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 14 

SUMMARY  15 

Bubble growth and departure are ubiquitous phenomena in gas-evolving reactions, which govern 16 

the overall energy and mass transport. However, an in-depth understanding of the relationship 17 

between bubble dynamics and the electrochemical processes, in particular, the wettability effect 18 

on a gas-evolving porous electrode remains elusive. Here, we report the bubble dynamics and 19 

overpotential observed during alkaline water splitting on a polytetrafluoroethylene (PTFE) 20 

deposited nickel porous electrode. With only a slight decrease in hydrophilicity (where the bubble 21 



 

receding contact angle increased from 5° to 12°), the transport overpotential increased two times 1 

for a broad range of current densities. We show that the porous electrode transitioned from a liquid-2 

filled state to a gas-filled state when varying the wettability, which changed the bubble departure 3 

sizes and bubble coverage. As a result, there were substantial changes of the transport 4 

overpotential. Our work elucidates the fundamental relationship between wettability and water 5 

splitting characteristics, which provides a practical scenario to structure the electrode for gas-6 

evolving reactions. 7 

 8 

Context & Scale  9 

Electrochemical gas-evolving reactions play a crucial role in many industrial energy conversion 10 

and storage processes. The continuous gas production leads to the evolution of bubbles at the 11 

reaction sites, which further results in energy loss due to the increase of transport resistance. To 12 

enable high-performance electrochemical systems, bubble dynamics during gas-evolving reactions 13 

have attracted particular interest recently. Yet, the fundamental relationship among gas-evolving 14 

electrode wettability, bubble dynamics and overpotential has not been well-understood. In this 15 

work, we investigate the bubble dynamics and the resulting overpotential in alkaline water splitting 16 

by engineering the wettability of a porous electrode. We show that a slight decrease in wettability 17 

could result in a drastic transition of bubble dynamics and a significant increase of the transport 18 

overpotential. We explained this transition behavior by comparing the wettability dependent 19 

bubble departure size and the characteristic pore size of the electrode. The insights gained from 20 

this study not only shed light on the fundamentals among electrode wettability, bubble dynamics 21 

and overpotential, but also provide design guidelines for porous electrodes to enable high-22 

performance gas-evolving reactions.   23 



 

INTRODUCTION 1 

Gas-evolving reactions are ubiquitous in many electrochemical systems including water splitting, 2 

chlor-alkali electrolysis, and direct methanol fuel cells.1–8 Bubble formation due to the limited 3 

solubility of reactants in the electrolyte reduces the effective reaction area, increases the ohmic 4 

resistance and creates undesired ion concentration, which becomes one of the most dominant 5 

mechanisms for overpotential on gas-evolving electrodes.9–13   6 

To reduce energy losses and thus improve production efficiency, investigation on gas bubble 7 

dynamics in electrochemical systems remains an active topic despite its long history.1,2,5,14–19  In 8 

particular, recent studies showed that the change of wettability of electrodes, enabled by either 9 

depositing a hydrophobic material20 or fabricating micro/nanostructures on a flat substrate,21–23 10 

plays an important role in bubble dynamics such as heterogeneous nucleation,24,25 bubble 11 

growth,26,27 and bubble departure size,20,23 leading to different water splitting characteristics.23  In 12 

a water splitting system, the overpotential is known as the additional voltage required on top of 13 

the thermodynamic voltage (1.23 V) to trigger water splitting.3 During an oxygen evolution 14 

reaction process, the total overpotential ηtotal from the reference electrode (RE) to working 15 

electrode (WE) consists of the activation overpotential for oxygen evolution reaction (OER) ηact, 16 

cell ohmic overpotential ηohm,cell, bubble ohmic overpotential ηohm,bub, concentration overpotential 17 

ηcon and bubble overpotential ηbub, 18 

𝜂𝜂𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  = 𝜂𝜂𝑎𝑎𝑎𝑎𝑎𝑎 + 𝜂𝜂𝑜𝑜ℎ𝑚𝑚,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝜂𝜂𝑜𝑜ℎ𝑚𝑚,𝑏𝑏𝑏𝑏𝑏𝑏 + 𝜂𝜂𝑐𝑐𝑐𝑐𝑐𝑐 + 𝜂𝜂𝑏𝑏𝑏𝑏𝑏𝑏.                              (Equation 1) 19 

Note that ηohm,cell represents the intrinsic cell ohmic drop due to the circuit and solution resistance, 20 

whereas ηohm,bub is induced by the bubble layer on the electrode surface.28,29 ηcon is dominated by 21 

the bubble growth-and-departure induced micro-convection,30,31  and ηbub results from the decrease 22 



 

of effective reaction area due to bubble coverage.10,32,33 Therefore, ηohm,bub + ηcon + ηbub is defined 1 

as the transport overpotential (ηtrans), which is closely related to the bubble dynamics on both the 2 

anode and cathode and becomes significant for high current density conditions.3,9,32 At the 3 

fundamental level, although engineered flat substrates have been used to study bubble dynamics, 4 

the wettability effect on a porous electrode, which is more commonly used in practice due to its 5 

high specific area and mass transport performance,34–40 remains not well-understood. Recently, 6 

