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ABSTRACT: Growing the hydrogen economy requires improving
the stability, efficiency, and economic value of water-splitting
technology, which uses an intermittent power supply from
renewable energy sources. Alkaline water electrolysis systems face
a daunting challenge in terms of stabilizing hydrogen production
under the condition of transient start-up/shut-down operation.
Herein, we present a simple but effective solution for the electrode
degradation problem induced by the reverse-current under
transient power condition based on a fundamental understanding
of the degradation mechanism of nickel (Ni). It was clearly
demonstrated that the Ni cathode was irreversibly oxidized to
either the β-Ni(OH)2 or NiO phases by the reverse-current flow after shut-down, resulting in severe electrode degradation. It was
also determined that the potential of the Ni electrode should be maintained below 0.6 VRHE under the transient condition to keep a
reversible nickel phase and an activity for the hydrogen evolution reaction. We suggest a cathodic protection approach in which the
potential of the Ni electrode is maintained below 0.6 VRHE by the dissolution of a sacrificial metal to satisfy the above requirement;
irreversible oxidization of the cathode is prevented by connecting a sacrificial anode to the Ni cathode. In the accelerated durability
test under a simulated reverse-current condition, lead was found to be the most promising candidate for the sacrificial metal, as it is
cost effective and demonstrates chemical stability in the alkaline media. A newly defined metric, a reverse-current stability factor,
highlights that our system for protecting the cathode against the reverse-current is an efficient strategy for stable and cost effective
alkaline hydrogen production.
KEYWORDS: hydrogen energy, alkaline water electrolysis, load fluctuation, reverse current, cathodic protection

■ INTRODUCTION
Generation of renewable energy using various mechanisms,
such as solar photovoltaics and wind turbines, has been rapidly
developing in recent years.1,2 Despite their sustainability and
environmental responsibility, the intermittency of their activity
presents a significant technical barrier to their widespread
substitution for fossil fuels.3 Intermittent renewables, which
depend on weather and climate conditions, present challenges
because they disrupt the conventional methods for planning
the daily operation of electric grids.4,5 Thus, the fluctuating
power obtained from renewables creates a requirement for
large-scale short- and long-term energy storage to ensure
stability.
Traditional energy storage systems, such as lithium-ion

batteries, cannot cost-effectively store sufficient energy to
provide large-scale and long-term energy storage needed to
regulate the intermittency of renewables and supply a stable
source of electric power.6,7 Hydrogen production by
electricity-driven water-splitting has long been considered an
attractive energy storage system.8,9 Alkaline water electrolysis
(AWE) is the most widely used among various water-splitting

technologies in large-scale hydrogen production technology at
an industrial level.10

Although AWE generates lower current densities and system
efficiencies than polymer electrolyte membrane water elec-
trolysis (PEMWE), it functions with earth-abundant non-noble
catalysts that are typically unstable in acidic media, and, as
such, markedly reduces the electrolyzer system and hydrogen
production costs.11,12 As promising electrocatalysts for hydro-
gen evolution reactions (HERs), various transition metals,
hydroxides, phosphides, sulfides, and nitrides have been
examined for their potential to accelerate reaction kinetics as
alternatives to noble metals such as platinum.13−22 Further-
more, the zero-gap cell design required for AWE can be
created by compressing two porous electrodes on either side of
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a porous composite diaphragm or a hydroxide ion-conducting
membrane.10,23,24 It can significantly reduce both the Ohmic
and bubble resistance influence on the cell’s performance. By
stacking many cells in a series, for example, ∼100−200 pairs of
bipolar plates, the performance of AWE can be brought closer
to that of PEMWE.25

