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ABSTRACT: In the past 5 years, advances in anion-
conductive membranes have opened the door for the
development of advanced anion-exchange membrane fuel
cells (AEMFCs) as the next generation of affordable fuel cells.
Several recent works have shown that AEMFCs currently
achieve nearly identical beginning-of-life performance as state-
of-the-art proton exchange membrane fuel cells. However,
until now, these high AEMFC performances have been
reached with platinum-group metal (PGM)-based anode and
cathode catalysts. In order to fulfill the potential of AEMFCs,
such catalysts should in the near future be free of PGMs and,
eventually, free of critical raw materials. Although great
progress has been achieved in the development of PGM-free
catalysts for the oxygen reduction reaction in basic media, significantly less attention has been paid to the catalysis of the
hydrogen oxidation reaction (HOR). The much lower HOR activity of Pt in basic media compared with that in acid was itself
revealed only relatively recently. While several PGM-based composite materials have shown improved HOR activity in basic
media, the HOR kinetics remains slower than necessary for an ideal nonpolarizable electrode. In addition, attempts to move away
from PGMs have hitherto resulted in high anode overpotentials, significantly reducing the performance of PGM-free AEMFCs.
This would be a major barrier for the large-scale deployment of this technology once the other technological hurdles (e.g.,
membrane stability) have been overcome. A fundamental understanding of the HOR mechanism in basic media and of the main
energy barriers needs to be firmly established to overcome this challenge. This review presents the current understanding of the
HOR electrocatalysis in basic media and critically discusses the most recent material approaches. Promising future research
directions in the development of the HOR electrocatalysts for alkaline electrolytes are also outlined.

KEYWORDS: hydrogen oxidation reaction, anion exchange membrane fuel cell, alkaline media, electrocatalyst, platinum-group metal,
non-noble

1. INTRODUCTION

Anion-exchange membrane fuel cells (AEMFCs) have received
increasing attention for more than a decade, mainly because of
their potential for resorting to electrocatalysts that are free of
platinum-group metals (PGMs) and, eventually, free of critical
raw materials (CRMs).1,2 Recent achievements in developing
anion-exchange membranes (AEMs) with high hydroxyl ion
conductivity have allowed the fabrication of H2-fed AEMFCs
reaching impressive peak power densities of 1.8 and 0.5 W
cm−2 with cathodes fed with oxygen and air, respectively.3

However, these recent high beginning-of-life (BoL) perform-
ances have been obtained with PGM-based catalysts at both
electrodes, usually with Pt/C at the cathode and Pt or a Pt/Ru
alloy at the anode.4−11

In an effort to logically organize and summarize the BoL
performance achieved in previously reported studies, we

consider three cases toward PGM-free or Pt-free AEMFCs. In
the first case, we consider studies with PGM-based anodes and
PGM-free cathodes. The power density spans between 50 and
1500 mW cm−2,12−18 with the BoL performance highly
impacted by the oxygen reduction reaction (ORR) activity at
the cathode. In the second case, we consider studies with PGM-
free anodes and cathodes. In this case, the BoL power density
spans between 40 and 120 mW cm−2 only,19−21 as it is strongly
limited by the very low hydrogen oxidation reaction (HOR)
activity of PGM-free catalysts to date. As a third case, we
consider Pt-free AEMFCs with a Pd-based catalyst at either the
anode18,22,23 or the cathode24,25 in combination with a non-
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PGM catalyst at the opposite electrode. In this case, power
densities of up to 500 mW cm−2 have been achieved.22 These
data show that while alternatives to PGMs already exist for
AEMFC cathodes (case 1), no competitive PGM-free catalyst is
available today for AEMFC anodes (cases 2 and 3).
This status can be explained historically, with the quest for

PGM-free electrocatalysts for the ORR in acidic media having
greatly helped in developing metal−N−C catalysts for the ORR
in basic media as well.26−30 The ORR activity of some
pyrolyzed Fe−N−C catalysts is now in fact comparable to, or
even higher than, that of Pt-based catalysts in basic media.
While the definition of surface-specific activity does not apply
to Fe−N−C catalysts, it is possible to compare Fe−N−C and
Pt/C on the basis of volume-specific activity.31 In contrast, no
such transfer of knowledge has been possible for the HOR from
acidic to basic media. No PGM-free catalyst has demonstrated
reasonable HOR activity in acidic media to date. Attempts to
develop such catalysts have been very scarce because of the very
fast HOR kinetics on Pt in acidic media, implying that anodes
in proton-exchange membrane fuel cells (PEMFCs) require
only an ultralow Pt loading to operate efficiently. The main
advantage of AEMFCs versus PEMFCs, i.e. resorting to PGM-
and CRM-free catalysts, is thus impaired at this moment by the
low HOR activity of PGM-free catalysts in basic media.
To illustrate this better, Figure 1 shows calculated polar-

ization curves for the anode and cathode in an AEMFC,

representing best-in-class PGM-based and PGM-free catalysts.
The main assumptions made for the calculations include the
Tafel law for the ORR and the Butler−Volmer equation for the
HOR, a fuel cell temperature of 60 °C, and an AEM
characterized by pH 13. For the cathode catalysts, the following
were assumed:

(a) the 40% Pt/C catalyst with the surface area of 50 mPt
2

gPt
−1 and is, 0.9 V = 10−4 A cm−2

Pt,
31,32 the Tafel slope of

90 mV decade−1,33 and the catalyst loading of 600 μg
cm−2 (mass of Pt and C). The ORR specific activity at
0.9 V (is, 0.9 V) of Pt nanoparticles in the AEMFC

environment at 60 °C was assumed to be 10−4 A cm−2
Pt ,

i.e., ca. 2 times lower than the specific activity of Pt
nanoparticles at 0.9 V when measured under PEMFC
conditions at 80 °C (about 2 × 10−4 A cm−2

Pt).
32 This

assumption is in agreement with the slightly lower ORR
activity on Pt single crystals in alkaline versus acidic
media.32 These assumptions result in the mass activity at
0.9 V of 50 A gPt

−1, in line with experimentally reported
values in 0.1 M KOH.33

(b) the Fe−N−C catalyst with the mass activity at 0.9 V of
10 A g−1 (per total mass of catalyst).33 The Fe−N−C
cathode loading was assumed to be 2 mg cm−2 (mostly
carbon, leading to a ca. 50 μm thick cathode layer),
which is on the lower end of the range of non-PGM
cathode loadings but leads to a sufficiently thin cathode
layer for proper operation with air. The apparent
resulting activity of such a Fe−N−C cathode is thus 2
× 10−2 A cm−2

geom at 0.9 V. The Tafel slope was also
assumed to be 90 mV decade−1 (as for Pt/C, for fair
comparison).

(c) the 40% Ag/C catalyst with the specific surface area of 50
m2 gAg

−1 and is, 0.9 V = 10−5 A cm−2 (based on the above
assumed specific activity for Pt and the one-order-of-
magnitude lower surface-specific activity for Ag vs Pt34)
and the catalyst loading of 2 mg cm−2 (mass of Ag and
C). The Tafel slope was also assumed to be 90 mV
decade−1 (as for Pt/C, for fair comparison).

While not represented in Figure 1, pure Mn oxide and
bimetallic MnCo oxides have also shown high ORR activity in
alkaline media, especially for nanostructured oxide particles
with high surface area. From an analysis of selected literature
and with an oxide content of 30−50 wt % on carbon for an
optimized fuel cell catalyst, the ORR activity at 0.9 V was
estimated to range from ca. 1 to 10 A gcat

−1 for this class of
cathode material.35−37 For a total cathode loading of 2 mg cm−2

and a Tafel slope of 90 mV decade−1, the resulting calculated
polarization curves would range from slightly below the Ag/C
one in Figure 1 up to the exact same curve as calculated for the
Fe−N−C one in Figure 1.
For the anode catalysts, the following were assumed:

(a) the 40% Pt/C catalyst with the specific surface area of 50
mPt

2 gPt
−1 and the exchange current density (i0) of 0.6

mA cm−2,38−41 the catalyst loading of 200 μg cm−2 (mass
of Pt and C), and the exchange transfer coefficient of 0.5
(for both the anodic and cathodic directions).

(b) the Ni/N-doped carbon nanotube (Ni/N-CNT) catalyst
with i0 = 0.03 mA cm−2,42 the surface area of 25 m2 g−1, a
catalyst loading of 1 mg cm−2

geom, and the exchange
transfer coefficient of 0.5 (for both the anodic and
cathodic directions).

The simulations of anode performance based on electro-
kinetic losses only (Figure 1) illustrate that the slow HOR
kinetics is projected to cause significant voltage loss for the
AEMFC at high current density. These calculations are
consistent with the experimental AEMFC data reported in
the literature. For example, Sheng et al.38 reported an anode
overpotential (η) of >130 mV at the anode loading of 50 μgPt
cm−2 and 1.5 A cm−2. In addition, Figure 1 shows that even
with a Pt/C anode and a significant Pt loading of 0.08 mgPt
cm−2, the anode overpotential at 1 A cm−2 is projected to be
non-negligible. This is in contrast to the case of PEMFCs,
where the anode behaves almost as a nonpolarizable electrode.

Figure 1. Polarization curves for the HOR and ORR calculated using
the Butler−Volmer equation for the HOR with exchange current
density (i0) and the Tafel equation for the ORR with mass activity or
surface-specific activity at 0.9 V vs RHE (im, 0.9 V or is, 0.9 V,
respectively), mimicking the best-in-class PGM-based and PGM-free
catalysts.
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This difference is fundamentally explained by the 2 orders of
magnitude lower HOR activity on Pt (and other PGMs) in
basic media compared with that in acidic media (Figure 2).

While no PGM-free catalyst has shown decent HOR activity in
acidic media to date, slower kinetics toward the hydrogen
evolution reaction (HER) in basic versus acidic media has also
been reported for PGM-free catalysts,43,44 possibly supporting a
universal effect of pH on the rates of the HER and HOR. In
summary, resorting to ultralow or even zero PGM content at
the anode of an AEMFC with present PGM- or non-PGM
catalysts leads to an unacceptably high anode overpotential.
Novel materials must be designed whose intrinsic HOR activity
is higher than presently reached with existing materials and
whose surface is not blocked for the HOR catalysis by the
formation of oxide at low overpotential.
In order to help foster rational approaches for the

development of highly active PGM-based and PGM-free
catalysts, this review covers a series of aspects of the HOR
electrocatalysis, including the hypothesized HOR mechanisms
in basic media and the effects of electrocatalyst affinity toward
hydrogen or hydroxyl chemisorption on the HOR kinetics. The
already developed mono- or bifunctional HOR electrocatalysts
are reviewed in the light of this understanding and are classified
according to the mechanisms by which they catalyze the HOR.

2. ROTATING DISK ELECTRODE AND ALTERNATIVE
METHODS TO MEASURE THE HOR ACTIVITY

The rotating disc electrode (RDE) technique is the most
common experimental technique applied for the HOR kinetic
studies in liquid electrolytes.38,46,47 Applying the well-known
Levich and Koutecky−Levich equations, one can correct the
measured I versus E polarization curves for (i) Ohmic drop in
the electrolyte (typically 10−20 Ω in RDE setups depending on
the nature and concentration of the electrolyte, resulting in a
maximum Ohmic drop of ca. 10 mV at the diffusion-limited
current density for an RDE tip geometric area of 0.2 cm2) and
(ii) the H2 diffusion limitation and extract the kinetic current
density values (polarization overpotential). One general
precaution to recall when applying the RDE to the HOR
reaction (a sometimes quasi-reversible reaction, depending on
the catalyst and electrolyte pH) is the impossibility of assessing
the HOR activity for catalysts whose exchange current density
is commensurate with or higher than the diffusion-limited
current density, ilim. For example, as a result of high i0 values on

Pt in acidic electrolytes, the reaction rate in the RDE becomes
limited by hydrogen diffusion in the electrolyte toward the
electrode, even at very low overpotentials. The measured
polarization curve (see Figure 3A, curve labeled ηdiffusion) then

only reflects a hydrogen concentration polarization that is not
related to the kinetics (eq 1):

η = −
⎛
⎝⎜

⎞
⎠⎟

RT
F

i
i2

ln 1diffusion
lim (1)

Thus, quantification of the HOR kinetics by the RDE method
is difficult for very active catalysts.38 This was explained only
recently to lead to a broad range of experimentally reported
values in acidic electrolytes.48,49 This limitation of the RDE
method is currently less important for PGM-based and even
more so for non-PGM-based HOR catalysts in alkaline media
because of their lower activity. This is shown in Figure 3B from
the large positive shift of the experimentally measured RDE
polarization curves relative to the theoretical curve expected for
H2 concentration polarization only (eq 1).
In the future, for highly active HOR catalysts in alkaline

electrolytes with i0 values too high to be measured with the
RDE technique, transient techniques such as rapid potentiody-
namic scanning50,51 or other steady-state methods that allow
higher mass transport (microelectrodes) may be used.48 For the
HOR kinetics evaluation on powder catalysts, the cavity
microelectrode technique, which was developed for both
liquid52 and solid electrolyte conditions,53,54 is also applicable.

Figure 2. HER/HOR exchange current densities measured in 0.1 M
NaOH aqueous electrolyte. Data were recorded in a H2-saturated
electrolyte at ambient pressure and 40 °C. Reprinted with permission
from ref 45. Copyright 2014 Royal Society of Chemistry.