Kempler et el. observed that the bubble dynamics on a micropillar structured electrode vary with 7 

the micropillar pitch and diameter, indicating that the wettability of microstructured electrode 8 

could play a significant role to bubble behavior.29 Kang et al. also reported the wettability effect 9 

on overpotential using different porous transport layers.41 However, quantitatively relating the 10 

bubble wetting state to bubble dynamics during gas-evolving reactions remains elusive. From a 11 

practical perspective, optimizing the electrode porous structure with known material wettability or 12 

engineering the wettability based on a fixed porous structure is important for the design of gas-13 

related electrochemical systems. For example, since the kinetics of a given catalyst can be 14 

optimized by engineering its wettability,42,43 it is necessary to fill the knowledge gap and determine 15 

how to design the architecture of the porous electrode based on the wettability of the catalyst. This 16 

understanding would, therefore, helps bridge fundamental materials insights with practical 17 

electrolyzer design.  18 

In this work, we studied the relationship among the porous electrode wettability, bubble dynamics 19 

and the resulting transport overpotential using alkaline water splitting as an example. We measured 20 

the transport overpotential on a nickel foam, where its wettability was well-controlled through a 21 

nickel/polytetrafluoroethylene (PTFE) co-deposition process.44 By changing the wettability of the 22 

electrode with different PTFE coverage ΘPTFE (the ratio of projected PTFE surface area to the total 23 



 

projected area), we show a significant change of the transport overpotential on the same porous 1 

structure, which is comparable to or even greater than the activation overpotential for state-of-the-2 

art catalysts at a high current density.45,46 To understand this phenomenon, we studied the wetting 3 

state of the nickel foam with different PTFE coverage (ΘPTFE = 0, 0.16, 0.55 and 0.76). The wetting 4 

state transitioned from a superhydrophilic to superhydrophobic state due to the porous structure 5 

and PTFE coating, which can be well-described by modified Cassie-Baxter and Wenzel equations. 6 

The significant change of wetting state led to different bubble growth and departure modes. As a 7 

result of the increase in the bubble departure diameter, bubble layer thickness and bubble coverage 8 

increased which contributed to the significant increase in transport overpotential. Based on the 9 

insights gained from bubble dynamics, we extracted an important design parameter relating the 10 

wettability effect to electrode structure, i.e., the ratio of bubble departure diameter and pore 11 

diameter. When the electrode operates in a mass transport loss dominated regime, this ratio should 12 

be less than one to ensure that the reaction area enhancement using a porous structure can be 13 

maintained. 14 

 15 

RESULTS AND DISCUSSIONS 16 

We studied alkaline water splitting driven by an external electrical potential where oxygen bubbles 17 

formed on the anode and hydrogen bubbles formed on the cathode (Figure 1A). Nickel foam with 18 

≈ 95% porosity, ≈ 400 μm pore diameter and ≈ 1.6 cm thickness was used as the WE for OER. 19 

The high porosity and small pore size were confirmed by a scanning electron microscope (SEM, 20 

Zeiss Merlin High-resolution SEM) as shown in Figure 1B. In addition, many microscale 21 

hierarchical bumpy structures were observed (Figure 1C) on the nickel porous structure, which 22 



 

increased the effective reacting area and the wettability due to the bubbles residing in the Wenzel 1 

state.47 PTFE powders (Goodfellow, ≈ 6-9 μm diameter) were deposited onto the nickel porous 2 

structure (Figure 1D-F). Four nickel foams with various PTFE coverage (0, 0.16 ± 0.02, 0.55 ± 3 

0.03 and 0.76 ± 0.02, respectively) were prepared by changing the concentration of deposition 4 

solution and deposition time (see Experimental Procedures and Supplemental Information for 5 

details of sample preparation and PTFE coverage characterization), where the coverage was 6 

characterized by SEM (Figures 1C-F). The reason that the nickel foam coated with PTFE powders 7 

was selected as our material system is to achieve a large range of wettability. This large tunability 8 

of wetting state, from superhydrophilic to superhydrophobic which will be confirmed later, ensures 9 

that our analysis can span most of the design conditions for the practical systems.      10 

 11 

Figure 1. Nickel porous electrodes for water splitting. 12 

(A) Schematic of the alkaline water splitting involving an oxygen evolution reaction (OER) and a 13 

hydrogen evolution reaction (HER). 14 



 

(B) SEM image of bare nickel foam (porosity: 95%, number of pores: 20 /cm, thickness: 1.6 mm). 1 

The inset image shows the bulk material of the nickel foam. 2 

(C), (D), (E), (F) SEM images of nickel foams after electrodeposition. PTFE concentration in the 3 

deposition solution are 0 g/L, 10 g/L, 30 g/L and 45 g/L, respectively with deposition time, 10 4 

min, 10 min, 60 min and 45 min, respectively. PTFE coverage was determined based on the SEM 5 

images as 0, 0.16 ± 0.02, 0.55 ± 0.03 and 0.76 ± 0.02, respectively. Scale bars are all 20 µm. 6 

 7 

Figure 2A shows a schematic of a standard three-electrode experimental setup used for our testing. 8 

