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with the addition of 8.5  GW of 4  h elec-
tricity storage, modeling showed curtail-
ment remained at 8–10% in the ERCOT 
system.[4] Finding additional ways to uti-
lize this excess generation is critical to 
maximizing the environmental and eco-
nomic benefits of renewable power as its 
share of electricity generation increases.

One strategy to utilize excess renew-
able electricity is to generate H2 with 
water electrolysis, an approach that is 
also referred to as power-to-gas.[5–14] 
There are many potential uses of H2, 
including heating, ammonia production, 
metal refining, conversion into methane 
or liquid fuels, or use in fuel cell vehi-
cles.[15] Very large amounts of H2 can 
potentially be stored relatively cheaply in 
underground reservoirs to address the 
seasonal variability of renewable elec-
tricity generation.[10,16–18] The two most 
common water electrolysis systems are 
alkaline and proton exchange membrane 
(PEM). The alkaline electrolyzer is the 

most mature technology with a cost roughly half that of PEM 
electrolyzers.[5,19] On the other hand, PEM electrolyzers offer 
higher current densities (600–2000  mA  cm−2) than alkaline 
electrolyzers (200–450  mA  cm−2), enabling them to be more 
compact.[19,20]

Without a tax on CO2 emissions, techno-economic assess-
ments of the feasibility of H2 production via water electrolysis 
indicate that it is not cost-competitive with methane steam 
reforming under current market conditions.[12,21–23] Thus, com-
mercial applications of electrolyzers are currently limited to 
small-scale, on-site hydrogen production for industrial appli-
cations, with a few larger-scale plants for ammonia fertilizer 
production in remote areas with excess electricity.[19] The oppor-
tunity to utilize low-cost, excess electricity from renewable gen-
eration will help to make water electrolysis cost competitive, 
but reductions in the cost of the electrolyzer plant will also be 
necessary.[24,25] One way to lower the electrolyzer cost and take 
advantage of periodically low electricity prices is to increase the 
amount of H2 such plants can produce, i.e., their productivity, 
without degrading their lifetime.[19]

The formation of gas bubbles currently limits the maximum 
current density, and thus productivity, of alkaline electro-
lyzers.[19,26] A variety of attempts have been made to address the 
bubble removal problem, including circulation of electrolytes 
across the surface of the electrode,[19,26–28] development of 
zero gap and other advanced electrolyzer architectures,[29–33] 

The generation of renewable electricity is variable, leading to periodic over-
supply. Excess power can be converted to H2 via water electrolysis, but the 
conversion cost is currently too high. One way to decrease the cost of elec-
trolysis is to increase the maximum productivity of electrolyzers. This study 
investigates how nano- and microstructured porous electrodes can improve 
the productivity of H2 generation in a zero-gap, flow-through alkaline water 
electrolyzer. Three nickel electrodes—foam, microfiber felt, and nanowire 
felt—are studied to examine the tradeoff between surface area and pore struc-
ture on the performance of alkaline electrolyzers. Although the nanowire felt 
with the highest surface area initially provides the highest performance, this 
performance quickly decreases as gas bubbles are trapped within the elec-
trode. The open structure of the foam facilitates bubble removal, but its small 
surface area limits its maximum performance. The microfiber felt exhibits 
the best performance because it balances high surface area with the ability 
to remove bubbles. The microfiber felt maintains a maximum current density 
of 25 000 mA cm−2 over 100 h without degradation, which corresponds to a 
hydrogen production rate 12.5- and 50-times greater than conventional proton-
exchange membrane and alkaline electrolyzers, respectively.

F. Yang, Prof. M. J. Kim, Dr. M. Brown, Prof. B. J. Wiley
Department of Chemistry
Duke University
124 Science Drive, Box 90354, Durham, NC 27708, USA
E-mail: benjamin.wiley@duke.edu
Prof. M. J. Kim
Department of Applied Chemistry
Kyung Hee University
Yongin 17104, Republic of Korea

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aenm.202001174.

1. Introduction

The variability of electricity generation from wind and solar 
can lead to mismatches between generation and load which 
necessitate curtailment of generation. For example, ≈4% of 
electricity generated from wind was curtailed in 2013,[1] a time 
at which only 4% of the electricity in the U.S. was generated 
from wind power.[2] The curtailment of renewable power by the 
California independent system operator (CAISO) has increased 
from 188 GWh in 2015 to 461 GWh in 2018, 95% of which was 
solar power.[3] An analysis of the Electricity Reliability Council 
of Texas (ERCOT) grid system with 55% renewables indicates 
that at least 11% of the electricity would be curtailed.[4] Even 
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application of magnetic fields,[34–36] application of ultrasonic 
fields,[37] and even modifications to the gravitational field.[28,38,39] 
Approaching this problem from the perspective of material sci-
entists, we are particularly interested in how the structure of 
the electrode can be modified to improve bubble removal while 
retaining a large surface area for water electrolysis.