Figure 3. (A) HOR/HER polarization curves on polycrystalline
platinum (Pt(pc)) in 0.1 M HClO4 at 1600 rpm, as measured (solid
black line, ERDE) and after Ohmic drop correction (dotted red line,
EiR‑free). The dashed black curve labeled ηdiffusion represents the
theoretical curve for which there is no kinetic polarization of the
electrode, only H2 concentration polarization. The inset shows the
Koutecky−Levich plot obtained at E = 0.1 V vs RHE for the HOR at
different rotation rates. (B) HOR/HER polarization curves on Pt(pc)
in 0.1 M KOH at 1600 rpm. Reprinted with permission from ref 38.
Copyright 2010 The Electrochemical Society.
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As an alternative to the RDE method, the floating electrode
technique was proposed by Zalitis et al.55 in order to investigate
the HOR electrocatalysts. It combines the high mass transport
rate characteristic of gas-diffusion electrodes in fuel cells with a
flat, uniform, and homogeneous catalyst deposition process.
This approach closely mimicks the operating conditions of
AEMFCs or PEMFCs (gas-fed electrodes). Uniform Pt layers
were produced with loadings down to 0.16 μgPt cm

−2 and a
thickness of 200 nm on polycarbonate track-etch membrane
filter/Au floating electrodes (Figure 4). The HOR revealed fine
structure in the diffusion-limited current range and an
asymptotic current decay for potentials above 0.36 V due to
the formation of oxides on the platinum surface and adsorption
of anions, which are not visible with techniques limited by mass
transport in aqueous media such as the RDE method.
Kinetic data on the HOR have also been obtained in single-

cell fuel cell applying the electrochemical hydrogen pumping
mode (Figure 5).56 In these systems, hydrogen oxidation occurs
at the anode (working electrode) and hydrogen evolution at the
cathode, with protons or hydroxyl ions transferred via the
proton-exchange membrane (PEM) or AEM, respectively. In
order to study the HOR kinetics, the anode is coated with the
HOR catalyst under investigation (for PGM-based catalyst, at

an ultralow loading, e.g., 3 μgPt cm
−2) while the cathode is

coated with high loading of Pt/C (e.g., 0.4 mgPt cm
−2), de facto

acting as a reference electrode.57 By the use of this H2 pump
method with an AEM, the i0 value of the HOR on Pt/C
interfaced with an anion-exchange ionomer (AEI) was reported
for the first time.58 It was found that the HOR activity at the
Pt/C−AEI (Tokuyama A201) interface is almost the same as in
0.1 M KOH, both activities being nearly 2 orders of magnitude
lower than that measured in acidic electrolytes, either the PEM
electrolyte (Nafion 211) or 0.1 M HClO4.

3. GENERAL PRINCIPLES OF THE HOR IN BASIC
MEDIA
3.1. Pathway of the HOR in Alkaline Media. It is widely

agreed, at least for inorganic materials, that the HOR in alkaline
media proceeds through a combination of the following
elementary steps: (A) dissociative adsorption of molecular
dihydrogen, (B) electron transfer from molecular dihydrogen
to the catalyst, and (C) discharge of the adsorbed hydrogen
atom. Hereafter we describe these three steps.
(A) Dissociative adsorption of molecular dihydrogen, H2,

without electron transfer, which is known as the Tafel (T)
reaction59 (eq 2):

+ * → *−H 2 2( H )2 ad (2)

where H2 is molecular dihydrogen in the vicinity of the catalyst
surface, * is an active site, and Had is a chemisorbed hydrogen
atom (or adatom). The dissociation energy of the H2 molecule
is 4.52 eV at a separation of 0.74 Å.60 One of the requirements
imposed on the catalytic materials is affinity toward molecular
hydrogen chemisorption. Therefore, the *−Had binding energy
is believed to be a crucial factor controlling the HOR
kinetics.39,61 The surface intermediate of adsorbed hydrogen
on Pt microelectrodes was shown to be independent of solution
pH.62 Also, as was revealed previously for chalcogenides (RuS2,
Co-doped RuS2),

63 the ability to dissociate H2 at room
temperature is a necessary but not sufficient criterion for the
HOR catalyst.
The dissociative adsorption of the diatomic molecule H2, a

central step in many industrially important catalytic processes,
is generally assumed to require at least two adjacent and empty
atomic adsorption sites (or vacancies).64 The need for

Figure 4. (A) Structure of the working electrode, made up of catalyst deposited onto a gold-coated porous polycarbonate track-etch membrane. The
pores are coated with the hydrophobic amorphous fluoropolymer to keep the pores open for reactant gas (in this case oxygen) to flow to the catalyst
from behind. (B) Comparison of the HOR polarization curves measured by the floating electrode and RDE methods using 2.2 μgPt cm

−2 Pt/C
catalyst at 10 mV s−1 at 298 K. Reprinted with permission from ref 55. Copyright 2013 The PCCP Owner Societies.

Figure 5. Representation of a PEM device operating in hydrogen
pumping mode. Humidified hydrogen is fed at the anode, and dry
nitrogen is fed at the cathode. The hydrogen molecule dissociates into
protons and electrons at the anode, and the latter recombine into H2
at the cathode.
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ensembles of PGM atoms is experimentally supported by the
lack of the HOR activity of Pt atoms atomically dispersed as
PtS4 moieties on a sulfur-doped carbon matrix.65 H2 is known
to be a chemically reactive gas, which adsorbs dissociatively on
most transition metal surfaces with heats of chemisorption
between 60 and 120 kJ mol−1. For example, according to the
linear dependence θH − pH2

0.5,64 hydrogen is considered to
adsorb in the atomic state.
According to Christmann,66 the preferential adsorption site

has high coordination. Threefold sites are favored on diagonal,
trigonal, and hexagonal surfaces, while fourfold sites are the rule
for tetragonal surfaces. The latter should therefore adsorb H2
more strongly for a given metal. There is ample evidence that
strong chemisorption of a hydrogen atom requires three to
seven adjacent metal atoms, coined as the ensemble effect.67

Mitsui et al.68 have shown that the creation of active sites for H2
dissociation involves the formation of individual vacancies and
their subsequent diffusion and aggregation, with the coupling
between these events determining the activity of the catalyst
surface. Their scanning tunneling microscopy observations of
the transient formation of active sites for the dissociative
adsorption of H2 molecules on Pd(111) revealed that two-
vacancy sites are inactive. Two-vacancy sites have low H2
sticking probability and zero H2 adsorption events (Table 1).

Aggregates of three or more hydrogen vacancies are therefore
required for efficient H2 dissociation. At higher coverages of
Had, indirect interactions come into play, which are in most
cases repulsive. They lead to a substantial lowering of the initial
metal−hydrogen binding energy (HBE), a phenomenon called
induced surface heterogeneity. Consequently, weakly held (and
chemically reactive) hydrogen species are formed. The
observations made by the authors68 might be used as an
approach to synthesize new electrocatalytic materials with a

controlled number of adjacent active sites (having initially high
HBE) “diluted” by inactive atoms in order to tune the HBE.
(B) Electron transfer from molecular dihydrogen to the

catalyst, which is known as the Heyrovsky (H) reaction69 (eq
3):

+ + * → *− + +− −H OH ( H ) H O e2 ad 2 (3)

where OH− is in the vicinity of the catalyst surface. The species
is argued not to be OH− but most likely OHad.

18,22,70 If this is
the case, the H reaction could be written as eq 4:

+ *− ⇄ *− +H ( OH ) ( H ) H O2 ad ad 2 (4)

with the assumption that the reaction is preceded by hydroxide
adsorption (eq 5):

+ * ⇄ *− +− −OH ( OH ) ead (5)

Thus, it is supposed that the catalyst surface should be
oxophilic, or “hydroxophilic”, in order to provide bifunctional
catalysis (Figure 6),22,70,71 which will be discussed in section
4.2. In alkaline media, the catalytic surface has to provide active
sites for the coadsorption of hydrogen atoms and hydroxide
species, whereas in acid all of the accessible active sites are
destined to uniquely chemisorb hydrogen atoms. This could
explain, among other reasons, why catalysts exhibit several
times to several orders of magnitude lower electrochemical
HOR activity in alkaline environments compared with acidic
environments (Figure 2).38,39,45,58

(C) Discharge of the adsorbed hydrogen atom (Had), which
is called the Volmer (V) reaction72 (eq 6):

*− + → * + +− −( H ) OH H O ead 2 (6)

Nondissociative adsorption of hydrogen to form a hydrogen
molecule ion intermediate was also proposed by Horiuti73,74 as
the rate-determining step (RDS) for some substrates according
to the following reactions (eqs 7 and 8):

+ * ⇄ → ++ −H H M H M e2 2 2 (7)

⇄ ++ +H M MH H2 (8)

The essential feature of the Horiuti mechanism is that the
hydrogen molecule adsorption step is not accompanied by
hydrogen dissociation and requires only a single-atom catalyst
for the reaction. In the Heyrovsky−Volmer (H−V) sequence,
hydrogen adsorption is dissociative but requires only a single

Table 1. Active-Site Statistics for Vacancy Clusters for
Pd(111) at 65 K in 2 × 10−7 Torr H2 As Determined by
Scanning Tunneling Microscopy with a Frame Time of
75 s68

vacancy cluster size (atoms) 2 3 4 5
mean adsorption time (s) >2 × 104 330 150 120
H2 sticking coefficient <0.0001 0.005 0.008 0.008
mean cluster separation time (s) 590 710 670 820

Figure 6. Schematic representations of the hypothesized bifunctional mechanism in the HOR electrocatalysis on (A) Pd/C−CeO2, (B) PdNi, and
(C) Ni(OH)2/Pt(111). CeO2 in (A), Ni in (B), and Ni(OH)2 in (C) provide the active sites for adsorption of reactive OHad, and Pd (or Pt)
provides the active sites for dissociative adsorption of H2 and production of Had, which then reacts with OHad. Reprinted with permission from refs
18 and 70. Copyright 2016 Elsevier and 2013 Springer Nature, respectively.
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site. Only the Tafel−Volmer (T−V) sequence requires dual
sites, which are nearest-neighbor sites for hydrogen dissocia-
tion.
The oxidation rate of preadsorbed hydrogen atoms on Pt was

found75 to be at least an order of magnitude greater than the
electrochemical rate of hydrogen molecule oxidation.76

Although the authors believe that these results exclude the V
reaction from being the RDS,76 they do not provide
differentiation between the T−V, H−V, and Horiuti (Ho)
mechanisms. This suggests that such differentiation could be
provided by separately measuring the rates of the T and H
reactions on the Pt surface.
It is possible to measure the rate of gas-phase hydrogen

dissociative chemisorption on Pt in the absence of electron
transfer. With the hydrogen dissociative step as the RDS, the
anodic current density will be given by eq 9:51

θ θ= − −i nFk c nFk(1 )a a H c
2

2 (9)

where θ is the coverage of the metal surface by adsorbed
hydrogen and ka and kc are the anodic and cathodic rate
constants, respectively, analogously to the gas-phase kinetics.
Ross and Stonehart51 proposed that the HOR follows the T−V
sequence with the T reaction as the RDS on Pt. A direct
discharge of H2 has also been proposed, with the extraction of
two electrons on polycrystalline platinum (Pt(pc)) in 1 M
NaOH according to the value of the Tafel slope (70 mV
decade−1) and the good linear fit of the experimental data to eq
10:49

η
α η

+ − −
=i

f
i f

1 exp( 2 )
exp(2 )i

i
0

lim (10)

where f = RT/F, n is the number of electrons in the RDS, and α
is the charge transfer coefficient of the RDS, leading to the
values i0 = 0.233 mA cm−2

Pt, n = 2, and α = 0.43.
The reported data on the HOR kinetics and mechanism for

platinum-based electrocatalysts in basic media in the temper-
ature range of 2−70 °C are summarized in Table S2.
This section has summarized the possible HOR mechanisms

in alkaline media, considering in detail the Tafel, Heyrovsky,
Volmer, and Horiuti mechanisms. Experimental evidence for
each mechanism is provided, which reveals, as outlined in Table
2, that the HOR mechanism is still disputable, even for well-
studied Pt catalysts. In the next section, more attention is paid
to the role of dissociative chemisorption (Tafel reaction) of
hydrogen on the kinetics of the HOR.
3.2. Thermodynamics of Hydrogen Chemisorption

and Hydrogen Binding Energy. Some authors claim39,45,77

that the HBE is a sufficient descriptor to entirely determine the
HOR kinetics. While this may be true for model surfaces of a
single metal that are free of topological or chemical
heterogeneity, the existence of such a surface under real
conditions is highly improbable. Heterogeneities in surfaces or
chemical heterogeneities (bimetallic catalysts, etc.) therefore
lead to a more complex case. Nevertheless, the HBE descriptor
has been found to be a powerful tool to describe the main
trends in the HER/HOR reactivity on monometallic catalysts
and core−shell catalysts in base (eq 11) and in acid (eq 12):

+ ⇄ +− −H 2OH 2H O 2e2 2 (11)

⇄ ++ −H 2H 2e2 (12) T
ab
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The HBE has a pure thermodynamic definition, sometimes
interpreted as the reaction enthalpy (eq 13 or the simplified
form, eq 14) or as the metal−hydrogen binding energy (eq 15):

Δ = − − ° +H E F TS gRT/2H H Had UPD 2 (13)

where ΔHHad
is the enthalpy of hydrogen adsorption, EHUPD

is
the potential (vs the reversible hydrogen electrode (RHE)) of
underpotential deposition (UPD) of hydrogen, SH2

° is the
standard entropy of H2 adsorption (−130.684 J mol−1 K−1),
and g is a dimensionless interaction parameter in the frame of
Frumkin adsorption (g < 0 for attractive interactions and g > 0
for repulsive interactions);61

Δ = − − °H E F TS /2H H Had UPD 2 (14)

for the Langmuir isotherm of adsorption (with g = 0);

= − − − °−E D E F TS/2 /2M H H H H2 UPD 2 (15)

where EM−H is the metal−hydrogen binding energy and DH2
is

the dissociation energy of the H2 molecule (432 kJ mol−1).61,78

Certain formulas can be obtained, for example eqs 1639 and
17,79 to estimate the i0 value, which is the kinetic parameter at
or near equilibrium conditions (zero overpotential):

β
= −

⎛
⎝⎜

⎞
⎠⎟i A

FE

RT
exp0

peak

(16)

where Epeak is the potential of HUPD desorption;39

=
+ −

−
Δ

Δ

⎛
⎝⎜

⎞
⎠⎟( )

i k
G

k T
1

1 exp
exp

G

k T

0 0
H

BHad

B

ad

(17)

where kB is Boltzmann’s constant and ΔGHad
is the free energy

of hydrogen adsorption, which is described by the equation
ΔGHad

= HBE + 0.24 eV. A volcano-type correlation between
the HBE values and exchange current densities with the
maximum at ΔGHad