The nickel foam (10 mm×10 mm) was horizontally positioned on a sample fixture and used as the 9 

WE. The graphite electrode and the Ag/AgCl electrode were used as a counter electrode (CE) and 10 

a RE, respectively. The OER polarization curves were obtained by linear sweep voltammetry at a 11 

scan rate 1 mV/s. The measured potential was calibrated to the reversible hydrogen electrode 12 

(RHE) by the equation: ERHE = EAg/AgCl + 0.197 V + 0.059 pH where ERHE is the potential against 13 

RHE and EAg/AgCl is the potential against the Ag/AgCl electrode. In addition, OER experiments 14 

under constant current density conditions (50, 100, 200, 300, 400 mA/cm2) were conducted for 15 

bubble visualization and transport overpotential analysis on samples with different PTFE coverage 16 

(0, 0.16, 0.55, and 0.76, respectively). To visualize the oxygen bubble dynamics, a high-speed 17 

camera (Phantom v7.1, Vision Research Inc.) was placed on the side and a digital single-lens reflex 18 

(DSLR) camera (EOS rebel T3, Canon) was mounted on top, and were illuminated by a diffuse 19 

light source (Fiber-Lite MODEL3100, Dolan-Jenner Industries, Inc.). The transport overpotential 20 

ηtrans was obtained by subtracting the contribution of the cell ohmic overpotential ηohm,cell and 21 

activation overpotential ηact, which were determined by electrochemical impedance spectroscopy 22 



 

(EIS) and Tafel fitting without the presence of bubbles, respectively (see Figures S1 and S2 in 1 

Supplemental Information). The OER process was performed in 1 M KOH solution. Figure 2B 2 

shows the transport overpotential as a function of current density with four different PTFE 3 

coverages. To investigate the role of wettability and bubble dynamics on the transport 4 

overpotential, the overpotential owing to the decrease of effective reaction area with PTFE 5 

coverage was carefully calibrated and excluded from the transport overpotential in Figure 2B (see 6 

Figure S1 in Supplemental Information). Significant differences in transport overpotential on the 7 

WE were obtained by changing PTFE coverage for the wide range of current densities. 8 

Specifically, the lowest transport overpotential was observed on the WE without PTFE, whereas 9 

it increased over three times when the PTFE coverage increased from 0 to 0.76. As an example, 10 

the transport overpotential increased from 104 mV to 311 mV at a current density of 400 mA/cm2 11 

when increasing the PTFE coverage from 0 to 0.76. Note that the difference in transport 12 

overpotential for nonwettable and wettable electrodes in this experiment was comparable to or 13 

even greater than the activation overpotential for state-of-the-art catalysts at a high current 14 

density.45,46 In other words, designing the pore structures and the wettability could be equally 15 

important as designing the catalyst to a practical electrolyzer. Meanwhile, a drastic change in the 16 

bubble behaviors was observed with the increase of PTFE coverage (Figures 2C-J), indicating a 17 

strong dependence between bubble dynamics and transport overpotential. When no PTFE was 18 

deposited on the WE (ΘPTFE = 0), many oxygen bubbles smaller than the pore diameter of the WE 19 

(~ 200 μm – 700 μm) were generated (Figures 2C, 2G and see Supplemental Video S1 for bubble 20 

dynamics visualization). For PTFE coverage ΘPTFE = 0.16, the oxygen bubbles became much 21 

larger than those in the ΘPTFE = 0 condition, which are comparable to the pore diameter (Figures 22 

2D, 2H and see Supplemental Video S2 for bubble dynamics visualization). A significant transition 23 



 

in bubble behavior was observed when the PTFE coverage increased to ΘPTFE = 0.55, where 1 

several very large bubbles (> 2 mm diameter) were observed, while the surrounding bubbles were 2 

generally small (< 1 mm diameter, Figures 2E and 2I). Bubbles residing on the WE became the 3 

hemispherical shape (Figures 2E and 2I). When the PTFE coverage increased to 0.76, the bubbles 4 

behaved similar to the condition of PTFE coverage ΘPTFE = 0.55, with a slight increase of bubble 5 

departure size (≈ 4.5 mm) and transport overpotential. More interestingly, it can be seen that only 6 

these large bubbles periodically grew and departed from the WE, whereas most of the surrounding 7 

small bubbles remained a residing state for ΘPTFE = 0.55 and 0.76 (see Figure S3 and Supplemental 8 

Video S3 and S4 for bubble dynamics visualization). In addition, a few of the surrounding bubbles 9 

could even shrink associated with the simultaneous growth of the neighboring large bubble (see 10 

Supplemental Video S5 for bubble dynamics visualization). Figure 2K shows the time evolution 11 

of the transport overpotential for the PTFE coverage of zero and 0.76 under 400 mA/cm2. 12 

Compared with the condition of ΘPTFE = 0, the fluctuation of the transport overpotential for ΘPTFE 13 

= 0.76 showed higher amplitude but lower frequency. The frequency of transport overpotential for 14 

ΘPTFE = 0.76 was consistent with the departure frequency of the large bubbles (see the inset of 15 

