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Abstract—Water electrolysis using renewable energy sources such as solar and wind power has the advantage of pro-
ducing hydrogen with high efficiency and zero emissions. Solid polymer electrolyte water electrolysis (SPEWE) is
divided into anion exchange membrane electrolysis (AEMWE) carried out in an alkaline environment and proton
exchange membrane electrolysis (PEMWE) carried out in an acidic environment. Research on the electrocatalysts used
in these electrolysis procedures has focused on the development of transition metal-based catalysts with catalytic activ-
ity, high stability, and low cost that can replace the currently used noble-metal based electrocatalysts. Among the vari-
ous electrocatalyst fabrication methods, electrodeposition can be used to fabricate catalysts in a simple manner at low
cost and high purity. In addition, catalysts can be directly electrodeposited onto a substrate such as a gas diffusion layer,
simplifying the electrode fabrication process and readily enabling the advantageous control of the physical, chemical,
structural, and compositional properties of the catalyst. In this paper, we summarize the characteristics and structures
of the water electrolysis catalysts prepared by the electrodeposition method based on recent research studies that sug-

gest their applicability to practical water electrolysis systems in the future.
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INTRODUCTION

Depending on the electrolyte type and operating temperature,
water electrolysis processes for the production of high-purity hydro-
gen used as a clean energy source are generally classified into three
categories: solid oxide electrolysis, alkaline electrolysis, and proton
exchange membrane electrolysis [1-7]. Fig. 1 illustrates these three
processes and their operating principles [1-4]. Solid oxide electrol-
ysis (Fig. 1(a)) uses an oxide film, such as zirconia having oxide ion
conductivity as an electrolyte and a separator, and operates at a high
temperature of 700 to 900 °C [3-6]. Although it has faster kinetics
(thus possible use of non-noble catalyst) and lower electrical energy
consumption due to its high operation temperatures, it is still in the
early stage of development, having many issues to overcome includ-
ing durability. Secondly; alkaline electrolysis (Fig. 1(b)) using an alkali
electrolyte such as 20-40% NaOH or KOH is currently the most
widely commercialized method because of the simple structure of
the electrolysis device and its low manufacturing cost due to the use
of a non-noble metal catalyst [1,2,8-12]. However, this approach
needs electrolyte replenishment to maintain the concentration of
the electrolyte solution, has corrosion by the alkaline electrolyte
solution, low current density and efficiency, and crossover of the
gas through the diaphragm [1,2,8-12]. To overcome the disadvan-
tages of the diaphragms used in alkaline electrolyzers, proton ex-
change membrane water electrolysis (PEMWE, Fig. 1(c)) using a
solid sulfonated polymer membrane that conducts protons as an
electrolyte has been studied [1,13-15]. PEMs such as Nafion” and
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Fumapem" can achieve high currents by reducing ohmic loss be-
cause of their low film thickness (~20-300 pm) and high proton
conductivity [1-3,16-18]. These PEMs also exhibit low gas cross-
over, enabling the production of hydrogen with high purity. How-
ever, because protons are used as charge transfer ions, these systems
must operate in harsh corrosive acidic environments, necessitat-
ing the use of expensive Pt-group metals (PGMs) with high corro-
sion resistance as catalysts or Ti-based materials as the current col-
lector and separator plate [1-3,5].

In addition to the above-mentioned alkaline electrolysis and
PEMWE, the development of anion exchange membrane water
electrolysis (AEMWE) has recently been investigated. Unlike alka-
line electrolysis, AEMWE adopts AEM as an electrolyte instead of
the diaphragm-separated concentrated KOH or NaOH. The use
of distilled water or a low-concentration alkaline solution as the
water feed mitigates the issues of corrosion and gas crossover, and
the use of the AEM that is less expensive than PEM and of the non-
noble catalysts also lowers the cost of hydrogen production [7,19,20].

As described above, water electrolysis is mainly performed in a
strong basic or acidic solution, where the reactions at both elec-
trodes can be described as follows [1-7].

In alkaline solution: 2H,O (I)+2e” —H, (g)+20H (aq)
(cathode, E*,=—0.83 V vs. NHE)

20H (aq)—>H,O ()+1/20, (g)+2¢
(anode, E°,,=0.40 V vs. NHE)

2H' (aq)+2¢ >H, (g)

(cathode, E*,=0.00 V vs. NHE)

H,0 ()—>2H" (aq)+1/20, (g)+2¢

(anode, E°,,=1.23 V vs. NHE)

H,0 ()—>H, (2)+1/20, (g) (F’y=—123V)

In acidic solution:

Total reaction:

Theoretically, water electrolysis requires an energy input of ap-
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(a) Solid oxide electrolysis

(b) Alkaline electrolysis
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(c¢) Proton exchange membrane electrolysis
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Fig. 1. Schematic and overall reactions of the (a) solid oxide, (b) alkaline, and (c) proton exchange membrane electrolysis systems (Redrawn

from Ref. [1-4]).

proximately 1.23 'V, but the overpotential resulting from the polar-
ization at the electrodes, ohmic compartments, and mass trans-
port phenomena requires the use of a higher potential, reducing
the energy efficiency of hydrogen production. Particularly for the
kinetic overpotential, the use of an electrochemical catalyst is essen-
tial to improve both the hydrogen evolution reaction (HER) and
oxygen evolution reaction (OER), regardless of the electrolyte types.
To date, it has been shown that Pt-based catalysts [1,18,21-27] and
Ir or Ru-based catalysts [1,2,5,28-32] exhibit high activity in HER
and OER, respectively. However, because of the high cost and scar-
city of these noble metal catalysts, research for the development of
transition-metal-based catalysts with high efficiency/durability has
attracted much attention. For alkaline water electrolysis, transition
metals and their alloys of Ni [8,33-48], Cu [49-57], and Co [58-70]
have been frequently investigated. For acidic OER, the use of noble
metals is unavoidable because they operate in a range of signifi-
cant positive potential in a corrosive electrochemical environment
[1,2,5,28-32]. However, for HER, it is possible to use a non-PGM
catalyst because HER is carried out at a relatively negative potential
[71-93]. Therefore, it is important to understand the reaction mech-
anism of HER and OER and to design catalysts that can function
properly under different conditions.

The HER process in hydrogen production consists of three steps
in alkaline [94-96] and acidic [94,97,98] media:

Volmer reaction: H,0+M+e ->M-H,;,+OH (alkaline medium)
H'+M+e —M-H, (acidic medium)
Heyrovsky reaction: M-H,;,+H,0+e ->M+OH +H,
(alkaline medium)
M-H,,+H +e ->M+H, (acidic medium)
Tafel reaction: 2M-H,;—2M+H,

The water and protons in the electrolyte are reduced at the cata-
lyst surface through a Volmer reaction and form adsorbed hydro-
gen atoms on the catalyst surface. Subsequently, hydrogen is gen-
erated either by the Heyrovsky reaction in which the adsorbed hy-
drogen atoms react with water or protons, or by the Tafel reaction
in which the adsorbed hydrogen atoms combine with each other.
Therefore, to obtain high catalytic activity in HER, the catalyst must
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have a moderate bond strength to hydrogen that are neither too
strong nor too weak. Based on this principle, almost all transition
metals and their alloys/compounds have been screened for HER
activity both in alkaline [34,35,37,38,40,43-48,52,54,57,58,61,62-66,
68,69] and acidic [71-93] environments. Among these, Ni is one
of the most intensely studied catalysts because of its low cost and
high chemical stability and its moderate hydrogen bond strength
[99,100].

The mechanism of the OER on metal and oxide surfaces is
known to be more complicated than the HER mechanism [101-
103]. To date, the OER mechanisms in alkaline and acidic media
have not been completely understood. However, among the vari-
ous proposed OER mechanisms [104-109], the generally accepted
mechanism is strongly dependent on the pH of the medium and
involves the production of reaction intermediates such as M-O and
M-OH, with two different reactions proceeding from the M-O
intermediate to O, evolution. Examples of these mechanisms are
as follows [101,109].

Alkaline medium: M+OH —M-OH_;+e
M-OH,,+OH —->M-0O,,+H,0O+e
2M-0,,—2M+0,

M-O,,+OH —>M-OOH,;+e
M-OOH,;,+OH ->M+0,+H,0+e
M+H,0—->M-OH, ,+H" +e
M-OH,;,;—>M-O,+H +e
2M-0,,—2M+0,
M-0,,+H,0—>M-OOH,,+H +¢e
M-OOH,_;—~»>M+0,+H" +e

Acidic medium:

As shown in the above reaction pathway, when the OH™ or H,0
molecules are bound to the catalyst surface, O, is produced by two
pathways depending on the pH of the medium. Theoretically, OER
is initiated by the adsorption of OH™ ions on the active site of the
catalyst, and the use of suitable catalysts with an appropriate affin-
ity for the OH intermediates is known to promote their formation
and equilibrium coverage, resulting in high OER activity [110]. How-
ever, designing OER catalysts is difficult because of the sluggish
four-electron transfer process in the water oxidation process [111].
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Fig. 2. Schematic of an example of the electrodeposition apparatus (Reproduced from Ref. [116]). This is a typical 3-electrode batch type sys-
tem consisting of a reference electrode, a counter electrode, and a working electrode. The bath temperature can be controlled by an
external water jacket combined with a hot plate. The mass transport of the reactants can be adjusted either by magnetic stirring or a

rotation disk electrode (not shown here).