∼ 0 eV was observed for the HER and
HOR (Figure 7).79

The HBE is a thermodynamic parameter that can be
employed to predict either the HOR or HER kinetics near
equilibrium without distinction on the nature of the electrolyte
(acid or basic medium). However, this does not necessarily
mean that the HBE values might be used to predict the HOR
kinetics far from equilibrium. Moreover, equality of the
theoretically predicted exchange current density values for the
HOR and HER does not necessarily imply the similarity in the
kinetics and mechanism of the reactions. For instance, it is well-
known that the HER kinetics on Ni-based electrocatalysts
suffers from deactivation via nickel hydride formation,80

whereas the HOR kinetics is limited by the surface passivation
via nickel hydroxide formation.81 Another example supporting
this is given by Vilekar et al.82 in a theoretical study to explain
the strong asymmetry observed in current versus potential
curves for the HER and HOR branches on Pt in 0.5 M NaOH.
The authors found that the H−V pathway is dominant in the
regions −0.3 to −0.24 and +0.13 to +0.3 V vs RHE, whereas
the T−V mechanism dominates in the regions −0.1 to 0 V and
0 to 20 mV vs RHE.82

The majority of HBE values reported in the literature (Table
S1) were determined theroretically, with the exception of some
studies39,77,83 where the thermodynamic parameters were

estimated from the HUPD peak potential values given the
assumption that HUPD is identical to the HOR intermediate.
Though the binding energy values are scattered depending on
the type of material (bulk, pc, facet), the nature of the H
adsorption site (on top, face-centered cubic (FCC), monolayer
(ML), etc.), and the coverage of the suface by Had (θ), the HBE
values are correlated with the atomic numbers of the main
components, as illustrated in Figure 8. The main components
are represented by 18 different elements of period 4 (Ti, V, Cr,
Fe, Co, Ni, and Cu), period 5 (Mo, Ru, Rh, Pd, and Ag), and
period 6 (W, Re, Os, Ir, Pt, and Au) that are potentially
considered as components of the HOR electrocatalysts because
of their high H2 sticking probability (or sticking coefficient, i.e.,
the ratio of the number of particles being bound to the number
hitting the surface).66

This section has provided the key equations relating
thermodynamic parameters of the hydrogen adsorption/
desorption process such as the HBE, metal−hydrogen binding
energy, and free energy of hydrogen adsorption. An extensive
number of reported HBE values, along with other thermody-
namic parameters, both theoretical and experimental, have been
summarized for a series of catalysts (elements of periods 4−6),
taking into account the type of material, nature of adsorption
site, and the coverage of the suface. The HBE values have been,
within each given period of elements, successfully correlated
with the atomic numbers of the elements, identifying Ni, Pd,
and Pt as potentially highly reactive metallic elements for the
HER/HOR catalysis within the corresponding transition metal
groups. Equations to calculate the values of exchange current
density of the HOR, given the Tafel mechanism of the HOR,
have also been given in this section. Since HBE is still
considered one of the key HOR descriptors, the summarized
data may temporarily serve as a useful reference database for
future studies.

3.3. Effect of Underpotential- and Overpotential-
Deposited Hydrogen. The HOR occurs at positive potentials
with respect to the RHE. Thus, overpotential-deposited
hydrogen (HOPD), which is believed to form at negative
potentials and to precede the HER84 (the existence of the

Figure 7. Experimentally measured HER/HOR exchange current
densities (marked as dots) over different metal surfaces in acid
solutions, plotted as a function of the calculated HBE. The solid blue
line is the simple kinetic model plotted either as a function of the free
energy for hydrogen adsorption according to eq 17 or as a function of
HBE. Reprinted with permission from ref 79. Copyright 2005 The
Electrochemical Society.
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species is disputed in the literature),45 is out of the scope of the
current review. Cyclic voltammetry in the range of potentials

more positive than the RHE reveals that not all materials having
high H2 sticking probability66 are able to host the so-called

Figure 8. Periodic dependence of selected theoretically calculated HBE values for different elements: (A) period 4: Ti, V, Cr, Fe, Co, Ni, and Cu;
(B) period 5: Mo, Ru, Rh, Pd, and Ag; (C) period 6: W, Re, Os, Ir, Pt, and Au.
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underpotential-deposited hydrogen atoms (HUPD). As an
example of such materials, we can find Re,85,86 Ni,87,88

Fe,89−91 and Ti−Ni.92 Thus, HUPD in aqueous solution is a
phenomenon characteristic of certain metals,84 such as Pt,38

Rh,93 Pd,39 Ru,94 Ir,61,95 and Mo,96 both in acidic and basic
electrolytes. The origin of hydrogen underpotential deposition
is purely thermodynamic; on the other transition metals, HUPD
formation does not take place in the same or other potential
regions because of the electrosorption of O-containing species,
namely, oxygen or hydroxide, which is energetically more
favorable. Thus, the effect of HUPD formation can be ruled out
in the case of non-PGM catalysts but cannot be straightfor-
wardly excluded for PGMs.
An interesting question concerns the role that HUPD may play

in the electrochemical oxidation of hydrogen molecules. It is
believed that the electrocatalytic oxidation of hydrogen
molecules on Pt essentially involves atomic H in a chemisorbed
state, Pt−Had, as a reactive intermediate. There are debates in
the literature on the chemical nature of Had,

48,50,84 and
currently there are two viewpoints. In one, HUPD is considered
as the intermediate involved in the HOR;84 in the other, it is
believed that another form of adsorbed hydrogen acts as the
intermediate and HUPD acts as a blocking intermediate.46,97

Different isotherms for HUPD and very different reactivity
values for the HOR were obtained for Pt(111), Pt(100), and
Pt(110) single-crystal surfaces in basic media (Figure 9).46 The
HOR was shown to occur on Pt(110) even on a surface fully

covered by HUPD. On Pt(100) and Pt(111), the HOR onset
appeared to correlate with the desorption of HUPD. The
Pt(111) surface with HUPD coverage higher than 0.5 ML was
shown to be almost completely inactive for the HOR. Kinetic
analysis according to the empirical relation between HUPD and
the number of bare Pt sites available for H2 dissociation (eq
18),

θ= × −θ =
iH (1 )m

UPD HHUPD 0 UPD (18)

revealed that Pt(111) in alkaline solution follows the ideal dual-
site form of the T−V sequence with m = 2, whereas the Pt(110)
surface does not fit the model in the sense that m = 0.5 does
not have a physical meaning. Markovic ́ et al.46 hypothesized
that there are sites for H2 dissociation on the Pt(110) surface
that are not occupied by HUPD, although a full monolayer of
hydrogen is adsorbed.
Strong inhibition of the HOR in the HUPD potential region

was also observed for Pt(111), Pt(100), and Pt(110) single-
crystal surfaces in 0.1 M KOH over the temperature range 2−
60 °C;97 however, it was also proposed that OHad coadsorbs
with HUPD on all three surfaces in the HUPD potential region,98

according to the significant reaction rates of CO oxidation at E
< 0.1 V. As an indirect proof, the maximum coverage of HUPD
before the onset of the HER was determined to be 0.82, 0.78,
and 0.65 ML on Pt(110), Pt(100), and Pt(111), respectively (1
ML ≡ 1 HUPD per Pt), the rest likely being covered by OHad.
For the HOR, the HUPD reaction can formally be considered as
the Volmer reaction, which is the RDS. To support this
hypothesis, Durst et al.45 compared the charge transfer
resistance (CTR, RCT) for the HUPD reaction with the exchange
current density of the HOR/HER, derived from eq 19:

η
= × = ×i

RT
F

i RT
F R

1
0

CT (19)

The exchange current density values for the Volmer reaction
estimated by Durst et al. are very similar to the HOR exchange
current densities of ca. 200 mA cm−2 on Pt/C. In 0.05 M
NaOH, the charge transfer resistance of 13−54 Ω cm−2

obtained on single-crystal Pt surfaces99 corresponds to 0.2−
0.5 mA cm−2

Pt which is very close to the value of 1.0 mA cm−2
Pt

obtained for Pt/C in 0.1 M NaOH. One possibility for the
reduced rate of the Volmer step in base would be a higher Pt−
H bond strength, which would decrease the HOR rate. A higher
Pt−H bond strength is confirmed by the positive shift of the
HUPD peaks with respect to the RHE with increasing pH. These
shifts on Pt(553) and Pt(533)100 as well as on Pt(pc),101

amount to −10 and −11 mV vs RHE per pH unit, respectively
(see other values of d(HBE)/d(pH) in Table S2). The HUPD
peak shift translated into an HBE difference of 12.5−13.5 kJ
mol−1 from pH 0 to pH 13. If the difference in the HBE is
assumed to be proportional to the difference in the activation
energy (according to the Brønsted−Evans−Polanyi relation-
ship),102 then the difference in the HOR rate between pH 0
and pH 13 for Pt would amount to a factor of 120−200. This
difference is in good agreement with the 210-fold difference in
i0, 313 K values at pH 0 and pH 13 (see Figure 2),45

strengthening the hypothesis that the Volmer step is the RDS
for the HOR on Pt.
It should be mentioned that the conclusions on the nature of

the RDS of the HOR, even for Pt, are still controversial. For
example, Conway and Tilak84 indicated that “there seems to be
no dispute regarding the mechanism of the HOR on Pt (and

Figure 9. (A) Plots of the charge associated with the underpotential
deposition of hydrogen and adsorption of hydroxyl species on Pt(hkl).
(B) Polarization curves for the HOR on Pt(hkl) in 0.1 M KOH at
3600 rpm. Reprinted with permission from ref 46. Copyright 1996
Royal Society of Chemistry.
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Pt-alloys) being rate-determining dissociative adsorption of
H2”, referring to other studies50,51 to provide rationale for the
statement. Vogel et al.50 and Ross and Stonehart51 have shown
that the electrochemical reaction rate parameters are the same
on smooth Pt, unsupported Pt black, and Pt crystallites
supported on graphitized carbon. This correlates with the H2−
D2 exchange in the gas phase both with and without
chemisorbed carbon monoxide and is dependent only upon
the surface area of the platinum catalyst. Therefore, the RDS for
hydrogen molecule oxidation on Pt was assumed to be the dual-
site dissociative chemisorption of the hydrogen molecule (H2
→ 2H+, i.e., the Tafel reaction). In recent work, Zheng et al.39

and Bhowmik et al.77 are inclined to directly relate the HBE
value, which is considered to be linearly dependent on the
HUPD desorption potential, to the HOR current density in basic
media. This means that the Volmer reaction is considered to be
the hydrogen oxidation reaction RDS. Since the surfaces of real
catalysts comprise sites with different specific activities (or
turnover frequencies), an approach was proposed to correlate
the HOR activity and the number of active sites with similar
HBE.61

HUPD desorption profiles for Ir/C catalysts were deconvo-
luted into three peaks (likely to be for the (110), (111), and
(100) facets in the order of increase of the HUPD desorption
peak).103 The population of sites with the lowest HBE, namely,
Ir(110) with an HBE value of −0.33 eV, was suggested to be
responsible for the HOR. As shown by Sheng et al.,83 the HOR
activity for polycrystalline Pt obtained using the RDE method is
found to decrease with the pH. At same time, the HBE
obtained from cyclic voltammograms (CVs) linearly increases
with the pH in buffer solutions (pH from 0 to 13) with the
slopes of −10 meV vs RHE per pH unit for Pt(110) and −8
meV vs RHE per pH unit for Pt(100).
The universal correlation between i0 and HBE, which was

directly derived from the HUPD desorption potential value,
observed on Pt/C, Ir/C, Pd/C, and Rh/C catalysts (Figure
10)39 indicates that the HOR on those metals may share the

same reaction mechanism. Zheng et al.39 assume that the HOR
proceeds via the T−V pathway, with the Volmer reaction being
the RDS, and that the mechanism through which pH affects
HBE is likely to be metal-independent. However, Santos et
al.104 showed that even though no HUPD signal is registered on
Sn-rich Pt−Sn catalytic systems, they show higher exchange
current density values compared with monometallic Pt.

In summary, in this section the effect of HOPD on the kinetics
in the potential range of hydrogen oxidation has been ruled out.
The section has discussed the role of HUPD, which is
experimentally detected only for certain catalytic materials
such as Pt, Rh, Pd, Ru, Ir, and Mo and, to the best of our
knowledge, is not detected on Ni-based materials. Thorough
literature analysis revealed two main contradicting hypotheses
on the role of HUPD in the HOR, namely, HUPD as the
intermediate involved in the Volmer mechanism versus HUPD as
the blocking intermediate, with the second hypothesis being
more likely.

4. HOR ELECTROCATALYSTS
4.1. Overview of Different Material Classes. This

section summarizes the main types of the HOR electrocatalysts
for alkaline media that have been investigated hitherto. Figure
11 shows the element-based classification used in the present
review to discuss the characteristics and opportunities for these
different state-of-the-art PGM and non-PGM HOR electro-
catalysts.