Figure 2K and Supplemental Video S3), indicating the behavior of these large bubbles plays a 16 

significant role in the transport overpotential.48 To further understand the relationship between the 17 

above bubble behaviors and the corresponding transport overpotentials, we characterized the 18 

bubble dynamics by leveraging the wetting state analysis as follows of our study.    19 

 20 



 

 1 

Figure 2. Alkaline water splitting experiments with porous electrodes with various PTFE 2 

coverage. 3 

(A) Schematic of the water splitting experiment setup. The overpotential at the working electrode 4 

was recorded by a potentiostat. Bubbles were visualized by a high-speed camera from the side and 5 

the DSLR from the top. 6 

(B) Transport overpotential as a function of current density. The activation and ohmic 7 

overpotentials have been subtracted from the measured overpotential. The error bars represent the 8 

standard deviation due to the time-average of data points. 9 



 

(C), (D), (E), (F) Side views of oxygen bubbles at 400 mA/cm2 with PTFE coverage of 0, 0.16, 1 

0.55 and 0.76, respectively. Scale bars are all 2 mm. 2 

(G), (H), (I), (J) Top views of oxygen bubbles at 400 mA/cm2 with PTFE coverage of 0, 0.16, 0.55 3 

and 0.76, respectively. Scale bars are all 2 mm. The blurriness of images in G and H was due to 4 

the interference of bubbles.  5 

(K) Time transition of transport overpotentials at 400 mA/cm2 with PTFE coverage of 0, 0.76. 6 

Inset shows the images of repetitive bubble growth on the hydrophobic porous electrode in the 7 

interval of 3.3 s which corresponds to the fluctuation of the transport overpotential. 8 

 9 

Figure 3 shows the wettability analysis of WE with different PTFE coverage using 1 M KOH 10 

solution. The WE was highly wicking when the PTFE coverage was zero and 0.16 as shown in 11 

Figures 3A and 3B. The apparent contact angle was 8o and 9o for the PTFE coverage of zero and 12 

0.16, respectively, which was determined by the Wilhelmy plate method.49 However, the WE 13 

became hydrophobic when the PTFE coverage increased to 0.55 and changed to superhydrophobic 14 

(apparent contact angle > 150o) when the PTFE coverage further increased to 0.76 as shown in 15 

Figures 3C and 3D. We determined the droplet apparent contact angle on the non-wicking WE. A 16 

partial Cassie state droplet50 (137o apparent contact angle) was observed on the WE with the PTFE 17 

coverage of 0.55, while a Cassie state droplet (161o apparent contact angle) was seen when the 18 

PTFE coverage was 0.76. This significant transition in wetting state can be explained by a 19 

combined effect of the porous structure and the PTFE deposition. To quantify this transition 20 

behavior, we derived the modified Cassie-Baxter and Wenzel equations, which describe the 21 

apparent contact angles of liquid on a composite interface of gas, liquid and solid material (See 22 



 

Supplemental Information for details of wetting state equations). Figure 3E shows that the 1 

relationship between the apparent advancing contact angle θapp,adv and internal contact angle θint,adv 2 

in all of these four wetting states can be well-described by the modified Cassie-Baxter and Wenzel 3 

equations (dashed line in Figure 3E), using the experimentally determined solid fraction 0.02 and 4 

roughness factor 3.6 as the inputs (see Supplemental Information for details). Note the internal 5 

contact angle at the inner wall of the porous structure where the surface was chemically 6 

heterogenous and rough was determined by placing the droplet on a flat nickel substrate with the 7 

same PTFE coverage (see Supplemental Information for details).      8 

  9 

Figure 3. Wettability characterization for wicking/non-wicking porous electrodes with 10 

various PTFE coverage. The working fluid is a 1 M KOH solution.  11 

(A), (B) Wilhelmy plate method for wicking electrodes. Apparent advancing contact angle θapp,adv 12 

of 8°, 9°, respectively with a PTFE coverage ΘPTFE of 0 and 0.16, respectively. Dashed lines 13 

represent liquid-gas interfaces. Scale bars are 1 mm. 14 



 

(C), (D) Sessile droplet contact angle measurement for non-wicking electrodes. Apparent 1 

advancing contact angle θapp,adv of  137° and 161°, respectively with a PTFE coverage ΘPTFE of 2 

0.55 and 0.76, respectively. Scale bars are 1 mm. 3 

(E) Wetting states of 1 M KOH solution on porous electrodes. The internal advancing contact 4 

angle θint,adv was estimated from the PTFE coverage. Dashed lines are theoretical predictions for 5 

the hemiwicking, Wenzel and Cassie states. The error bars represent the uncertainty for the 6 

apparent contact angle measurements and for the internal contact angle estimation.  7 

 8 

We explained the significant change in bubble dynamics and transport overpotential considering 9 

the wettability effect. In general, the bubble dynamics showed three distinct modes, i.e., internal 10 

growth and departure (Figure 4A), wicking (Figure 4B) and gas-filled modes (Figure 4C) due to 11 

different bubble growth, departure and coverage mechanisms.  Specifically, in the internal growth 12 

and departure mode (Figure 4A), i.e., the WE was not covered by PTFE, bubble nucleation and 13 

departure occurred both on the surface and inside of the porous foam, because the bubble departure 14 

diameter was smaller than the pore diameter (~ 200 μm – 700 μm) in this highly wicking state. 15 

