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Anion exchange membrane (AEM) fuel cells have gained great attention partially due to the ad-
vantage of using non-precious metal as catalysts. However, the reaction kinetics of hydrogen oxida-
tion reaction (HOR) is two orders of magnitude slower in alkaline systems than in acid. To under-
stand the slower kinetics of HOR in base, two major theories have been proposed, such as (1) pH
dependent hydrogen binding energy as a major descriptor for HOR; and (2) bifunctional theory
based on the contributions of both hydrogen and hydroxide adsorption for HOR in alkaline electro-
lyte. Here, we discuss the possible HOR mechanisms in alkaline electrolytes with the corresponding
change in their Tafel behavior. Apart from the traditional Tafel-Volmer and Heyrovsky-Volmer HOR
mechanisms, the recently proposed hydroxide adsorption step is also discussed to illustrate the
difference in HOR mechanisms in acid and base. We further summarize the representative works of
alkaline HOR catalyst design (e.g., precious metals, alloy, intermetallic materials, Ni-based alloys,
carbides, nitrides, etc.), and briefly describe their fundamental HOR reaction mechanism to empha-
size the difference in elementary reaction steps in alkaline medium. The strategy of strengthening
local interaction that facilitates both Hz desorption and Hads + OHads recombination is finally pro-
posed for future HOR catalyst design in alkaline environment.
© 2021, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

both hydrogen oxidation reaction (HOR) and oxygen reduction
reaction (ORR) [5-13]. For reaction kinetics in AEM fuel cells,

Hydrogen as a critical and indispensable element plays a
significant role in a secure, clean and sustainable energy system
[1,2]. Operating on H: (anode) and O2/Air (cathode) feeds, fuel
cells enable a high energy conversion efficiency and lower
emissions [3]. Therefore, great efforts have been devoted for
the development of fuel cells in both acidic and alkaline media
[4]. As compared to proton exchange membrane (PEM) fuel
cells, anion exchange membrane (AEM) fuel cells provide the
benefits of using Pt group metal-free (PGM-free) catalysts for
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oxygen reduction reaction (ORR) on cathode exhibits an at least
five orders of magnitude lower exchange current density (ios)
than hydrogen oxidation reaction (HOR) on anode over pre-
cious metals, such as Pt [14-18]. Accordingly, ORR has gained
much higher attentions compared to the HOR from the catalyst
design and development perspective due to the sluggish kinet-
ics. However, it is important to note that considering Pt cata-
lyst, the intrinsic kinetics of HOR is two orders of magnitude
slower in alkaline electrolytes than in acidic environment,
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which could largely reduce the overall energy efficiency of AEM
fuel cells [16-18]. For example, Gasteiger and co-workers re-
ported the HOR ios of 120 mA cm-2p; at 40 °C and 470 to 600
mA cm-2p: at 80 °C over Pt/C in PEM fuel cells [19,20]. In con-
trast, Sheng et al. [18] reported the HOR ios of 0.69 and 0.57 mA
cm-2p: in 0.1 M NaOH at 21 °C over polycrystalline (pc) Pt and
Pt/C, respectively. Rheinldander et al. [16] also demonstrated
the HOR io;s of 0.55 mA cm-2pt from Pt(pc) in 0.1 M NaOH at 20
°C. Similar HOR activity decreases from acid to base was also
observed in case of other PGMs, such as Pd (5.4 to 0.06 mA
cm-2pq at 40 °C), Ir (48 to 0.4 mA cm-2rr at 40 °C), etc. [15,20,21].
Owing to this relatively slow HOR kinetics in alkaline electro-
lyte, a large HOR overpotential of 130 to 150 mV is expected to
operate anion exchange membrane fuel cell (AEMFC) with a
current density of 1.5 A cm=2g, at 80 °C. To circumvent this
issue, often a higher Pt loading is required [12,18].