4.1.1. Platinum-Based Catalysts. As evidenced by the
activity values presented in Tables S2 and S3, platinum is the
most active catalyst for the HOR in terms of exchange current
density (Table S2) or mass activity at low overpotential (η =
0.05 or 0.1 V) (Table S3). Different forms of Pt-based catalysts
were investigated to catalyze the HOR in basic electrolytes,
including Pt(hkl) single-crystal facets,97 bulk/polycrystalline
Pt,49 carbon-supported Pt,39,40,45 Pt−metal alloys,6,105 Pt
adlayers/islands,40 and core−shell structures.41,106
Despite numerous studies on Pt-based materials, the details

of the HOR mechanism and the nature of the rate-determining
step are still debated. The controversy arises over the
magnitude of the exchange current density i0 (discussed in
section 2), the predominant mechanism (T−V, H−V, or dual-
path T−V + H−V), and the nature and coverage of the reactive
intermediate Had (see section 3.3). Conway and Tilak84

summarized kinetic data for the HOR and concluded that the
HOR rate on Pt is determined by the dissociative adsorption of
H2. Since they did not observe a pH effect on the HOR kinetics
on Pt when measured at different pH > 4 (Figure 12), Bagotzky
and Osetrova62 came to the same conclusion.
The HOR rate on a smooth Pt surface was shown to be close

to the rate of hydrogen dissociation (i.e., the rate of H2−D2
exchange) measured in the gas phase (Figure 13).51 These
results indicate that the electrolyte (in the pH range below 4)
and/or the electrified interface does not affect the nature of the
potential energy along the hydrogen−platinum reaction
coordinate. This also leads to the conclusion that the HOR
mechanism over smooth Pt is likely a slow dual-site dissociative
adsorption of a hydrogen molecule followed by fast electro-
chemical oxidation of Had to H3O

+.
The HOR kinetics on Pt(pc) in 1 M KOH fits a direct

discharge mechanism identical to the overall reaction H2 +
2OH− ⇄ 2H2O + 2e−.49 It seems that the step of extracting
two electrons directly from H2 is slow, with an exchange
current density of 0.233 mA cm−2. Since essentially identical
values of the HOR specific exchange current density (0.69 ±
0.01 vs 0.57 ± 0.07 mA cm−2; Table S2), activation energy
(28.9 ± 4.3 vs 29.5 ± 4.0 kJ mol−1), and charge transfer
coefficient are observed on Pt(pc) and Pt/C, it was
hypothesized that there is no significant effect of the Pt particle
size on the HOR in 0.1 M KOH.38 In contrast, Stonehart and
Lundquist75 reported a crystallite size effect for the oxidation of

Figure 10. Correlation between the HOR/HER exchange current
density on Pt/C, Ir/C, Pd/C, and Rh/C and the HUPD desorption
peak potential. Reprinted from ref 39.
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preadsorbed hydrogen atoms on Pt. If this reaction were rate-
determining (and most likely it is not), a crystallite size effect
would be expected for hydrogen molecule oxidation. Poltorak
and Boronin107 showed that there is no crystallite size effect for
the gas-phase rate of hydrogen dissociation, and therefore, one
may not expect a crystallite size effect for the overall HOR. The
exchange current density for hydrogen molecule oxidation
calculated from the electrochemical rate constant equals that
calculated from the gas-phase hydrogen dissociation rate
constant.107 Since hydrogen dissociation is the RDS in
hydrogen molecule oxidation according to the study by
Poltorak and Boronin107 and since hydrogen dissociation
takes place only on Pt, hydrogen spillover from Pt to the
carbon substrate does not influence the rate of the hydrogen
oxidation. It was also discussed that the specific reaction rates
for unmodified Pt and Pt supported on carbon agree with the
RDS being the dissociation reaction.50 Thus, on the basis of
literature analysis, we conclude that the dominant mechanism
of the HOR on Pt is most likely the dissociative chemisorption
of hydrogen (Tafel mechanism).
The HOR kinetics in alkaline solution is sensitive to the

surface structure, as experimentally proven for the first time on
Pt(111), Pt(100), and Pt(110) single-crystal surfaces (Figure
9).46 The authors proposed that the kinetic differences arose
mainly from the structure sensitivity of HUPD and OHad with
respect to the crystalline orientation of the surface and in turn
from the roles of HUPD and OHad in the HOR mechanism.46

On Pt(110), the HOR occurs even on a surface fully covered by
HUPD.
Irrespective of the pH of solution, the HOR was shown to be

structure-sensitive on various Pt(hkl) surfaces. At a temperature
of 2 °C, Pt(110) (i0 = 0.125 mA cm−2) is 2.5 times more active
than Pt(100) (i0 = 0.05 mA cm−2) and 12 times more active
than Pt(111) (i0 = 0.01 mA cm−2).97 At higher temperatures,
the values of i0 for Pt(110) and Pt(111) differ by less than a
factor of 2. The authors97 also assumed that the dependence of
the activity on the crystal face can be attributed to the structure-
sensitive adsorption of HUPD and OHad and the effect these
species have on the formation of the electroactive intermediate,
HOPD. The significant difference of the HOR kinetics for
Pt(110) in alkaline electrolytes (i0 = 0.125 mA cm−2 at 2 °C)97

versus acid electrolytes (i0 = 0.65 mA cm−2 at 1 °C)108 seems to
arise mainly from the presence of OHad even close to 0 V vs

Figure 11. Description of the state-of-the-art PGM and non-PGM HOR electrocatalysts for use in basic media.

Figure 12. Dependence of the logarithm of the exchange current
density for the HOR/HER (log i0) on Pt(pc) as a function of the
solution pH. Reprinted with permission from ref 62. Copyright 1973
Elsevier.

Figure 13. Comparison of absolute reaction rates for electrocatalytic
hydrogen molecule oxidation and adsorbed hydrogen atom oxidation
on platinum with the rate of gas-phase H2−D2 exchange. Reprinted
with permission from ref 51. Copyright 1975 Research Institute for
Catalysis.
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RHE in alkaline electrolytes. In contrast to acidic solutions (i0
increases from 0.65 to 1.35 mA cm−2 as the temperature is
increased from 1 to 60 °C for Pt(110), with a corresponding Ea
of 9.5 kJ mol−1),108 the activity in alkaline solutions is more
strongly dependent on the temperature. In alkaline media, i0 on
Pt increases from 0.125 to 0.675 mA cm−2 as the temperature is
increased from 1 to 60 °C, with a corresponding Ea of 23 kJ
mol−1. The monotonic correlation between the HBE and
solution pH (the value of ΔHHad

= −FEHUPD decreases linearly
with a slope of −10 meV vs RHE per pH unit for the Pt(110)
peak of the Pt/C catalyst) as well as that between the HOR rate
and solution pH in multiple buffers over a wide range of pH
suggested that the HBE governs the HOR activity (Figure
14).83

Moving further in the group of Pt-based HOR catalysts, Ru@
Pt core−shell nanocatalysts with one or two Pt monolayers
were also investigated.106 The two- and one-ML-thick Pt shells
on Ru exhibited enhanced (up to ca. 3-fold) surface-specific
activity (i0 = 1.49 and 1.10 mA cm−2

Pt, respectively) compared
with the Pt nanocatalyst (0.47 mA cm−2

Pt) in basic solution.
These results differ considerably from observations in acidic

media, with enhancement factors of 1.0 (180 mA cm−2
Pt) and

0.4 (74.8 mA cm−2
Pt), respectively, for Ru@Pt (1 ML) and

Ru@Pt (2 ML) compared with 46% Pt/C (180 mA cm−2
Pt).

The authors106 showed that in going from acid to base, the
activation energy (Ea) increases most for the Volmer reaction
and assumed that this results in the switch of the RDS from the
Tafel reaction to the Volmer reaction. The increments in the
activation energy (ΔEa) are 355 meV (or 34.3 kJ mol−1) for the
Pt catalyst and 315 meV (or 30.4 kJ mol−1) for the Ru@Pt (2
ML) catalyst, i.e., close to the activation free energies for the
Volmer reaction, which is the RDS in the dominant pathway.
Also considered in the group of Pt-based HOR catalysts,

Au@Pt core−shell catalysts were also studied for the HOR in
basic media. Au@Pt was synthesized by galvanic displace-
ment.40 In 0.1 M KOH, the Au@Pt surface exhibited the HOR
specific activity similar to that of bulk Pt (0.66 mA cm−2

Pt) and
far superior to that of a pure Au disk (5.8 × 10−3 mA cm−2

Au).
Au@Pt exhibits an activity similar to that of Pt supported on
carbon (0.47 mA cm−2

Pt). A true Pt monolayer on an Au
support would increase the HBE as a result of the expansive

strain on the Pt overlayer.109 This in turn would decrease the
activity of the catalyst. However, the results showed no
decreased activity for Au@Pt catalysts.109 The alkaline CO
stripping data, which illustrate that the Au@Pt surface closely
resembles bulk Pt, also support the idea that Pt does not form a
true monolayer on the Au surface. These results are scarce
attempts to fundamentally understand the catalyst design. They
shed some light on the surface strain effect on the catalytic
activity of monolayers and tried to correlate the experimental
data with the theoretical predictions of HBE values (Table S1).
Platinum-coated copper nanowires (Pt/CuNWs) synthesized

by the partial galvanic displacement of CuNWs, Cu-templated
Pt nanotubes (PtNT(Cu)), a 5% Cu monolayer on a bulk
polycrystalline Pt electrode (5% ML Cu/Pt(pc)), Pt(pc), and
carbon-supported Pt were studied as HOR catalysts in 0.1 M
KOH.41 Comparison of these catalysts demonstrates that the
inclusion of Cu benefited the HOR specific activity of Pt/
CuNWs (i0 = 2.03 mA cm−2

Pt), likely by providing compressive
strain on Pt; surface Cu further aids in hydroxyl adsorption,
thereby improving the HOR activity of the catalyst. Pt/CuNWs
exceed by 3.5 times the surface-specific exchange current
density of carbon-supported Pt (i0 = 0.59 mA cm−2

Pt). The use
of the 5% ML Cu/Pt(pc) catalyst (i0 = 1.64 mA cm−2

Pt)
improved the HOR activity of Pt(pc) (i0 = 0.71 mA cm−2

Pt).
The observed improved performance seems to be largely driven
by the electronic tuning provided by the Cu substrate and Cu
impurities within the Pt shell.41

The activity of platinum-based catalysts in the HOR spans
the range of 1.4−1.7 mA cm−2

real (η = 0.05 V) for Pt/C, Pt(pc),
and Pt−dopant and varies from 80−150 A gPt

−1 for Pt−dopant
up to 900−1000 A gPt

−1 (η = 0.05 V) for Pt/C.
The stability of Pt electrocatalysts in alkaline media has,

surprisingly, been little investigated hitherto. Accelerated stress
tests combining electrochemical measurements and identical-
location transmission electron microscopy (ILTEM) studies on
Pt/C nanoparticles were conducted in a liquid alkaline
electrolyte (0.1 M KOH at 25 °C)110,111 and in a solid
anion-exchange polymer electrolyte using a “dry cell”.111 It was
shown that Pt/C is more stable when operated at the AEM
interface than in liquid alkaline electrolytes.111 However, the
accelerated stress tests and reported stability data110,111 have
hitherto mimicked cathode operation.

4.1.2. Palladium-Based Catalysts. RDE measurements on
10% Pd/Vulcan XC72 (Premetek) revealed (Figure 2) that the
value of the exchange current density, determined from both
Butler−Volmer fitting and the micropolarization region, is 90
times lower in 0.1 M NaOH (0.06 ± 0.02 mA cm−2

Pd at 40 °C)
than in an acidic medium with pH = 0 (5.2 ± 1.2 mA
cm−2

Pd).
45 Because of the significant decrease in i0 with

increasing solution pH, the authors considered the Volmer step
as the RDS on Pd/C. Zheng et al.39 obtained similar i0 values
for 20% Pd/Vulcan XC 72 (Premetek) using the RDE method.
At 20 °C K, the authors measured i0 values of 0.04 and 0.77 mA
cm−2

Pd in 0.1 M KOH (pH 12.8) and 0.1 M HClO4 (pH 1.2),
respectively.
As is the case for Pt, i0 values measured by different groups

for Pd catalysts are scattered (Table S2). The differences can
arise not only from the different methods used to evaluate i0
but also from the ones utilized to determine the surface area of
the catalyst. For example, the surface area calculated from
volume/area-averaged particle size from TEM for Pd/C was
148 m2 g−1, while the electrochemical surface area determined
by cyclic voltammetry in 0.1 M KOH was 78 ± 8 m2 g−1 on the

Figure 14. Steady-state CVs of Pt at several solution pH values
collected in selected Ar-saturated electrolytes at a sweep rate of 50 mV
s−1. Reprinted with permission from ref 83. Copyright 2015 Springer
Nature.
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same catalyst and that determined by CO stripping in 0.1 M
KOH was 96 m2 g−1.39

Since the absorption of hydrogen into the Pd bulk might
complicate the quantification of the HOR activity on bulk
polycrystalline Pd, the absorption of hydrogen can be
circumvented by depositipn of thin overlayers onto non-
absorbing substrates such as Pt, Rh, and Au.112 Henning et
al.112 deposited adlayers of palladium on a polycrystalline Au
substrate either by galvanic replacement of underpotentially
deposited copper or by electrochemical plating from a Pd2+

solution. The surfaces appear to consist of three-dimensional
Pd structures of an unknown thickness that is believed to scale
with the palladium coverage, θPd/Au. The θPd/Au parameter was
shown to be inversely proportional to the HOR activity of the
Pd-on-Au surface in 0.1 M NaOH at 20 °C, in agreement with
numerous theoretical and experimental studies in acidic media
that correlate the effect of the tensile strain induced by the Au
substrate on the Pd lattice (Table S2).
As fundamental studies of the HOR on bulk Pd crystals are

complicated by the fact that the HUPD process is difficult to
separate from H2 absorption in the bulk of Pd, studies of Pd
monolayers deposited on different substrates were used to
determine the HUPD charge transfer resistance.113 Using the
HUPD CTR value of ca. 8000 Ω cm2 in 0.1 M NaOH and eq 19,
the i0 value was estimated to be ca. 0.003 mA cm−2

Pd. Thus,
there is no quantitative agreement with the i0 values (Table S2),
which might serve as an indirect proof that HUPD is not an
HOR intermediate.
The effect of the particle size of the Pd/C catalyst was

studied in 0.1 M KOH.114 The specific exchange current
density for the HOR increases as the Pd particle size increases
from 3 to 19 nm (Table S2) and then reaches a plateau with
activity similar to that of bulk Pd.114 The authors hypothesized
that the enhanced surface-specific activity with increasing
particle size could be attributed to the increased ratio of the
sites with weaker HBE, as revealed in cyclic voltammograms.
Another group of Pd-based catalysts, 4−9% Pd-containing

“3020 anode” catalysts (Acta S.p.a., Italy), were compared to
commercially available 5% Pd/C and 40% Pt/C catalysts (RDE,
0.34 mgcat cm

−2, 1 M KOH, 1600 rpm, Tokuyama Ionomer A3
as a binder). The company did not disclose the exact
composition of their 3020 Pd-based catalyst. The results
revealed that the catalytic activity of 3020 catalysts is in the
range of 40−58 mA mgPd

−1 at 0.025 V vs RHE versus ca. 30
and ca. 25 mA mgmetal

−1 for the 40% Pt/C and 5% Pd/C
catalysts, respectively, which shows the competitiveness of Pd
to Pt. However, comparison of the reported data with those in
Table S3 shows that Pd-based electrocatalysts still leave much
to be desired.
In summary, analysis of the kinetic data on the HOR in basic

media (Tables S2 and S3) shows that the average value of the
exchange current density for Pd-based catalysts is ca. 0.05−0.1
mA cm−2

Pd. The lowest values (<0.001 mA cm−2
Pd) were

obtained for strained layers of Pd on Au. The highest values
(ca. 1.0 mA cm−2

Pd) were reached for PdIr/C and 1.5% Pd/Ni.
The surface-specific activity of Pd-based catalysts spans the
range from 0.04 to 0.30 mA cm−2

Pd (η = 0.05 V) for Pd/C and
Pd(pc) up to 1.7−4.0 mA cm−2

real (η = 0.05 V) for PdIr and
Pdad/Au. Evidently, on the basis of the available literature data,
similarly to Pt, the HOR kinetics on Pd is pH-dependent, which
either can be the result of the hypothesized Volmer mechanism
or, more likely, is related to the OHad surface coverage effect.
The latter was studied on Pt facets but has not been shown

experimentally on Pd facets, bulk Pd and Pt, or supported/
unsupported nanoparticles of Pd and Pt.
Whereas Pd/C nanoparticles suffer dramatic degradation in

an acidic medium (0.1 M H2SO4), accelerated stress tests
combining electrochemical measurements with ILTEM studies
have demonstrated their higher stability in 0.1 M KOH (25
°C)115 as opposed to Pt/C.110,111 However, alkaline electro-
lytes containing reducing species (hydrogen, hydrazine borane)
were found to result in a slightly higher instability of Pd/C
nanoparticles.115 Kabir et al.116 have shown that using a
graphitized carbon support instead of an amorphous one did
not significantly improve the stability of Pd/C in alkaline
media.