There are a huge number of studies of how electrode struc-
ture affects the efficiency of water electrolysis, but relatively 
few studies have focused on the effect of electrode structure 
on bubble removal and the maximum current density.[40–43] 
For example, a study of electrodeposited Ni catalysts with dif-
ferent morphologies indicated a needle-like morphology 
exhibited a high current density due to its low surface tension 
which facilitated bubble removal. Studies of 3D porous elec-
trodes have attributed their high performance to their ability to 
remove bubbles.[40,42,44] However, it is not yet clear what is the 
optimum electrode structure that will maximize surface area 
for electrolysis without hindering bubble removal. It is also not 
clear what is the maximum current density for different 3D 
porous electrode structures.

This study sought to address the question of what is the 
ideal electrode structure that maximizes the surface area for 
water electrolysis while facilitating bubble removal at high cur-
rent densities. A zero-gap, flow-through electrode geometry was 
adopted to minimize the distance between the electrodes and 
maximize the ability of flowing fluid to remove bubbles from 
the porous electrode surface. Three Ni porous electrodes—foam, 
microfiber (MF) felt, and nanowire (NW) felt—were tested to 
examine the tradeoff between pore diameter and surface area. 
Although the NW felt had a surface area 1.34 times larger than 
the MF felt, it exhibited an overpotential 41 mV higher than the 
MF felt at a current density of 100 mA cm−2. Pulse electrolysis 

revealed the overpotential for the NW felt was initially lower 
than the MF felt, but quickly rose to exceed that of the MF felt 
within 1  min. The corresponding decrease in the permeability 
of the electrode over the same period suggested that bubble 
entrapment limited the performance of the NW felt. The greater 
entrapment of bubbles within the NW felt was ascribed to the 
greater pore-throat aspect ratio and the smaller size of the pore 
throat relative to the gas bubbles. The MF felt also exhibited 
better performance than the Ni foam due to its higher surface 
area. The MF felt thus represents an optimal trade-off between 
surface area and pore throat geometry for bubble removal. MF 
felts exhibited H2 production rates 1.7 and 6.7 times greater at 
an energy efficiency of 50% (based on the lower heating value 
of H2) compared to conventional PEM and alkaline water elec-
trolyzers, respectively. The maximum current density of the MF 
felt was 25  000  mA  cm−2 at 3.6  V which is 12.5 and 50 times 
greater than the current density from PEM and alkaline water 
electrolyzers, respectively. The greater production rate enabled 
by MF felts can improve the economics for conversion of inex-
pensive, excess renewable energy to H2.

2. Results and Discussion

2.1. Physical Properties of Ni Foam, Ni Microfiber Felt,  
and Ni–Cu Nanowire Felt

To investigate how pore size and surface area affect the perfor-
mance of alkaline water electrolysis, three electrodes, Ni foam, 
Ni MF felt, and Ni–Cu NW felt, were studied with a flow cell 
shown in Figure  1a (also see Figure S1, Supporting Informa-
tion). We used Cu NWs as a core for Ni-covered NWs because 
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Figure 1. a) A diagram of the flow cell used in this study. b) Photo and c) low-magnification SEM image of Ni MF felt. High-magnification SEM images 
of d) Ni foam, e) Ni MF felt, and f) Ni–Cu NW felt. The bottom images in (d–f) have the same magnification.
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we previously developed a large-scale synthesis of Cu NWs.[45,46] 
This large-scale synthesis facilitates electrode fabrication. In 
addition, there are no syntheses of Ni nanowires with a stick-
like morphology and dimensions appropriate for the fabrica-
tion of a highly porous flow-through electrode.[47] Figure S2 
(Supporting Information), an energy dispersive X-ray spectro-
scopy image, shows the uniform Ni shell around the Cu nano-
wire. An X-ray photoelectron spectroscopy (XPS) spectrum in 
Figure S3 (Supporting Information) indicates that Cu was not 
exposed after Ni coating, so that Cu did not affect the water-
splitting performance of the Ni–Cu NW felts. Ni MFs were 
coated by Ni to exclude the effect of impurities in as-received Ni 
MFs. The Ni MF and Ni–Cu NW felts were prepared via filtra-
tion and then annealed to maximize their electrical conductivity 
(Figure 1b,c; and Figure S4, Supporting Information).[48] Before 
annealing, it was not possible to use the MF and NW felts for 
flow electrolysis due to their low mechanical strength and low 
electrical conductivity. The XPS results for the electrodes con-
firmed that the electronic structure of Ni in the three electrodes 
was the same (Figure S5, Supporting Information), indicating 
they should have the same electrocatalytic activity, and that the 
differences in the electrochemical performance of the three 
electrodes are due to their different microstructures.