To understand the HOR Kinetics in alkaline medium, differ-
ent interpretations have been proposed. Yan’s group reported
the hydrogen binding energy (HBE) (i.e., derived from the dif-
ferential Gibbs free energy of hydrogen adsorption, AGu+) is the
sole descriptor that can control the HOR and hydrogen evolu-
tion reaction (HER) activity in alkaline environment in pres-
ence of different monometallic catalysts [21-23]. They found
that most metals have stronger hydrogen binding in base than
in acid, and a volcano-typed relationship between hydrogen
binding energy and ios of HOR/HER also can be established
[24-26]. Sheng et al. [22] further proposed a pH-dependent
HBE theory by correlating the HBE with hydrogen underpoten-
tial deposition (Hupd) peak position measured in different pH
buffer solutions, and found that hydrogen adsorption strength
monotonically increases with pH. However, Koper and
co-workers pointed out that Hupda peaks position could be af-
fected by the adsorption of both hydrogen and oxygenated
species [27,28]. Janik and co-workers also reported that the
cation-hydroxyl co-adsorption contributes to pH dependence of
HBE on Pt electrode, and changing pH with cations varying in
the near surface region can change very little on hydrogen and
metal interaction [29,30]. Based on these studies, Yan and Xu
groups re-defined the HBE as the apparent hydrogen binding
energy (HBEapp) which involves both HBE and water adsorp-
tion energy (i.e., AGu+app= AGn* — AGuzo+) [31,32]. They demon-
strated that the intrinsic HBE is pH independent, while water
adsorption strength is weakened with increasing pH (i.e., the
value of AGuz0+ increases). Consequently, the value of HBEapp
(i.e., AGn*app) decreases as pH increasing, leading to the shift in
Hupd peak position along with the change in pH. On the other
hand, a bifunctional mechanism was proposed by Markovic and
co-workers to explain the slower HOR kinetics at high pH. They
proposed that both oxophilicity of catalyst and optimal HBE
benefit HOR in alkaline electrolyte, as evidenced by higher HOR
activity on oxophilic Ru and PtRu catalysts than Pt in alkaline
solution [33-35]. This bifunctional mechanism pertaining to
the HOR in alkaline medium has recently been studied. Corre-
spondingly, HOR mechanism based on OH™ adsorption and
consequent 3D volcano-type relationship was recently pro-
posed as a guidance for HOR catalysts design and development
in alkaline media [36-38].

The objective of the present review article is to discuss the
recent progress in alkaline HOR with a special emphasis on
reaction mechanism. The design principle and the correspond-
ing electrocatalyst development based on sole HBE and bifunc-
tional theory is highlighted. We start with a brief description of
fundamental HOR reaction mechanism to emphasize the dif-
ference in elementary reaction steps in alkaline medium. Then,
we summarize the representative alkaline HOR catalysts, in-
cluding both precious and non-precious catalysts. Finally, we
provide perspectives for future alkaline HOR catalyst design
and development according to the improvement of interaction
between two factors that facilitate Hz dissociation and recom-
bination of adsorbed hydrogen and hydroxide, respectively.

2. Kinetic analysis and mechanisms of HOR

In acid, HOR can be simply described by two out of three
elementary steps involving hydrogen species only (i.e., Hz, Hads,
H+), which are dissociative adsorption of Hz without electron
transfer (Tafel step), or with one electron transfer (Heyrovsky
step), and the desorption of adsorbed hydrogen (Hads) [18,39].

The elementary steps of HOR reaction in acid:

Tafel: Hz + 2* & 2Hads 1
Heyrovsky: Hz +* <> Hadas + H* + €~ (2)
Volmer: Hads & H* +* + €~ 3)

In base, the hydroxide ion participates into the reaction, and
Heyrovsky and Volmer steps can be written as follows [12,18].
The elementary steps of HOR reaction in base:

Tafel: Hz + 2* & 2Hads 4)
Heyrovsky: Hz + OH +* <> Hads + H20 + e~ (5)
Volmer: Hads + OH™ < H20 + * + e~ (6)

Apart from the well-defined HOR mechanisms, Mukerjee’s
group further specified the hydroxide adsorption and subse-
quent H20 formation in alkaline electrolyte [12,40,41]. They
proposed that the negative charge on electrode surface with
high activation energy barrier of hydroxide anion adsorption
(OH") for Pt could prevent the directly OH™ adsorption on
monometallic metals but form a quasi-specific interaction
(Pt-Hads***OHg-ad) between Hads and OH™ (Scheme 1 in Fig. 1). In
the case of bimetallic catalysts, e.g, PtRu, it enables the for-
mation of Ru-Hupd:+*OHg-ad via one electron transfer, followed by
migration of OHg-ad to react with neighboring Pt-Hads (Scheme 2
in Fig. 1). When non-noble transition metals (e.g, Nb, Ni, Cu,
etc.) were incorporated and formed an alloy with Pt, a thin lay-
er of non-noble metal oxide/hydroxide could be generated. The
OH™ could be adsorbed on adjacent alloying element in the
fashion of NbOx(OHy)/Cu-OHad/Ni-OHad, and reacts with
neighboring Pt-Hads following the Scheme 3 in Fig. 1 [12,40,41].
Similar mechanism of Scheme 3 was demonstrated on Pt(553)
electrode with high coverage of Mo, Re, and Ru by McCrum et
al. [37]. They proposed that the RDS of HER/HOR could be the
adsorbed hydroxide (OHads) desorption step for HER and
Hads+OHads recombination for HOR [37]. As a result, a new HOR
mechanism with OH™ adsorption step in base was rewritten as
Egs. (7) to (9).

The elementary steps of HOR reaction with hydroxide ad-
sorption/desorption in base:
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Scheme 1: Monometallic
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Scheme 2: Bimetallic

Scheme 3: Bimetallic
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Fig. 1. Relationship between HOR electrocatalysis and electrochemical
double-layer structure. Generic mechanistic reaction schemes for HOR
in dilute alkaline electrolytes on mono and bi-metallic catalyst systems.
M1 represents a metal site capable of dissociative adsorption of molec-
ular hydrogen. In scheme 2, alloy element Mp represents a precious
metal site capable of forming Hupa in alkaline electrolyte. In scheme 3,
alloy element Mb represents a base-metal site passivated with ad-
sorbed (hydr)oxide species in dilute alkaline electrolytes. (Reproduced
from Ref. [40] with permission from Elsevier. Copyright (2017)).