4.1.3. Ru-Based Catalysts. Scarce studies on Ru catalysts can
be found in the literature on the HOR in alkaline media. The
surface-specific activity of Ru/C shows a volcano-shaped
dependence on the particle size with a maximum activity at
approximately 3 nm,117 unlike Pd114 and Ir-based catalysts,61

where the increase in exchange current density is aligned with a
particle size decrease. The authors showed that the HOR
activity of approximately 3 nm Ru/C (0.64 mA cm−2

Ru) is
higher than that of commercially available Pt nanoparticles
supported on carbon (0.34 mA cm−2

Pt). The Ru nanoparticle
structure was shown to change from an amorphous-like
structure below 3 nm size to a metal nanocrystallite with a
roughened surface at approximately 3 nm and then to a
crystallite with well-defined facets above 3 nm size. It was
proposed that the unique structure observed at this particular
size, long-bridged coordinatively unsaturated Ru metal surface
atoms on its nanocrystallite, is a key to achieve high HOR
activity.117 In spite of this specific study showing reasonable
activity for Ru at this specific particle size, the general drawback
of pure Ru catalysts is that oxygenated species on Ru inhibit H2
adsorption, and consequently, the HOR current decreases
above 0.2 V (Figure 15). To date, no rational approach has
been proposed to circumvent the electrochemical oxidation of
the Ru surface.

4.1.4. Ir-Based Catalysts. Unlike Pt and Pd, much less
attention has been paid to studies of iridium catalytic activity in
the HOR in alkaline media. Zheng and collaborators showed
with Ir/C that the fraction of Ir sites having a low HBE
increased with increasing particle size (in the range of 3−12
nm) (Table S1).61 This resulted in a negative correlation
between the fraction of low-HBE sites and the electrochemical
specific surface area (Figure 16). The HOR activities
normalized to the surface area of the lowest-HBE site are
independent of the total electrochemical surface area, indicating
that those sites with low HBE (most likely low-index facets) are
the most active sites for the HOR. Therefore, it was suggested61

Figure 15. HOR polarization curves obtained on Ru/C catalysts in 0.1
M NaOH aqueous solution. Sweep rate, 10 mV s−1; rotation rate, 2500
rpm; temperature, 25 °C. Reprinted from ref 117. Copyright 2013
American Chemical Society.
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that extended Ir nanostructure with a high fraction of low-index
facets, such as Ir nanotubes or nanowires, may have higher
HOR surface-specific activities than small Ir nanoparticles. A
similar effect was observed by the same research group for Pd
nanoparticles (as discussed in section 4.1.3).114 Ru particles
showed a volcano-type dependence of the HOR activity on the
particle size,117 and the activity is also related to the surface
crystal structure. The size effect of Pt, which has been much
more extensively studied and was discussed above, is not in
agreement with the hypothesis about the predominant role of
low-index facets in the HOR.
Calculations made by Montero et al.95 showed that the HOR

on Ir takes place mainly through the T−V route, with a small
contribution of the H−V route for nanostructured iridium
prepared by sputtering on a glassy carbon substrate. In the
potential range between −0.015 ≤ η/V ≤ 0.30, the reaction
rates of the Tafel step (VT) in alkaline and acidic solutions were
suggested to be close. This statement was confirmed from the
values obtained for Ir electrodes in alkaline solution (2.02 ×
10−9 mol s−1 cm−2) and acidic solution (6.92 × 10−9 mol s−1

cm−2).118 With respect to the values of the reaction rates of the
Heyrovsky and Volmer steps, it is straightforward that they
should be different for alkaline and acidic solutions. In order to
explain this difference, Montero et al.95 proposed the following
speculative model. In acidic solutions, in both steps a proton is
incorporated into the water network as an electron is
transferred to the metallic substrate. In contrast, in alkaline
solutions the electron transfer goes along with the disappear-
ance of a hydroxyl ion. The authors95 assumed that both
species enter or leave the reaction plane by a Grotthuss-type
mechanism, which implies the transfer of hydrogen bonds
through a highly ordered water network. In this case, it is more
difficult for OH− than for H+ to achieve the appropriate spatial
configuration to enable the electron transfer. This fact implies
an increase in the activation energy of the V step in alkaline
solution and therefore a decrease in the corresponding
equilibrium reaction rate (VV = 1.19 × 10−8 mol s−1 cm−2 in
base vs 9.89 × 10−5 mol s−1 cm−2 in acid).118

The exchange current density values of polycrystalline
iridium-based catalysts in the HOR span the range of 0.2−0.5
mA cm−2

Ir, which places Ir on the same level as polycrystalline
Pt. Although these results are of high fundamental importance,
iridium catalysts are unaffordable economically because of the
scarcity of the element (Ir is the rarest element among the
PGMs).

4.1.5. Rh-Based Catalysts. There have been a few studies of
the HOR on Rh, including both basic and acidic solutions (the
data in acid are analyzed here only for the sake of comparison).
In Montero’s study of the HOR kinetics on Rh in basic solution
(0.2 M NaOH, 25 °C),119 it was shown that the reaction
proceeds mainly through the T−V route given Frumkin-type
adsorption of the reaction intermediate, Had, with the following
kinetic parameters: Tafel reaction rate VT = 1.128 × 10−9 mol
s−1 cm−2, Heyrovsky reaction rate VH = 1.461 × 10−16 mol s−1

cm−2, and Volmer reaction rate VV = 2.667 × 10−9 mol s−1

cm−2 in the overpotential range −0.015 V < η < 0.40 V. The
exchange current density value was reported to be 0.118 mA
cm−2. For the sake of comparison, the HOR on the same
catalyst in an acidic medium (0.5 M H2SO4 at 25 °C) proceeds
simultaneously through the T−V and H−V routes.119 The
corresponding reaction rates are VT = 1.257 × 10−9 mol s−1

cm−2, VH = 6.083 × 10−9 mol s−1 cm−2, and VV = 5.546 × 10−8

mol s−1 cm−2 in the overpotential range −0.015 V < η < 0.25 V,
and the exchange current density is 0.677 mA cm−2. Thus, the
HOR kinetics on Rh is significantly influenced by the pH: VH
and VV in 0.5 M H2SO4 are ca. 6 and 1 order of magnitude
higher than those in 0.2 M NaOH. The rate constant for non-
electrochemical H2 dissociative adsorption, VT, is slightly
affected by pH, similarly to Ir.118 According to Montero’s
calculations,119 the Tafel step is the RDS of the HOR in
alkaline solution, as opposed to ref 39, where the authors claim
the Volmer mechanism for the HOR on Rh.
The specific activities of rhodium-based catalysts in the HOR

span the range of 0.5−0.9 mA cm−2
real (η = 0.05 V). The

exchange current density values of Rh-based catalysts in the
HOR vary in the range of 0.1−0.35 mA cm−2

Rh.
4.1.6. Nickel-Based Catalysts. Ni-based catalysts have been

extensively studied for the HOR in basic media and at present
remain the only non-PGM HOR electrocatalysts with
significant activity. One can distinguish several groups of
catalytic materials having metallic nickel as the main
component. Among them, there are metal-doped-sponge
Raney nickel catalysts,120−133 electrochemically deposited bulk
double- and ternary-metal catalysts,134 highly dispersed
supported Ni-based catalysts,20 and single-crystal Ni facets.81

The first group, Raney nickel catalysts, is the most popular, with
the highest number of studies, because of its popularity in liquid
electrolyte (KOH)-based alkaline fuel cells.
Raney Ni was shown to be a comparatively active non-noble

material for the HOR in gas diffusion electrodes (GDEs).
However, the catalytic activity and stability of Raney Ni alone
as a base metal for this reaction is limited.131 These problems
have been partially overcome by doping of transition metals,
such as Ti,121,123,135 La,136 Cr,135 Fe,122 Co,122,124,126 Cu
(mostly as a conducting additive),137 and Mo,121,138 into the
Ni−Al alloy at loadings of a few percent prior to extraction by
KOH. The resultant Raney nickel catalysts are pyrophoric
because of the H2 evolution during Al leaching and therefore
must be handled accordingly,130 as the nickel is loaded with
0.5−1.2 hydrogen atoms per nickel atom. Even if the surface
area can exceed 60 m2 g−1 depending on the Ni preactivation
procedure,130,132,133,139 the Ni particle size is within the
micrometer rangefrom several micrometers to several tens
of micrometers123which makes Raney nickel inapplicable for
nanoscale purposes. The Raney nickel catalyst loadings for the
conventional double-layered GDEs are 20−100 mg cm−2 with
layer thicknesses of up to 300 μm.135

Figure 16. Exchange current densities for the HOR on Ir/C samples
normalized to the electrochemical surface area (t-ECSA) as a function
of t-ECSA. Reprinted from ref 61. Copyright 2015 American Chemical
Society.
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Moreover, Raney Ni is functional under very high alkalinity
(6 M KOH) as the catalyst of thick double-layered GDEs, and
it is not catalytically active for an AEMFC, which can be
mimicked as 0.1−1 M KOH.20 It was found that in an AEMFC,
the hydrogen anode made from such Ni catalysts showed an
electrode potential characteristic of nickel oxides instead of the
potential of a hydrogen electrode, and this fact was also
confirmed by other recent studies.140−142 The electrolysis
method used in alkaline fuel cells (with liquid electrolyte) to
activate the Ni anode in a separate electrolyzer (electrolysis as a
hydrogen evolution electrode)139 is inapplicable for AEMFCs
using a membrane-electrode-assembly (MEA) structure unless
a proper bifunctional ORR/OER catalyst is used on the
cathode, implying the use of a carbonless support.
Disregarding the difficulties of directly applying Raney nickel

catalysts to AEM-based electrodes, attention should be paid to
certain experimental results for the further development of a
new generation of Ni-containing catalysts for the HOR. The
polarization resistance, ω, which is the slope of the HOR
polarization curve measured on a thick double-layer GDE and
is used as one of the criteria of the catalytic activity, was shown
to be in the range of 0.1−0.3 Ω cm2.135 The linear dependence
of ω on 1/T allowed an estimate of the apparent value of the
HOR activation energy, which was shown to be 34.5 and 31.6
kJ mol−1 for 0.8% Cr@Ni and 0.8% Ti@Ni, respectively.135

Close values of 28−32 kJ mol−1 were also obtained for copper
oxide-doped Raney nickel GDEs by Alsaleh,137 who analyzed
the dependence of the exchange current density i0 on the
temperature. The i0 value, estimated according to the
mathematical model developed by Celiker et al.,143 was
shown to be 111.5 mA cm−2 at 65 °C. Other values within
the temperature range of 25−75 °C are presented in Table S2.
Ewe et al.144 found that the catalytic properties of Ti doped
with Raney Ni (for hydrogen anodes of alkaline fuel cells)
could be improved by an α-Ni(OH)2 surface coating, which is
obtained by carefully optimized oxidation. It was observed that
an α-Ni(OH)2 content of 5−6% increased the attainable
current density by a factor of 3 to 4.
The quantitative analysis of the overpotential−current

density dependence for the HOR on the Raney Ni GDE is
partially presented in Table S3. Benchmarks of the HOR mass
activities at 0.05 V vs RHE on the PGM-free catalysts were also
presented by Zhuang et al.42

Tertiary Ni alloys were also studied for the HOR in alkaline
media. A metallic CoNiMo catalyst electrochemically deposited
on a Au(pc) disc was shown to exhibit high HOR activity (20-
fold higher than that of Ni).134 Density functional theory
(DFT) calculations and parallel H2 temperature-programmed
desorption (TPD) experiments on structurally much simpler
model alloy systems showed a trend that CoNiMo has an HBE
similar to that of Pt (CoNi/Mo(110), −0.43 eV; Pt(111),
−0.46 eV) and much lower than that of Ni (Ni(111), −0.51
eV). This suggests that the formation of multimetallic bonds
modifies the HBE of Ni and is likely a significant contributing
factor for the enhanced HOR activity.134 The apparent value of
the activation energy for the ternary CoNiMo catalyst was
determined to be 35 ± 1 kJ mol−1, compared with 29 ± 1 kJ
mol−1 for a Pt disc, which is in good agreement with
measurements done on Raney nickel electrodes.92 The values
of i0 are also presented in Table S2.
A composite catalyst developed by Zhuang et al.42Ni

nanoparticles supported on nitrogen-doped carbon nanotubes
(Ni/N-CNT)can achieve hydrogen oxidation activity of 9.3