Moreover, even oxide catalysts with the same composition have
been found to exhibit different electro-kinetic profiles depending
on the fabrication method and the structure of the oxide layer, giv-
ing rise to different activities [30,31,112-115]. Even though very
good OER activity has been obtained using oxides of noble met-
als such as RuO, and IrO, in acidic media, the use of these noble
metal catalysts is not economically viable because of their high cost
and scarcity [1,2,5,28-32]. Therefore, an intense research effort is
underway to develop inexpensive and efficient OER catalysts based
on nitrides, oxides, and phosphides to replace these noble metal
catalysts.

Electrodeposition is a universal method for the preparation of
catalysts using a simple process, at relatively low cost, and with high
purity compared to chemical synthesis. Fig. 2 shows a schematic
of an example of the electrodeposition process [116]. Various phys-
ico-chemical properties such as particle shape, composition, and
crystallinity can be controlled simply by adjusting the electrodepo-
sition parameters such as precursor composition, deposition poten-
tial/current, and time [39,79,92,117-138]. In addition, catalysts can
be easily electrodeposited onto the substrate at room temperature
and ambient pressure conditions, enabling one-pot production of
catalyst-coated substrate (CCS) gas diftusion electrode for the elec-
trolytic and fuel cell system [79,92,124,129,130,132-134]. Direct elec-
trodeposition of thin catalyst layer on the carbon or titanium fibers
constituting the gas diffusion layer (GDL) enables the catalyst layer
to have similar macro pore structures to that of the GDL, which
facilitates the mass transport of the reactants and the products. In
contrast, coating of synthetically prepared catalysts on the GDL or
membrane generally requires multiple steps and binder/ionomer
containing ink solution. Spray coating or brushing of the catalyst
ink solution often results in the non-uniform coating of thick and
dense catalyst layer, where the control of pore structures is a criti-

cal issue. In addition, the use of binder/ionomer is not always nec-
essary for the electrodeposited catalyst layer, particularly for the
water electrolysis system. This is because i) the formation of the
catalyst particle is preferentially occurring on the surface of con-
ducting substrate giving good adhesion [139,140], and ii) the lig-
uid water can effectively deliver protons or hydroxide ions within
the catalyst layer. In addition, the absence of polymer binders leads
to hydrophilic conditions throughout the catalyst layer, which is
beneficial to the transport of ions by water and release of produced
bubbles. Therefore, the electrochemical deposition method, which
can be used to form a stable electronic/physical contact between
the catalyst and the gas diffusion layer, is a suitable strategy for eas-
ily improving the structural characteristics important for gas trans-
port, providing improved electrochemically active areas, and excellent
catalytic activity/durability during the electrochemical energy con-

version processes.
ALKALINE WATER ELECTROLYSIS

1. Oxygen Evolution Reaction (OER)

OER is the anodic reaction of water electrolysis that requires a
larger overpotential than HER and is thus the bottleneck of the
water electrolysis reaction. To reduce the OER overpotential and
further improve the overall reaction rate, it is necessary to develop
an appropriate catalyst. Although oxides of noble metals such as
IrO, and RuO, have been used as OER catalysts, the high price and
scarcity of noble metals have motivated a research effort to develop
non-noble metal-based catalysts with high catalytic activity and
high stability for alkaline OER for practical application [5]. There-
fore, investigations aiming to increase the catalyst activity and sta-
bility of inexpensive transition-metal materials such as metal nitrides,
oxides, phosphides, and chalcogenides are ongoing. Accordingly,

Korean J. Chem. Eng.(Vol. 37, No. 8)
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the recent trends in the studies on the electrodeposition-fabricated
alkaline OER catalysts are introduced below based on the key transi-
tion metal of the catalyst.
1-1. Ni-based Electrocatalysts

Ni-based catalysts are generally used as anode materials as well
as cathode materials in alkaline media, but pure Ni metal has low
activity and stability against water splitting. Therefore, many stud-
ies have been conducted to reduce the overpotential through alloy-
ing with other transition metals and non-metal elements. Table 1
summarizes the OER activities of Ni-based alloy/compound cata-
lysts prepared by electrodeposition [33-42]. In a representative study,
Luo et al. reported NiFe nanosheet films (NiFe/NF) on Ni foams

H. Kim et al.

by one-step electrodeposition to measure the OER and HER activity
and durability in 1.0 M KOH electrolyte [34]. It was found that the
OER had an overpotential of 264 mV at 20mA cm > and Tafel
slope of 51 mV dec™', while an overpotential of 139 mV at 10 mA
cm * and Tafel slope of 112mV dec”' were obtained for HER. In
addition, a stability test carried out for 500 cycles for both OER and
HER showed excellent stability of the catalyst activity compared to
that in the first cycle. Pu et al. prepared NiSe,/Ti electrode by elec-
trodeposition [35]. They reported that these catalysts acted as con-
ducting support to provide electron paths for the NiOOH active
species during OER, exhibiting excellent OER activity with an
overpotential of 295mV at 20 mA cm™* and Tafel slope of 82 mV

Table 1. Summary of the alkaline OER performance for Ni-based catalysts

Deposition condition Tafel - Overpotential Exchange
Heat slope (mV) current
Catalyst - Electrolyte . Ref.
Flectrolyte Potential/Current/ ~ Temp. treatment (mX me e 0 denSIt}iz
Time (°C) dec) "o 0 N0 (mA em”)
NiDanocones - 1 el 61,043 M
;ri‘:ay (NNA)/ NH,Cl+2 M ammonia —60 mA for 150 s 50 96 345
NiFe. 1.0 M KOH [33]
OH@NNA/ O;IZ;M nﬁiﬁkgf+ (immersion for 5's) 100 53 316
NF
‘ CV: ~02~-14 Vi,
NiFe/NF O(Z)Q/INI[\I ;Segé)j%?g scan rate of 50mV/s, = RT 1L.OMKOH 51 264 [34]
for 60 cycles
0.065 M NiCL-6H,0+
NiSe,/Ti 0.035M SeO,+02M 045V for 1h RT LOMKOH 82 295 35]
LiCl
Nise. 10 mM Ni(CH,CO,),- 300°C for 971 310
gué Class 4H,0+10 mM SeO, —0.8 Vyygrea fOr 300s 25 5min  03M KOH 972 290 [36]
and 25 mM LiCl under N, ’
50 mM NiCl,+1 M CV: 0.1~1.1 Vigseetzar
NiP film NaH,PO,+0.16 M scan rate of 50 mV/s, - 1I0OMKOH 49 344 399 [37]
glycine+0.1 M NaOAc for 1 cycle (500 rpm)
13142g NiSO,6H,0+  CV:—1.0~—03 Vg,
NiP/CF 0.4101 g NaOAc+ scan rate of 10 mV/s, - 1L.OMKOH 120 325 [38]
2.1997 g NaH,PO, for 15 cycles
(45-49.9) mM
NiSO,-6H,0+(0.1-5) Pulse: -8 mA for 1,
NyyCutyoPs mM CuSO,-5H,0+ ~1.711 Vg until - LOMKOH 425 307 0006  [39]
0.5 M NaH,PO, + 20 C/em’ (1,500 rpm)
0.15M C,H,(NH,),
300 °C for
CF@NiP, 01 M Na,S0,+0.02M ~1.0 Vg for 5 min - 120min 10MKOH 547 200 024  [40]
Ni,SO,
under Ar
EEePX—ZO/NF (NiFe PBA/NF) V01 Vigcras 350°C for 4 239
ePASONE - 1 mM KiFe(CN)o+ scan rate of 100mV/s, - 2hour 1.0M KOH 43226 [41]
NiFeP SONE  1mMNNO),6H.O+ o 0o o in der N, 29 224
NiFeP,-120/NF 1 M NaNO;, : 33 233
NiCo-OH/ 0.01 M Ni(NO,),-6H,0+
NLP,O, Cot(NO3)2~6HZO+DI —1.0 V4 for 300 s - 1LOMKOH 63 197 357 [42]
water
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dec”! in 1.0 M KOH electrolyte. In addition to the NiSe, NiP cata-
lysts have also been actively investigated. For example, NiP cata-
lysts fabricated by electrodeposition showed overpotential in the
range of 320-350 mV at 10mA cm™* of OFR current density [37,
38], which are competitive with those fabricated by chemical syn-
thesis (290-500 mV at 10 mA cm 2) [141,142]. In addition, Kim et
al. prepared a NiCuP alloy catalyst using the electrodeposition and
measured the OER activity in 0.1 M KOH electrolyte [39]. Their
compound Nis,Cu,4Py catalyst exhibited an overpotential of 307
mV at 10mA cm > and Tafel slope of 42.5mV dec . XPS analy-
sis showed that the addition of Cu metal to the NiP catalyst in-
creased the amount of the Ni** species corresponding to NiOOH
on the catalyst surface, thus improving the activity of the catalyst. In
another investigation of Ni-based catalysts, Yuan et al. fabricated
NiFe Prussian-blue analog (PBA) on Ni foam surfaces (PBA/NF)
using the in-situ electrodeposition method and then prepared the
NiFeP/NF catalyst through phosphidation process [41]. The NiFeP,-
80/NF catalyst (Figs. 3(a) and 3(b)) obtained using a deposition time
of 80 min showed an overpotential of 224 mV at 10 mA cm > and
Tafel slope of 29 mV dec™ (Fig. 3(c)) in 1.0 M KOH electrolyte. The
direct electrodeposition on conductive NF substrates obtained a
microporous framework structure with an increased number of
active sites, and the lack of the binder during electrodeposition also
prevented the blockage of the active sites by the binder. Further-
more, the charge-transfer resistance measurements (Fig. 3(d)) sup-
ported the conclusion that the improvement in the OER activity
was due to the enhanced electron transport.