Tafel: Hz + 2* <> 2Hads (7)

OH™ adsorption: OH™ + * <> OHags + €~ (8)

Hads and OHads recombination: Hads + OHads <> H20 + 2*  (9)
Following two out of three elementary steps of Tafel, Hey-
rovsky, and Volmer, HOR has four possible reaction mecha-
nisms, including Tafel-Volmer(RDS), Tafel(RDS)-Volmer, Hey-
rovsky-Volmer(RDS), and Heyrovsky(RDS)-Volmer. As shown
in Tables 1 and Fig. S1, when HOR/HER follows
Tafel-Volmer(RDS) mechanism, the same ideal Tafel slopes of
~118 mV dec-! are determined from both HOR and HER in
universal pH, resulting in a symmetrical Tafel plot. However, a
~29 mV dec-! Tafel slope was commonly reported previously
on Pt and Pt-based HOR catalysts in acid by using RDE tech-
nique [39,42]. However, this lower Tafel slope (~29 mV dec-1)
is originated from the H: transfer limit instead of fast HOR ki-
netics [18]. To investigate the HOR mechanism in acid,
Hz-pump system with higher Hz supplying rate was developed,
and a much higher Tafel slope of ~118 mV dec'! was obtained
on PGM catalysts, indicating their Tafel-Volmer(RDS) mecha-
nism for HOR/HER [16,20]. In contrast, the two orders of mag-
nitude slower HOR Kkinetics in base allows the intrinsic Tafel

slope measurement by using RDE technique. For PGM HOR
catalysts, very similar Tafel slopes ranging from 109 to 116 mV
dec-! were determined from Pt(pc), Pd/C, and Ir/C [21,43,44].
As a result, it can be predicted that HOR/HER follows the same
mechanism of Tafel-Volmer(RDS) in both acidic and alkaline
environment over most precious metals (e.g., Pt, Pd, Ir, etc.).

For the Tafel-Volmer mechanism with Tafel step as the RDS,
HER possesses a Tafel slope of ~29 mV dec-! in both acid and
base. However, The ideal current-potential relationship of HOR
through Tafel(RDS)-Volmer is still in debate. Since the Tafel
step is chemical reaction in the absence of electron transfer, the
HOR current should be independent of overpotential, which
has been demonstrated by Shinagawa et al. [45]. They incor-
porated hydrogen partial pressure (pnz) into HOR Kinetics ex-
pression, and found that HOR current was proportional to phz
only by assuming negligible hydrogen coverage on catalysts
surface [45]. In contrast, Krischer et al. [46] reported the HOR
Tafel slope of ~30 mV dec-! by assuming quasi-equilibrium of
Volmer step in Tafel(RDS)-Volmer mechanism in both acid and
alkaline. In practical, Heyrovsky-Volmer(RDS) could couple
with Tafel(RDS)-Volmer mechanism, leading to a larger Tafel
slope than that of ~29 mV dec-1.

When HOR/HER follows Heyrovsky-Volmer mechanisms, an
asymmetrical Tafel plot could be obtained. For example, HOR
possesses a Tafel slope of ~118 mV dec-1, while HER shows
~39 mV dec-! Tafel slope with Heyrovsky step as the RDS. The
Tafel slopes are reversed when Volmer step becomes RDS
(TSuor = ~39 mV dec-!, TSuer = ~118 mV dec-1). It should be
noted that same Tafel slopes of ~118 mV dec-! could be ob-
tained from HOR with Tafel-Volmer(RDS) and Heyrov-
sky(RDS)-Volmer mechanisms, and from HER with
Tafel-Volmer(RDS) and Heyrovsky-Volmer(RDS) mechanisms.
Therefore, the collection of both HOR and HER Tafel plots is
highly recommended for reaction mechanism determination. In
addition, a larger overpotential of || > 118 mV (at 25 °C, a =
0.5) is required to minimize backward reaction interference
(i.e., backward reaction rate <1 %) for Tafel slope measure-
ment [47,48]. When HOR Kkinetics is too fast on the specific cat-
alyst, a smaller overpotential of 118 mV > |p| > 59 mV is ac-
ceptable to avoid reaching mass-transfer limiting current [49].

Table 1
Tafel slope and kinetic expressions for HOR.
HOR mechanism Tafel slope at 25 °C Note
- — =~ -1
Heyrovsky-Volmer(RDS) 2.303RT/[(2-a)F] = ~39 mV dec Ou< 0.4 (low 7va) TS = 39
61> 0.6 (high nva) TS = 118 (close to Heyrovsky-RDS)
Tafel-Volmer(RDS) 2.303RT/[(1-a)F] = ~118 mV dec!

