be ~ 98.2% (Figure S14, Supporting Information). 

The HER faradaic efficiency remained constant over the course of the run, indicating that the 

electrode material is sufficiently stable. To further check the universality of our approach, other 

electrodes, such as carbon cloth and carbon paper electrodes, were also coated with DMC-4 

prior to examining their HER performance (Figure 4G and Figure S15, Supporting Information). 

The result suggests that the current chemical modification approach to modulate the force of 
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nucleated hydrogen gas bubble adhesion has immense potential to improve the HER 

performance of different electrodes.   

Conclusion 

In brief, the performance of multilayer coated electrodes in the alkaline hydrogen 

evolution reaction can be notably enhanced by tailoring the force of nucleated hydrogen gas 

bubble adhesion underwater—without associating additional electrocatalysts or complex and 

specific fabrication processes. By adjusting the formulation of the multilayer coatings—and 

followed by strategic post modifications, we could regulate the porosity, aerophobicity, and 

force of nucleated hydrogen gas bubble adhesion—which attributed to improved HER activity. 

The NF electrode coated with DMC-4 displayed superior performance compared to other 

single/dual modified coatings and existing literature, particularly at high current densities, due 

to its ability to swiftly eliminate tiny nucleated hydrogen gas bubbles from the electrode surface. 

Moreover, this strategy can be successfully applied on other electrodes to achieve improved 

HER performance. Our current findings provide important insights into designing efficient 

electrodes for HER—without associating additional state of the art catalysts and open doors for 

the practical implementation of water electrolysis and green energy production.  
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Scheme 1. (A) Accounting 1,4-conjugate addition reaction between representative acrylate and 

amine groups. B) Schematic depicting the deposition of chemically reactive multilayer coating 

comprised of residual acrylate and amine on a selected electrode (nickel foam, NF). C) 

Schematic illustration for chemical modification of reactive multilayer coating deposited on NF 

with different chemical modifiers to impart different types of underwater air bubble 

wettability—aerophilicity, aerophobicity and adhesive/non-adhesive superaerophobicity. (D) 

Schematic depicting electrochemical setup for HER, where hydrogen gas bubbles generation 

on bare NF and coated (DMC-4) NF is compared. While the bare NF surface was covered with 

larger hydrogen gas bubbles, the coated (DMC-4) NF remained efficient in detaching generated 

tiny hydrogen gas bubbles during HER. (E) The spider plot accounting the HER performance 
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of different electrode systems without (solid line, Ref. [27], [28]) or with (dotted line) additional 

catalyst (Ref. [12], [22], [29], [30]). 

 

Figure 1: (A) Accounting the growth in the size of the polymeric nanocomplex in dipping 

solution (prepared by mixing BPEI and 5Acl with different volume ratios) with the number of 

bilayer depositions. B-C) FESEM images of multilayer coated NF that were derived separately 

from dipping solutions having volume composition of BPEI (50 mg mL-1) and 5Acl (132.5 mg 

mL-1) of 1:10 (B) and 1:5 (C) in low (Scale bar, 100 μm; left panel) and high (Scale bar, 1 μm; 

right panel) magnifications. (D) FTIR spectra of the reactive multilayer coating (RMC) before 

and after post-covalent modifications with selected modifiers. E-F) Digital and contact angle 

goniometer images demonstrating wettability of water (in air, top panel) and air-bubble 

(underwater, bottom panel) on uncoated NF (E) and NF with dual modified coating (DMC-4, 

F). (G) Illustrating the impact of different single and dual-modifications of RMC on air bubble 

contact angle (BCA, underwater),  water contact angle (WCA, in air), and surface free energy 

(SFE). (H-I) Wetting diagram representing the relationship between Young contact angle of air 
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bubble (θY) and air bubble contact angle on coated (SMC/DMC) & bare NF (θa). H is magnified 

and I with classical wetting models: Cassie-Baxter model (blue dotted line) and Wenzel model 

(red dotted line), and the linear fit of the plot is obtained in this work. Results are presented as 

mean ± SD, where sample size, n = 3. 

 

Figure 2. (A) Contact angle mesurments accounting the chemical stability of the embedded 

superaerophobicity of the DMC-4 at severe and relevant conditions. (B) Depicting the change 

in force of static bubbles adhesion on the coated (RMC and differently modified  (SMC/DMC)) 

NFs with surface free energy of the coating. (C) Schematic of bulk air bubble adhesion statics 

on DMC-4 coated NF. (D) Schematic illustrations of hydrogen bubble nucleation, growth and 

detachment on DMC-4 coated NF. (E) Mechanics of the nucleated hydrogen bubble just in 
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detachment. F) Illustrating the adhesion of nucleated hydrogen bubbles on DMC-4 coated NF. 

G-H) Relationship between Fa vs Fb and estimated Fb vs Fh. I) Bubble departure diameter vs. 

Eötvös number. J-K) Accounting the growth and detachment of (J) tiny nucleated gas-bubble 

on coated (DMC-4) NF, whereas (K) a larger size of gas-bubble remained attached to the bare 

NF, where red arrow denotes the detached gas bubble. Scale bar: 1 mm. Results are presented 

as mean ± SD, where sample size, n = 3. 

 

Figure 3. (A) LSV traces of bare NF and NFs—with RMC and differently post-modified 

(SMC/DMC) coatings. (B) Digital images of bare (top panel) and coated (DMC-4, bottom 

panel) NF during hydrogen evolution at current density of 500 mA cm-2. (C) Comparison of 

overpotential of bare NF, RMC-deposited NF and NFs—with differently postmodified 

(SMC/DMC) coatings at low (100 mA cm-2) and  high (500 mA cm-2) current densities. (D) 

Tafel plot of bare and coated  (DMC-4) NF, (E) Nyquist plots of bare and coated (DMC-4) NF, 

equivalent circuit is presented in the inset, (F) Comparision of LSV traces of bare (red) and 

DMC-4 coated (black) NF with (dotted line) and without (solid line) iR correction. Results are 

presented as mean ± SD, where sample size, n = 3. 
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Figure 4. (A) ESCA of bare and coated (DMC-4) NF. (B) Chronoamperometric stability test 

of coated (DMC-4) NF was performed at current density of 250 mA cm-2 and potential of 350 

mV for 60 h. (C) LSV traces of coated (DMC-4) NF before (red) and after (black) performing 

stability test. (D) Contact angle goniometer images depicting the superaerophobicity of the 

coated (DMC-4) NF before and after stability test for 60 h at current density of 250 mA cm-2. 

(E) Accounting force of air-bubble adhesion before and after stability test for 60 h at current 

density of 250 mA cm-2 F) LSV trace of coated (DMC-4) NF electrode in two electrode mode. 

(G) Comparison of HER overpotential of uncoated and coated (DMC-4) carbon cloth, carbon 

paper, and NF electrodes at current density of 10 mA cm-2. Results are presented as mean ± SD, 

where sample size, n = 3. 

 

Supplementary information 

The online version contains experimental section and supplementary material. 

Statistical analysis 

All the experiments were performed in triplicates. Results are presented as mean ± SD 
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