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Traditionally, water molecules act as solvents in most chemical reactions, whereas they act as solvents and reactants in the
alkaline electrolyte for the hydrogen evolution reaction (HER). It is well known that there is a current plateau in the linear
potential-current dependence for HER in neutral or near-neutral electrolytes, showing that the HER is governed by the mass
transport of reactive hydronium species at a given overpotential. The sharp rise in the current signal after the plateau at a slightly
higher overpotential indicates that HER is supported by a new reactant, namely the water molecules rather than the limited
hydronium species. Herein, in combination with our own research experience in water electrolysis, we review the relevant
literature in these years about the HER activity descriptor and mainly focus on the contribution of water molecules to the HER,
including their dissociation, configuration, and composition in regulating the pH-dependent HER. Finally, we try to provide new
insights into understanding the mechanism of the HER in terms of interfacial water enrichment, orientation, and configuration

with the electric field strength of electrode/electrolyte interface and electrode compositions.

water electrolysis, hydrogen evolution reaction, interfacial water

Citation:
https://doi.org/10.1007/s11426-022-1371-x

Cheng C, Deng M, Li L, Wei Z. The contribution of water molecules to the hydrogen evolution reaction. Sci China Chem, 2022, 65: 18541866,

1 Introduction

Water’s structure and dynamic process at the solid-liquid
interface are ubiquitous and play a crucial role across a broad
spectrum in surface science, energy science, and catalysis
[1-7]. One of the most fundamental issues in all these fields
is the characterization of hydrogen evolution reaction (HER)
on the cathode. HER is important in both technologies for
improving the electrocatalytic behavior of electrode materi-
als and the mechanism for developing the fundamental laws
of modern electrochemistry concepts [8—14]. HER involves
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three possible steps, i.e., Volmer step, Heyrovsky step, and
Tafel step, in either acidic (reaction (1-3)) or alkaline (re-
action (4-6)) solution. The difference is that the proton H"
plays a reactant in acidic but H,O in alkaline media. Anyway,
the adsorbed hydrogen atom (H,4) acts as the intermediate
and plays a crucial role in determining the HER mechanisms
[15-20]. The first step is the Volmer process forming hy-
drogen intermediates (H,g). It is produced by H' accepting
electrons in acidic (reaction (1)) media or water molecules
accepting electrons as reactants in alkaline media (reaction
(4)) [21,22]. In the second process of HER, gaseous hydro-
gen can be generated through the Tafel process (reaction (2)
in acidic or (5) in alkaline media). Otherwise, the second
electron transfers through the Heyrovsky process (reaction
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(3) in acidic or reaction (6) in alkaline media) [23-26]. The
HER in acidic media, where water molecules act as solvents,
and in alkaline media, where water molecules playing dual
roles, reactants and solvents, are of fundamental importance
for decades serving as model reactions for exploring the
fundamental laws of electrocatalysis.

In acidic solutions:

H'+e <—H,y (Volmer) (1)

2H,,> H, (Tafel) )

H,+H +e «<H, (Heyrovsky) 3)
In alkaline and neural solutions:

H,0+e «H,+OH (Volmer) ()]

2H,4 «>H, (Tafel) ®))

H,0+H,+e «<H,+OH (Heyrovsky) (6)

Many researchers have confirmed that H, evolution rates
are approximately two to three orders of magnitude slower in
the alkaline media than that in the acidic media [27-29]. The
exchange current density for Pt in the acidic media is about
200 mA cm 7, while it is about 1.78 mA c¢m ~ in the alkaline
media [27,28]. Compound-based catalysts, such as phos-
phides, sulfides, also have a larger overpotential in the al-
kaline media than that in the acidic media [29]. Durst et al.
[15] supposed that the H atoms abstracted from H,O instead
of hydronium species (H;0") induce the slow HER kinetics
in alkaline solution. Strmcnik ef al. [16] found that, in the pH
range of 4 tol1, pure diffusion-limiting currents are observed
between certain applied potential ranges, which also depends
on pH values. The current density plateau on the polarization
curves implies that, under certain conditions, the HER is
controlled by the mass transport of reactive H;O', as shown
in Figure 1a. However, such a level of understanding is not
good enough to explain the phenomenon happening in the
HER in the solutions with different pH values. For instance,
why is the kinetics of the HER on platinum in alkaline media
significantly slower than that in acidic media [30-32]? Why
is there a steep increase of current signals after the plateau
with increasing the applied overpotentials, even though the
rate-determining step (RDS) is the mass transport of reactive
hydronium species, which does not contribute enough to the
sharply rising current density [16,33]? The macroscopic
experiment results require the recognition from atomic-scale
insights into water molecules for a fundamental under-
standing of the microscopic processes occurring in the HER
[34-36]. In this review, we provide an overview of the
atomic-scale activity descriptor of HER to understand how
the water molecules affect the kinetics of HER. We conclude
that water molecules change into reactants and accept elec-
trons for hydrogen generation in certain applied-over-
potentials when there are not enough hydronium species to
afford the HER in the near-neutral electrolyte. And the in-
terfacial water reorganization is essential to indicate the
hydrogen evolution rate and can act as the dominant
pH-dependent HER activity descriptor on platinum electro-