100
C —— NiFeP -20/NF
804 — NiFeP -50/NF
——— NiFeP 80/NF
"z 604 ——NiFeP-120/NF
<
E 40
—
20+
u- T T T T
11 12 13 14 1.5
E vs RHE/V
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1-2. Cu-based Electrocatalysts

Cu-based catalysts have the advantages of low cost, excellent elec-
trical conductivity, and low toxicity compared to other transition
metal-based catalysts (Ni, Co, Fe). Table 2 summarizes OER activ-
ity for the Cu-based and Co-based alloy catalysts prepared by the
electrodeposition [49-51,58-62], with the Co-based alloy catalysts
described in detail in Section 1-3. As Cu metal-based oxide cata-
lysts have various oxidation states such as Cu’, Cu*, and Cu™,
they have been used in electrode applications such as lithium ion
batteries [143,144] and photocatalysts [145,146]. It is known that
the OER catalytic activity of transition metal oxides is governed by
the d-orbital electronic structure because the bond formation and
breaking during OER is associated with the bonding due to the
interactions between the O-2p orbitals of the intermediate and the
d-orbitals of the catalyst [147]. A representative work on an elec-
trodeposited Cu-based OER catalyst was reported by Xu et al. [50].
They fabricated Cu,0O-Cu dendrites containing hybrid foam with
a large surface area and good electronic conductivity to enhance
the OER activity. The short diffusion path of the electrolyte and
the fast transport of the active species led to the low onset overpo-
tential of ~350 mV and low Tafel slope of 67.52 mV dec . Chemi-
cally synthesized CuO catalysts with multi-walled carbon nanotubes,
however, showed a relatively high overpotential of 420 mV at 10
mA cm™ in 1.0 M KOH electrolyte [148]. A Cu-based compound
catalyst with high activity and good chemical stability was reported
by Deng et al. [51]. Using the electrodeposition-sulfurization method,
they fabricated a Cu,S/TiO,/Cu,S catalyst for OER in 1.0 M KOH

NiFeP -20/NF

CREI CRE2
1 « NiFeP -50/NF R
0sd » NII-'eP;S[I!.\I-‘ R R
= v NiFeP -120/NF
= 0.4 *
= — Fitting line
: 034
~N
0.2
0.1
0.0 T S
14 16 18 20 22 24 26 28
Z'/ ohm

Fig. 3. (a), (b) SEM images of NiFeP,-80/Ni foam (NF). (c) Polarization curves of NiFeP,-20/NE, NiFeP,-50/NE, and NiFeP,-80/NFE. (d) Elec-
trochemical impedance spectra of NiFeP,-80/NF (Reproduced with permission from Ref. [41] Copyright (2019) Elsevier).

Korean J. Chem. Eng.(Vol. 37, No. 8)
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Table 2. Summary of the alkaline OER performance for Cu- & Co-based catalysts

Deposition condition

Tafel Overpotential  Exchange

slope (mV) current

Catalyst Electrolyte ] Ref.
Electrol Potential/Current/ Temp. (mV density
ectrolyte Time Q) dec™) Tho  Tho  Thoo (mA Cm*Z)
0.2 mM Cu(imidazole),CL+  CV:~0.5~1.0 Vg 0015at>
CuO NPs MeCN/3% H,O (v/v)+ scan rate of 50 mV/s, - 10OMNaOH 64 290 [49]
0.1 M TBABE, for 2 cycles
Cu,0-Cu foams 0.1 M CuSO,+0.75M H,SO, 3.6 Alem’ for 120 s 25 67.52 350
.05 M -5H.
Cu,0 foams 0.05M CuSO,SH,0+ 0.53 A/cm? for 5 min 25 7725 387
05M H,S0, 1.0M KOH [50]
Reduction of Cu,0-Cu ’
Cu foams foams by immersing in 10 h 70 80.84 410
1.5 M hydrazine hydrate
(Anodic electrooxidation)
Cu foam+1 M NaOH—> 10 mA/cm’ for 30 min RT—
CuSHO/CuS A1 D) Ticl+H,0— l0cydes>12h 120590 OMKOH 72284 51]
(Sulfurization) 0.1 M Na,S
1.5 mM C,H,CoO,-4H,0+
. 1.5 mM NiCl,-6H,O+ 2 .
CoNi-OOHL30(40) £\ \f NH,Cl+250 mL 0mAfemfor omin o o 6 279 [58]
nanosheet . —50mA/cm” for 40 h
DI water— (electrooxidation)
1.0 M KOH
Eléf)t;‘)depOMd 0.05M CoSO,+02MKSCN ~ —0.95 Vi for 1,200's - 10MKOH 55 310 [59]
CV:-12~02V,
. Ag/AgCl sat>
CoS/Ti mesh > :}nui/lurcezdz 6H,0+0.75M scan rate of 5mV/s, - 1LOMKOH 64 361 430 [60]
for 15 cycles
CV:~03~10 Vyueera
CoP 50 mM CoSO,+0.5M scan rate of 5mV/s, - 10MKOH 47 345 413 [61]
NaH,PO,+0.1 M NaOAc
for 15 cydles (500 rpm)
CoP-mesoporous 25 mM CoCl,+ 30
pamorodamays 0.5 M NaELPO, ~08 Vs - LOMKOH 65 300 ' 362 [62]

electrolyte. The fabricated Cu,S/TiO,/Cu,S core-branch arrays ex-
hibited 10-15 nm thick cross-linked Cu,S branch nanoflakes, pro-
viding a large specific surface area and overflow of O,; and a low
overpotential (284 mV at 10mA c¢m™>) and small Tafel slope (72
mV dec™') were obtained for OER in an alkaline medium. This is
similar to the activity of Cu,S/Cu foam catalyst (an overpotential
of 290 mV at 10 mA cm ) prepared by chemical synthesis [149].
1-3. Co-based Electrocatalysts

Similar to the Ni- and NiFe-based catalysts (Table 1), Co-based
materials have attracted attention as potential catalysts for water
electrolysis due to the excellent catalytic activity of the alloy [58],
sulfides [59,60], and phosphides [61,62] of Co. Table 2 summa-
rizes the OER activity for the Co-based catalysts. Potassium thio-
cyanate (KSCN) has been used in the fabrication of CoS because
the dissociated SCN can form various complexes through the
coordination of S or N atoms with transition metals [59,150]. Nan
et al. reported a CoS catalyst on Ti foil fabricated by the electrode-
position method using KSCN [59]. The obtained electrodepos-
ited CoS catalyst has a 3D flower-like nanostructure shape. This
structure is beneficial for providing enriched active sites and an
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escape channel for the oxygen bubbles. While the electrodepos-
ited Co catalysts in the absence of KSCN showed an overpotential
of 480 mV at 10mA cm” and Tafel slope of 9 mV dec™, the elec-
trodeposited CoS catalyst exhibited higher OER activity with a
lower overpotential of 310 mV at 10mA cm™” and Tafel slope of
55mV dec .