Figure  1d–f shows the morphology of Ni foam, Ni MF felt, 
and Ni–Cu NW felt. Low-magnification scanning electron 
microscopy (SEM) images for Ni foam and Ni–Cu NW felt are 
shown in Figure S6 (Supporting Information). The physical 
properties of the electrodes are listed in Table 1. All three elec-
trodes were electrically conductive and highly porous (porosity: 
0.93–0.96). The pore and pore-throat diameters (illustrated in 
Figure S7, Supporting Information) and specific surface area 
of each material were significantly different. The average pore-
throat diameter for the Ni–Cu NW felt, Ni MF felt, and Ni foam 
measured from SEM images was 3.3, 19, and 226 µm, respec-
tively, spanning three orders of magnitude. The Ni–Cu NW felt 
had the greatest specific surface area, followed by the Ni MF 
felt and Ni foam (Table 1; and Figure S8, Supporting Informa-
tion). Since larger pores with a smaller surface area facilitate 
liquid flow at a given pressure as described in Darcy's law and 
the Kozeny–Carman equation,[49,50] the Ni foam had the greatest 
permeability, followed by the Ni MF and Ni–Cu NW felts 
(Table 1; and Figure S9, Supporting Information). Although the 
permeability of the Ni–Cu NW felt was on the order of 10−13 m2, 
the pressure required for liquid flow at 2  mL  min−1 was only 

3.59  atm (through the 0.02  cm2 cross-sectional area of the 
500 µm thick, 0.4 cm wide electrode used in this study), which 
is similar to the water pressure in a house (≈3–4 atm).

2.2. Effect of Surface Area and Pore Structure  
on Water Electrolysis

We now discuss how the pore dimensions and surface area 
of the electrodes affect their productivity. If gas bubbles can 
travel easily through a porous electrode, increasing the spe-
cific surface area will increase the productivity. In such a case, 
the Butler–Volmer formula predicts the Ni–Cu NW felt would 
have the greatest productivity. On the other hand, if gas bubbles 
are trapped within the porous electrode, they will block the sur-
face and reduce the productivity of the electrode. Thus, the 
optimal electrode structure should be one that maximizes the 
active surface area while still allowing for rapid removal of gas 
bubbles.

To determine the conditions under which surface area or 
bubble removal limits the productivity of the electrodes, linear 
sweep voltammetry for the oxygen evolution reaction (OER) was 
performed in 1 m KOH aqueous solution (Figure 2a). The cur-
rent density (normalized by the geometric surface area of the 
electrode, 16 mm2, Figure 1b) of the Ni MF felt was the greatest, 
followed by Ni–Cu NW felt and Ni foam. To achieve a current 
density of 100  mA  cm−2, the Ni MF felts required a 349  mV 
overpotential, versus 390  mV for Ni–Cu NW felt and 473  mV 
for Ni foam (see also Table S1, Supporting Information). In the 
magnified voltammograms (Figure S10, Supporting Informa-
tion), the onset potentials were between 1.52 and 1.55  V, sim-
ilar to the range of onset potentials reported for Ni electrodes 
in the literature (1.53–1.55  V).[51,52] Such a small difference in 
onset potential (0.03  V) indicates the intrinsic activities of Ni 
in the three electrodes are comparable, and cannot account for 
the large difference in the observed current densities. Thus, the 
differences in the currents in Figure 2a were caused by the dif-
ferent pore size and surface area of each electrode.

To understand why the Ni MF felt exhibited the highest OER 
performance, we considered two factors: i) the current density 
normalized by the electrochemically active surface area (ECSA) 
and ii) the ability of the three electrodes to remove gas. Note that 
the current density normalized by the ECSA (jECSA) was only 
used for Figure 2b, and the rest of the current densities were 
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Table 1. Physical properties of Ni Foam, Ni MF felt, and Ni–Cu NW felt.

Ni foam Ni MF felt Ni–Cu NW felt

Fiber diameter [µm] — 1.70 0.35

Electrical resistivity [mΩ cm] 0.08 1.88 0.67

Porosity 0.94 0.93a) 0.96a)

Permeability [m2] Too high to measure 1.76 × 10−12 2.30 × 10−13

Pore diameter [µm] 400b) 46.9c) 17.1c)

Pore-throat diameter [µm]d) 226 ± 33 19 ± 6.2 3.3 ± 1.1

Specific surface area [m2 m−3] 4.80 × 103 4.40 × 105 5.90 × 105

a)After compression from a thickness of 800 to 500 µm; b)Average pore size provided by the vendor; c)Calculated using Equation (2); d)Measured from SEM images.
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normalized by the geometric area of the electrodes (16  mm2). 
The ECSA of each electrode was determined using the capaci-
tive current density (Figure S8, Supporting Information).