Heyrovsky(RDS)-Volmer 2.303RT/[(1-a)F] = ~118 mV dec!

Tafel(RDS)-Volmer” 2.303RT/2F = ~29 mV dec!

6 is govern by Py
Reaction rate is governed by both 1 and 6y (Pu2)

Haas consumes rapidly (Bu= 0); fast Volmer step

Hass consumes rapidly (6u= 0); fast Volmer step
Reaction rate could be independent to 1 (I = nFAk°rPuz)

*a is the charge transfer coefficient of HER, a = 0.5 (i.e, 1-a = 0.5 for HOR), 6x is hydrogen coverage, F is faradaic constant, 4 is surface area, k°r is rate
constant, Pyz is hydrogen gas partial pressure; For HOR mechanism of Tafel(RDS)-Volmer, Krischer et al. reported the HOR Tafel slope of ~29 mV
dec-! by assuming quasi-equilibrium of Volmer step in Tafel(RDS)-Volmer mechanism in both acid and alkaline [46], while Shinagawa et al. reported
that HOR current should be proportional to Puz only by assuming negligible hydrogen coverage on catalysts surface [45].
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Transition state of
water dissociation

HOR

Hy +2% + OH

H +OH' + e

Reaction direction

Fig. 2. Reaction energy diagram showing the complete reaction path-
way with rate determining steps for hydrogen oxidation for a catalyst
which has a hydroxide adsorption strength from weak to strong. Re-
produced from Ref. [37] with the permission from Springer Nature.
Copyright (2020).

For OH™ adsorption/desorption involved HOR/HER mecha-
nism (Egs. 7-9), McCrum et al. reported that the HER RDS
could shift from water dissociation (Volmer step, Eq. 6 back-
ward reaction) to OHads desorption (Eq. 7 backward reaction)
when hydroxide adsorption strength changes from too weak to
too strong on the Pt-based catalysts [37]. They demonstrated
that both optimal adsorption of hydroxide (AGou* = 0.15 to 0.25
eV) and hydrogen (AGu+ = 0 eV) are required to promote the
HER activity in alkaline electrolyte. Following the same inves-
tigation strategy, they found that HOR in alkaline electrolyte
shares the same RDS of Volmer step (Eq.6 forward reaction) on
the catalysts with too weak hydroxide adsorption strength (Fig.
2). However, the catalyst that binds OH™ too strong shows RDS
as the recombination of Hads + OHads during HOR (Eq. 9 forward
reaction), which is different in case of HER whereas OHads de-
sorption being RDS (Fig. S1). We considered the hydroxide
binding energy (OHBE) reported in the literature by Ngrskov et
al. [50] as a reference to compare the hydroxide adsorption
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Table 2

Calculated hydroxide binding energy (AEow+) over the most close
packed surface of different metals at a quarter monolayer coverage,
data is cited from Ref. [50].

Metal AEon+/eV Metal AEou+/eV Metal AEou-/eV
Ag 0.72 Au 1.49 Co -0.08
Cu 0.37 Fe -0.88 Ir 0.63
Mo -0.61 Ni 0.13 Pd 0.92
Pt 1.05 Rh 0.34 Ru -0.01
w -0.80

strength across different metals (Table 2).

3. Representative works of HOR catalyst design and
development in alkaline environment

3.1. Precious metal-based HOR catalysts

Trasatti and Ngrskov groups empirically correlated the ios
of HOR/HER in acid with the hydrogen adsorption energies
(derived from the differential Gibbs free energy of hydrogen
adsorption, AGu+) of different monometallic catalysts, and
found a volcano-shaped relation (Fig. 3(a)) [24,25]. Yan's group
established a similar volcano-shaped relationship in base (Fig.
3(b)) between ios of HOR/HER and HBEapyp (i.e., AGOn*app= AG%n+
— AG120+), which has been considered as the most important
guidance for HOR/HER catalysts design [21,31]. PGMs (e.g., Pt,
Pd, Ir, Rh, etc.) feature the optimal HBE closed to volcano peak,
thereby exhibiting higher HOR/HER activities than other
non-precious metals that adsorb hydrogen either too strong or
too weak [24,25,51]. To optimize HBE, the second element was
introduced, and different material constructions were pre-
pared, including surface alloy with monolayer coverage,
core-shell structure, bulk alloy, etc. [42,52-58]. For example,
Scofield et al. [58] prepared Pt-M alloy (M = Cu, Ru, Co, Fe, Au),
and found that the alkaline HOR ios of Pt-M is enhanced by

© © 6 6 &
>
c

e 0
f 4 8 Y\g?/a\)

Fig. 3. (a) Trassati’s volcano plot for the hydrogen evolution reaction in acid solutions. joo (same to jo) denotes the exchange current density, and Evu is
the energy of hydride formation. (Data is taken from Ref. [24]. Reproduced from Ref. [51] with the permission from Dr. Wolfgang Schmickler). (b)
Schematic illustrating the research need to establish HBEap, as the descriptor for HOR/HER: (1) Measuring and/or calculating water adsorption en-
ergy of PGMs in different pHs; (2) Measuring and/or calculating water adsorption energy of metals on the weakly binding branch in different pHs; (3)
Measuring HOR/HER activities on metals on the weakly binding branch. Exchange current density data represents the activity at 20 °C, and is from