des. A reasonable explanation for the HER is formed by
discussing the interfacial water structure and water dis-
sociation process.

2 The contribution of water molecules to the
thermodynamic descriptor of HER

2.1 Hydrogen binding energy acting as a descriptor of
HER

The differences in the kinetic rates of the HER on different
electrodes have been occasionally correlated with the ther-
modynamic descriptors [31], the hydrogen adsorption energy
or hydrogen binding energy (HBE) following the Sabatier
principle, i.e., the proper bond strength between hydrogen
and the metal electrode [37—40]. Several groups [15,41] have
proposed that HBE can effectively explain alkaline HER
activity trends as well, despite the complex nature of the
elementary steps. As an early effort, Durst ef al. [15] sug-
gested that, for carbon-supported platinum-group metal
catalysts (Pt/C, Ir/C, and Pd/C) and polycrystalline Pt, the
significantly lower HER exchange current densities in al-
kaline media than those obtained in acidic media can be
associated with HBE. Sheng ef a/. [19] found that the HBE
increased linearly with the pH values. Then, they correlated
the hydrogen oxidation and evolution activity, indicated by
overpotential, on platinum electordes at different pH with
HBE (Figure 1b, lc). At present, the shifts of the voltam-
metric peaks corresponding to the underpotential deposition
hydrogen region (H,,4) on polycrystalline platinum electro-
des have been taken as a proof of such a pH-dependent HBE.

Meanwhile, according to Figure 1d, Markovic et al. [20]
found that it was not possible to propose any correlation
between the rate of the HER and the M—H bonding by ca-
tegorizing metal electrodes into three distinct groups, i.e., the
IB group (Cu, Ag, Au), the Pt group (Pt, Ir, Ru), and the 3d
transition elements (V, Ti, Ni). Wang et al. [41] found that the
HBE depended on the interaction of H atoms not only with
the metal catalyst surface but also with the solution (elec-
trolyte) species. They stated that the HBE depended on the
thermodynamic property of the electrode/electrolyte inter-
face by comparing the HBE of Pt, Ru;@Pt; (2 monolayers
(MLs)), and Ru;@Pt, s (1 ML) in acidic and alkaline media.
Koper and coworkers [42] argued that the positive peak shift
of the H,,q was not dependent on the pH but on the type of
cations present in the electrolyte on Pt(553) surface. Koper et
al. [43] recently suggested that the ‘hydrogen’ peak poten-
tials on polycrystalline platinum were ambiguous indicators
of HBE because the nature of the ‘hydrogen’ peaks was
unlikely to be associated with the adsorption of hydrogen
alone but also included the effect of the adsorption of oxy-
genated species on (110) and (100) sites.

Considering the presence of interfacial water, Yan et al.
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Figure 1 (a) Measured pH-dependent linear sweep voltammetry (LSV) curves at a rotation rate of 1,600 rpm and a sweep rate of 50 mV s ' fora Pt(111)
electrode. Reprinted from ref [16]. Copyright 2013 Springer Nature. (b) Overpotential of the HER on Pt at a current density of —1 mA cm 2 inall pH-buffered
electrolytes. Reprinted from ref [19]. Copyright 2014 Springer Nature. (c) Hydrogen binding on Pt(110) (solid symbols) and Pt(100) (empty symbols) surface
obtained from cyclic voltammetry (CV) curves as a function of pH in solution. Reprinted from ref [19]. Copyright 2014 Springer Nature. (d) Comparison
between activities for the HER expressed as overpotential () required for a current density of 5 mA cmZin 0.1 mol L™ HCI1O, and 0.1 mol L' KOH for
both bare metal surfaces and Ni(OH),-modified surfaces. Metals are divided into three distinct groups: the IB group (Cu, Ag, Au), the Pt group (Pt, Ir, Ru),
and the 3d transition-metal elements (V, Ti, Ni). Reprinted from ref [20]. Copyright 2012 John Wiley and Sons Ltd. (color online).