The bubble departure diameter was 150 ± 40 μm from a direct measurement of 100 bubbles. We 16 

estimated the bubble growth using a combined experiment and modeling approach under the 17 

diffuse-controlled growth condition, where an empirical parameter, i.e., the gas efficiency fg, 18 

which is the ratio of the number of molecules used for bubble generation to the total number of 19 

molecules generated by the reaction, was incorporated (see Supplemental Information for details 20 

about the bubble growth analysis).11,51,52  Figure 4D shows the bubble radius R as a function of 21 

growth time t for the internal growth and departure mode under 400 mA/cm2 with different gas 22 



 

efficiencies. The values of fg were determined from a typical range of gas efficiency which was 1 

reported by literature.51,53 According to this bubble growth analysis, the growth coefficient b (i.e., 2 

𝑅𝑅 = 𝑏𝑏√𝑡𝑡) for the internal growth and departure mode ranged from 0.12 mm/s0.5 to 0.20 mm/s0.5.  3 

When the WE was operated in the wicking mode, i.e., the PTFE coverage increased to 0.16, the 4 

bubble departure diameter became comparable to the pore diameter due to the slight decrease of 5 

wettability. The bubble departure diameter was 450 ± 390 μm from a direct measurement of 100 6 

bubbles. Although nucleation still occurred both on the surface and inside the WE, direct bubble 7 

removal from the internal pores was significantly suppressed because of the increased bubble size 8 

and frequent bubble coalescence (Figure 4B). Figure 4E shows the growth of a representative 9 

bubble (marked by the red circle in the insets) in the wicking mode under 400 mA/cm2. The 10 

discontinuity of bubble radius at t= 1.2 s indicates the moment of bubble coalescence (see the 11 

insets of Figure 4E at t = 1.1 s before coalescence and t = 1.3 s after the coalescence), which can 12 

be commonly seen for the bubbles in the wicking mode (see Figure S5A and Supplemental 13 

Information for details). Before coalescence, the evolution of bubble radius followed the diffuse-14 

controlled growth where the growth coefficient of this bubble was 0.26 mm/s0.5 in Figure 4E. We 15 

characterized more bubbles as shown in Figure S5A. The growth coefficient for the wicking mode 16 

ranged from 0.17 mm/s0.5 to 0.32 mm/s0.5, which is comparable to the growth coefficient estimated 17 

in the internal growth and departure mode.      18 

When the PTFE coverage increased to 0.55 and 0.76, the WE transitioned to a gas-filled mode 19 

(Figure 4C). The existence of this gas-filled mode can be confirmed by the following experimental 20 

evidence. Specifically, according to the wetting state analysis (Figures 3E), the WE became 21 

hydrophobic or superhydrophobic (Figure 3D) and Wenzel bubbles were observed, indicating a 22 

strong resistance to liquid filling. Since only the large bubbles could periodically grow and depart 23 



 

from the WE (see Figure S3 and Supplemental Video S3 and S4), we characterized the growth of 1 

these large bubbles under 400 mA/cm2. Figure S5B shows that the growth coefficient of the large 2 

bubbles ranged from 1.4 mm/s0.5 to 1.6 mm/s0.5 which is an order of magnitude larger than the 3 

growth coefficients observed in the internal growth and departure and the wick modes under the 4 

same current density (400 mA/cm2). This high growth rate of the large bubbles indicates that there 5 

is gas transport from the surrounding small bubbles to the large bubbles through the interconnected 6 

pores in the WE, which is driven by the capillary pressure due to the larger curvature of smaller 7 

bubbles as sketched in Figure 4C. Therefore, although the radius of large bubbles followed the 8 

diffuse-controlled growth relationship, the detailed bubble growth mechanism needs to be further 9 

investigated in future work due to the distinct gas transport process in the gas-filled mode. The 10 

small bubbles would not grow or depart if the gas generation rate in these bubbles was equal to the 11 

gas transport rate from the small bubbles to the large bubbles at a steady state (see Supplemental 12 

Video S3 and S4). In addition, direct evidence for the gas-filled mode is the shrinking bubble 13 

observed in a few of our experiments. Figure 4F shows the evolution of a shrinking bubble (marked 14 

by 1 in the inset) and a neighboring growing bubble (marked by 2 in the inset), which can be also 15 

seen in Supplemental Video S5. The bubble 1 slowly grew before 1.4 s followed by a sudden 16 

shrinkage between 1.4 s and 1.9 s (insets of Figure 4F). Meanwhile, there was simultaneous growth 17 

of bubble 2. Bubble 2 departed from the WE at 1.8 s whereas at the same moment, bubble 1 started 18 

to grow again. This highly correlated shrinkage and growth shown in bubbles 1 and 2 indicates 19 

that these two bubbles were connected through the gaseous pores in the WE.             20 