Despite its cost effectiveness and scalability, the stability of
the electrode limits the lifetime of AWE. In particular, bipolar-
type zero-gap AWE suffers from a severe stability problem
during repetitive start-up/shut-down (SU/SD) operating
conditions (Figure 1). The degradation behavior of Ni, a
well-established three-dimensional transition-metal electro-
catalyst for HER in alkaline water electrolyzers, is as follows.
Prior to the shut-down of the zero-gap type electrolytic cells,
the cathode and anode sites are in a reductive [H2, metallic Ni,
Ni(OH)2] and oxidative [O2, NiOOH, NiO2] environment,
respectively.26 After the applied current is halted during the
shut-down process, a galvanic cell is formed. This is because
the reductive species on the cathode and the oxidative species
on the anode are electrically connected with the bipolar plate,
and unfortunately, the manifold to circulate the electrolyte
solution as a unique structural characteristic of AWE provides
an ionic path to complete the galvanic cell, which is not any
concern in PEMWE having no manifold design. A high
interfacial potential difference is created between the cathode
and anode, which is separated by the bipolar plate; this
instantaneous electromotive force causes a thermodynamically
spontaneous self-discharge process (Figure 1a). As a result, a
degree of the current immediately flows through the bipolar

plates in the direction opposite to that of the current during
normal electrolytic operations, oxidizing the cathode and
reducing the anode (Figure 1b). The reverse-current flows
until the two electrodes across the bipolar plates reach an
equilibrium, eventually causing the deterioration of the
performance of the water-electrolyzer system. This durability
issue is particularly susceptible to being accelerated when AWE
is utilized as an energy storage device for renewable energy
sources that experience intermittent power fluctuations.
A small number of studies have investigated reverse-current

as one of the degradation mechanisms of bipolar-type
electrolyzers.27−30 White et al. used a circuit analog model to
predict the reverse-currents in stacks of bipolar plate cells to
survey this undesirable phenomenon.31 Uchino et al.
characterized the relationship between the reverse-current
and operating conditions of the alkaline water electrolyzer.32,33

As one solution for this issue, polarization rectifiers can
minimize the negative effect of the reverse-currents.29,34

Though effective, this system-level approach inevitably
adversely affects the balance of systems, requiring additional
facilities and increasing operating costs.35 However, there have
been few studies that focus on this mechanism of system
deterioration from the perspective of the electrode materials.
Furthermore, few practical solutions have been suggested for
this degradation issue resulting from shut-down events.
Here, we demonstrate a simple but effective solution to

protect the electrodes from the reverse-current under shut-
down conditions. We designed a simple system based on the
classical cathodic protection method, in which a sacrificial

Figure 1. Ni electrode degradation by reverse-current flow after shut-down of the alkaline electrolyzer. (a) A schematic showing the reverse-current
flow between the cathode and anode, separated by a bipolar plate, after the shut-down process in the alkaline water-electrolyzer cell. (b) A detailed
mechanism of the reverse-current after the shut-down process.
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anode was connected to the Ni cathode, to inhibit the cell
degradation of the alkaline water electrolyzer. With a more
readily oxidizable metal than Ni used as a sacrificial anode, the
dissolution of the sacrificial anode instead of Ni cathode
oxidation prevented the deactivation of the cathode materials.
The accelerated durability test under a simulated reverse-
current condition (RC) demonstrated the effectiveness of this
design in preventing cathode degradation resulting from the
reverse-current. Specifically, it was determined that lead (Pb),
zinc (Zn), tin (Sn), and aluminum (Al) were suitable and
effective metals for cathodic protection.

■ RESULTS AND DISCUSSION

Reverse-Current Simulation Model

Before discussing solutions to the catalyst deactivation
problem caused by the reverse-current, it is necessary to
examine the reverse-current flow after shut-down, that is, the
self-discharge phenomenon. We begin by considering the
reverse-current simulation model to identify the deactivation
mechanism from the perspective of the Ni electrode. We used
thin-film disk electrodes, manufactured by the drop-casting of a
Ni nanoparticle catalyst ink (0.35 mg cm−2) on glassy carbon
(GC) and 1 M KOH electrolyte. For both three-electrode
cells, which were connected to individual potentiostats (PS1
and PS2), the potential for HER (−0.3 V vs RHE) and an
oxygen evolution reaction (OER) (1.6 V vs RHE) was
simultaneously applied to the Ni cathode and anode,
respectively, for 30 min (Figure S1). After each electro-
chemical reaction reached a steady-state condition, two
additional cells were integrated into the two-electrode cells
using a salt bridge to emulate a water electrolyzer under the
self-discharge condition. We observed the potential changes
between cathode and anode after the shut-down event by
measuring the open-circuit voltage (OCV). The initial OCV
for the integrated two-electrode system was ∼1.3 V, which
decreased to 0.2 V after 1 h, implying a self-discharge due to
reverse-current flowing between the two Ni electrodes (Figure
2a).
The reverse-current flowed until the two electrodes across