[44] proposed the apparent Gibbs free energy of hydrogen
(AGOH’app), which included the inherent HBE of the metal and
the adsorption/desorption of water. The decreased HER ac-
tivity for platinum-group metals with pH increase results
from the weakened water adsorption. Goddard et al. [45]
studied the adsorption of water and H on Pt(100) surface at
different pH and potential by Quantum Mechanics Molecular
Dynamics (QMMD) calculation. And they confirmed that,
with the increase of pH and the negative shift of the potential,
the Pt(100) surface repelled water and thus increased the
adsorption of H, which may be the primary cause of the
decrease of HER activity under alkaline conditions.

In the past few years, the fundamental understanding of the
sluggish kinetics in alkaline media has mainly focused on the
adsorption of the H intermediates [15,46], which enables the
design and synthesis of catalysts to improve the slow kinetics
of HER [47-51]. Nevertheless, a consistent explanation why
the HER on Pt is slower in alkaline media than that in acidic
media is still absent due to the limitations of the HBE theory
for predicting the alkaline HER activity with several counter-
examples. In addition to the HBE, recently, the favorable
interaction of interfacial water and surface-adsorbed OH,
has emerged to be considered in improving the kinetics of the
HER [32,52], where the configuration and properties of
water molecules are of vital importance. Hence, the donation

of water molecules to the hydrogen evolution activity should
be sorted out to disclose the kinetic of the HER in alkaline
media.

2.2 Water molecules as reactants in HER

The fundamental understanding of the mechanism of HER
has been mainly focused on two processes and three kinds of
elementary steps [15,16,53]. In acidic electrolytes, the high
proton concentration facilitates the generation of H,y by
protons adsorbing on the surface. The hydrogen combina-
tion, i.e., the Tafel step, is generally thought to be the RDS,
whereas, in alkaline and neutral electrolytes, HER is more
complicated; both water dissociation (the Volmer step) and
concomitant interaction of catalyst surface with the water
dissociation products impact the overall reaction kinetics.
According to the electrode/electrolyte theory, water mo-
lecules are the few molecules that can enter the depth of the
electrode/electrolyte interface because of a strong interaction
between the charged electrode and water dipole. Its ioniza-
tion equilibrium constant (K,) is temperature-dependent as
the equation (7). The concentration of water in solutions can
be regarded as a constant. Hence, the ionization product
constant of water (K,,) (8) is a constant at the determined
temperature, and the K, is 1.0x 10 " at 298 K. No matter in
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acidic, alkaline, or neutral salt solutions, H,0, H', and OH
always follow the relationship governed by equation (7) and

(8).
K, = c¢(H):¢(OH )/c(H,0) (7)
K, =c(H)c(OH) (®)

The molar ratios of both H,O/OH and H,0O/H" in the
aqueous solutions are shown in Table 1. On the electrode/
electrolyte interface, the proportion of water molecules in all
the investigated solutions is much larger than that of the
proton and hydroxyl ions either in acidic or alkaline solu-
tions. In extremely dilute acidic and alkaline solutions, such
as 0.0001 mol L™ HCI10, and 0.0001 mol L KOH, where
the concentration of H and OH  ions is close to zero, water
molecules naturally play a role of reactants in the HER on the
cathode or the oxygen evolution reaction (OER) on the anode.

At the pH 1 and 2, the hydrogen-ion concentration is en-
ough for hydrogen evolution. The kinetics of HER in dif-
ferent pH electrolytes has been researched from different
perspectives. Mayrhofer et al. [33] investigated HER in
different pH-buffered solutions. They found that the HER
current in solutions with a pH-value between 4 and 10 ex-
hibited a plateau in the potential interval between —0.25 and
—0.55 V. Outside this potential region, a steep increase of the
HER current versus the applied potential can be observed.
Similar experimental results have also been obtained by
Strmenik et al. [16], implying that the HER is controlled by
the mass transport of reactive hydronium species rather than
the charge transfer reaction (Figure 1a). However, with in-
creasing the applied cathodic potential, more questions
emerge. Why is there a steep increase of current signals after
the plateau at relatively high applied overpotentials, even
though the RDS is the mass transport of reactive hydronium
species, which does not contribute enough to the sharply
increasing current density? What kinds of reactants do par-
ticipate in hydrogen generation to increase the current den-
sity? A reasonable role of water as reactants and solvents in
HER needs to be proposed to elucidate these questions.