Figure 4G shows that relationship between the bubble departure diameter and WE wettability can 21 

be well-captured by the classical Fritz correlation,54 which equates the bubble holding force at the 22 

three-phase contact line with the bubble buoyancy (𝐷𝐷𝑏𝑏 = 0.0208𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎,𝑟𝑟𝑟𝑟𝑟𝑟{𝛾𝛾𝑙𝑙𝑙𝑙/[𝑔𝑔(𝜌𝜌𝑙𝑙 − 𝜌𝜌𝑣𝑣)]}1/2 23 



 

where Db is the bubble departure diameter, θapp,rec is the apparent receding contact angle (unit: 1 

degree), γlv is the surface tension, g is the gravitational acceleration, and ρl, ρg are the density of 2 

liquid and gas, respectively). Note that the internal receding contact angle was used for our analysis 3 

when the bubble departure diameter was smaller or comparable to the nickel foam pore scale, 4 

whereas the apparent receding contact angle was applied when the bubble departure diameter was 5 

much larger than the pore scale. The bubble departure diameter for the PTFE coverage of 0.55 and 6 

0.76 was determined from the average of 17 and 28 bubbles, respectively.   7 

The significant change of bubble growth, departure diameter and wetting state from the internal 8 

growth and departure mode to the gas-filled mode leads to the change of bubble coverage, bubble 9 

layer thickness, and gas void fraction, which induces different transport overpotentials. Figure 4H 10 

shows the bubble ohmic potential ηohm,bub as a function of current density for the internal growth 11 

and departure (ΘPTFE = 0), wicking (ΘPTFE = 0.16), and gas-filled (ΘPTFE = 0.76) modes. The bubble 12 

ohmic potential ηohm,bub was estimated using the experimentally determined bubble layer thickness 13 

L and gas void fraction fb (see Supplemental Information for details).28,29 The bubble layer 14 

thickness was given by the time-average of bubble radius and bubble contact angle, and the void 15 

fraction was determined from the time-average of bubble volume (see Supplemental Information 16 

for details). Although the gas void fractions were similar for the internal growth and departure 17 

mode (fb ≈ 0.07), wicking mode (fb  ≈ 0.08), and gas-filled mode (fb ≈ 0.08), the bubble layer 18 

thickness L (see the inset of Figure 4H) increased from about 0.1 mm to 1.8 mm due to the increase 19 

of bubble departure diameter, leading to a significant increase of the bubble ohmic overpotential 20 

for the gas-filled mode (Figure 4H). On the other hand, Figure 4I shows the bubble overpotential 21 

ηbub as a function of bubble coverage Θbubble. In this work, we estimated bubble coverage by 22 

analyzing the ratio of total bubble base area to the projected area (10 mm×10 mm) of the electrode 23 



 

from the top view images and bubble contact angles, which were about 0.001, 0.015, and 0.47 for 1 

the internal growth and departure mode (ΘPTFE = 0), wicking mode (ΘPTFE = 0.16), and gas-filled 2 

mode (ΘPTFE = 0.76), respectively (see Figure S6 and Supplemental Information for details). The 3 

increase of bubble coverage with PTFE coverage mainly resulted from the increase of bubble 4 

contact angle. Note that the experimentally estimated bubble coverage for the projected area (10 5 

mm×10 mm) is the lower limit of the actual bubble coverage for the entire porous structure, since 6 

the bubble covered area inside the porous structure was not taken into account. For the internal 7 

growth and departure mode, bubble nucleation and growth should homogeneously occur both 8 

inside the porous structure and on the surface of the WE, because the bubble departure diameter is 9 

smaller than the pore diameter. The experimentally estimated bubble coverage was thus close to 10 

the actual bubble coverage in this mode. However, for the gas-filled mode, since the internal 11 

porous structure of the WE was covered by gas, the actual bubble coverage can be larger than the 12 

experimentally estimated bubble coverage. These experimentally estimated bubble coverages are 13 

marked as the dashed lines in Figure 4I, where the induced bubble overpotential can be very small 14 

for the internal growth and departure and wicking modes, while it can be comparable with the 15 

bubble-induced ohmic overpotential for the gas-filled mode. Compared to the estimated bubble-16 

induced ohmic overpotential and bubble overpotential with the total transport overpotential, the 17 

increase of transport overpotential from the internal growth and departure mode to the wicking 18 

mode can be attributed to the increase of concentration overpotential. The concentration 19 

overpotential could arise from the transport resistance inside the WE, where the species transport 20 

inside the porous structure becomes inefficient due to the suppression of bubble removal. Direct 21 

experimental characterizations of the concentration overpotential are desirable to further support 22 

the above hypothesis, which is practically challenging due to the complex porous nature of the 23 



 

WE. On the other hand, the increase of transport overpotential from the wicking mode to the gas-1 

filled mode mainly resulted from the bubble-induced ohmic overpotential and bubble 2 

overpotential, i.e., the transport resistance on the surface of the WE due to the increase of bubble 3 

departure diameter and contact angle.                         4 

  5 

 6 



 