Figure 2b shows the ECSA for the volume (4 × 4 × 0.5 mm3) 
of the electrode and the jECSA for the three electrodes at an 
overpotential of 0.75 V (i.e., 1.980 V vs the standard hydrogen 
electrode (SHE)). The ECSA of the Ni–Cu NW felt was the 
highest, followed by Ni MF felt and Ni foam. In contrast, the 
jECSA exhibited the opposite trend: Ni–Cu NW felt < Ni MF felt 
< Ni foam. If the OER follows the Butler–Volmer formula,[53] 
the jECSA of the three electrodes should be similar. Also, 
assuming the electrocatalytic activity of each electrode mate-
rial is the same, the Tafel slope (i.e., (1-α)F/2.3RT where α, 
F, R, and T are the transfer coefficient, Faraday constant, gas 
constant, and temperature, respectively)[53] should be identical 
as well. However, as shown in Figure S11 (Supporting Infor-
mation), the three electrodes exhibited different Tafel slopes. 
The Ni MF felt had the lowest Tafel slope (88.8  mV  dec−1), 
followed by the Ni–Cu NW felt (97.3 mV dec−1) and Ni foam 
(104.6 mV dec−1). Given all three electrodes are Ni and exhibit 
the same onset potential, the differences in the Tafel slope 

and jECSA for the three electrodes should be due to their dif-
ferent ability to remove bubbles.

We performed pulse electrolysis to clarify the effect of bubble 
removal on the performance of these porous electrodes. During 
pulse electrolysis, a constant current of 500  mA  cm−2 was 
applied during the On-period, followed by a period of no cur-
rent during a 5  min long Off-period. The electrolyte flow rate 
was fixed at 1 mL min−1, corresponding to a superficial velocity 
of 0.833  cm  s−1. The Off-period provides time for bubble 
removal and recovery of any surface area that was blocked by 
the bubbles. However, if the bubbles are confined and cannot 
be removed, the cell potential will increase after each On-period 
due to blockage of the electrode surface by bubbles and the loss 
of active surface area. The pressure drop across the electrode 
will also increase if bubbles are confined within the electrode 
because they will reduce the number of paths for liquid flow.
Figure 3a depicts the change in the cell potential and pres-

sure drop for the Ni MF and Ni–Cu NW felts during pulse 
electrolysis. The pressure drop (P) during electrolysis was 
normalized by the initial pressure drop (P0) obtained when 
electrolyte flowed through the porous electrodes without an 
applied voltage. Both electrodes exhibited an increase in the cell 
potential and P/P0 during the On-period. During the Off-period, 
the P/P0 for both electrodes decreased due to the removal of 
the gas bubbles. We confirmed the electrode reached a steady-
state in each Off-period from the plateau in P/P0. However, 
the cell potential and P/P0 increased to a much greater extent 
for the Ni–Cu NW felt compared to the Ni MF felt. During the 
first cycle of pulse electrolysis, the Ni–Cu NW felt exhibited an 
increase in the cell potential of 0.44 V, and an increase in P/P0 
of 2.8 times. In comparison, for the Ni MF felt the cell poten-
tial increased by 0.14 V and P/P0 increased 1.9-fold. In addition, 
the starting cell potential for each On-period increased for the 
Ni–Cu NW felt. By the third cycle, the Ni–Cu NW felt required 
a 270 mV greater potential than the first cycle to drive the same 
current. In contrast, the cell potential at the start of each On-
period for the Ni MF felt did not change.

The change in the cell potential for the Ni foam during 
pulse electrolysis was also monitored, but the pressure 
change during pulse electrolysis with the Ni foam could 
not be measured due to the high permeability of Ni foam. 
Figure S12 (Supporting Information) indicates that bubbles 
increased the cell potential for the Ni foam to a lesser extent 
than the other electrodes. In the first cycle of pulse elec-
trolysis, the increase in the cell potential with the Ni foam 
was 0.12 V, while those for Ni–Cu NW and Ni MF felts were 
0.44 and 0.14 V (Figure 3a).

The cell potential of the Ni–Cu NW felt during the first and 
the second cycles was initially lower than that of the Ni MF felt, 
but the Ni–Cu NW felt lost this performance advantage once 
bubbles were trapped within the pores of the electrode. In addi-
tion to retaining its initial potential, the P/P0 for the Ni MF felt 
increased only 10% after three cycles of pulse electrolysis. In 
comparison, the P/P0 for the Ni–Cu NW felt increased by 55%, 
providing further evidence that the NW electrode performance 
was limited by bubble entrapment. The results of pulse electro-
lysis show that the effect of the gas bubbles on the performance 
of water splitting was the smallest for the Ni foam, followed by 
the Ni MF felt and the Ni–Cu NW felt.