In other words, the mass transport of reactive hydronium
species can only preserve the current density of the plateau in
the linear sweep voltammetry (LSV). With increasing the
applied overpotential, the sharply rising current density in
the near-neutral electrolyte indicates that there must be other
reactants that accept electrons to facilitate the hydrogen
evolution. Obviously, it is a water molecule that accepts
electrons to generate hydrogen and then to contribute to the
sharply increasing current density in the near-neutral elec-
trolyte as long as the applied overpotential overcomes the
energy barrier of water dissociation. Under alkaline condi-
tions, as shown in Table 1, the molar ratio of water and H' is
as high as 5.5x10"*:1 in 0.1 mol L' KOH. At this time, the
possibility of proton participation in the reaction is extremely
low, indicating that water molecules become the primary
reactants to participate in the reaction directly. In addition,

Table 1 The molar ratio of H,O/H' and H,O/OH  at different pH elec-
trolytes

The molar r§ti0 The molar ratio

Electrolytes

of H,0/H of H,0/OH

0.1 mol L' KOH 5.5x10" 5.5%10
0.01 mol L' KOH 5.5x10" 5.5x10°
0.001 mol L' KOH 5.5x10" 5.5x10"
0.0001 mol L' KOH 5.5%10" 5.5x10°
0.1 mol L' KCIO, 5.5%10° 5.5x10°
0.0001 mol L' HCIO, 5.5x10° 5.5x10"
0.001 mol L' HCIO, 5.5x10* 5.5x10"
0.01 mol L' HCIO, 5.5x10° 5.5x10"
0.1 mol L™ HCIO, 5.5x10° 5.5x10"

some researchers have confirmed the different kinetics under
alkaline and acidic conditions through isotopic tracer tech-
nique, confirming the importance of interfacial water dy-
namics to HER [24,54].

Accordingly, more and more reports have confirmed the
role of the water molecule as the reactant [54-56]. For in-
stance, Grimaud ef al. [55] investigated the role of interfacial
water by using isolated water as the sole reactant in organic
solvents. Combining experiments and molecular dynamics
(MD) simulations, they observed that forming aqueous na-
nodomains, regulated by electrolyte cations, affects HER
performance. Then, they emphasized that the long-range
interaction between interfacial water was a key for HER. Xu
et al. [56] also reported that the HER activity of Pt/C under
the magnetic field across various pH remained unchanged.
So they believed that the transport of protons had a weak
effect on HER activity and emphasized that based on the
Grotthuss transport mechanism, water could be used as a
universal reactant for HER.

2.3 Water dissociation involving the hydroxide binding
on the catalytic surface as descriptors for the HER

In neutral and alkaline solutions, water acts as a reactant to
supply the source of hydrogen evolution. The continuous
HER will be suppressed if water is weakly adsorbed on the
catalyst surface and not provided timely [57-59]. Under al-
kaline conditions, the precious metal-based catalysts, such as
Pt/C, show the highest intrinsic HER activity near the
equilibrium potential compared with other transition-metal-
and compound-based catalysts due to the optimum HBE
[60]. However, at high overpotentials, some transition-metal-
and compound-based catalysts exhibit a higher HER rate
than the Pt/C catalyst because the sluggish water dissociation
on Pt/C cannot match the fast formation of H, and then
hinders the HER activity in the high polarization region [61].
Because water dissociation is the most critical step in alka-
line HER, researchers take different views on the pathway of
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water dissociation. Some believed that H,4 could be derived
from the direct dissociation of adsorbed water [62—66], while
others supposed that water molecules first changed into ad-
sorbed hydroxyl-water-alkali metal cation (OH,—(H,0),—
AM") adducts.

The direct dissociation of adsorbed water to form H,4 and
OH,, is limited by the high energy barrier, which needs to be
lowered by strengthening the H/OH adsorption on the cata-
lyst surface [62—68]. Nevertheless, according to the
Brensted—Evans—Polanyi-type (BEP) theory [69], too strong
adsorption of OH will cause reaction intermediates highly
occupying the catalyst surface, then excluding the water
adsorption. For this reason, appropriate OH, 4 binding energy,
that is, neither too strong nor too weak, is expected. Mo-
doped Ni;N has been proven to have favorite OH adsorption
energy, thus boosting the alkaline HER with a low Tafel
slope [70].