A substantial alkaline OER activity was also obtained using CoP
catalysts by Zhu et al. [62]. They fabricated CoP-mesoporous nanorod
arrays (MNA) catalysts with mesoporous nanorod array struc-
tures by the electrodeposition of a CoP catalyst on highly conduc-
tive Ni foams, rather than by using conventional phosphidation
processes. The catalysts had a structure of uniformly grown verti-
cally aligned nanorods with a diameter of 100 nm (Figs. 4(a)-(h)).
These structural characteristics were advantageous for improving
the electric interconnection and mass transport. In addition to the
high activity for HER with an overpotential of 54 mV at 10 mA
cm™ and Tafel slope of 51 mV dec ' (Fig. 4(i)), the catalyst showed
good OER performance with an overpotential of 300 mV at 10
mA cm > and Tafel slope of 65mV dec™ (Fig. 4(j)). In addition,
there was no substantial difference in the OER performances be-
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Fig. 4. (a)-(d) SEM, (e), (f) EDS elemental mapping, and (g), (h) TEM images of CoP-mesoporous nanorod arrays (MNA). (i) Polarization
curves of CoP-MNA, Pt, and pristine Ni foam in H,-saturated 1 M KOH aqueous solution at a scan rate of 2mV s ' (j) LSV polariza-
tion curves (2mV s in O,-saturated 1 M KOH) of CoP-MNA, IrO,, and Pt for electrocatalytic OER (Reproduced with permission

from Ref. [62] Copyright (2015), Wiley).

tween CoP catalysts prepared either by electrodeposition (overpo-
tential of 300 to 350 mV at 10mA cm ™ [61,62]) or by chemical syn-
thesis (overpotential of 310 to 360 mV at 10 mA cm > [69,151]).

2. Hydrogen Evolution Reaction (HER)

As is typically found in catalysis, electrocatalysts for HER require
nanostructures with an appropriate hydrogen binding energy and
also an improved surface-to-volume ratio necessary to obtain suf-
ficient active sites for the reaction. Although Pt-based catalysts are
known to show the best activity in alkaline HER, the high price
and limited abundance of Pt hinder their use in practical applica-
tions [11]. Recently, research attention has been focused on the use
of non-precious catalysts with a relatively high catalytic activity,
low cost, and high stability obtained using alloys, compounds, and
oxides of transition metals such as Cu, Fe, Ni, and Mo.

2-1. Ni-based Electrocatalysts

Ni-based catalysts have been studied as HER catalysts to replace
Pt-based catalysts because Ni-based catalysts have relatively high
activity and excellent resistance to corrosion in alkaline media and
are more stable than other transition metals (e.g. Fe, Co) [34,35,37,
38,40,43-48,152,153]. Catalysts based on Ni alloys and Ni phosphi-
des have been studied in order to improve the catalytic activity. Table
3 summarizes the HER activity for Ni-based alloy catalysts pre-
pared by electrodeposition [34,35,37,38,40,43-46].

Gao et al. used a solution consisting of choline chloride-ethylene
glycol eutectic solvent (ethaline) in a ratio of 1:2 to electrodeposit
NiCu alloy catalysts with nanoporous structures arranged in nano-

sheets on Cu substrates [43]. In an evaluation of the HER activity
in 1.0 M KOH electrolyte, nanoporous NiCu-3 alloy catalysts showed
a low onset potential of 48 mV (overpotential of 128 mV at 10
mA cm ) and Tafel slope of 57.2 mV dec™".

In addition to NiCu, NiCo alloys are also known to be efficient
for HER under alkaline conditions because of their improved intrin-
sic catalyst activity and corrosion resistance compared to pure Ni
[43,45,152,154,155]. Preparation of nanostructured catalysts with
an increased number of active sites and the fabrication of porous
structures in order to increase the mass transport and electrical
conductivity have been the typical strategies for obtaining NiCo
alloy catalysts. Sun et al. fabricated a mesoporous NiCo alloy cata-
lyst using electroless deposition and measured the HER activity of
the obtained catalyst in alkaline media [45]. As shown in Figs. 5(a)-
(f), NiCo catalysts with various lyotropic liquid crystal composi-
tions were fabricated by the electroless deposition method. Among
these, the mesoporous NisCo,, catalyst with a narrow pore size
distribution of 3-5nm showed the lowest onset overpotential of
52mV (overpotential of 162 mV at 10mA cm ) and Tafel slope
of 60 mV dec™" for HER (Fig. 5(g)). This result shows that a syner-
gistic combination of Ni and Co, enlarged exposure of the catalyti-
cally active sites, and improved mass and charge transport led to
excellent HER activity (Fig. 5(h)). A slightly better activity of an
overpotential of 156 mV at 10mA cm™ in a 1.0 M KOH electrolyte
was reported for chemically synthesized NiCo catalyst with heat
treatment [152].
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Table 3. Summary of the alkaline HER performance for Ni-based catalysts

Deposition condition

Tafel Overpotential  Exchange

slope (mV) current

Catalyst Electrolyte _— . Ref.
Electrol Potential/Current/ Temp. (mV density
ectrolyte Time Q) dec—l) Tho  Tho  Thoo (mA Cm_z)
. C\[: _0.2~_1.4 VSCE’
NiFe/NF 02MNiSO, 7H,0+02M scan rate of 50 mV/s, RT 1OMKOH 112 139 (34]
FeSO,-7H,0
for 60 cycles
, 0.065 M NiCl,-6H,0+0.035 M
NiSe,/Ti 560,402 M Licl —045 Vg for 1h RT 1OMKOH 8 9 [35]
. CV: 0.1~—1.1 Vigsgcr s
Nipfilm O MMNCLHIMNaELPO -2 e of 50mVs, - 10MKOH 43 9 [37]
0.16 M glycine+0.1 M NaOAc
for 1 cycle (500 rpm)
. C\[: _1.0~_0.3 VSCE>
. 13142 g NiSO,-6H,0+0.4101 g
NiP/CF NaOAc+2.1997 g NaH,PO, scan rate of 10 mV/s, IL.OMKOH 55 98 [38]
for 15 cycles
CF@NiP, 0.1 M Na,SO,+0.02M Ni,SO,  —1.0 Vg for 5 min - IOMKOH 483 118 024  [40]
NiCu-1.5 50 mL ethaline-+0.50 M 816 180 204 0.062
NiCu-3 NiClL-6H,0+0.10 M 1.5,3,54 C/cm® 60 1.0MKOH 572 128 150 0.151 [43]
NiCu-5.4 CuCl,2H,0 745 158 182 0.098
Niw (90) g dm” sodium citrate+d0g o e 200 307 377
@ Na,WO,+80 ¢ d_13n dm’ for duration 600 s 70 1.0 M KOH [44]
Niw (90-A) ~ hickel sulfate+7 g dm (250 rpm, 5,000 Hz) 130 169 226
ammonium chloride 7
Ni;,Cops 55 wt% Brij 58+(0-0.01) M 60 198
N158C042 NiC12'6H20+(0-001) M 60 162
] CoCl,-6H,0+22 g DI Electroless deposition 80—»>RT 1.0M NaOH [45]
Nis;Coy water— (Reduction) 0.6 g 8L 213
Ni,;;Cog, DMAB 90 319
CV: ~0.3~1.0 Vg
PDD_Ni-10P scan rate of 15 mV/s, 447 105
10 mM Nat,PO,+100 mM for 50 cycles 60 1.0 M KOH [46]
NiCl,-6H,0 08V (total
i S Vagag:
PSD_Ni-10P 495C /sz) 56.6 107

In addition to alloying Ni with other transition metals, Ni phos-
phides have been shown to be beneficial for changing the electronic
structure of the catalyst to lower the energy barrier to hydrogen
adsorption, thus improving the HER activity [156]. Ledendecker
et al. reported an Ni;P, film catalyst fabricated by chemical synthe-
sis with an HER overpotential of 150 mV at 10 mA cm > and Tafel
slope of 533 mV dec”' [153]. In contrast, Sun et al. fabricated a NiP
catalyst using the methods of potentiostatic deposition (PSD) and
potentiodynamic deposition (PDD) on Cu foil, and then compared
the HER activity of the obtained catalysts in a 0.1 M KOH solu-
tion [46]. Figs. 6(a) and 6(b) show the SEM results of the catalysts
prepared using the PSD and PDD methods, where the PDD-pre-
pared catalysts exhibit a crack-free NiP, film structure. For various
NaH,PO, concentrations in the electrolyte, NiP catalyst prepared
with 10 mM NaH,PO, concentration showed the best HER activ-
ity (overpotential of 105mV at 10mA cm™> and Tafel slope of
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447 mV dec™") (Fig. 6(c)). In addition, a negligible degradation of
the catalytic activity was observed up to 1,000 cycles in stability
testing (Fig. 6(d)). Fig. 6(e) shows the results of DFT calculations
that found the water dissociation energy barrier (AGy,) of the P-
doped Ni catalyst was substantially reduced to 0.34 eV, compared
to that of the pure Ni metal (0.98 V).
2-2. Co-based Electrocatalysts