Adv. Energy Mater. 2020, 10, 2001174

Figure 2. a) Linear sweep voltammograms for the OER with Ni foam, Ni 
MF felt, and Ni–Cu NW felt. b) ECSA for a given volume (4 × 4 × 0.5 mm3) 
and jECSA at a potential (vs SHE) of 1.980  V (i.e., an overpotential of 
0.750 V) for the Ni foam, Ni MF felt, and Ni–Cu NW felt.
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The mechanism for the displacement of gas bubbles by the 
electrolyte in the porous electrode must be considered to under-
stand how the electrode structure affects bubble entrapment. 
The situation can be considered as two-phase flow in porous 
media consisting of a wetting (electrolyte) and nonwetting (gas 
bubbles) phases.[54–58] Two primary mechanisms govern bubble 
removal: snap-off and frontal displacement. Frontal displace-
ment refers to gas bubbles getting pushed through the porous 
media by the electrolyte like a piston, resulting in removal of 
the gas bubbles. Snap-off refers to the electrolyte wetting the 
surface of the pores (which are initially filled with gas), and 
forming a meniscus at the pore throat. Snap-off results in gas 
bubbles being surrounded by the electrolyte and confined in 
the pores.

The amount of frontal displacement versus snap-off is 
affected by the capillary number and the pore-throat aspect 

ratio. As the capillary number (Ca  =  μu/σ) is a function 
of the viscosity of the fluid (μ), the superficial velocity (u), 
and the interfacial tension (σ), it should be similar for all 
of the electrodes, and thus cannot explain the difference in 
electrode performance. Thus, the pore-throat aspect ratio 
(the diameter ratio of pore to throat) is likely to govern the 
amount of bubble entrapment.[54–58] The effect of the pore-
throat aspect ratio on bubble entrapment is illustrated 
in Figure  4. Basically, if the throats between the pores are 
much smaller than the pores, bubbles that grow to the size 
of the pores will be trapped within them. The effect of the 
pore-throat aspect ratio on frontal displacement versus 
snap-off can be described quantitatively with the following 
equation[54]

P

P C

D

DI

θ α( )= 





− ⋅1
1 tan tansnap-off

frontal displacement

pore

throatn

 (1)

where P is the threshold capillary pressure for snap-off or 
frontal displacement, CIn is a constant related to the number of 
throats per pore (n), D is the diameter, θ is the contact angle, 
and α is the half-angle of the corners (α =  [90(n−2)/n]).[59] As 
the pores in each electrode have multiple pore throats, the 
value of CIn

 can be taken as 0.5 (n ≧ 4).[54] Therefore, the snap-
off versus frontal displacement is determined by the ratio of the 
pore diameter to pore-throat (Dpore/Dthroat), α, and θ.
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Figure 3. a) Changes in the cell potential and pressure drop (P/P0) during 
pulse electrolysis with Ni MF and Ni–Cu NW felts. A current density of 
500 mA cm−2 was applied for 5 min (On-period), after which electrolysis 
was stopped for 5 min (Off-period, shaded region). The electrolyte was 
a 1 m KOH aqueous solution with a superficial velocity of 0.833 cm s−1.  
b) The average pore diameter, throat diameter, and pore-throat aspect 
ratio for the Ni foam, Ni MF felt, and Ni–Cu NW felt.

Figure 4. Diagram of gas bubbles traveling through the pores with 
pore-throat aspect ratios of 2.8 (Ni MF felt), 5.9 (Ni–Cu NW felt), and  
1.8 (Ni foam).
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The average Dthroat of the electrodes was measured from 
SEM images (Figure 1d–f). The Dpore of the electrodes was cal-
culated from the following equation[60]

D
w

ε( )≅ 2
ln 1/

pore  (2)

where w is the diameter of the constituent fibers and ε is the 
porosity. The values of Dpore, Dthroat, and Dpore/Dthroat for the 
three electrodes are summarized in Figure 3b and Table 1. The 
Dpore/Dthroat for the three electrodes was 5.9  ±  2.0 for Ni–Cu 
NW felt, 2.8 ± 0.9 for Ni MF felt, and 1.8 ± 0.3 for the Ni foam.

As described in a previous report,[54] the large Dpore/Dthroat 
value for the Ni–Cu NW felt is more likely to induce snap-off 
of the gas bubbles, leading to their entrapment and a lower 
permeability to fluid flow. The smaller pore-throat aspect 
ratios of the Ni MF felt and Ni foam indicate that snap-off is 
less likely to occur for these electrodes. Our findings are sup-
ported by previous research suggesting that a decrease in the 
Dpore/Dthroat from 6.8 to 1.7 could increase the contribution of 
frontal displacement to the pore-filling process, resulting in 
lower residual saturation of gas bubbles.[54] As a result of the 
different Dpore/Dthroat for the electrodes, the entrapment of gas 
bubbles goes as Ni foam < Ni MF felt < Ni–Cu NW felt.