A g−1 at 0.05 V at room temperature in 0.1 M KOH. This is
probably the highest value known to date for Ni-based catalysts.
Although nitrogen-doped carbon nanotubes are a very poor
hydrogen oxidation catalyst, as a support they increase the
catalytic performance of nickel nanoparticles by a factor of 33
(mass activity) or 21 (exchange current density) relative to
unsupported nickel nanoparticles,42 as shown in Table S2. In
their DFT calculations, Zhuang et al.42 showed that the
nitrogen-doped support stabilizes the nanoparticle against
reconstruction, while nitrogen located at the edge of the
nanoparticle tunes local adsorption sites by affecting the d
orbitals of Ni.
The electrocatalytic behavior of low-index nickel single-

crystal electrodes for hydrogen oxidation was discussed in
relation to the crystallographic structure of the electrode surface
and the pH of the electrolyte solution by Floner et al.81 These
authors showed that whereas small structural effects are
displayed during surface oxidation and formation of α-
Ni(OH)2, a strong dependence of the hydrogen oxidation
rate on the crystal structure is observed in alkaline media.
Ni(100) and mainly Ni(110) are the most active structures (5
to 6 times more active than polycrystalline nickel). The
reactivity of hydrogen on polycrystalline nickel is low, i.e. it is a
slow process, visible only under quasi-stationary conditions. For
the Ni(100) and Ni(110) planes, the current densities exhibit a
maximum value at pH 13. A decrease in pH leads to a
diminution in the HOR current, in contrast to the polycrystal-
line nickel. The activation energy at pH 9 is potential-
independent and equal to 50 kJ mol−1, while it is 40.2 kJ mol−1

at pH 4.8. The intensities of the occupied orbitals at the Fermi
level for the Ni(111), Ni(100), and Ni(110) surfaces are 2.0,
2.2, and 2.7 states eV−1, respectively,145 and therefore, the
Ni(110) surface can donate a higher electron density to the
adsorbate. The surface metal atom coordination numbers for
the Ni(111), Ni(100), and Ni(110) surfaces are 9, 8, and 7,
respectively, and one would therefore expect the strongest
adsorption to occur on the Ni(110) surface.146 Hence, on the
basis of the differences in both electron density and
coordination number, one would expect that the strength of
the adsorption energies would decrease in the order Ni(110) >
Ni(100) > Ni(111).
In view of the linear relation between the limiting diffusion

current (ilim) and the number of active sites, Angely et al.147

suggested that the most probable HOR mechanism for Ni in
alkaline media is H2 ⇄ H2,ad instead of dissociative adsorption
(H2 ⇄ 2Had) as observed on Pt.
The highest mass-specific activities of nickel-based catalysts

in the HOR are 13.6 A gcat
−1 (η = 0.05 V) for Raney Ni + Ti0.8

and 9.33 A gNi
−1 (η = 0.05 V) for Ni/N-CNT. The exchange

current density values of Ni-based catalysts in the HOR vary in
the range of (1−28) × 10−3 mA cm−2

Ni.
In some scarce works devoted to the stability tests on PGM

nanoparticles,110,111,115 alkaline media were shown to be more
aggressive than acidic ones. One might expect more drastic
effects on non-noble electrocatalysts like Ni-based materials.
However, Zadick et al.148 demonstrated promising durability of
a Ni3Co/C electrocatalyst for a 6 h long ammonia borane
electrooxidation and in accelerated stress tests in 0.1 M NaOH.
ILTEM experiments in particular demonstrated the absence of
any consequent degradation of Ni3Co/C. Moreover, the latter
confirmed a much larger material (structural) stability than
reported in the literature for carbon-supported Pd115,116 and
Pt110,111 nanoparticles.
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One of the other ways for straightforward and convenient
comparison of the catalytic activities of different groups of the
HOR electrocatalysts is the direct overlap of the HOR
polarization curves measured under the same or close
experimental conditions. In Figure 17 we present a comparison
of some selected polarization curves recorded by the RDE
method. Even though the experimental conditions such as
catalyst loading, electrode rotation rate, and temperature are
scattered, one can easily range the activity of the existing
catalysts: Pt is the most active and the most expensive, along
with Rh and Ir. However, Ru demonstrates competitive current
densities, and at certain modifications (Ni/N-CNT) and high
metal loadings (NiCoMo) non-PGM catalysts can be
considered, in all certainty, as a future alternative for PGM-
based electrocatalysts.
Analysis of the values of the surface-specific exchange current

density (Table S2 and Figure 18) reveals that the most
common ways to enhance the catalytic activity of monometallic
systems are (1) catalyst modification by the introduction of a
doping element into (1.1) bulk or (1.2) the surface (from
islands up to several monolayers) via ligand or bifunctional
mechanisms, (2) use of a substrate material that changes the
strain of the particles, and (3) thermal treatment in order to
modify the crystal structure. At room temperature, mono-
metallic Pt nanoparticles have shown the highest i0 (ca. 0.6 mA
cm−2) compared with other monometallic PGM systems
(0.04−0.05 mA cm−2 for Pd nanoparticles and 0.2−0.4 mA
cm−2 for Ir/C). Among the facets of Pt, the exchange current
density decreases in the order Pt(110) > Pt(100) > Pt(111).
Introduction of Ru, Fe, and Co results in PtM bimetallic

systems with enhanced activity. Doping with Cu and Au leads
to a decrease in i0 compared with mono-Pt. A drastic increase in
the Pt activity was gained from the fine modification of Cu
nanowires by Pt layers (2.03 mA cm−2) or adsorption of Ru
monolayers on the surface of Pt nanoparticles (Ru@Pt 1 ML
with i0 = 1.49 mA cm−2). Significant improvement of palladium
was reached by galvanic replacement of nickel in nanoparticles
by Pd (1.5% Pd/Ni with i0 ≈ 1 mA cm−2) or introduction of Ir
(PdIr with i0 = 0.98 mA cm−2). Ruthenium nanoparticles were
reported to have low activity (0.03−0.06 mA cm−2), and the Ru
surface, as well as Ni, suffers from electrooxidation at
overpotentials higher than 0.1 V. Raney Ni has extremely low

Figure 17. Comparison of the HOR polarization curves for different catalytic materials: (1) 5% Pt/C, 0.1 M NaOH, 40 °C, 1600 rpm, catalyst
loading 2.5 μgPt cm

−2
geom;

45 (2) 50% Ru/Vulcan XC-72R, 0.1 M NaOH, 25 °C, 2500 rpm, catalyst loading 10 μgRu cm
−2

geom;
117 (3) 20% Ir/C, 0.1 M

KOH, 20 °C, 1600 rpm, catalyst loading 5 μgIr cm
−2

geom;
61 (4) 20% Rh/C, 0.1 M KOH, 20 °C, 1600 rpm, catalyst loading 2−20 mgRh cm

−2
geom;

39

(5) CoNiMo, 0.1 M KOH, 20 °C, 1600 rpm, ca. 600 mg cm−2;134 (6) Ni/N-CNT, 0.1 M KOH, r.t., 2500 rpm, catalyst loading 0.25 mgNi cm
−2

geom;
42

(7) 20% Pd/C, 0.1 M KOH, 20 °C, 1600 rpm, catalyst loading 5 μgPd cm
−2

geom;
61 (8) Pd/C−CeO2, 0.1 M KOH, 1600 rpm, 6.5 μgPd cm

−2
geom;

22 (9)
Ni/CNT, 0.1 M KOH, r.t., 2500 rpm, catalyst loading 0.25 mgNi cm

−2
geom;

42 (10) Ni, 0.1 M KOH, r.t., 2500 rpm, catalyst loading 0.25 mgNi
cm−2

geom;
42 (11) PdNi (17% Pd coverage), 0.1 M KOH, 1225 rpm, 0.9 μg cm−2

disk.
71

Figure 18. Ranges of experimental values of the exchange current
density in the HOR for monometallic surfaces (green cubes) and for
bifunctional catalysts (green-orange cubes).
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values of the exchange current density (ca. 5 × 10−4). Doping
of Raney nickel with Ti and Mo leads to a drastic change in the
activity (ca. 2 × 10−3 and ca. 9 × 10−3 mA cm−2, respectively).
Recently, progress was made in the development of Ni-based
catalysts that resulted in exchange current density values of 15
× 10−3 mA cm−2 (for NiCoMo) and even 28 × 10−3 mA cm−2

(for Ni/N-CNT).
4.2. Bifunctional HOR Catalysis in Alkaline Media. This

section is devoted to bifunctional HOR catalysis, which we
herein define as the ability of a heterogeneous catalytic surface
to simultaneously chemisorb H and OH species on at least two
chemically or structurally different areas of the surface. The
section covers theoretical studies of OH chemisorption for
well-defined monometallic model systems and reported
experimental evidence of the bifunctionality of monometallic
surfaces and provides examples of the HOR electrocatalysis on
multicomponent materials.
4.2.1. Theoretical Studies of OH Adsorption in the

Framework of the HOR Catalysis. Theoretical investigations
of the adsorption of oxygenated groups on various metallic
surfaces have been an important tool for obtaining an improved
fundamental understanding of ORR electrocatalysis and the
stability of various possible reaction intermediates.149,150

However, studies of OH adsorption, as an inherent part of
the HOR electrocatalysis in basic media, are still relatively
scarce. Here we discuss the theoretical investigations of OH
adsorption on catalytic surfaces in the framework of the HOR
in alkaline media.
Han et al.151 shed some light on the effect of catalyst particle

size with respect to the HOR activity, provided the Volmer or
Heyrovsky mechanisms of the reaction. Specifically, the authors
studied the effect of Pt particle size and local surface structure
on the adsorption of OH. They found that the OH adsorption
energy is sensitive to the coordination number and size of the
Pt particles, changing by as much as 1 eV in going from an
extended Pt(111) surface (“bulk Pt”) to the complex surface of
a Pt particle with size of 1 nm. Low-coordinated sites on Pt
nanoparticles were predicted to adsorb OH more strongly and
also showed a stronger sensitivity to the particle size and
surface structure than the other sites. For instance, for a 1 nm

Pt particle, the bond strength for on-top adsorption of OH
varied from −2.61 eV at the center of the (100) facet to −3.35
eV at a vertex of the Pt particle (Figure 19 inset).151 The
authors’ conclusions are implicitly supported by DFT
calculations.152 Lin et al.152 studied several Pt clusters (size
range from 3 to 40 atoms) with three different shapes using the
DFT approach. The reported results indicate that for all of the
clusters, the absolute value of the OH binding energy (OHBE)
increases with increasing cluster size. The behavior is
summarized in Figure 19, predicting some constant but low
values of the OHBE on the surface of large Pt clusters. As the
cluster size increases, the average coordination number of
surface Pt atoms also increases (lower fraction of edge and kink
sites).
Mazher and Al-Odail153 focused on the Volmer process of

the HOR catalysis in alkaline media, as described by the ab
initio DFT approach. The investigated system comprised an
adsorbent (Tafel’s hydrogen preadsorbed monolayer), a
metallic Pd(111) surface, and an approaching OH radical.
The proximity of a hydroxyl radical to the Had−Pd(111) surface
was expected to bring a free energy change as a function of the
radical’s distance from the surface. A free energy minimum of
ΔGH = −2.495 eV was calculated for a distance of 3.1 Å
between the hydroxyl oxygen and the Pd surface. Water
formation was then expected as a next step when this
configuration was reached, and some computational evidence
supported this idea, with an O−H bond length of 0.978 Å and
H−O−H bond angle of 103.6°, similar to those found in a free
water molecule. A similar formation of water was predicted at
ca. 3.2 Å by Quaino et al.154

Balbuena et al.155 studied the OHBE and preferred
adsorption sites of OH for bimetallic or bifunctional Pt
clusters, such as PtX, Pt2X, and PtX2 (X = Co, Cr, Ni). The
second metal element in the alloy was shown to have a stronger
affinity for OH than the Pt sites. Moreover, the authors showed
that the second metal could adsorb up to two OH radicals per
site. The relative OH adsorption strength on Pt(111) was
shown to change with the adsorption mode, decreasing in the
following sequence: top > bridge > hollow.155 Michaelides and
Hu156 used DFT to study the adsorption of hydroxyl radical at

Figure 19. (A) OH binding energies (OHBEs) per atom for three selected types of Pt nanoclusters. (B) 1 nm Pt cluster. The coordination number
Z is the average nearest-neighbor coordination number of the Pt atoms. Reprinted with permission from ref 152. Copyright 2009 Springer Science
+Business Media.
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low and high OH coverage and the nature of the intermediate
in the formation of water on Pt(111). At low coverage (1/9 to
1/3 monolayer), OH binds preferentially at bridge and top sites
with a chemisorption energy of ca. 2.25 eV. At high coverage
(1/2 to 1 monolayer), hydrogen bonding between adjacent
hydroxyls increases the OH chemisorption energy to ca. 2.5 eV,
with a strong preference for on-top OH adsorption, leading to
the formation of OH networks. In the work of Elbert et al.,106

the DFT-calculated adsorption energies of H on Pt(111) and
Pt3Ru(111) were determined to be −0.33 and −0.19 eV,
respectively. It was also shown tha, when a Ru site on
Pt3Ru(111) binds OHad, the Pt−Had bonding is further reduced
to −0.12 eV (Table S1). Thus, the authors believed that the
incorporation of Ru induces an electronic effect that weakens
the Pt−Had interaction. This likely benefits the oxidative
desorption of Had, which was theoretically shown to be the
RDS of the HOR in alkaline media.106

The selection of studies briefly discussed in this section is far
from exhaustive, but the analyses shed some light on the effect
played by OH adsorption as the potential intermediate involved
in the HOR in alkaline media. The conclusions made in these
studies are of high importance for understanding the behavior
of OH (co)adsorption on different catalytic surfaces and of the
factors determining the surface occupancy by OH.
4.2.2. Experimental Studies on the Effect of Oxygenated

Species on Monometallic Surfaces. As discussed in the
previous sections, it is accepted by many scientists in the field
that the HOR in basic media involves two adsorbed species, Had
and OHad. Free adsorption sites are required for both the
chemisorption of H2 and the adsorption of OH species.
Therefore, it seems reasonable to expect a change in the ability
of a surface to catalyze the HOR as a function of its ability to
coadsorb oxygenated species in parallel with Had.
A clear illustration of the OH adsorption effect on the HOR

kinetics in alkaline media for different facets of Pt was given by
Markovic ́ et al.46 Cyclic voltammetry revealed that Pt(111)
exhibits separate potential regions for HUPD (0 < E < 0.4 V)
followed by the double-layer potential region (ca. 0.4 V < E <
0.6 V) and the “butterfly region” (0.6 < E < 0.9 V). The
butterfly region on Pt(111) is commonly assumed to represent
the discharge of OH− to form a hydroxyl adlayer, while on the
Pt(100) and Pt(110) facets HUPD desorption clearly overlaps
with OH adsorption (Figure 9).
CO oxidation was used by Markovic ́ et al.46 as an indicator of

the presence of oxygen species, since CO oxidation on Pt
follows a Langmuir−Hinshelwood surface reaction between the
adsorbed CO and oxygen-containing species to form CO2.