For Co-based catalysts, many studies have been reported since
it was found that phosphide-coupled Co catalysts exhibit excellent
electrocatalytic HER activity. Table 4 summarizes the HER activ-
ity for the Co-based alloy catalysts prepared by electrodeposition
[58,61-66]. Bai et al. fabricated a Co/CoP-Ni foam (NF) catalyst by
the electrodeposition method and measured the HER activity in a
1.0 M NaOH solution [64], where NF with a large surface area due
to the three-dimensional network structure played an important
role in improving the catalytic activity. The subsequently electrode-



Electrodeposited catalysts for water electrolysis

1283

20 &— ey —
-0.25 -0.20 -0.15 -0.10 -0.05 O.

ha_
820 W% PUC
b——Ni_Co,,
c—NIi Co,_ a
d—NI, Co,,
e—Ni
f— Ni, Co,,
g—=cCo
h——Bare GC

06 05 -04 -03 02 -01 00
E (V vs.RHE)

—— 500 cycles

——1000 cycles
——1500 cycles
1 —2000 cycles

Tieme (b

E (V vs. RHE)

Fig. 5. TEM images of the mesostructured Ni,o, ,Co, alloys prepared from different LLC (lyotropic liquid crystals) compositions: (a) Ni, (b)
Ni,,Coy, () NissCoy,, (d) Nis,Coy, (€) NijgCog, and (f) Co. (g) Polarization curves for the HER on a bare glassy carbon (GC) electrode
and modified GC electrodes comprising the mesoporous Ni,, ,Co, alloys in 1.0 M NaOH solution at a scan rate of 2mV s . (h) Polar-
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between —0.3 and +0.2 'V vs. RHE, inset: time-dependent catalytic overpotential curve for mesoporous Ni;;Co,, alloy at a static cur-
rent density of —10 mA cm > for 25 h (Reproduced with permission from Ref. [45] Copyright (2017) Elsevier).

——PDO_Ni-10P
| ——PSD_Ni-10P. /'
——PHiC /

0.4 0.2
EIVvsRHE

0 15
(d) 1¢cycle /f (e) — Nimetal
2000ycles - — Ni-P P-site 0.98
20} So0cycles g 10F . Ni-PNisite
1000 cycles &
T 4 @ s |
(%] = :
< Do0f
E o} & 0.23 .}
i S os} H
w §
sof 0.48 ——
;} 10} o T %
1 -1.35 06 TR
400 PR T - S WP — A5
0.4 0.3 0.2 0.1 0.0 H,0 OH+H* H*

E /V vs.RHE

Reaction Coordinates
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Table 4. Summary of the alkaline HER performance for Co-based catalysts

Deposition condition

Tafel ~Overpotential ~ Exchange

slope (mV) current

Catalyst - Electrolyte . Ref.
Flectrolyte Potential/Current/ ~ Temp. (m}{ me e 1 densﬁ}iz
Tlme (Oc) dec ) 10 20 100 (mA cm )
1.5 mM C,H,CoO,-4H,0+
1.5 mM NiCl-6H,0+
CoNi-OOH-30(40)  1.5mM NH,Cl+ —10 mA/cm” for 30 min
nanosheet 250 mL DI water—> —50 mA/cm’ for 40 h ) LOMKOH 67 210 (58]
(electrooxidation)
1.0 M KOH
CV: ~03~1.0 V,ieras
Co-P S%I:I?prcoiio()fl(\)/.[sli]\: OAc scan rate of 5 mi//fsc, - 1.0MKOH 42 94 [61]
for 15 cycles (500 rpm)
Cﬁiﬂﬁfgﬂ?ﬁ;s 2;;Aﬁ)g?c12+o.5 M 08 Vigagctaa - 10MKOH 51 54 121 0857 [62]
35mM Co(NO;),+25 mM
Co,,Mo, ;P MoCl;+0.5M NaH,PO,+ —1.4 Ve for 600's - 1L.OMKOH 63 30 [63]
0.1 M NaOAc
5 mM CoSO,-7H,0+
Co/CoP-NF 25mM NaH,PO, H,0+ -05A/cm’for10min  RT 10MKOH 71 35 130 310  [64]
5mM CH,COONa
0.02 M CoSO,-7H,0+
0.05 M Na,MoO,-2H,0+
Cgi/l\?;’ MoP.- 09 M NaH,PO,H,0+  —0.4 A/cm? for 5 min RT 10MNaOH 872 22 121 58  [65]
' 0.12M CH,0,-H,0+
0.18 M Na,SO,
Co(OH),/CP 6 mM Co(NO;), 2 mA/cm’ for 20 min RT 10MKOH 236 4068 [66]

posited Co/CoP catalyst on NF had a 3D network structure with
low interfacial resistance and rapid release of bubbles generated on
the electrode surface, giving an overpotential of 35 mV at 10 mA
cm > and a Tafel slope of 71 mV dec ™.

Similarly, Chen et al. measured the HER activity in the presence
of 1.0 M NaOH after fabricating the crystalline/amorphous Co,P/
CoMoP, catalyst on NF [65]. By varying the deposition current
density; they found that the Co,P/CoMoP,-0.4/NF catalyst electro-
deposited at —0.4 A cm* showed a low overpotential of 22 mV at
10mA cm and Tafel slope of 87.2mV dec'. Furthermore, the
50-hour stability test also showed good electrochemical stability. In
the case of the CoP catalyst prepared by chemical synthesis [157,
158], they showed similar HER performance to that prepared by
the electrodeposition. As an example, CoP@CoO, catalyst reported
by Feng et al. [158] had the HER performance of an overpotential
of 35mV at 10mA cm™* and Tafel slope of 44.9 mV dec .

PROTON EXCHANGE MEMBRANE WATER
ELECTROLYSIS

1. Oxygen Evolution Reaction (OER): Ru- and Ir-based Elec-
trocatalysts

Acidic OER operates in harsh electrochemical oxidative condi-
tions compared to alkaline OER, requiring the use of noble metal-
based oxide catalysts with high corrosion resistance against acidic
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environment [1,2,5,28-30]. Generally, two methods have been used
for the fabrication of oxide catalysts. The first method is the pro-
duction of thermal oxides using a heat treatment under an O, atmo-
sphere. The second method is the production of defective electro-
chemical oxides using electrooxidation by applying anodic poten-
tials (Figs. 7(a) and 7(b)) [31]. Danilovic et al. fabricated both ther-
mal oxides and electrochemical oxides of Au, Pt, I, Ru, and Os
and compared their OER performance and durability [31]. It was
found that the OER activity increased with increasing oxygen-metal
bond strength (oxophilicity) in the order of Au<Pt<Ir<Ru<Os
[31,159]. On the other hand, durability showed the reverse order,
that is, Os<Ru<Ir<Pt<«Au, implying that a trade-off between the
performance and durability is necessary, with the presence of
defects playing an important role in the relationship between per-
formance and durability (Fig. 7(a)) [31]. As indicated earlier, Ru
oxide is known to have the second-highest activity for OER after
Os oxide, but it suffers from extreme corrosion at high anodic poten-
tial, giving rise to problematic durability. Therefore, many studies
have focused on improving the durability of Ru catalysts. For exam-
ple, Kim et al. prepared Ru oxides by the sequential electrodeposi-
tion of Ru metal followed by thermal oxidation. The optimized
heat treatment condition was determined by comparing the activ-
ity and durability for OER. Specifically, Ru oxide/Ti catalysts were
produced by applying —0.6 V., for 5min on a Ti substrate using
an electrolyte composed of 0.01 M RuCl,-xH,0+0.10 M HC], fol-
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Fig. 7. Relationships between the activity and stability of the OER on monometallic oxides. (a) Inverse trends in activity and stability of the
oxide materials prepared by the thermal chemical (TC) and electrochemical (EC) methods; (i) more noble materials are less active but
more stable and (ii) because amorphous EC-oxides contain more defects, they are more active but less stable than the corresponding
crystalline TC-oxides. (b) Schematic representation of the crystalline rutile TC-oxide and amorphous EC-oxide structures (Repro-
duced with permission from Ref. [31] Copyright (2014) American Chemical Society).

lowed by heat treatments at 300, 450, and 600 °C for 1h under air
conditions. Ru metal showed an excellent performance of 20 mA
cm™” at approximately 1.43 Vi but showed substantial deteriora-
tion due to dissolution after 10 cycles. On the other hand, Ru oxide
produced by heat treatment at 450 °C showed negligible initial per-
formance but showed the highest performance after 40 cycles of
activation and maintained durability for 250 cycles [137]. In a fol-
low-up study, a Ru/Co oxide catalyst was fabricated by the sequen-
tial electrodeposition of Co on a Ti substrate, followed by Ru elec-
trodeposition. The electron transfer from Co to Ru and the mor-
phology effect of the Co used as a sublayer improved the catalyst's
performance from 162 mA cm ™ to 61 mA cm ™ at 1.64 Vi how-
ever, durability was insufficient when the performance degraded
by approximately 45.5% after 500 cycles [138]. Similar performance
with the electrodeposition-fabricated Ru-based catalysts was reported
by Tariq et al. [160] and Pascuzzi et al. [161], where the former
was RuO,/MoO; produced by hydrothermal method (1.49 Vg at
10mA cm?) and the latter was Mn-TiO,-RuO, fabricated by sol-
gel method (1.616 Vi at 10 mA cm ), respectively.