Next, we consider the role of α, the half-angle of the cor-
ners. As stated above, α =  [90(n−2)/n] where n is the number 
of throats per pore. Therefore, tan α increases with n, meaning 
that more throats per pore makes the snap-off process more 
favorable. The number of throats per pore can be approximately 
determined by dividing the surface area of a pore (πDpore

2) by 
the area of a throat (πDthroat

2/4), assuming that the pore and the 
throat are a sphere and circle, respectively, n ≈ 4(Dpore/Dthroat)2. 
The equation, 4(Dpore/Dthroat)2, gives n values of 139 for the NW 
felt and 31 for the MF felt, corresponding to the values of α of 
88.7° and 84.2°. Thus tan(αNW) ≈ 44.1, while tan(αMF) ≈ 9.5. The 
higher value of the tangent of αNW for NW felt again implies 
that snap-off is more favored within the NW felt due to the 
greater Dpore/Dthroat.

The influence of contact angle (θ) is more complicated 
because the contact angle continuously changes with the move-
ment of bubbles.[61] Although the apparent contact angles for 
the three electrodes are similar (Figure S13, Supporting Infor-
mation), the dynamic contact angle in each electrode depends 
on the values of Dpore/Dthroat. To compare the effect of con-
tact angle for the MF and NW felts, we consider the contact 
angles when a pore is completely filled with a gas bubble, 
i.e., Dbubble  ≈ Dpore. The contact angle can be calculated from 
cos θ = Dthroat/Dbubble ≈ Dthroat/Dpore.[62] This equation gives the 
θ values of 69° for MF felt and 80° for NW felt. As tan θ = 5.7 for 
the NW felt and tan θ = 2.6 for the MF felt, these results again 
indicate the snap-off process is more favorable for the NW felt 
than the MF felt.

Of course, regardless of the value of Dpore/Dthroat, α, and θ, 
if the bubbles are much smaller than Dthroat, they can be easily 
displaced from the electrode. Thus, is it also necessary to con-
sider the size of the gas bubbles relative to Dthroat. Since it is 
difficult to directly measure the average bubble size within each 
electrode, we determined the maximum size of gas bubbles 
when only a buoyant force exists with a Ni mesh electrode. A 

dark-field microscope image in Figure S14 (Supporting Infor-
mation) shows the average bubble size at departure was 33 µm 
(±15). We note that the bubble diameter for a Ni mesh electrode 
in a solution of 31 wt% KOH at 80 °C was previously measured 
to be ≈100  µm with a camera equipped with a macro lens.[63] 
For either bubble size, the size of the bubbles was smaller than 
the Dthroat and Dpore for the Ni foam but larger than the Dthroat 
for the Ni MF and Ni–Cu NW felts. Therefore, bubbles can 
easily escape from the Ni foam since their maximum size is 
less than the Dthroat of the Ni foam (Figure  4, bottom). How-
ever, it is possible the gas bubbles can be larger than the Dthroat 
of the Ni MF and Ni–Cu NW felts, increasing the resistance 
to bubble removal (Figure 4). As predicted by both the bubble 
size versus Dthroat and Dpore/Dthroat value, resistance to bubble 
removal takes the following order: Ni foam (Figure 4, bottom) < 
Ni MF felt (top) < Ni–Cu NW felt (middle).

In summary, the OER current densities shown in Figure 2a 
(Ni MF felt > Ni–Cu NW felt > Ni foam) can be understood 
by the ECSA of the electrodes and gas entrapment. The Ni MF 
felt exhibited the best performance because it has a greater 
surface area while maintaining an adequate ability to remove 
gas bubbles. Although the specific surface area of the Ni–Cu 
NW felt was 1.34 times greater than the Ni MF felt, the smaller 
Dthroat and Dpore/Dthroat values lead to greater entrapment of 
bubbles within the electrode, and thus a decrease in the active 
surface area of the electrode. The fact that Dthroat is larger than 
the diameter of the bubbles for the Ni foam facilitated bubble 
removal, but Ni foam exhibited the lowest OER performance 
because the ECSA of the Ni foam was 92 times smaller than the 
Ni MF felt. Additional simulations[64,65] and experimental obser-
vations[66,67] for bubble transport within NW and MF felts could 
provide more detailed analytical results that enable a quantita-
tive connection between bubble transport phenomena and OER 
performance.

2.3. Maximum Productivity of Alkaline Water Electrolysis  
with Ni Microfiber Felts

The Ni MF felt proved to be the best porous electrode for water 
electrolysis because it provided an optimal balance between 
surface area and bubble permeability. We conducted further  
experiments with different flow rates and cell potentials  
to determine what was the maximum productivity (i.e., the 
maximum current density for water electrolysis) for the Ni 
MF felt in a flow-through reactor. Figure  5a,b shows that the 
relationship between the current density, cell potential, and 
flow rate depended on the cell potential. Between 2 and 2.5 V 
(Figure 5a), the current density increased with increasing flow 
rate, presumably due to the liquid flow facilitating bubble 
removal. However, above 3  V, the current density decreased 
with increasing flow rate (Figure  5b). We hypothesize this is 
due to resistive heating of the electrolyte, which will cause a 
greater temperature increase at lower flow rates. Higher tem-
peratures will in turn reduce the charge transfer resistance for 
OER as described in the Butler–Volmer equation.[53] However, 
excessive resistive heating burned the membrane and caused 
that the anode and cathode to short-circuit (the green-shaded 
region in Figure 5b). The burned and melted membrane after 
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electrolysis is shown in Figure S15 (Supporting Information). 
The maximum current density without membrane degrada-
tion for 5 min was 31 000 mA cm−2 at 3.75 V with a superficial 
velocity of 0.833 cm s−1.