the bipolar plates reached an equilibrium, eventually
deteriorating the performance of the water-electrolyzer system.
In particular, this reverse-current mechanism led to severe
degradation of the Ni cathode. The oxidation process in the
cathode Ni electrode, induced by the reverse-current, resulted
in the formation of undesirable hydroxide or oxide phases on

the cathode electrode surface, which is an electrochemically
irreversible process. The electrodes cannot be recovered to the
original metallic Ni phase.26,36

We investigated the electronic structure characteristics using
X-ray photoemission spectroscopy (XPS) analysis to determine
the oxidation state of the Ni cathode surface after the self-
discharge process (Figure 2b). In the Ni 2p XPS spectrum of
the Ni electrode after HER, the two characteristic peaks at
855.8 and 873.5 eV, for its Ni 2p3/2 and Ni 2p1/2 levels,
respectively, were assigned to the Ni2+ chemical state for
electrochemically reversible α-Ni(OH)2, while those located at
852.8 and 870.1 eV were assigned to the Ni0 metallic
state.37−39 The signals corresponding to the Ni0 state were
more intense, thereby implying that the state of Ni was close to
metallic and included some hydroxide phases. Both character-
istic peaks for the Ni2+ species in the Ni electrode after the self-
discharge event were negatively shifted by 0.4−0.5 eV. This
result was attributed to the formation of an electrochemically
irreversible β-Ni(OH)2 state, with a compact layered
structure.37 The valence state of Ni in α-Ni(OH)2 was higher
than β-Ni(OH)2, which is ascribed to the presence of
intercalated anions or water molecule between α-Ni(OH)2
layers.40 The increased intensity implied that the valence state
of the surface had been shifted to a more oxidized state. In the
case of the OER electrode, however, the binding energies for
the Ni2+ species remained unchanged, even after the self-
discharge process, suggesting that no phase transformation had
taken place after the reverse-current flow (Figure S2).
We also conducted cyclic voltammetry (CV) measurements

using a polycrystalline Ni electrode to further investigate the
irreversibility of the degradation of the Ni electrode (Figure
2c). A CV image between −0.15 and 0.5 V versus RHE
displays the characteristic reversible Ni/α-Ni(OH)2 redox
peaks at 0.05 and 0.4 V versus RHE (the black line). In
contrast, the α-Ni(OH)2 reduction peak disappeared in the
first cycle of CV with the potential range of −0.15 to 1.6 V
versus RHE (the green line), and the α-Ni(OH)2 formation
peak disappeared in the 10th cycle (the emerald line). These
profiles indicate that the surface of the Ni electrode changed
gradually and irreversibly from a metallic Ni or α-Ni(OH)2 to
hydroxide or oxide phases [such as β-Ni(OH)2 or NiO] during
the repetitive positive-going potential scan above 0.6 V versus
RHE.41 As β-Ni(OH)2 and NiO have lower catalytic activity
than pure Ni,41 the increased proportion of them could cause
marked deterioration of the catalytic activity for HER.42 The
poor conductivity and low durability of Ni hydroxide and the

Figure 2. Reverse-current simulation model using OCV measurement. (a) OCV measurement during self-discharge (illustrated in Figure S1) for 1
h. (b) Ni 2p XPS analysis of the Ni cathode after self-discharge and HER. (c) Cyclic voltammograms of the Ni electrode, measured at a scan rate of
50 mV s−1 in 1 M KOH.
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oxide phases also contributed to the degeneration of the
performance of the water-electrolyzer systems.
In summary, XPS and CV analyses consistently revealed that

irreversible hydroxide and oxide phases were formed on the
cathode Ni electrode during the self-discharge process due to
the reverse-current, resulting in a degradation phenomenon
after the shut-down process.