[18,20,25,32,57,70,71]. (Reproduced from Ref. [31] with open access).
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weakened HBE, which can be well fitted into volcano relation-
ship between ios and HBE. (Fig. 4(a)). Over the past decade,
PtRu was commonly used as HOR catalyst in AEM fuel cells,
featuring a higher activity (i.e., ios = 0.6 to 1.4 mA cm-2p: at 25
°C) than other Pt-M alloys (i.e., ios < 0.4 mA cm2p: at 25 °C)
[34,40,58-61]. The high activity of PtRu was initially inter-
preted to be the optimally weakened HBE by Ru incorporation.
However, the higher oxophilicity associated with Ru was also
invoked to benefit OH™ adsorption on PtRu surface, thereby,
facilitating HOR in alkaline environment [34,62]. PtNi nanopar-
ticles (NPs) (ios= 1.7 mA cm-2pt at 25 °C) and Pt coated Cu
nanowires (NWs) (ios = ~2.0 mA cm-2p at 25 °C) were also
reported to exhibit remarkable HOR activities, which can be
to their optimized HBE and desired oxophilicity

ascribed
[40,56,63].
Considering stronger hydrogen binding with Pd surface
compared to Pt, weakening of HBE is more important to en-
hance HOR activity of Pd [54]. Pd-M bimetallic materials were
more prepared by Pd atomic layer deposition on other metal
substrates (e.g,, Au, Pt, Rh, Ir, Ru, Re, etc.) to mitigate hydrogen
diffusion interference issue [20,54]. However, the lower intrin-
sic HOR activity of Pd than Pt makes the Pd-based HOR cata-
lysts less attractive than Pt-M [20,54,64]. To our best
knowledge, Pd coated Cu NWs (ios = ~1.0 mA cm-2pq at 25°C)
prepared by Alia et al. [57] was reported to be the most active
catalyst among all Pd-based HOR catalysts in alkaline medium.
Despite the similar HBE and much lower cost of Ru than Pt
(Fig. 4(b)) [65]. monometallic Ru was rarely reported as the
HOR catalysts because of (1) its low passivation potential of
~0.3 V vs. a reversable hydrogen electrode (RHE) [66], and (2)
its HOR performance sensitivity toward materials morphology
and particle size [67,68]. Recently, Wei’'s group reported the
lattice-confined Ru cluster on TiO2 with Ru-Ti interface as the
active site for HOR in base, which significantly improves the
electrochemical stability up to 0.9 V vs. RHE [66]. Xue et al. [59]
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also reported a highly active HOR catalyst of RusNiz/C in alka-
line environment which outperforms to PtRu/C in both specific
activity and mass activity at 50 mV overpotential (RusNiz/C
shows 3 and 5 times higher specific activity and mass activity
respectively compared to PtRu/C). In addition, this RusNis/C
was further tested as the anode catalyst in a H2/02 AEMFC, and
it exhibited a 1.3 times higher peak power density (peak power
density = 2.03 W cm-2geo) than PtRu/C at 95 °C.

Markovic’s group [33] formally proposed the bifunctional
theory and demonstrated that the Ni(OH): cluster decorated on
Pt(111) could enhance the HOR activity of Pt(111) in alkaline
electrolyte by improving the adsorption of reactive OHads (Fig.
5(a)). Consequently, the hydroxide adsorption was coined as
another descriptor, to provide a guidelinefor alkaline HOR cat-
alyst design and development. Koper’s group [37] further de-
veloped this bifunctional theory and taken OH™ adsorp-
tion/desorption step into the consideration of HOR/HER
mechanism investigation. By correlating the HBE and OHBE
with HER rate in alkaline electrolyte, they clearly illustrated the
desired HBE and OHBE for HER catalyst design (Fig. 5(b)), and
the same strategy was applied for HOR mechanism analysis.
When a catalyst binds OH™ too weak (volcano right side), the
HOR activity in base is proportional to increased OHads binding
strength (Fig. 5(c)). However, if the OHadgs binding strength
moves to stronger OHads binding side (volcano left side of Fig.
5(c)), the optimal hydroxide adsorption energies could be dif-
ferent for HOR and HER. Further increasing OHags strength
might improve the HER activity but hinder the rate of HOR in
alkaline electrolyte as compared to monometallic Pt. This is
mainly attributed to the larger energy barrier of Hads + OHads
recombination (RDS of HOR) than OHags desorption (RDS of
HER) (Fig. 2). Therefore, the overall HOR rate could be lower
than that of HER over the same bifunctional catalysts with
strong OHads. Based on the understanding of bifunctional theory
discussed herein, the HOR performance enhancement over
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Fig. 4. (a) Bar graph highlighting experimental HOR exchange current densities as a function of the corresponding trend on the basis of calculated
surface hydrogen binding energy (HBE) values for models of “near surface alloys” for Pt, Pt7Rus, Pt;Fes, Pt7Cos, Pt;Cus, and Pt7Aus NWs, respectively.
The trend shown for the theoretical HBE values was based upon the data presented in Ref. [72]. (Figure is reproduced from Ref. [58] with the permis-
sion from American Chemical Society. Copyright (2016)). (b) The volcano plot of the experimentally measured exchange current density versus the
adsorption hydrogen free energy of Ru-Ni (magenta), Ru (red) and Pt (blue) calculated by DFT in this study where the AGx of Ru and Pt were taken
from the value most close to 0, and common metal catalysts. (Reproduced from Ref. [65] with the permission from Royal Society of Chemistry. Copy-