Studies were also conducted on Ir oxide catalysts with moder-
ate performance and excellent durability. Because of the low abun-
dance and very high cost of Ir compared to Ru, research on Ir
oxide catalysts has focused on reducing the catalyst content. Lee et
al. electrodeposited IrO, on carbon paper and analyzed the changes
in the loading amounts with the variation in the electrodeposition
time and potential to determine the optimal electrodeposition con-

ditions for application of the catalyst as a PEWME anode. The
electrodeposition solution was composed of 10 mM IrCl,-H,0, 5 g
L™ of (COOH),2H,0, and 10g L™ of 35% H,0, in deionized water
with sequential mixing of each component for the designated time.
Then, K,CO; was added to adjust the pH of the solution to 10.5,
and the solution was prepared by stabilizing for three days. After-
wards, the electrodeposition time was varied from 1 to 30 min, and
the deposition potential was adjusted from 0.6 to 0.9 V. It was
found that the IrO, produced at 0.7 Vg for 10 min showed opti-
mal PEMWE performance of 1.01 A cm ™ at 1.6 V,,; with a small
loading of 0.1 mg cm™> these performance characteristics were
superior to those of other IrO, catalysts produced by spraying, brush-
ing, decal, and sputtering, demonstrating the advantages of elec-
trodeposition as a catalyst fabrication technique [162]. Results are
summarized in Table 5.

2. Hydrogen Evolution Reaction (HER)

Similar to alkaline HER, PGM catalysts that are known to have
the highest activity and durability in acidic HER need to be replaced
for large-scale hydrogen production because of their high price and
limited reserves [1,2]. Therefore, studies have been conducted to
develop an inexpensive material with sufficient activity and dura-
bility in order to replace Pt. Since HER operates at a relatively neg-
ative potential (reducing condition), it is possible to use non-PGM
catalysts. Among them, Ni, Co, Fe, Mo, W, and Cu have been stud-
ied as potential materials [99]. However, as the single-metal cata-
lysts have intrinsically low catalytic activity due to the inappropriate
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Table 5. Summary of the acidic OER performance for Ru- & Ir-based catalysts

Deposition condition Tafel - Overpotential - Exchange
Heat slope (mV) current
Catalyst Electrolyte . Ref.
Electrol Potential/Current/  Temp. treatment (mV density
ectrolyte Time Q) dec) "o Tho Tho (mA cm™)
. 0.01 M RuCl,+
Ru/Ti (1%) 0.10 M HCi —0.6 Vg for 300 s RT - 0.5M H,SO, - 183 198 223 -
450 °C for [137]
Ru/Ti450 (40" 01 M RuCl+ 0.6V for300s  RT  60min  05MH,SO, - 258 293 - -
0.10 M HCI .
under air
Rl(;: 1%(ﬁﬁ ézll/lg(l)ﬁ Ru: —0.6 V¢, for 375 °C for
Ru/Co240/T1 ’ ) 300s/Co: 1.0 Vg RT 60min  0.5M H,SO, - 239 281 - - [138]
0.10 M CoCl+ for 240 s under air
0.10 M HCI
10 mM IrCL,-H,0+
5 g/L (COOH),
IrO, 2H,0+10g/L 35% 0.7 Vg for 10 min - - 0.1 M HCIO, - - - - - [162]
H,0,+K,CO;,
pH 10.5
Table 6. Summary of the acidic HER performance for metal alloy catalysts
Deposition condition Tafel  Overpotential - Exchange
slope (mV) current
Catalyst Electrolyte .
Electral Potential/Current/ Temp. (mV density
ectrolyte Time o) dec’)  Tho T Tho (mA cm®)
300 g/L NiSO,-6H,0+50 g/L
) NiCl,-6H,0+40 g/L H;BO;+ 1,600 A/m’ for
Ni, 0 1 g/L Sodium lauryl sulfate, 20 min - 0.5M H,SO, 147,119 502 0.0026
pH 34
80 g/L NiSO,-6H,0+50 g/L
. Potassium citrate+Excess 100 A/m’ for
Ni,, W, Na,CO4 420 gL Na; WO, 0min - 05MH,SO, 43,116 148 0.0103
2H,0, pH 10.5
79 g/L NiSO,-6H,0+48 g/L
, Na,MoO,-2H,0+88 g/L 1,600 A/m’ for
NigMo,, Sodium citrate-+Excess 20 min - 0.5M H,SO, 38,118 102 0.0205
NH,OH, pH 10.5 (71]
52 g/L NiSO,-6H,0+73 g/L
, Na,MoO,-2H,0+88 g/L 1,600 A/m’ for
Ni;sMo,s Sodium citrate-+Fxcess 20 min - 05M H,SO, 40,123 124 0.0124
NH,OH, pH 105
80 g/L NiSO,-6H,0+20 g/L
. FeSO,-7H,0+50 g/L Sodium 130 A/m’ for
NigyFey, citrate+ 20 /L. Na,CO5 + 15 min - 05M H,SO, 94,160 385 0.002
H,SO,, pH 3.5
‘ 26g/LNISO6H0+28g/L |20 oe
Ni,;Feys FeSO, 7H,0+12g/L HBO+ . - 05MH,SO, 86,146 397 0.0004
3.6 g/L Na,5O,+H,SO,, pH 3
NiMo: 52.1 g/L NiSO,-6H,0+
729 g/ Na,MoO,-2H,0+  NiMo: ~145 Vi
. 88 g/L Na,C;H;0,-2H,0+ for 5 min/
Ni,Mo/PANI Excess NHLOH, pH 10.4 PANE 082 Vg 05MH,S0, 40 151 00054  [72]
PANIL: 0.05M Aniline+0.5M  for 5min

H,S0,
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Table 6. Continued

Deposition condition Tafel ~ Overpotential  Exchange

(mV)
Catalyst Electrolyte sope W) currej'nt Ref.
Electrol Potential/Current/  Temp. (mV density
ectrolyte Time Q) de Cfl) Tho  Tho  Thoo (mA Cm—z)
NiMo: 79 g/L NiSO,-6H,0+
48 g/ Na,MoO,2H,0+ NiMo: —1.45 Vi
. 88 g/L Na,C,H;0,-2H,0+ for 5 min/
. X 72
NigMo/PANI Excess NELOH, pH 104/ PANE: 082 Ve 05MH,SO, 55 208 00112 [72]
PANTI: 0.05 M Aniline+0.5M  for 5 min
H,SO,
. 300 g/L NiSO,-6H,0+50 g/L B 2
Ellffit“’depos“ed NiCl,-6H,0+40 g/L H,BO, + 710mni“n" emfor oo 0sMHSO, 178 031
1 g/L Na;C\,H,;S0,-2H,0
79 g/L NiSO,-6H,0+48 g/L (73]
) Na,MoO,-2H,0+88 g/L ~70 mA/cm’ for
NigsMo5 No.CoHLO, 2EL O Eacess i 55 05MHS0, 50,138 76 363
NH,OH, pH 105
NiMo: 0.3 M NiSO,-6H,0+
02 M Na;MoO, 2H,0+ NiMo: 14 Vi
0.3 M trisodium citrate for 300 s/Cu
NiMo/Cricp ~ Aydrater0O3MNOH/ g 53 RT 05MHSO, 9 687 98 [74]
Cu foam: 0.12 M CuSO,- e for s —17
5H,0+0.7 M H,SO,+12M Aem?” for ’5 s )
(NH,),80,+0.4 mM
1,2,3-benzotriazole
0.084 M NiSO,-7H,0+0.017 M
. Co0SO,-7H,0+0.1 M Sodium N 20
Nig;Cos, duconite’ 10 gL HLBO,+ 5A/dm’ for 1h o) M H,S0, 328 368 616 (75]
0.18 mM Cysteine, pH 4
0.0935 M NiSO,-7H,0+
0.0065 M CuSO,-5H,0+ R
Ni;;Cttge 0.1 M Sodium gluconate+ 2? ﬁ‘/ dm” for o 92301() 0.5M H,S0, 248 280 450 [76]
10 g/L H;BO;+0.18 mM
Cysteine, pH 4.1
0.01 M ZnSO,-H,0+0.09 M
. NiSO,-7H,0+0.1 M Sodium 4 A/dm’ for 20
71150 Nigs duconate+ 10 gL HBO,+ 0 min o3k OSMHSO, 679 244 257 399 [77]
0.18 mM Cysteine, pH 4
45 mM tungstic acid+60 mM
. Na,SO;+52 mM Citric acid+
NiggW, 125 mM NiSO,-6H,0+ 1.2V for 300s 05MH,S0, 122 205 279 [78]
Ammonia, pH 9.9
NiW: 0.13 M NiSO,-6H,0+
. 0.12 M Na,WO,-2H,0+ —1.6 V¢ for
Niss W/ CaNWI/CP o N CELO, 0.1 M 00 RT 05MHSO, 40 56 79 181 [79]
H,SO,
40 mM NiCl,-6H,0+20 mM
Na,MoO,+0.2 mM ZnCl,+ 2
NiMoZn 0.13 M Na,P,0,+0.89 M 121(:)nnll/ixn/cm for 05MH,80, 40 38 40 [80]
NaHCO,+18.5 mM