Mechanism of a Cathodic Protection System against
Reverse-Current

We hypothesized that by adopting the cathodic protection
concept, in which metal with a stronger tendency to oxidize is
sacrificially dissolved, the oxidation of Ni can be prevented,
and the Ni cathode can be protected from the reverse-current
flow and maintained in an active Ni phase. We began by
selecting the candidate sacrificial metals (M = Pb, Zn, Al, Sn,

Figure 3. Cathodic protection system for the Ni cathode. (a) The experimental setup scheme for the cathodic protection system. (b) CP
measurement of Ni connected with the sacrificial anode (Ni w/M; M = Pb, Zn, Al, Sn, Cd, Fe, Mg, W, and Cu) over 30 min. (c) The dissolved
amount of M, with a surface area of 0.3167 cm2, as determined using ICP-MS after 30 min. The numbers above the bars are the total amount of
each dissolved metal under RC.

Figure 4. Electrochemical measurement of Ni with sacrificial anodes. (a) The LSV, (b) Tafel slopes, (c) EIS at a negative potential −0.3 V vs RHE
for the Ni before RC, Ni w/Pb after RC, and Ni after RC, and (d) alkaline HER stability test for Ni and Ni w/Pb during cycles of dynamic HER-
RC, simulating a SU/SD event in an alkaline water electrolyzer. This cycle was repeated 90 times and took approximately 17 h to complete. The
HER overpotential of each cycle to reach a current density of 5 mA cm−2 was fitted with yellow green and orange open circles.
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cadmium [Cd], iron [Fe], magnesium [Mg], tungsten [W],
and copper [Cu]), based on the following requirements: (1) a
lower standard reduction potential than the potential of
irreversible Ni-phase formation (below 0.6 V vs RHE);36 (2)
possessing a dissolution (corrosion) region under alkaline
media in the Pourbaix diagram (Figure S3).43 Next, we verified
the hypothesis by connecting the sacrificial anode to the
working electrode (Ni w/M, where 0.35 mg cm−2 of Ni is the
working electrode and M is the sacrificial anode metal) and
simulated the RC using chronopotentiometry (CP) at 0.1 mA
cm−2 for 30 min under 1 M KOH (Figure 3a). Without
cathodic protection, the potential of Ni reached 1.5 V versus
RHE after RC; accordingly, the formation of NiOOH and
NiO2 was inevitable (Figure 3b). The Ni w/Cd, Ni w/Fe, and
Ni w/Mg configurations provided no cathodic protection at all.
Cu and W slightly alleviated the Ni oxidation but did not
prevent the potential from increasing to 0.6 V versus RHE (the
potential of irreversible NiO and β-Ni(OH)2 phase formation).
Only Ni w/Pb, Ni w/Zn, Ni w/Al, and Ni w/Sn configurations
maintained a potential below that of irreversible phase
formation, suggesting that they could effectively prevent the
deactivation of the Ni electrode from the RC while
maintaining the reversible Ni phase.
We measured the concentration of dissolved metal ions