right (2020)).
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Fig. 5. (a) Schematic representation of the HOR on Ni(OH)z/Pt(111), Ni(OH)2 provides the active sites for adsorption of reactive OHaas, and Pt pro-
vides the active sites for dissociative adsorption of Hz and production of Haas, which then react with reactive OHads. (Reproduced from Ref. [33] with
the permission from Springer Nature. Copyright (2013)). (b) 3D HER activity volcano for catalyst design. Logarithm of the rate of hydrogen evolution
(contours) as a function of hydrogen binding energy and hydroxide binding energy. The water dissociation rate was derived from the binding ener-
gies and kinetics on (211) surfaces calculated previously and modified to reference solution-phase hydroxide as the product of water dissociation and
then extrapolated to 0 Vrue and to reproduce the barriers calculated here for water dissociation on Pt(111) and Pt(553) (which include the effects of
solvation and alkali cation). Black circles correspond to DFT-calculated hydrogen and hydroxide adsorption energies on Pt(111), Pt(553), Ru* ad-
sorbed at the step of Pt(553), a PtRu(111) alloy and Ru* clusters on Pt(111). (c) Rate of the HER or the HOR as a function of the free energy of adsorp-
tion of hydroxide. (Figure b and c are reproduced from Ref. [37] with the permission from Springer Nature. Copyright (2020)). (d) Experimentally
measured exchange current density, log(ios), for hydrogen oxidation in base over different metals plotted with calculated H and OH adsorption poten-
tials. The two dashed lines represent the optimal *H adsorption potential (~0.28 V) and the optimal *OH adsorption potential (~0.75 V), respectively.

(Reproduced from Ref. [36] with the permission from American Chemical Society. Copyright (2018)).

PtRu(111) [37], PtNb [40], RuNi [59], IrPdRu [69], etc. can be
well explained by both weakened HBE and enhanced hydroxide
adsorption strength. Qiu et al. [36] reported a 3D correlation
between HBE, OHBE and HOR activity (i.e., ios) in alkaline me-
dia (Fig. 5(d)). They found that the crystalline structure trans-
formation from fcc to bec crystalline structure can strengthen
the OHads binding of PdCu, and the incorporated Cu is able to
weaken the HBE of Pd. As a result, a 1.2 times higher HOR ac-
tivity than Pt was obtained from bcc-phased PdCu, and this
work opened a new route to develop efficient alkaline HOR
catalysts from the perspective of crystalline structure trans-
formation [36].

3.2.  Non-precious HOR catalysts

One of the most often cited advantages of AEM fuel cells is
its independence of precious metals [5,8]. Though, considerable

effort has been made at the cathode side for oxygen reduction
[73-77], however, very limited numbers of PGM-free HOR cat-
alysts in alkaline electrolytes have been reported which could
be attributed to their lower oxidation potential compared to
the Pt group metal. Ni features a comparable HOR activity (ios =
0.008 mA cm-2y;) compared to its other congeners (e.g, ios =
0.003 mA cm-2¢, for Co, 0.001 mA cm-2cy for Cu) [21], and has
been extensively studied [23,78-90]. As compared to PGM, Ni
has stronger hydroxide binding strength than Pt, Pd, and Ir,
which could facilitate the HOR kinetics in base. However, the
much stronger HBE of Ni than Pt (Fig. 3) becomes the main
challenge for HOR activity improvement. Two major strategies
were applied to weaken HBE of Nj, including (1) incorporating
the second element to form Ni-M alloy or nitride (M = Cu, Mo,
N, etc.) with weakened HBE [23,80-82,85,87,91]; and (2) mod-
ifying the supporting materials of Ni to weaken the HBE of in-
terfacial Ni sites [78,79,86]. Sheng et al. [23] reported that Co
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Fig. 6. (a) Heat map of the local hydrogen adsorption energy for
Ni/graphene (top), Ni/N-graphene (bottom left), and Ni/B-graphene
(bottom right). (b) Heat map of the local HOR/HER exchange current
density for Ni/graphene (top), Ni/N-graphene (bottom left), and
Ni/B-graphene (bottom right). (Reproduced from Ref. [78] with the
permission from American Chemical Society. Copyright (2019)).