Since it is important that operation of an electrolyzer at high 
current densities does not reduce its lifetime, we further inves-
tigated the long-term stability of the Ni MF felt by applying a 
constant current density of 30 000 mA cm−2 (Figure 5c). At this 
current, the cell potential spiked after 1.2 h due to continuous 
degradation of the membrane by resistive heating. The current 
density of 27 500 mA cm−2 also resulted in cell failure after 6 h. 
By reducing the applied current density to 25 000 mA cm−2, the 
driving voltage remained stable for 100  h (Figure  5c). At this 
current density, the Faradaic efficiency was 98–99% (Figure S16, 
Supporting Information), as determined by the volume of the 
produced gas. The electrode experienced a weight fluctua-
tion of 0.2  mg over this period, which was within the error 
of the measurement (Figure S17, Supporting Information). 
This weight fluctuation of 0.2 mg corresponds to 4.6 × 10–5 %  
of the total current that was used in the long-term test 
(25 000 mA cm−2, 100 h), indicating that the electrode was not 
undergoing corrosion (Ni0 → Ni2+ + 2e−) during this period. As 
indicated in the Pourbaix diagram for Ni,[68] the electrode sur-
face likely consists of gamma phase Ni(OH)2, which imparted 

corrosion resistance.[69] XPS results indicate the electronic 
structure of Ni in Ni(OH)2 remained the same for 100 h (Figure 
S18, Supporting Information), and no apparent degradation 
of MFs was observed in SEM images (Figure S19, Supporting 
Information). In addition, the membrane was visually exam-
ined every 12 h and no degradation was apparent at a current 
density of 25  000  mA  cm−2. We note there was a fluctuation 
in the cell potential (<0.3 V) over this period. This fluctuation 
was most likely caused by a change in the contact resistance 
to the electrode after the repeated disassembly and assembly of 
the flow cell to measure the change in the weight of the MF 
felt. Based on the results of the long-term stability test, the 
maximum current density for alkaline water electrolysis with 
the Ni MF felt was determined to be 25 000 mA cm−2 at a cell 
potential of 3.6 V.

Figure  5d compares the alkaline water electrolysis perfor-
mance of the Ni MF felt to industrial PEM and alkaline water 
electrolyzers. The current density for the Ni MF felt was com-
parable to industrial alkaline electrolyzers at cell potentials 
lower than 2 V. At cell potentials greater than 2 V, the Ni MF 
felt achieved a current density comparable to conventional 
PEM electrolyzers, and surpassed the maximum performance 
of PEM electrolyzers at cell potentials greater than 2.31 V. The 
energy efficiency, ηLHV (%) = 1.25/cell potential (V) × 100, based 
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Figure 5. Water electrolysis with the Ni MF felt in two regimes: a) gas removal-dominant (cell potential: 2–2.5 V) and b) resistive heating-dominant 
(cell potential: 3–3.75 V). c) The cell potential versus time for constant current densities of 25 000, 27 500, and 30 000 mA cm−2. d) The water elec-
trolysis performance of the Ni MF felt as a function of the cell potential. The current densities were measured in a 30 wt% KOH aqueous solution at 
a superficial velocity of 0.833 cm s−1. The boxes shaded in green and aquamarine correspond to the operating cell potentials and current densities for 
industrial alkaline and PEM electrolyzers, respectively.[19,20] Red symbols correspond to maximum current densities for alkaline electrolysis reported in 
the literature.[32,52,70–87] The red triangles at 3.5 V are for membraneless flow-through alkaline electrolyzers.[32,87]
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on the lower heating value (LHV) of H2 for conventional water 
electrolysis, is generally recommended to exceed 50%,[19,20,88] 
corresponding to a cell potential of 2.5  V (Figure  5d). At this 
boundary, the Ni MF felt a current density 1.7 and 6.7 times 
greater than conventional PEM and alkaline electrolyzers, 
respectively. The lower current densities of alkaline water elec-
trolyzers has been considered their main drawback compared to 
PEM electrolyzers.[20,88,89] The higher current density achieved 
with the Ni MF suggests it can achieve a better balance of sur-
face area and bubble removal ability compared to the electrode 
structures (e.g., perforated plates or mesh) currently used in 
commercial alkaline water electrolyzers,[90] and allow them to 
achieve higher current densities than PEM electrolyzers.