using inductively coupled plasma mass spectrometry (ICP-
MS) to precisely examine the dissolved sacrificial metal ions in
the electrolyte during RC, as shown in Figure 3c. The
concentration of dissolved Pb (831 ng mL−1) was noticeably
lower than that of Zn (2055 ng mL−1), Sn (3350 ng mL−1),
and Al (3854 ng mL−1) in RC, following the order Ni w/Pb <
Ni w/Zn < Ni w/Sn < Ni w/Al. These results showed good
agreement with the concentration when the metals were
soaked in 1 M KOH for 30 min and quantified to 27, 1837,
2588, and 2674 ng mL−1 for Pb, Zn, Sn, and Al, respectively.
The only Pb showed a faster electrochemical than a chemical
dissolution rate, in contrast to other metals, implying that Pb
protected the Ni cathode most effectively under RC and also
provided the most chemically stable property in the alkaline
electrolyte (Table S1; the electrochemically dissolved amount
of the metal ion was obtained by subtracting the chemically
dissolved ions from the total dissolved ions during RC).
Regarding the economic considerations, the material cost of Pb
($2.11 kg−1, based on the market price in October 2021) was
slightly lower than that of Al ($2.85 kg−1) and Zn ($3.01 kg−1)
and 1/17 that of Sn ($36.55 kg−1). Consequently, the cost of
Pb per year due to chemical corrosion was calculated at only
$7 year−1, and the cost of Pb per electric charge was low ($2
C−1), reinforcing the choice of Pb as a representative sacrificial
anode. All calculations are summarized in Table S2. Never-
theless, from the environmental aspects, Pb is well known for
its toxicity to multiple human body systems and living
organisms, including animals and humans.44−46 Thus, an
additional treatment process for Pb waste should be followed.
The adsorption method using nano-scale adsorbents is one of
the most widely used methods for gathering heavy metals from
wastewater,47,48 and we should manage the Pb waste generated
as a byproduct after repeated RC events.
We conducted linear sweep voltammetry (LSV) to examine

HER activity and calibrate the potential of the reference
electrode to further investigate the catalytic characteristics of
the Ni electrode, subject to RC (CP @ 0.1 mA cm−2 for 30
min) (Figure S4). In 1 M KOH, with a current density of 10
mA cm−2, the Ni electrocatalyst demonstrated 271 mV

overpotential before RC and 346 mV overpotential after RC.
In contrast to the seriously degraded HER activity of Ni
without cathodic protection after RC, the Ni electrode with Pb
cathodic protection (Ni w/Pb) exhibited no change in
overpotential (271 mV) after RC (Figure 4a). The Ni w/Zn,
Ni w/Al, and Ni w/Sn configurations also showed promising
performance for preventing the oxidation of Ni, as shown in
Figure 3b, and exhibited an identical cathodic protection effect,
suppressing the HER deactivation of the Ni electrode (Figures
S5 and S6). We additionally determined the linear region of a
plot of potential versus log|j| from HER polarization curves and
using Tafel slopes of 146, 148, and 183 mV per decade, for Ni
before RC, Ni w/Pb after RC, and Ni after RC, respectively
(Figure 4b). The large Tafel slope of Ni after RC further
confirmed its deactivated HER catalytic activity, while the Ni
w/Pb was well-preserved after RC. The effect of cathodic
protection on catalytic activity was further characterized by
electrochemical impedance spectroscopy (EIS) analysis. The
diameter of the semicircles in the Nyquist plot represents the
charge-transfer resistance, which is related to the electro-
catalytic kinetics. As shown in Figure 4c, while the charge-
transfer resistance of Ni w/Pb after RC (34 Ω) was consistent
with that from before RC (34 Ω), that of Ni after RC was
substantially increased (87 Ω). Thus, Ni w/Pb after RC kept
its catalytic activity, while Ni after RC shows the sluggish
catalytic kinetics for HER due to the oxidation of Ni catalyst by
RC. Additionally, we conducted the CP and HER polarization
measurements in Fe-purified 1 M KOH (Figure S7). Fe-
impurities can be produced through industrial production and
activate the Ni-based alkaline OER catalysts.49 Similar to the
measurement in commercial unpurified 1 M KOH, the HER
activity of Ni w/Pb after RC was maintained as Ni before RC,
and the cathodic protection system kept the potential of the Ni
cathode below 0.6 V versus RHE after RC event in Fe-purified
KOH.
The Ni w/Pb configuration also showed excellent stability