and Mo incorporation in Ni is able to weaken HBE of Ni from
—0.51 to —0.43 €V, thereby promoting its HOR activity by one
fold (ios = 0.015 mA cm-2metal). Savinov’s group incorporated Cu
into Ni (NixCuy alloy), and found that the 5 at% Cu incorpora-
tion achieved the highest HOR activity of ios = 0.014 mA cm-2y;,
which is about 2 times higher than that of pristine Ni in alkaline
media [85,91]. In addition to the bimetallic catalysts, Ni nitride
was also demonstrated to be more active than Ni for alkaline
HOR. Sun and Hu groups demonstrated that the NisN/Ni inter-
face (AGu= = 0.01 eV) possesses the lower energy barrier of Hads
than pure Ni (AGux = —0.30 eV) and NisN (AGu+ = —0.57 eV)
[81,82]. Therefore, NisN/Ni is expected to exhibit higher HOR
activity. On the other hand, Yan and Vlachos et al. demonstrat-
ed that the HBE of the metal sites near the nanoparti-
cle-support interface is strongly affected by supporting materi-
als (Fig. 6(a)) [78]. Their DFT modeling and experimental re-
sults clearly illustrated that the N-doped or B-doped graphene
apparently decreases the HBE of Ni atoms in the nanoparti-
cle-support interface. As a result, the Ni/N-graphene and
Ni/B-graphene exhibited a higher ios than Ni/graphene and
Ni(111) particles (Fig. 6(b)). In addition, Yang et al. [21] found
that S-doped carbon (SC) supporting material shows even low-
er energy barrier of hydrogen adsorption on Ni (AGu+ = ~0 eV).
Consequently, Ni/SC (ios = 0.04 mA cm-2ni) outperformed to
Ni/NC, Ni/BC, and Ni/C, and exhibited a 4 times higher ios than
Ni/C (ios = 0.01 mA cm-2x;). The HOR performance over differ-
ent electrocatalysts in alkaline environment were summarized
in Table 3.

4. Summary and Future perspectives

HOR Kkinetics in base is two orders of magnitude slower than
that in acid, which makes HOR catalyst development an im-
portant research topic for AEM fuel cells. To develop highly
active and cost-effective HOR catalysts in alkaline electrolytes,
HOR mechanisms have been extensively studied by both ex-
perimental and computational approaches. In contrast to acid
medium, which only involves hydrogen atoms, both water and
hydroxide species are involved in base. Therefore, both HBE
and OHBE are considered as the descriptor to regulate HOR
activity in base. Over the past decade, the alkaline HOR catalyst
development was guided from sole HBE optimization to bifunc-
tional theory which considered the optimization of both HBE

and OHBE (Fig. 7). Recently, more detailed mechanistic model
has been proposed to analyze the change in RDS change with
catalysts that binds both hydrogen and hydroxide either too
strong or too weak. Pt and PGMs (i.g, Pd, Rh, Ir, Ru) feature
stronger HBE than other non-precious metals (e.g, W, Ni,.Co,
Nb, etc.), thus, have been extensively developed as promising
HOR catalysts in base. PtRu was reported as the most active
catalyst among all Pt-based HOR catalyst in base, which can be
attributed to its optimally weakened HBE and enhanced oxoph-
ilicity (i.e., stronger hydroxide adsorption strength). Further
mechanistic proposals are also provided to understand slug-
gish HOR in alkaline, including cation and ligand co-adsorption
effect, potential of zero charge effect, etc (Fig. 7). We summa-
rized the representative alkaline HOR catalysts which exhibited
remarkable HOR activity and durability, including PtRu, Ru7Nis,
PdCu, etc. On the other hand, the non-precious HOR catalyst
development remains a challenge because of the lower antiox-
idation properties of non-precious metals than precious metals.
Ni has attracted the most attention due to its comparable HOR
activity to that of noble metals in alkaline electrolytes. Despite
the desired oxophilicity, modification of Ni catalyst is required
to weaken its strong hydrogen binding strength. By incorpo-
rating the second element to form Ni-M alloy or nitride, the
weakened HBE significantly benefits higher HOR performance
in alkaline media. In addition, the heteroatom-doped support-
ing materials was also demonstrated to regulate the HBE of
metal sites near the nanoparticle-support interface.