157

Electro-oxidation of CO in 0.1 M KOH on Pt(hkl) at 2 and 60
°C was studied by Schmidt et al.98 as an indicator of the

presence of OHad on the surface. Because the onset for CO
oxidation on Pt(111) was observed in the HUPD potential
region, it was proposed that OHad is coadsorbed with HUPD.
OH adsorbs selectively at defect sites with a Pt−OHad bond
energy of ca. 206−216 kJ mol−1, which can be compared with
the Pt−OH bond energy of ca. 136 kJ mol−1 in the “butterfly
region”. Thus, the catalytic activity of Pt facets in the HUPD

potential region implies that in alkaline solution, OHad is
adsorbed at potentials below ca. 0.2 V. On Pt(100), the
dissociative adsorption of H2 molecules was shown to be
inhibited even at low surface coverage by OHad.

46 The
relationship of the kinetic current density (ik), determined
from the y intercept of the Levich−Koutecky plot, and the
surface coverage (θ), obtained from the adsorption isotherm of
OHad, was plotted in the form of log ik versus log(1 − θ). The
resulting relationship was found to be linear with a slope of 2.46

This implies that the current density of the HOR on Pt(100) in
the OHad region decreases as the second power, i.e.,
unoccupied Pt pair sites are required for the dissociative
chemisorption of H2.
Direct experimental evidence of the OH coadsorption effect

on the HOR electrocatalysis on a broad range of catalytic
materials was reported by Strmcnik et al.70 A series of catalytic
materials including Au, Ru, Pt, and Ir having different affinities
for H and OH were investigated in regard to the HOR in 0.1 M
KOH (Figure 20).70 The HOR on Au(111) in alkaline
solutions occurs above 0.6 V vs RHE, coinciding with the
adsorption of OHad: the onset observed above 0.6 V is followed
by an increase in the oxidation current at 1.1 V and a rapid
decrease in activity above 1.3 V. For Ir, on the basis of a CO
displacement experiment,158 it was shown that hydrogen
adsorption/desorption on Ir is also accompanied by OHad

desorption/adsorption. This is believed to be the main reason
for the 25-fold higher HOR activity at 0.05 V for Ir(111)
compared with Pt(111). For Pt, Strmcnik et al.70 reported that
the HOR activity is sensitive to the catalyst structure in alkaline
solutions, mainly because of the stronger OHad adsorption on
low-coordinated Pt atoms versus highly coordinated Pt sites.
This hypothesis is in good agreement with the theoretical
studies discussed in section 4.2.1. To further support the
hypothesis, the number of low-coordinated sites on Pt(111)
terraces was either decreased by using a CO annealing protocol
or increased by depositing Pt adislands. As expected, the HOR
was strongly inhibited on the former surface, while it was
activated on the latter.
No inhibition of the HOR by surface oxygenated species was

observed on Pt(110), which has more coordinatively
unsaturated Pt atoms and also higher HOR activity than

Figure 20. HOR polarization curves (black) and CVs (dashed red) for (A) Au(111), (B) Pt(111), and (C) Ru(0001) recorded in 0.1 M KOH. All of
the polarization curves were measured at a rotation rate of 1600 rpm. Reprinted with permission from ref 70. Copyright 2013 Springer Nature.
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Pt(111) and Pt(100) despite a larger coverage by oxygenated
species on Pt(110).108

The experimental data provided by Markovic ́ and co-
workers46,108 and Strmcnik et al.70 for the HOR in alkaline
media for monometallic surfaces serve as a clear example of
bifunctional catalysis taking place on active centers that, while
based on the same metal, are energetically different.
On the basis of these experimental observations, it was

concluded that fine-tuning of the OH adsorption energy offers
a promising pathway for the design of more efficient anode
catalysts in basic media. The mainstream approach to realize
this tuning is to develop bimetallic materials that provide
chemically different active sites for the dissociative adsorption
of H2 and adsorption of reactive OHad, as discussed in the next
subsection.
4.2.3. Experimental Studies on Bifunctional HOR Catalysts

Designed with Several Metals. In order to compare the
oxophilicities of Pt/C and PtRu/C in alkaline media and to
show that the oxophilicity of the surface plays a crucial role,
Wang et al.6 employed CO stripping as a probe experiment.
The results evidenced that reactive hydroxyl species can be
generated on certain sites of the Pt surface at more negative
potentials (onset of CO stripping at ca. 0.2 V) than on the
PtRu surface (onset of CO stripping at ca. 0.35 V). Therefore,
the authors concluded that the enhancement in the kinetics of
the HOR catalyzed by PtRu/C can hardly be ascribed to an
oxophilic effect but rather is due to weakening of the Pt−Had

interaction.6 More explicit examples of bifunctional catalysis are
provided by Strmcnik et al.,70 Alesker et al.,18 and Miller and
co-workers.22,23 A Pt0.1Ru0.9 catalyst was investigated in the
HOR in 0.1 M KOH by Strmcnik et al.70 The authors showed
that the activity of the Pt0.1Ru0.9 catalyst in alkaline solution can
be more than 5-fold higher than that of state-of-the-art
platinum catalysts. It was proposed that Pt0.1Ru0.9 has an
optimal balance between the active sites that are required for
the adsorption/dissociation of H2 and for the adsorption of
hydroxyl species.70 The more oxophilic sites in PtRu catalysts
(i.e., Ru oxophilic atoms) are assumed to facilitate the
adsorption of OHad species. Those in turn react with the
hydrogen intermediates (Had) that are adsorbed on the less
oxophilic noble surface sites (e.g., Pt).

Another type of bimetallic catalyst, namely, Pd/Ni, was
synthesized and investigated by Alesker et al.18 The contact
between Pd and Ni nanoislands was proved to significantly
enhance the activity of the Pd catalyst, as evidenced by a
negative shift of ca. 0.2 V in the HOR onset potential compared
with the case of a Pd-only catalyst. The high activity of this Pd/
Ni nanocomposite was assigned to the presence of OHad

species, or bifunctional catalysis, on the surface of the oxophilic
Ni (Figure 6B), although no direct experimental evidence was
provided. Bakos et al.71 demonstrated that a Pd coverage as low
as 1.5% on Ni nanoparticles is sufficient to provide bifunctional
catalysis at a high current density (0.57 mA cm−2

Pd at an
overvoltage of 0.05 V; Table S3) compared with pure Ni. The
current density increases linearly with the Pd coverage up to a
Pd coverage of 17%. Upon further increases in the Pd coverage,
the current density reaches a plateau. The comparison with Pd
supported on carbon shows the clear benefit of the bimetallic
catalyst, the latter having an i0 value of ca. 1 mA cm−2

Pd for
1.5% Pd/Ni in 0.1 M KOH (Table S2). Significant progress in
non-PGM AEMFC performance (section 5) was recently made
through the development of CeO2-decorated carbon-supported
nanoparticles by Miller and co-workers.22,23 The authors
ascribe the catalytic effect to bifunctional catalysis between
Pd and the oxophilic ceria (Figure 6A), although oxide-
supported catalysts are widely known for their hydrogen-
spillover properties,159 which could play a role in the HOR
electrocatalysis as well.
Very recently, Ramaswamy et al.160 proposed a heretofore

unknown modern rendition of the double-layer structure
wherein specifically adsorbed (M−OHad) and quasi-specifically
adsorbed (M−Had/UPD−OHq‑ad) reactive hydroxide species
described appropriately the H2 oxidation kinetics at high pH
on monometallic as well as bimetallic catalyst surfaces. Here
OHad refers to the specifically adsorbed reactive species
localized in the inner Helmholtz plane and OHq‑ad refers to
the quasi-specifically adsorbed reactive species localized in the
outer Helmholtz plane. According to this rendition, it was
proposed that the fundamental limitation in the alkaline HOR
process is closely related to the ability to bring a negatively
charged hydroxide anion to the plane of closest approach of the
negatively charged electrode surface (eq 20):

Figure 21. Relationship between the HOR electrocatalysis and electrochemical double-layer structure. Reprinted with permission from ref 160.
Copyright 2017 Elsevier.
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+ + → +−Pt H OH Pt H Oad 2 (20)

Ramaswamy’s work160 provides experimental evidence high-
lighting the need to distinguish the concepts of HBE
(applicable only for predicting the reaction rate close to
equilibrium) and the HOR catalysis in general (including also
the reaction far from equilibrium).
On a monometallic Pt surface, the higher overpotential

required for the HOR on Pt in alkaline electrolytes was
suggested to be due to the higher activation energy required to
reach an exclusive transition state structure of the form Pt−
Had−OHq‑ad, which is not involved under acidic conditions.
This transition state structure requires a higher activation
energy since it involves the approach of a negatively charged
anion (OH−) to the plane of closest approach (i.e., the outer
Helmholtz plane in the double layer) to form the quasi-
adsorbed species OHq‑ad. It was proposed that the HOR
overpotential can be reduced by alloying a primary active site
capable of dissociatively adsorbing H2 (e.g., Pt) with either (i) a
base transition metal (Mb) that is passivated with a (hydr)oxide
layer (Mb−OHad) at potentials low enough in the HOR region
or (ii) a metal, typically from a precious metal group (Mp) that
can activate one-electron reduction of water to form Mp−
Had/UPD−OHq‑ad clusters. In such bimetallic systems, the Pt−
Had intermediate reacts either with the OHad species formed on
an adjacent base metal (Mb−OHad) in the former case or with
the OHq‑ad species formed on the precious metal alloying
element (Mp−HUPD−OHq‑ad) in the latter case to enhance the
HOR kinetics (Figure 21).
The generic reaction mechanism proposed for the HOR in

dilute alkaline electrolytes on mono- and bimetallic catalyst
systems is the following. M1 represents a metal site capable of
dissociatively adsorbing molecular hydrogen. In Figure 21B, the
alloying element Mp represents a precious metal site capable of
forming HUPD in the alkaline electrolyte. In Figure 21C, the
alloying element Mb represents a base metal site passivated with
adsorbed (hydr)oxide species in dilute alkaline electrolytes.
The synergetic effect observed for the multicomponent/

multiphase electrocatalysts in the HOR, as opposed to
unmodified monometallic catalysts, still needs to be proven
via direct experimental data revealing the functionalities of the
components. This is more relevant for new composite materials
like Pd@CeO2, Pd@Ni, etc. discussed hitherto, since Pt@Ru
alloys can be considered as a conventional example of
bifunctional catalysis in the field of electrochemistry. Theoreti-
cal predictions for such multicomponent and multiphase
systems are complicated, and therefore, vast experimental
screening of a material library is needed in order to shed some
light on the phenomenon of bifunctional electrocatalysis for the
HOR in alkaline media.

5. CHALLENGES IN THE IMPLEMENTATION OF THE
HOR ELECTROCATALYSTS IN AEMFCS

The results discussed in this work have aimed to summarize the
fundamental knowledge on the HOR electrocatalysis in basic
media. Eventually, such electrocatalysts are intended to be used
on the anode of H2−air AEMFCs. Therefore, the properties of
the HOR catalysts have to meet specific requirements to sustain
the working conditions of AEMFC anodes. The conditions
include elevated temperatures (possibly up to 95 °C in the
future, when developed AEMs will resist such temperatures);
high pH values of 11−14 (simulating the conditions in the
anion conducting ionomers and membrane); changing relative

humidity (from the highly humid water-generating anode to the
dry and hydroxyl-microsolvated cathode); the possible presence
of trace O2 while the AEMFC is idle or during the start/
shutdown cycles, with possible associated high anode potential
if the anode catalyst also shows some ORR activity; possible
poisoning upon contact with the AEI and AEM (functional
groups, trace amount of halogen cations remaining from
ionomer production). This section summarizes key observa-
tions on the performance of AEMFCs to date, explores how
these experimental observations can be linked to the
fundamental development of the HOR catalyst surface, and
identifies some important concepts for successful implementa-
tion of catalysts with high HOR activities in liquid electrolytes
as highly active AEMFC anodes where the interface is catalyst−
AEI.

5.1. Beginning-of-Life Performance of Pt/Pt AEMFCs.
Currently there are around 150 studies reporting AEMFC
performance, as recently summarized by Dekel3 and Gottesfeld
et al.161 Among them, most anode catalysts are Pt-based (Table
S4).4,6,7,9−11 An analysis of the AEMFC literature shows that
the highest cell performances were registered for MEAs
containing a PtRu catalyst on the anode side.4,6,7,9,10 It was
shown that PtRu alloys have an exchange current density 2 to 6
times higher than that of Pt,70 as previously shown in liquid
electrolyte studies (see section 4 and Table S2). Recently,
through proper water management and electrode design, the
possibility of reaching high BoL performances of AEMFCs was
shown with Pt- and PtRu-based catalysts on the cathode and
anode, respectively (see Table S4). Usual Pt loadings at the
anode are 0.4−1 mg cm−2, and the Pt content supported on
carbon spans between 20 and 100% (platinum black). The
most common ionomer loadings in the catalytic layer are 20−
30%, but the chemical nature of the ionomers and the way they
are mixed with the catalyst vary from study to study.