during the dynamic HER-RC cycles (each cycle containing an
LSV curve for HER and CP measurements for Ni and Ni w/Pb
at 0.1 mA cm−2 for 600 s). Dynamic HER-RC cycles,
simulating a repetitive SU/SD event in an alkaline electrolyzer,
were repeated 90 times over approximately 17 h (Figure 4d).
During CP measurements in the 90 cycles, the voltage of Ni
w/Pb remained below that of the irreversible phase formation
(0.6 V vs RHE), while that of Ni rapidly increased to 1.4 V
versus RHE. As the dynamic HER-RC cycles progressed, the
Ni electrode was greatly degraded with a rapidly ascending
HER overpotential; however, the Ni w/Pb electrode exhibited
slightly enhanced HER activity (Figure S8).
Additionally, as the sacrificial metals were connected to the

bipolar plate in our system, the cathodic protection system can
make the potential of the anode under 0.6 V versus RHE.
Therefore, we conducted CP at −0.1 mA cm−2 until the
potential of the Ni(OH)2 anode reached 0 V versus RHE to
simulate the harsh condition in which the potential of the
anode was decreased by the system. After that, the OER
activity of Ni(OH)2 was also evaluated from LSV curves under
1 M KOH (Figure S9). The Ni(OH)2 anode showed 360 mV
overpotential with a current density of 10 mA cm−2 both
before and after RC. Furthermore, the overpotential was
slightly reduced after the 10th OER-CP cycle (each cycle
containing an LSV curve for OER and CP measurements at
−0.1 mA cm−2) with 349 mV. This result explicitly confirms
that the negative effect on the activity of the Ni(OH)2 anode is
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negligible compared to the benefit of the cathodic protection
system toward the Ni cathode electrode.
For decades, RuO2-based cathode electrodes have been

utilized as electrocatalysts for hydrogen production in AWE
and chlor−alkali production. As with the Ni electrodes
discussed previously, RuO2-based cathode electrodes are
severely damaged by a phase transformation to RuO(OH)2
and anodic dissolution in the form of RuO4−2 under the
RC.29,30 With this reason, we also examined the catalytic
characteristics of a 0.25 mg cm−2 of RuO2 electrode under the
RC and confirmed that RuO2 could also be protected against
the reverse-current by cathodic protection from Pb, Zn, Sn,
and Al (see Figures S10 and S11).
Considered together, these electrochemical tests demon-

strate that the cathodic protection system for the HER catalyst
effectively suppressed catalyst degradation induced by the
reverse-current. Based on the above electrochemical studies,
we additionally confirmed the change in structural and
electronic properties of the Ni catalyst under RC. We first
considered scanning electron microscopy (SEM) images of
protected and oxidized Ni catalysts subject to RC (Figure
S12). There were no distinct morphological differences
between the catalysts visible in the SEM images. We conducted
X-ray diffraction (XRD) measurements to further understand
the changes in the crystal structure of the catalysts induced by
the RC, as shown in Figure S13. The XRD peaks of the
exposed Ni were easily assigned to the face-centered cubic
phase of Ni, with 2θ values of 44.4, 51.7, and 76.3° (JCPDS
card no. 04-0850, marked with orange stars). The broad peaks,
marked by yellow green circles, indicate carbon derived from
the GC substrate (JCPDS card no. 00-012-0212). After being
subjected to the RC process, the crystalline Ni peaks became
quite weaker, indicating poor crystallinity, caused by the
formation of Ni hydroxide and oxide phases. In contrast, the
Ni peaks in the configuration with cathodic protection were
relatively sustained, with values similar to the original peak
intensities, even after RC.
Given that the catalytic activity is predominantly affected by

the surface condition of the catalyst, it is necessary to
characterize the chemical state of the catalyst surfaces. As
shown in Figure 5, XPS analyses were conducted to assess the
oxidative state of the Ni electrode, before and after being
subjected to RC, in the presence or absence of the cathodic
protection system. There was a visible change in the Ni0 and
Ni2+ peak intensity of the Ni electrode after HER and RC in
the Ni 2p XPS spectra. Two characteristic peaks of the Ni0
chemical state at 852.8 and 870.1 eV, corresponding to its Ni
2p3/2 and Ni 2p1/2 levels, substantially decreased in the Ni
electrode, and that of Ni2+ became larger after being subjected