Built on the success of alkaline HOR catalyst development,
mechanism understanding and materials innovation in the past
decade (Fig. 7), further development can be made in the fol-
lowing aspects. The key aspect is to tune the local interaction
such a way that facilitate both H2 desorption and Hads + OHads
recombination, respectively. For example, intermetallic materi-
als with highly ordered M1-Mz: sites (M1 for Hads; M2 for OHads)
are promising to show a higher HOR activity than disordered
alloys and bimetallic composites. Although many precious met-
al-based intermetallic materials were applied for HOR previ-
ously [36,57,93-95], non-precious metal-based intermetallic
HOR catalysts were rarely reported. Non-precious metals gen-
erally feature stronger hydrogen adsorption strength (e.g., Ni,
Fe, Co, etc.) than precious metals (e.g, Pt, Pd, Ry, etc.), thus, the
second element is required to mainly tune the HBE of primary
metal catalyst. In addition, small particle is preferred to enlarge
the amount of HOR site from intermetallic materials and sup-
porting material interface. The HBE of few layers intermetallic
material is expected to be further optimized by supporting
materials (e.g, heteroatom-doped carbon supporting materi-
als), resulting in the alkaline HOR catalyst with an HBE more
closed to volcano peak. Furthermore, the higher oxophilicity of
non-precious metals could benefit their HOR activity in alkaline
electrolyte. On the other hand, metal-metal oxide (or hydrox-
ide) junction with M1-0-Mz interfacial site was expected to im-
prove the recombination of Hads + OHads for HOR activity pro-
motion in base. We are finally targeting on the single at-
om-leveled electrocatalysts which is expected to significantly
decrease catalysts cost with high activity. These strategies are
applicable for HER catalyst design in alkaline media too.
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Table 3
Summary of the HOR performance over representative electrocatalysts in alkaline electrolyte.
Reaction conditions HOR performance

Catalyst Temperature Loading 1 to achieve ii Exchange current Tafel slope

Electrolyte (°C) (ug cm?) (mV vs. RHE) density (mA cm-2) (mV dec?) Ref.
Pt(pc) 0.1 M KOH 21+15 RDE 250-300 0.69 +0.03 109 [18]
Pt/C 0.1 M KOH 21+15 7.0 ~300 0.57 +0.07 —_ [18]
Pt/C 0.1 M NaOH 40+0.0 3.0 — 1.0+0.01 — [15]
Pt/Cu NW 0.1 M KOH 23+3.0 16.0 (PY) ~100 2.1 (PY) — [56]
PtosRuoz/C 0.1 M KOH 23+3.0 7.09 (PtRu) ~140 1.42 (PY) 35 [60]
PtRu/C 0.1 M KOH 23+3.0 3.8 (PtRu) ~90 0.7 (PY) — [34]
PtFe 0.1 M KOH 23+3.0 8.0 (PY) >250 0.459 (Pt) 43.3 [58]
PtCo 0.1 M KOH 23+3.0 8.0 (PY) >250 0.394 (PY) 45.7 [58]
PtAu 0.1 M KOH 23+3.0 8.0 (Pt) — 0.162 (Pt) 49.6 [58]
Acid-PtNi/C 0.1 M KOH 23+3.0 10.0 (Pt) ~250 1.89 +0.09 (Pt) — [63]
Pd/C 0.1 M NaOH 40+0.0 16.0 — 0.06 £ 0.02 — [15]
Pd/C-500C 0.1 M KOH 20+0.0 20 ~350 0.122 £ 0.005 108 [44]
Pd/Cu NW 0.1 M KOH 23+3.0 12,5 >200 1.01 (Pd) — [57]
PdosRuo2/C 0.1 M KOH 23+3.0 7.06 (PdRu) ~375 0.148 (Pd) 219 [60]
Pd/C-CeO: 0.1 M KOH 23+3.0 6.5 (Pd) — 0.089 100 [64]
Ir/C 0.1 M NaOH 40+0.0 8.0 — 0.37 +0.12 — [15]
Ir/C 0.1 M KOH 20+£0.0 ~250 0.21 £0.02 116 [43]
IroRu1/C 0.1 M KOH 23+£3.0 3.5 (IrRu) ~110 0.9 (IrRu) — [69]
IrsPd:Rus/C 0.1 M KOH 23£3.0 3.5 (IrPdRu) ~100 0.6 (IrPdRu) — [69]
Ru/C 0.1 M KOH 25+0.0 10.0 ~120 0.064 —_ [92]
Rui@Pt:(2 ML) 1.0 M KOH 23+0.0 ~3.0 — 1.5 (PY) — [55]
Ru7Niz/C 0.1 M KOH 23+0.0 3.9 (Ru) ~100 1.09 — [59]
CoNiMo 0.1 M KOH 20+£0.0 —_ —_ 0.015 +0.009 —_ [23]
NiiCui/C 0.1 M KOH 25+0.0 25 (NiCu) — 0.0145 — [85]
Ni/Graphene 0.1 M KOH 23+3.0 250 (Ni) — 0.030 — [79]
Ni/N-CNT 0.1 M KOH 23+3.0 250 (Ni) — 0.028 — [79]
Ni1@(h-BN):/C 0.1 M NaOH 23+3.0 250 (Ni) — 0.023 — [86]
NiMo/KB 0.1 M KOH 25+0.0 100 (w/C) — 0.027 +0.002 — [87]
WNiq 0.1 M KOH 23£3.0 500 (WNi) ~90 0.068 — [89]
MoNis4 0.1 M KOH 23+3.0 500 (MoNi) ~80 0.065 — [89]
Ni/SC 0.1 M KOH 23+3.0 50 (w/C) — 0.04 — [83]

*(w/C) means with carbon.
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