Figure 4. Bubble dynamics on porous electrodes with different wettability and its effect on 1 

overpotential. 2 

(A) (B) (C) Schematics of bubble growth and departure modes. A, Hydrophilic electrode and the 3 

bubble departure size smaller than the pore size. B, Hydrophilic electrode and the bubble departure 4 

size comparable to or larger than the pore size. C, Hydrophobic electrode where the bubble 5 

departure size was dictated by the macroscopic receding contact angle. 6 

(D) (E) (F) Characterizations of the bubble growth in the internal growth and departure, wicking 7 

and gas-filled modes. D, Bubble radius as a function of time under 400 mA/cm2 current density in 8 

the internal growth and departure mode. The bubble growth was estimated using an experiment 9 

and modeling combined approach with the gas efficiency fg as an empirical parameter (see 10 

Supplemental Information for details). E, Bubble radius as a function of time under 400 mA/cm2 11 

current density in the wicking mode. The discontinuity of bubble radius at 1.2 s is attributed to the 12 

bubble coalescence. Insets: top view image before the bubble coalescence (t = 1.1 s) and after the 13 

bubble coalescence (t = 1.3 s), where the red circle indicates the bubble being measured and the 14 

white dashed circle represent the neighboring bubble interacting with the red circled bubble. F. 15 

Bubble radius as a function of time under 200 mA/cm2 current density in the gas-filled mode. Two 16 

neighboring bubbles were measured. Insets: time-lapse images of bubble evolution at t = 0.5 s, t 17 

= 1.4 s, t = 1.8 s and t = 1.9 s where the shrinking bubble is marked as bubble 1 and the departed 18 

bubble is marked as bubble 2. 19 

(G) Bubble departure diameter as a function of the receding contact angle. The internal receding 20 

contact angle and the macroscopic receding contact angle were used for wicking electrodes and 21 

non-wicking electrodes, respectively. Solid line shows the Fritz equation. The light blue band 22 



 

indicates the pore diameter (~ 200 μm – 700 μm). The error bars are determined from the standard 1 

deviations of multiple-time measurements. 2 

(H) Bubble-induced ohmic overpotential as a function of current density for different bubble 3 

growth and departure modes. Eq. S26 was used for the estimation of bubble-induced ohmic 4 

overpotential. The bubble layer thickness and gas void fraction were determined from 5 

experimental characterizations (see Supplemental Information for details). Inset: a side view image 6 

of bubbles in the bubble layer. 7 

(I) Bubble overpotential estimation as a function of the bubble coverage. The bubble coverage 8 

drastically changes for various bubble departure modes (insets). Eq. S8 was used for the 9 

estimation. The Tafel slope 𝑅𝑅𝑅𝑅/{(1− 𝛼𝛼)𝐹𝐹} = 0.051, where α is charge transfer coefficient, F is 10 

Faraday constant, R is universal gas constant and T is temperature, respectively. The dashed lines 11 

indicate the experimentally estimated bubble coverages for the internal growth and departure 12 

mode, wicking mode, and gas-filled mode, respectively (see Supplemental Information for details). 13 

Insets: side view images for the bubble morphologies in the internal growth and departure, 14 

wicking, and gas-filled modes.   15 

 16 

According to the insights gained from the wettability effect and bubble dynamics, we extracted an 17 

important design parameter ξ for the porous electrode, i.e., the ratio of the bubble departure 18 

diameter to the pore diameter, which triggers the transition from an internal bubble growth and 19 

departure mode (Figure 4A) to a wicking mode (Figure 4B). This design parameter indicates that 20 

reducing the pore size at the same porosity is not always effective to improve the overall gas 21 

production although more reaction area can be created. A better understanding of bubble de-22 



 

pinning mechanisms is also helpful to avoid the transition to the wicking mode.55 To take full 1 

advantage of the surface area enhancement using a porous structure in a mass transport loss 2 

dominated regime, the pore size needs to be larger than the bubble departure size on the same 3 

electrode to enable efficient bubble removal (i.e., ξ < 1), which can be realized by either 4 

engineering the pore size without much change of the wettability or tuning the wettability for a 5 

fixed pore size in practice. For this reason, a general design procedure can be proposed for the 6 

mass transport loss dominated regime. Firstly, for a given wettability, which might be determined 7 

from the optimal material kinetics of catalysts, the wetting state of the WE can be predicted by the 8 

modified Cassie-Baxter and Wenzel equations. Then, the corresponding bubble departure diameter 9 

Db can be estimated by a correlation such as the Fritz equation with the wetting state as the input. 10 

Next, the design parameter ξ can be calculated. If ξ > 1, either the pore size or the wettability 11 

should be increased. Finally, the above procedures should be iterated with the updated pore size 12 

and wettability until ξ < 1 is met.     13 

 14 

In this work, we demonstrated a significant change in bubble dynamics and transport overpotential 15 

during alkaline water splitting observed on the PTFE-deposited nickel foam electrode. We used 16 

the nickel foam with various PTFE coverage to change the wetting characteristics from a highly 17 

wicking state to superhydrophobic state, which were well-predicted by modified Cassie-Baxter 18 

and Wenzel equations. The increase of WE hydrophobicity increased the bubble departure 19 

diameter, bubble coverage and bubble layer thickness, and therefore increased the transport 20 

overpotential. More importantly, we observed three types of bubble departure and growth modes 21 

which are characterized by internal bubble growth and departure, wicking and gas-filled 22 

electrodes. The water splitting performance on porous electrodes is very sensitive to the wettability 23 