to the RC condition, compared with after the HER condition
(Figure 5a,b). In contrast, the metallic Ni (Ni0) peak for the Ni
electrode protected by Pb was well-preserved under the RC
condition; similar results were observed with other cathodic
protection systems (Ni w/Zn, Ni w/Sn, and Ni w/Al) (Figures
5c and S14). Moreover, the binding energy of the Ni2+ states
for Ni w/Pb after RC (855.8 and 873.5 eV) was consistent
with the chemical state of α-phase Ni(OH)2, suggesting that
the cathodic protection system prevented the Ni cathode from
being further degraded to the irreversible β-phase Ni(OH)2 or
NiO (Figure S15). X-ray absorption spectroscopy measure-
ments supported the above findings. As shown in the
normalized X-ray absorption near-edge structure (XANES)
spectra of the Ni K-edge, the white-line intensity of Ni after
RC was higher than that of both the Ni after HER and Ni w/
Pb after RC, indicating that the most substantial oxidation of
Ni was caused by RC (Figure S16).50,51 In contrast, the white-
line intensity of Ni w/Pb after RC showed a slightly more
reduced chemical state than even that of the Ni after HER,
indicating that it was protected from further oxidation due to
the RC. We concluded that the reverse-current caused
electrode degradation due to the irreversible phase trans-
formation from Ni to NiO or β-Ni(OH)2, and the cathodic
protection system for the HER electrode effectively inhibited
the flow of the reverse-current, maintaining catalytic perform-
ance.
The quantitative degree of the stability of the catalysts or

systems subjected to a reverse-current can be expressed as the
ratio of the rate between the overpotential of a catalyst before
the RC (ηbefore) and that of the catalyst after CP (ηafter). This
metric is the reverse-current stability factor (RCSF) and is
shown as follows

100RCSF(%) 1
j

after before

before

= ×
i

k

jjjjjjjjj

y

{

zzzzzzzzz (1)

at a constant current density (j = −10 mA cm−2). A higher
RCSF value denotes a catalyst that is more against the RC
effects. Figure 6 shows the RCSF values of the Ni electrodes
both with and without cathodic protection systems under
constant experimental conditions (j = −10 mA cm−2). The
RCSFs of Ni catalysts with cathodic protection systems ranged
from 96.94% (Ni w/Sn) to 100.00% (Ni w/Pb), while the
RCSF for that without a cathodic protection system was
72.96%. A noticeable difference in the RCSF between Ni w/M
and bare Ni was observed (Ni ≪ Ni w/Sn < Ni w/Al < Ni w/
Zn < Ni w/Pb). Under high current density (j = −30 mA
cm−2), the RCSFs of Ni catalysts with cathodic protection also

Figure 5. Ni 2p XPS spectra for (a) Ni before RC, (b) Ni after RC, and (c) Ni w/Pb after RC.
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surpassed that of bare Ni (Figure S17). The RCSF values
provide a quantitative measure of the deterioration of a Ni
electrode by a reverse-current, and, consequently, can be used
to verify the effectiveness of the cathodic protection system.
We additionally characterized both the stability trends and

the cathodic protection effect for pH change by varying the
electrolyte pH between 12 and 14.7. Conventional industrial
AWE is normally operated in saturated conditions, for

example, 5 M KOH, based on its efficiency.52−54 We examined
the LSV for HER activity with different pH conditions (0.1, 1,
and 5 M KOH), without iR correction and confirmed that the
cathodic protection system was more effective at a higher pH
(see Figure S18). The calculated RCSF values also indicated
that the electrode experienced greater deterioration at a higher
pH during RC flow, while the cathodic protection system
performed successfully in all conditions (Figure S19). While
the Ni activity was strongest in 5 M KOH, it also showed the
highest susceptibility to the reverse-current with the lowest
RCSF value. This result suggested that the transient stability of
the catalyst under the shut-down operating condition should
be further considered to improve the commercial zero-gap
alkaline water electrolyzer’s operational longevity.
Stability of the Alkaline Water-Electrolyzer Stack under
Start-Up/Shut-Down Conditions