formic acid

H bonding energy, researchers have focused on alloy or compound ber of active sites [81,82,163]. Although the same strategies are
catalysts in order to improve the catalytic activity by adjusting the usually pursued for the development of alkaline and acidic HER
electronic structure of these elements or by increasing the num- catalysts, the results obtained for alkaline HER cannot be directly
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Fig. 8. (a)-(f) SEM images showing the surface morphology of electrodeposited NiX (X=Mo, W, Fe) coatings, (g) Tafel polarization curves
recorded on NiX coatings in 0.5 M H,SO, at 295 K. The scan rate was 0.5mVs ' (Reproduced with permission from Ref. [71] Copy-

right (2005) Elsevier).

applied to HER in PEMWE that operate at low pH and corrosive
environments.
2-1. Metal Alloy Electrocatalysts

The electrodeposition conditions for the preparation of various
metal catalysts and their HER performance characteristics are sum-
marized in Table 6. In 2005, Navarro-Flores et al. reported various
NiM (M=Mo, W, Fe) catalysts fabricated by electrodeposition with
a constant current [71]. They controlled the concentrations of the
Ni and M precursors in the electrolyte and applied a constant
deposition current of 10-160 mA cm  for 15-30 min to fabricate
catalysts with the compositions of Ni, o, NiggMO0y,, Ni;sMo,s, Ni, W,
Nig,Fey, and Ni;sFegs on a Cu substrate. The results of the surface
analysis conducted by FE-SEM and performance evaluation for
HER are shown in Fig. 8. The addition of foreign metals to Ni
resulted both in an increase in the electrochemical surface area
and a simultaneous synergistic effect of electronic structure modi-
fication, giving rise to enhanced intrinsic activity. As a result, the
Nig;Mo,, catalyst exhibited the best geometric activity with an over-
potential of approximately 102 mV at 10 mA cm™>, while Ni,,W,;
showed the highest intrinsic activity. The overpotential at 10 mA
cm ™ of NiM was in the order of NigMo,, (102 mV)<NisMo,s (124
mV)<Ni,,W,; (148 mV)<NigFe,, (385 mV)<Ni,sFeg; (397 mV)<
Ni (502 mV) (Fig. 8(g)).

In the same group, Damian et al. developed NiMo/PANI by
sequential electrodeposition of a three-dimensional polyaniline (PANT)
matrix, followed by NiMo deposition on the matrix to fabricate
NiMo catalysts with a quasi-3D morphology. Among these cata-
lysts, the Ni,Mo/PANI catalyst showed the highest activity with an
overpotential of approximately 151 mV at 10mA cm™” and a low
Tafel slope of 40 mV dec ', while NigMo/PANI with high Ni con-
tent showed lower performance with an overpotential of approxi-
mately 208 mV; thus, these results showed a different tendency from
their previous results of higher activity obtained for the higher Ni
content [72]. They explained that this discrepancy is due to the
increased surface area of Ni,Mo/PANI that was approximately 5.9-
times higher than that of NigMo/PANI, indicating the importance
of the surface area effect on HER. Similarly, Martinez et al. devel-
oped a NigMo,s catalyst with a porous structure using the constant
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current deposition method that showed a high catalytic activity
with an overpotential of approximately 76 mV at 10 mA cm ™ and
Tafel slope of 50 mV dec™ [73]. Recently, in order to maximize the
surface area of the catalyst, Kim et al. fabricated Cu foam (CF) on
carbon paper (CP) using dynamic bubble-template electrodeposi-
tion [136], and Ni; Mo/CF/CP with a high surface area was ob-
tained by electrodepositing NiMo on the CF/CP [74]. The HER
performance of this catalyst was significantly increased, obtaining
an overpotential of 68.7 mV at 10mA cm ™ and Tafel slope of 96
mV dec . In addition to performing a half-cell evaluation, they used
Ni, (Mo/CF/CP as the cathode in PEMWE and conducted a single-
cell evaluation, demonstrating the feasibility of this catalyst for com-
mercial use. Besides the electrodeposition, two-steps of the precipi-
tation/reduction process were also investigated in the fabrication of
NiMo nanopowders [164]. The fabricated catalyst exhibited excellent
performance with an overvoltage of 70 mV at 20 mA cm, but the
catalyst rapidly deteriorated after the stability test at 20 mA cm ™
for 7 hrs.

In addition to the NiMo catalysts, Badawy and Nady et al. fabri-
cated nanocrystalline NiCo, NiCu, and NiZn catalysts with opti-
mized compositions to obtain the best HER performance charac-
teristics (Fig. 9) [75-77]. The atomic composition of the catalyst
was easily controlled by simply changing the concentration of the
metal precursors in the electrodeposition bath. Badawy reported
that the addition of Co to Ni led to valley-like morphology of NiCo
catalysts with increased surface area [75]. The synergistic effect of
the combination of Ni and Co gradually decreased the cathodic
HER overpotential, resulting in the highest performance at 50.38
at% Co with an overpotential of approximately 328 mV at 10 mA
cm™” (Fig. 9(a)) and the highest corrosion resistance. For NiCu
prepared by adding Cu to Nj, the best performance of an overpo-
tential of 248 mV at 10 mA cm ™ and high durability was obtained
for the Ni5,Cuy, catalyst. This was attributed to the increased sur-
face area due to the porous structure of the catalyst (Fig. 9(b)) [76].
They also reported the fabrication of a NiZn catalyst with increased
surface area due to the coral reef-like and granular structures aris-
ing from the hydrogen generation during the co-deposition of Zn
and Ni [77]. The addition of Zn changed the Ni d-band, resulting
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(¢) NiZn catalysts in 0.5 M H,SOj solutions at 25 °C (scan rate:
5mV s ') (Reproduced with permission from Ref. [75-77]
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in optimal performance for the Niy5Zny, catalyst with an overpo-
tential of approximately 244 mV at 10 mA cm ~ (Fig. 9(c)).
Tungsten is another candidate metal for Ni-based alloy cata-
lysts. Bahari Mollamahale et al. reported spherical NiW, NPs with
the size of 100-200 nm [78]. The W content in their NiW catalysts
was very low compared to other reports in the literature because
they used FTO with a low conductivity as the substrate. HER activity
evaluation found that the overpotential at 10 mA cm ™ was decreased
by approximately 100 mV when pure Ni was alloyed with W. Fur-

thermore, Kim et al. adopted both strategies of the optimization of
the NiW composition and increase in the number of the active
sites by using highly porous Cu nanowires (Cu NW) as a sublayer
of the NiW catalyst [79]. They modulated the Ni/W atomic ratio
by simply controlling the concentration of the Ni and W precur-
sors in the electrolyte. As the electrodeposition rate was depen-
dent on the concentration of the Ni precursor, the morphology of
the underlying Cu NW sublayer was effectively maintained under
low concentrations of the Ni precursor. In particular, NiggW,/Cu
NW/CP showed the highest performance with an overpotential of
56mV at 10mA cm* and Tafel slope of 40 mV dec . Durability
experiments showed that the performance reduction after long-
term operation was due to the dissolution of Ni, NiO, and W. Sim-
ilar WNi/Ni foam catalyst prepared by hydrothermal/annealing
method was once reported by Nsanzimana et al. [165] of which the
performance was somewhat low (an overvoltage of 100 mV at 10
mA cm ). However, the stability evaluations of the catalyst through
repeating 1,000 cycles and applying 10 mA cm ™ for 12 hours sug-
gested the feasibility of the catalyst.