 

because the reaction area enhancement due to porous electrode diminishes when the bubble 1 

departure size becomes comparable or larger than the pore size. This result indicates the ratio of 2 

bubble departure diameter and pore diameter is an essential design parameter for high-efficiency 3 

water splitting system. The proposed study elucidates the physical insights which relate the 4 

wettability effect to the bubble dynamics and overpotential on a porous electrode. Furthermore, 5 

when a given catalyst is identified for optimized kinetics at the laboratory scale, this work fills the 6 

gaps about how to potentially design the architecture of the electrode based on the wettability of 7 

the catalyst and/or substrate and can thus bridge the fundamental materials studies with 8 

electrolyzer design.  9 

 10 

EXPERIMENTAL PROCEDURES 11 

Sample preparation 12 

The nickel porous foam (bulk density 0.45 g/cm3, thickness 1.6 mm, porosity 95%, Goodfellow) 13 

was used as the starting electrode material (Figure 1B). The nickel porous foam was sonicated in 14 

5 M HCl solution for 20 min to remove oxide layer on the nickel surface (Figure S10). It was 15 

subsequently rinsed in deionized (DI) water and ethanol and dried in air flow.   16 

A typical Watt bath was used for the nickel electrodeposition to fabricate the hydrophilic surface. 17 

The PTFE powder was added into the Watt bath for the nickel-PTFE co-deposition to obtain the 18 

hydrophobic surface.44 The compositions of chemicals dissolved in DI water are listed in Table 19 

S1. The PTFE powder was added in DI water with cetyltrimethylammonium bromide (CTAB) for 20 

dispersion. The PTFE dispersion was mixed by a stirrer at 800 rpm for 1 day and sonicated for 60 21 



 

min. The platinum wire electrode and the Ag/AgCl electrode were used as a counter electrode and 1 

a reference electrode, respectively. The nickel porous foam was fixed by an electrode holder and 2 

immersed in the electrolyte.  The electrolyte was agitated by the stirrer at 400 rpm during the 3 

experiment. 1.2 V vs. Ag/AgCl of voltage was applied for 10 - 60 min at 60 °C. 4 

 5 

Sample characterization 6 

The surface structure of the porous electrodes was visualized by a scanning electron microscopy 7 

(Zeiss Merlin High-resolution SEM, Zeiss) with 1.5 kV accelerating voltage. At least, 18 images 8 

were taken at different positions for each sample. The average PTFE coverage was estimated from 9 

the obtained images.  10 

 11 

Alkaline water splitting experiment  12 

All electrochemical experiments with nickel foam were performed on a pool gas-evolving 13 

reaction rig shown in Figure 2A. The electrochemical measurements were carried out with a 14 

potentiostat (VSP-300, BioLogic). The nickel foam was set on the fixture and connected to the 15 

PTFE coated nickel wire (Figure S4). The graphite electrode and the Ag/AgCl electrode were used 16 

as a counter electrode and a reference electrode, respectively. Nitrogen gas was induced into the 1 17 

M KOH solution for 15 min to remove dissolved gases before starting experiment. During the 18 

experiment, the space above the electrolyte in the bath was filled with nitrogen to prevent 19 

dissolution of gasses into the electrolyte. The uncompensated resistance between the working 20 

electrode and the reference electrode was measured by electrochemical impedance spectroscopy 21 



 

(EIS; see Figure S2 in Supplemental Information for details). The overpotential between the 1 

working electrode and the reference electrode for OER in 1 M KOH solution was measured by the 2 

linear sweep voltammetry at scan rate 1 mV/s. Current step measurements at 50, 100, 200, 300, 3 

400 mA/cm2 were conducted for the bubble visualization and transport overpotential analysis. 4 

Oxygen bubbles were visualized by the high-speed camera from the side of the vial. The frame 5 

rate and the spatial resolution of the high-speed camera were 100 fps and about 11 µm/pixel 6 

respectively. Moreover, the electrode surface was visualized by the DSLR from the top view. The 7 

frame rate and the spatial resolution of the DSLR were 30 fps and about 17 µm/pixel respectively. 8 

 9 

Nickel foam wettability test and analysis 10 

Apparent advancing and receding contact angle on the nickel porous foam was characterized by 11 

the Wilhelmy method for hydrophilic surfaces and sessile drop method for hydrophobic surfaces. 12 

The shape of meniscus on the porous foam was measured with a DSLR (Canon, EOS rebel T3) 13 

and a macro lens (MP-E 65mm f/2.8 x 1–5 Macro Photo, Canon).  Contact angles were analyzed 14 

by circle and ellipse best fittings with ImageJ. Several measurements, typically five times, were 15 

conducted to specify the uncertainty of the measurements. The internal contact angle of nickel 16 

foam was estimated from a correlation as a function of PTFE coverage. The correlation was 17 

developed based on sessile droplet measurements with PTFE deposited nickel plates. The specific 18 

area of nickel porous foam was estimated by capillary rise test to estimate the roughness factor 19 

(see Supplemental Information for details).  20 

 21 
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