Finally, we examined the degradation phenomenon in a real
AWE stack and the effect of the cathodic protection system
during repetitive SU/SD events. Considering environmental
safety and health, we used Zn as a sacrificial anode instead of
Pb in the AWE stack test. We conducted a SU/SD evaluation
protocol with a bipolar-type AWE comprising a two-stack cell
to analyze SU/SD phenomena in AWE (Figure S20). The SU/
SD protocol included two steps per cycle: (1) 10 min of
operation with 4.5 V applied to the AWE stack (SU); (2) 20
min in a resting state (SD). The SU/SD protocol test was
operated for 40 cycles, requiring 20 h, under 30 wt % KOH
electrolyte at room temperature. Figure 7a shows the relative
current (I/I0) − t and the V−t curves of each cathodic

Figure 6. Comparison of the RCSF; the RCSF for Ni and Ni w/M
(M = Al, Zn, Pb, and Sn) electrodes are shown. A comparison of the
reverse-current stability factor.

Figure 7. Effect of the Zn cathodic protection system on the performance of an AWE stack during repeated SU/SD. (a) The relative current (I/I0)
− t and the V−t curves with 30 wt % KOH at a feed rate of 160 mL min−1 at room temperature. The alkaline water-electrolyzer stack comprised
two single cells. The mean relative current values were plotted for each SU/SD cycle, and 1 SU/SD cycle had a duration of 30 min, including 10
min at 4.5 V and 20 min at the output switched off. Schematics of (b) the degradation of the cathode and (c) protection of the cathode using a
sacrificial metal when the reverse-current flows after the shut-down event in the AWE stack.
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protection system. As the cycle was repeated, the relative
current (I/I0, I: the mean current value during operation in the
cycle; I0: the mean current value during operation in the first
cycle) decayed gradually; only 87.7% of the initial current
value was retained in the 40th cycle in the unprotected system.
In contrast, the AWE stack, which was protected by a sacrificial
metal (Zn), maintained its current during SU/SD cycles and
even exhibited a 1.6% higher current (relative current 101.6%)
in the 40th cycle. This suggested that the sacrificial metal
completely blocked the oxidation of the cathode by sacrificing
itself, although the reverse-current permanently deteriorated
the surface of the cathode in a conventional AWE stack, as
illustrated in Figure 7b,c. These results demonstrated that the
cathodic protection system functioned effectively in a reverse-
current simulation test, where the prevention of reverse-
current to the catalyst by the sacrificial electrode resulted in the
retention of full performance throughout the repeated SU/SD
events.

■ CONCLUSIONS
In summary, we clarified the deactivation mechanism of the Ni
cathode under a reverse-current flow in AWE systems. The Ni
cathode was oxidized to irreversible β-Ni(OH)2 or NiO phases
at a potential above 0.6 V versus RHE under the reverse-
current flow that occurred after the shut-down of the AWE,
resulting in severe electrode degradation. We verified that the
cathodic protection systems effectively protected the Ni
cathode against RC, maintaining the chemical state, morphol-
ogy, and catalytic activity of the protected cathode. Among
various candidate metals for the cathodic protection system, Pb
was the most ideal for the sacrificial anode material due to its
minimal electrochemical dissolution rate, chemical stability in
alkaline medium, and low cost. Furthermore, RCSF, as a
metric for the stability of a catalyst under RC, should be
considered for the evaluation of the transient stability of
catalysts in AWE. An AWE stack with the cathodic protection
system maintained a stable performance with little loss of
current for 20 h during repetitive SU/SD events, while the
performance of a conventional AWE stack was degraded by
13.82%. We firmly believe that this straightforward and feasible
system can solve the cathode deactivation problem in AWE
that is subjected to repetitive SU/SD events. We anticipate
that this work will trigger several follow-up studies from the
perspective of the catalyst on the reverse-current phenomenon
in water electrolysis.
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