In addition to the above-mentioned binary alloys, Wang et al.
developed ternary NiMoZn alloy catalysts [80]. The NiMoZn ter-
nary alloy catalysts with various compositions were electrodepos-
ited on a Ni foil by controlling the concentrations of Ni and Zn in
the electrodeposition bath. The HER performance was evaluated
after activation through potential cycling (0~—0.4V vs. Ag/AgCl
(3M KCl), 50mV s™"). The NiMoZn alloys with low Zn content
(<3 at%) showed improved catalytic activity compared to NiMo,
while the current density decreased and the overpotential increased
as the content of Zn increased to >5 at%. The performance varica-
tion was reported to be closely related to the change in the oxida-
tion states of the metallic Ni and Mo into Ni** and Mo™" with in-
creasing Zn content, as confirmed by the XPS analysis. Among the
NiMoZn catalysts, the Niy3sMo,9,Zn, catalyst exhibited high perfor-
mance with an overpotential of approximately 38 mV at 10 mA
cm and Tafel slope of approximately 40 mV dec ™' and also showed
excellent durability even after 1,000 cycles.

2-2. Metal Compound Electrocatalysts

As non-metals have generally higher electronegativity than tran-
sition metals, they attract electrons from the transition metals, pro-
viding favorable electronic structure features for both the non-metal
component and the electron-donating metal component and result-
ing in a synergistic effect that improves the HER performance [81,
82]. Accordingly, studies on the catalysts such as metal sulfides
and phosphides have been actively conducted [81-92]. The elec-
trodeposition conditions for the preparation of various metal com-
pound catalysts and their HER performance characteristics are
summarized in Table 7.

Merki et al. prepared amorphous MoS, on an FTO substrate
through potential cycling in the range of 0.3 to —0.8 Vg, using a
2mM (NH,),MoS, solution as the source of both Mo and S [83].
The HER performance evaluation in 1 M H,SO, solution showed
current density of 14mA cm ™ and 160 mA cm™* at the overpo-
tentials of 200 mV and 300 mV; respectively. To overcome the low
activity with the limited active sites of the 2D substrate, Min et al.
used a three-dimensional (3D) Cu foam as the substrate and devel-
oped a 3D Cu foam@MoS, catalyst by repeated cycling at a scan
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Table 7. Summary of the acidic HER performance for metal compound catalysts

Deposition condition

Tafel Overpotential ~ Exchange

(mV)
Catalyst Electrolyte sope M) curre.nt Ref.
Electrol Potential/Current/ Temp. (mV density
ectrolyte Time ) de c’l) Mo T Thoo (mA cm’z)
CV: 0.3~—0.8 Vg, scan rate of
MoS 2 SHE |
0S, mM (NH,),[MoS,] 50V for 25 eycles RT 10MHSO, 40 198 83]
2 mM (NH,),[MoS,]+ CV: —1.2~0.058 V 4401 sar> SCAN
M fi 9/AgClsat . .
05,/Cu foam 0.1 M NaClO, rate of 25 mV/s, for 30 cycles 05SMHSO, 436 210 223 263 [84]
5mM (NH,),[MoS,]+ CV: =1.2~0.5 Vg5 SCAN
-W. .
G-WS, 1 mg/mL GO rate of 30 mV/s, for 30 cycles 0>MHS0, 67 307 362 [85]
2 mM (NH,),MoS,+ CV: =1.2~0.2 V4001 > SCAN
MoW:! . . .
oWS/CC 1 mM (NH,),WS, rate of 40 mV/s. for 30 cycles RT 05MH,SO, 54 198 223 386 0.0123 [86]
0.1 mM Co(NO5),-6H,0+
CoMoS,/CC 0.2mM (NH,),[MoS,] in —0.5 Vg for 2h RT 05MH,SO, 70 100 125 180 032 [87]
0.1 M PBS, pH 7
0.5M NaCl,-6H,0+0.5M  Pulse: —1.0 Vg for 10 ms,
NiP,, NaH,PO,-H,0+0.1 M —0.4 Vg for 20 ms, for RT 05MH,SO, 40 105 117 156 [92]
NH,C], pH 44 30 min
0.15M H;BO;+0.10 M
CoP NaCl+0.30 M NaPO,H,+ —1.2 Vg for 15 min 05MHSO, 50 85 99 0.2 [93]

0.2 M CoCl,, pH 5.0

rate of 25mV s~ in a potential range of —1.2-0.058 Vs, in @
2mM (NH,),MoS,+0.1 M NaClO, solution [84]. The MoS, cata-
lyst deposited on a Cu foil exhibited high overpotential of 274 and
402mV at 10 and 100 mA cm™>, respectively, whereas Cu foam@
MoS, showed improved overpotential values of 200 and 250 mV
at the same current densities and a low Tafel slope of 43.6 mV
dec’’, as well as stable durability for 2,000 cycles and 10 h. They
claimed that the improved performance was due to the acceler-
ated electron transfer and the increased number of active sites due
to the use of a highly conductive Cu foam as the sublayer. Zhang
et al. added Co through co-electrodeposition to improve the low
conductivity of MoS, [87]. By controlling the deposition potential
and time, the thickness and shape of the CoMoS, film could be
easily adjusted, and thus optimal conditions were found. The addi-
tion of Co to MoS, increased the surface area by a factor of approxi-
mately 5.95, and faster electron transfer at the interface between
electrolyte and electrocatalyst was enabled, resulting in an excel-
lent catalytic performance with an overpotential of 100 mV at 10
mA cm > and Tafel slope of 70 mV dec ™.

Similar to MoS,, Pu et al. produced highly conductive graphene
film-confined WS, (G-WS,) through repeated cyclic voltammetry
with (NH,),WS, and graphene oxide (GO) that showed a lower
overpotential of 306 mV at 10mA cm™ than WS, (343 mV at 10
mA cm ) [85]. Moreover, Li et al. fabricated MoWS on a carbon
cloth in a one-step electrodeposition process [86]. The optimal fabri-
cation conditions for making active catalysts for HER were deter-
mined by adjusting the concentration of the precursors, the potential
range, number of cycles, and scanning speed during the electrode-
position. The MoWS catalyst had an overpotential of 198 mV at
10mA cm” and low Tafel slope of 54 mV dec. In addition to the
electrodeposited catalysts, MoS,-based catalysts (MoS,, CoS,/MoS,/
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RGO, MoS,/WC/RGO) fabricated by other methods (chemical vapor
deposition, hydrothermal method, solvothermal method, respec-
tively) showed similar performance with overpotentials of 160-
200 mV at 10mA cm™* and low Tafel slopes of 41 to 56 mV dec '
[166-168].

In addition to the metal sulfide catalysts, metal phosphide cata-
lysts have been actively studied. Based on density functional the-
ory (DFT) calculations, Liu et al. asserted that the (001) plane of
Ni,P was as efficient as Pt for HER [88]. The P content in Ni-P
has also been shown to play a critical role in determining the HER
activity [89-91]. Kim et al. manufactured Ni-P catalysts with vari-
ous compositions through dissolution or further deposition of Ni
by pulse electrodeposition [92]. It was found that the Ni,P,, cata-
lyst showed the lowest overpotential of 105 mV at 10mA cm™ (Fig.
10(a)) and good durability for 500 cycles (Fig. 10(b)). From the
XPS analysis of the correlation between the ratio of Ni** and P*
and the HER performance, Ni;sP,, showed the highest ratio of Ni**
and P”, implying that this composition has the most enhanced
proton affinity (Fig. 10(c)). NisP, catalyst prepared by colloidal syn-
thesis showed slightly lower performance with an overpotential of
118 mV at 10mA cm > despite having a large amount of P [90],
but NiP, catalyst with more P prepared by hydrothermal/phosphi-
dation showed good stability and higher performance with an
overpotential of 75mV at 10mA cm™ [91]. Studies on the Co phos-
phide catalysts have also been conducted. Saadi et al. produced a
CoP catalyst with a Co to P ratio of 20: 1 using constant potential
deposition, and the obtained catalysts showed excellent perfor-
mance with an overpotential of 85 mV at 10 mA cm > [93]. After
24h of durability testing, the overpotential was increased by 18
mYV, showing excellent durability; however, the Co to P ratio was
rapidly reduced to 1:1 due to the removal of the amorphous-oxide
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sion from Ref. [92] Copyright (2019) Elsevier).

during HER.
CONCLUSIONS

To date, noble-metal-based electrocatalysts have been mainly
used in alkaline water electrolysis and proton exchange membrane
water electrolysis systems to increase the energy efficiency of hydro-
gen production. In recent years, many studies have focused on the
development of transition metal-based electrocatalysts with low
cost and high performance for the replacement of the noble-metal-
based electrocatalysts. In particular, the transition-metal-based elec-
trocatalysts prepared by the electrodeposition method enable one-
pot production of the catalyst-coated substrate (CCS) gas diffusion
electrode in water electrolysis systems and exhibit a large number
of electrochemically active sites and excellent catalytic activity. This
review describes the material properties and catalytic activities of
the electrodeposition-fabricated electrocatalysts applicable to the
water electrolysis system, focusing on the non-noble metal-based
catalysts, and suggests new strategies for the development of low-
cost and high-activity water electrolysis catalysts using a simple and
facile fabrication method.
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