5.2. Beginning-of-Life Performance of Pt-Free
AEMFCs. Only a very few works on Pt-free AEMFCs are
documented.18−23 Some more detailed information on Pt-free
AEMFCs is provided in Table S5, which is supplementary to
Figure 11 in Dekel’s recently published review.3 A high peak
power density of 500 mW cm−2 was reached for Pd/C−CeO2
(10% Pd) at 73 °C with a dry anode and fully humidified
cathode.22 Lower power densities of 460 and 390 mW cm−2

were obtained with Pd/C−CeO2 (20% Pd) and Pd/C−CeO2
(6% Pd), respectively, as the anode catalyst.23 Much lower
performance has been observed for PGM-free AEMFCs.
Currently, a maximum power density of 76 mW cm−2 was
reached with partially passivated Ni nanoparticles on the anode
and Ag nanoparticles on the cathode.20 Rather high loadings of
silver or silver alloys are utilized on the cathode (up to 3 mg
cm−2). The loadings of Ni-based catalysts are even higher (5−
17.5 mg cm−2

Ni). Lu et al.20 have claimed that there was no
degradation of their AEMFC with NiCr/C as the anode for ca.
100 h of operation. The longevity of Ni-based anodes is limited
by the catalyst chemical and electrochemical passivation in the
AEMFC, as opposed to traditional liquid-electrolyte-based
alkaline fuel cells (AFCs) with highly concentrated alkaline
solutions (e.g., 30%). Wagner et al.162 and Gülzow et al.163 have
demonstrated nickel anodes to exhibit a 5000 h level or even
higher catalyst durability in liquid-electrolyte-based AFCs. The
relatively small anode losses reported for Ni catalysts in liquid
circulating alkaline fuel cells131,135,164 could not be reproduced
for AEMFC anodes using Ni or other PGM-free catalysts.
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Lu et al.20 have shown that the Ni catalysts commonly used
in AFCs do not work well in AEMFCs. It was found that the
hydrogen anodes made from such Ni catalysts show an
electrode potential characteristic of nickel oxides instead of the
potential of a hydrogen electrode. The electrolysis method used
in AFCs to activate the Ni anode in a separate electrolyzer139 is
unfortunately inapplicable for AEMFCs using a MEA structure
unless a bifunctional oxygen electrode can be found.
Villarrubia et al.165 investigated the behavior of nonprecious

Ni-based catalysts in the presence of quaternary-ammonium-
functionalized ionomers and showed that the time-dependent
cationic group adsorption is less than that for a Pt catalyst.
These studies suggest that organic cation chemisorption and
the resultant inevitable Pt surface layer change could be a major
issue responsible for the low AEMFC performance and
durability. However, no significant effect of cationic groups
on the HOR kinetics of non-PGM catalysts has been observed.
5.3. Anion-Exchange Ionomer−HOR Electrocatalyst

Interface. Studies of the interface between AEIs and HOR
electrocatalysts are still in their infancy. To date there have
been only a few studies reporting the effect of different AEIs
and cationic groups on Pt catalytic properties. Those few
studies nevertheless all clearly show the poisoning of Pt by the
anion ionomer. Yim et al.166 showed that in 0.1 M 1,1,3,3-
tetramethylguanidine and benzyltrimethylammonium hydrox-
ide solutions, the HOR activity of Pt is limited by adsorption of
the cationic group. The cation adsorption results in a rapid
activity decrease, from which the authors hypothesized that this
could be one of the reasons for AEMFC performance
degradation. In the same study,166 the authors also investigated
the HOR at the Pt−AEI interface using two different AEIs,
benzyltrimethylammonium-tethered poly(phenylene) (ATM-
PP) and a phenylpentamethylguanidinium-tethered perfluori-
nated polymer (M-Nafion-FA-TMG). Substantial inhibition of
the HOR was shown for the Pt−ATM-PP interface due to the
possible cationic group adsorption, whereas the reaction was
virtually unaffected at the Pt−M-Nafion-FA-TMG interface.
Chung and co-workers167,168 showed that the HOR of Pt in 0.1
M tetramethylammonium hydroxide solution is adversely
impacted by time-dependent and potential-driven cation−
hydroxide−water coadsorption. Impedance analysis suggested
that the HOR inhibition is mainly caused by the hydrogen
diffusion barrier of the coadsorbed trilayer rather than intuitive
catalyst site blocking by the adsorbed cation species.167

Matanovic et al.169 compared the HOR with carbon-supported
Pt in 0.1 M tetramethylammonium hydroxide and benzyl-
trimethylammonium hydroxide solutions to study the possible
effect of benzene adsorption on the HOR activity under
alkaline conditions. The HOR activity of Pt was shown to be
inhibited by benzene adsorption, while bimetallic catalysts such
as PtMo/C, PtNi/C, and PtRu/C can reduce the adsorption of
benzene and thereby improve the HOR activity.
Finally, as a brief summary of this section, we would like to

emphasize that significant progress has already been made in
the understanding of water management in AEMFCs with Pt-
based and especially PtRu-based electrodes. Water transport
was identified as one of the most limiting parameters, and its
management resulted in high current densities above 3 A cm−2

and peak power densities of 0.6−1.5 W cm−2. Even though Pt-
free AEMFCs underperform those cells based on Pt catalysts
(Table S5), the recently achieved performance of 0.12 W cm−2

with NiMo anode catalysts shows that PGM catalysts might be
replaced by PGM-free catalysts at both electrodes of AEMFCs

in the near future. Studies of the specific chemical and physical
interactions between the catalyst surface and anion-exchange
ionomers/ion-exchange membranes should be particularly
mentioned as an understudied aspect of MEA design in
AEMFCs.

6. CONCLUSIONS
From a thermodynamic viewpoint, AEMFC technology opens
up possibilities for using a broad class of PGM-free materials to
catalyze the electrochemical reactions in low-temperature
polymer electrolyte fuel cells, which is highly promising to
solve the cost barriers of the mature PEMFC counterpart. It is
well-recognized, however, that the competitive interest of
AEMFCs versus PEMFCs hinges on the further development
of (i) highly active and affordable PGM-free catalysts and (ii)
more stable AEM and AEI materials. The former task is mainly
challenged by the sluggish kinetics of the HOR in alkaline
media, even for PGM-based electrocatalysts. Thus, the energy
conversion efficiency and power density of AEMFCs are limited
not only by the ORR kinetics, as was known before, but also by
the HOR kinetics, especially when moving to PGM-free
catalysts. In this review, we have shown that all non-PGM
catalysts that are currently known to catalyze the HOR
comprise nickel, often alloyed with a one or more non-PGM
metals. However, the HOR mechanisms of such materials are
still poorly understood, and the progress in their synthesis is
restricted because of the trial-and-error approach. Our review
embraces both state-of-the-art experimental and theoretical
studies on the HOR electrocatalysis in basic media. We have
critically discussed the most recent electrocatalyst design
approaches, which are mainly based on the following:

(1) The hypothesized HOR mechanisms, assuming one of
the following steps to be rate-determining: (A)
dissociative adsorption of molecular dihydrogen, (B)
electron transfer from molecular dihydrogen to the
catalyst, and (C) discharge of the adsorbed hydrogen
atom.

(2) The widely discussed “HBE theory” considering H2

dissociation as the HOR bottleneck and mostly dealing
with theoretical investigations.

(3) The disputable “HUPD concept” assuming HUPD species
to be the HOR intermediate.

(4) The “bifunctional theory” implying the key role of the
multifunctional catalytic surface which provides sites for
adsorption of H and OH species. In contrast to the HOR
in acidic media, where all of the accessible active sites are
solely destined to chemisorb hydrogen atoms, in alkaline
media the catalytic surface has to provide active sites for
the coadsorption of hydrogen atoms as well as adsorbed
hydroxide species.

Since each subsection of this review includes specific
subconclusions, those are not repeated here. Instead, we
outline here possible directions for future investigations based
on the current scientific background existing in the field, which
this review has attempted to summarize. Even though
significant progress has been achieved lately in understanding
the main factors restricting the performance of AEMFCs with
Pt(PGM)-based electrodes and high beginning-of-life peak
power density values of above 1 W cm−2, the precious metal
catalyst loadings on the anode are quite high (up to 0.6 mg
cm−2). This motivates the development of ultralow-PGM
catalysts and scale-up of the synthetic methods. Even though
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state-of-the-art non-PGM AEMFCs underperform those based
on Pt catalysts, the recently achieved performance of Ni-based
anode catalysts demonstrates the potential for PGM-free
AEMFC cathodes and anodes. Thus, non-PGM HOR electro-
catalysis is a promising field of research. In our opinion, the
following challenging tasks are important to further advance the
knowledge in the HOR electrocatalysis in alkaline media:

1. Experimental studies focusing on the alleged bifunctional
effect in the HOR catalysis for improved multi-
component electrocatalysts and better theoretical under-
standing of the fine-tuning balance between H and OH
coadsorption along with electron transfer processes.

2. Systematic studies to investigate the effect of modifying
Ni, mostly with transition metals, on its electrocatalytic
activity.

3. Exploration of novel non-PGM and non-Ni electro-
catalytic materials with high affinity for hydrogen
chemisorption.

4. Development of new approaches to decrease surface
oxidation or OH coverage at moderate overpotentials.

5. Stability studies on the HOR electrocatalysts, including
load cycling, operando analysis of the metal leaching rate,
and the effects of startup/shutdown and the presence of
air in the anode compartment.

6. Improved understanding of the interactions between
anion-exchange ionomers and various electrocatalysts.

Advances in the above-mentioned challenges will help replacing
PGM catalysts with non-PGM catalysts at the anode in the
future, thereby strongly contributing to the establishment of
AEMFC technology as a genuine alternative to PEMFCs.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscatal.8b00689.

Table S1. Summary of theoretical and experimental
values of HBE, metal−hydrogen bond energy and free
energy of hydrogen adsorption, and energy of the d-band
center for a variety of catalytic materials, as reported in
the literature. Table S2. Exchange current density, mass
specific activity, and activation energy values for the
HOR in basic electrolytes on different electrocatalytic
materials. Table S3. Specific activity and mass specific
activity values at polarizations of 0.05 and 0.1 V for the
HOR in basic electrolytes on different electrocatalytic
materials. Table S4. Beginning-of-life performance of Pt/
Pt-based state-of-the-art AEMFCs, brief MEA fabrication
procedures, fuel cell test conditions, peak power densities
in W cm−2 and corresponding current densities in mA
cm−2, and current densities in mA cm−2 at cell voltages of
0.85 and 0.6 V. Table S5. Beginning-of-life performance
of Pt-free state-of-the-art AEMFCs, brief MEA fabrica-
tion procedures, and the fuel cell test conditions (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*Elena S. Davydova e-mail: elena.s.davydova@gmail.com.
*Dario R. Dekel e-mail: dario@technion.ac.il.

ORCID
Dario R. Dekel: 0000-0002-8610-0808

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was partially funded by the European Union’s
Horizon 2020 Research and Innovation Program under Grant
Agreement 721065 (Project CREATE); by the Grand
Technion Energy Program (GTEP); by the Ministry of
Science, Technology and Space of Israel through the M.era-
NET Transnational Call 2015, NEXTGAME Project (Grant 3-
12940), through the Israel−Germany Batteries Collaboration
Call 2017 (German Grant 2675), and through Grant 3-12948;
by the Russell Berrie Nanotechnology Institute, Technion; by
the 2nd Israel National Research Center for Electrochemical
Propulsion (INREP2-ISF); by the Ministry of National
Infrastructure, Energy and Water Resources of Israel (Grant
3-13671); and by the Israel Science Foundation (ISF) (Grant
1481/17).

■ REFERENCES
(1) Varcoe, J. R.; Atanassov, P.; Dekel, D. R.; Herring, A. M.;
Hickner, M. A.; Kohl, P. A.; Kucernak, A. R.; Mustain, W. E.;
Nijmeijer, K.; Scott, K.; Xu, T.; Zhuang, L. Anion-Exchange
Membranes in Electrochemical Energy Systems. Energy Environ. Sci.
2014, 7, 3135−3191.
(2) Varcoe, J. R.; Slade, R. C. T. Prospects for Alkaline Anion-
Exchange Membranes in Low Temperature Fuel Cells. Fuel Cells 2005,
5, 187−200.
(3) Dekel, D. R. Review of Cell Performance in Anion Exchange
Membrane Fuel Cells. J. Power Sources 2018, 375, 158−169.
(4) Mamlouk, M.; Horsfall, J. A.; Williams, C.; Scott, K. Radiation
Grafted Membranes for Superior Anion Exchange Polymer Membrane
Fuel Cells Performance. Int. J. Hydrogen Energy 2012, 37, 11912−
11920.
(5) Mamlouk, M.; Scott, K.; Horsfall, J. A.; Williams, C. The Effect of
Electrode Parameters on the Performance of Anion Exchange Polymer
Membrane Fuel Cells. Int. J. Hydrogen Energy 2011, 36, 7191−7198.
(6) Wang, Y.; Wang, G.; Li, G.; Huang, B.; Pan, J.; Liu, Q.; Han, J.;
Xiao, L.; Lu, J.; Zhuang, L. Pt−Ru Catalyzed Hydrogen Oxidation in
Alkaline Media: Oxophilic Effect or Electronic Effect? Energy Environ.
Sci. 2015, 8, 177−181.
(7) Kaspar, R. B.; Letterio, M. P.; Wittkopf, J. A.; Gong, K.; Gu, S.;
Yan, Y. Manipulating Water in High-Performance Hydroxide
Exchange Membrane Fuel Cells through Asymmetric Humidification
and Wetproofing. J. Electrochem. Soc. 2015, 162, F483−F488.
(8) Li, G.; Wang, Y.; Pan, J.; Han, J.; Liu, Q.; Li, X.; Li, P.; Chen, C.;
Xiao, L.; Lu, J.; Zhuang, L. Carbonation Effects on the Performance of
Alkaline Polymer Electrolyte Fuel Cells. Int. J. Hydrogen Energy 2015,
40, 6655−6660.
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G. The Hydrogen Evolution Reaction on Rhenium Metallic
Electrodes: A Selected Review and New Experimental Evidence.
Electrocatalysis 2015, 6, 263−273.
(86) Garcia-Garcia, R.; Rivera, J. G.; Antaño-Lopez, R.; Castañeda-
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