Even higher current densities are relevant in situations when 
electricity costs are zero or negative due to a periodic over-
supply of electricity. Under such conditions, one would want to 
operate the electrolyzer at its maximum rated current density 
without regard for energy efficiency. The maximum current 
density for the Ni MF felt was 50- and 12.5-fold greater than 
conventional alkaline and PEM water electrolyzers,[19,20] respec-
tively. This result suggests that alkaline electrolysis with the Ni 
MF felt would greatly improve the costs for conversion of elec-
tricity into H2 when electricity costs are zero or negative.

We further compared the performance of Ni MF felts 
with the maximum current densities for alkaline electrol-
ysis reported in the literature (red symbols in Figure  5d; and 
Table S2, Supporting Information). This comparison indi-
cates that the electrocatalytic activity of the electrode material 
dominates the electrolysis performance at cell potentials below 
2.0  V. Although the maximum current density for Ni MF felt 
(670 mA cm−2 at 2.0 V) was higher than most other electrocata-
lysts, a higher performance can be achieved by improving the 
electrocatalytic activity of the electrode material.

On the other hand, the modification of electrode micro-
structure and cell configuration is more critical when the cell 
potential exceeds 2.0  V. In this potential regime, it is difficult 
to exceed a current density of 1000 mA cm−2 by only changing 
the electrocatalytic activity. For example, Co2P and IrO2/Pt elec-
trodes could achieve only 500 mA cm−2 at cell potentials of 3.36 
and 4.31  V, respectively.[86] Only membraneless flow-through 
electrodes (red triangles in Figure 5d) achieved a much higher 
current density of 3900  mA  cm−2 at 3.5  V.[32,87] Furthermore, 
superaerophobic Ni phosphide nanoarrays achieved a cur-
rent density of 1200  mA  cm−2 at the cell potential of 2.1  V by 
enhancing the bubble departure from the electrode surface. 
These results indicate that promoting the departure of gas bub-
bles from the electrode surface is essential to break through 
the current density of 1000  mA  cm−2. This study shows the 
use of a Ni MF felt in a flow-through configuration essentially 
eliminates bubble removal as a factor that limits the maximum 
current density, and thereby enables a 6.4-fold increase in the 
maximum current density over what had been achieved with 
a membraneless flow-through alkaline electrolyzer in previous 
research (3900  mA  cm−2 at 3.5  V).[32] At current densities in 
excess of 25 000 mA cm−2, resistive heating and associated deg-
radation of the polyethersulfone membrane limit the maximum 
current density that can be achieved. Higher current densities 
may be possible by using a membrane that remains stable at 
high temperatures.

3. Conclusion

This study explored how the structure of an electrode impacts 
the maximum productivity for alkaline electrolysis in a zero-
gap, flow-through reactor. Linear sweep voltammetry showed 
that Ni microfiber felt exhibited a lower overpotential (330 mV 
at 100  mA  cm−2) than Ni–Cu nanowire felt (390  mV), even 
though its surface area was 25% smaller. Pulse electrolysis 
experiments showed the nanowire felt initially had a lower 
overpotential than the microfiber felt, but the overpotential rose 
to be larger than that of the microfiber felt in less than 1 min 
due to greater entrapment of bubbles in the nanowire felt. The 
greater degree of bubble entrapment in the nanowire felt was 
caused by the greater pore-throat aspect ratio, and the greater 
ratio of the bubble diameter to the pore throat. Ni foam did not 
trap bubbles because of its large pore throats, but Ni foam had 
a higher overpotential (470 mV at 100 mA cm−2) because of its 
relatively low surface area. The microfiber felt thus represents 
an optimal trade-off between surface area and bubble removal 
for water electrolysis. A flow-through alkaline electrolyzer 
with microfiber felt electrodes maintained a current density of 
25 A cm−2 over 100 h. This current density is 12.5- and 50-times 
greater than conventional alkaline and PEM electrolyzers, 
respectively, and is 6.4 times higher than the next highest  
current density reported in the literature. The use of microfiber 
felts for water electrolysis can therefore lower the cost of H2  
produced by alkaline electrolysis by increasing the productivity 
of electrolyzers, and by taking better advantage of low electricity 
costs due to oversupply from renewable energy sources.

We expect that further improvements in the electrode design 
may lead to even greater performance. For example, one might 
introduce shallow, nanoscale pores or needles on the surface 
of the microfibers to further increase surface area without 
hindering bubble removal. Also, more advanced methods to 
accurately control the structure and dimensions of pores in 
flow-through electrodes could minimize bubble entrapment 
while maximizing the surface area for water splitting. Devel-
opment of improved electrode structures would be facilitated 
by additional visualization and modeling of bubble transport 
through such electrodes.[63,67] Alternatively, one could coat the 
microfibers with a better catalyst than Ni to further boost the 
performance. The water-splitting performance could be also 
improved by developing a method to reduce the bubble size 
(e.g., through the addition of surfactants) or adopting mem-
branes that have better thermal tolerance. We hope that these 
results will inspire additional studies of how to increase the 
productivity of water electrolysis.
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