Markovic’s group [32,71] initially proposed the bifunc-
tional theory to spot the thermodynamic role of OH in al-
kaline HER. Markovic and coworkers suggested a delicate
balance between the water dissociation and concomitant
interaction of water dissociation products with the electrode
surface. In the first step, water dissociation requires water
adsorption. It is known that the polarized water molecules
interact with each other through hydrogen bonds with the
stabilization energies of 20—40 kJ mol ' [74]; therefore, they

(a)

K-Hydration shell

o

. =
't

Na-Hydration shell

Li-Hydration shell
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tend to bind with each other rather than with the catalyst
surface. If no strong hydrogen bonds or chemical interactions
are formed between the electrode surface and water [75],
which leads to the difficulty of water molecule activation, let
the following reduction process alone. Adding Ni(OH), to Pt
can enhance the water adsorption by constructing a strong
interaction between the water and hydroxyl ion. After that,
the adsorbed water is dissociated into OH,q and H,q4 at the
boundary between the Pt electrode and Ni(OH), surface [16],
where the edges of Ni(OH), clusters promote the dissociation
of water, and the Pt benefits the recombination of H,,
showing the bifunctional effect [74].

The role of M(OH), (M = Fe, Co, Ni, and Mn) cluster
compositions on the alkaline HER has also been getting at-
tention for many years. Ni(OH), and Co(OH), improved the
alkaline HER performance, whereas Fe(OH), and Mn(OH),
slowed down the HER kinetics (Figure 2b) [72], which was
attributed to their different adsorption strength to OH,,.
Some reports suggested that the too strong adsorption of
hydroxyl ions on the electrode surface could compete with
water adsorption, consequently making alkaline HER ki-
netics slow down [76-78]. Motivated by these results, in
conjunction with M(OH), clusters, other oxophlic species
(Ru, Rh, Ir, or a-MoC) have been proposed to stimulate the
alkaline HER kinetics by adjusting the adsorption strength of
OH_4 to improve water dissociation capability [79—82].
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Figure 2 (a) Schematic diagram showing the HER. Water from the bulk of the electrolyte dissociatively adsorbs on the oxide cluster, forming the OH,q
intermediate on the oxide cluster, along with forming H,4 intermediates formed on the Pt substrate. The H,4 groups are re-combined to form H,. Depending on
the OHad—]\/IMj strength, the OH, is either stabilized (for Mn”", Feh) or destabilized (Ni2+, C02+) on the oxide clusters, which is found to dictate the turnover
frequencies for these catalysts. Reprinted from ref [71]. Copyright 2012 Springer Nature. (b) HER polarization curves for Pt(111) surface modified with
different transition metal hydroxides in a 0.1 mol L' KOH solution. Reprinted from ref [72]. Copyright 2018 John Wiley and Sons Ltd. (¢) Schematic view
describing the destabilization level of H-OH bonds of water and the increasing trend of the interaction between alkali metal cations and OH,4 on Pt surface in
the presence of alkali metal cations with the order of K'< Na'< Li". Reprinted from ref [72]. Copyright 2018 John Wiley and Sons Ltd. (d) HER/HOR
polarization curves of the polycrystalline Pt electrode in H,-saturated 0.1 mol L' LiOH, NaOH, and KOH solutions. The inset in (d) presents the CV curves.
Reprinted from ref [73]. Copyright 2019 American Chemical Society (color online).
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The bifunctional mechanism of HER was well supported
by our investigation [83]. In this study, DFT calculations on
the H,O dissociation step (AG(H,0), Volmer step) and the
H,4-desorption step (AG(H), Tafel step) were performed on
NiMoPO, and Ni(OH),/NiMoPO,, respectively (Figure 3a).
The energy change in the Volmer reaction (AGy, Figure 3b)
for Ni(OH),/NiMoPO, (0.60eV) is lower than that for
Ni*MoPO, (1.31 eV) and Ni*(OH), (1.38 eV), revealing that
the Ni*(OH),/NiMoPO, adduct is more favorable for H,O
dissociation thermodynamically. Moreover, the kinetic en-
ergy barrier (AGrg) of water dissociation for Ni*(OH),/Ni-
MoPO, dramatically decreases from the 2.89eV of
Ni*MoPO, and 1.84 eV of Ni(OH), to 1.01 eV, suggesting
that the sluggish Volmer step on NiMoPO, was greatly ac-
celerated with the participation of the Ni(OH), component.
As for the accompanying Tafel step (Figure 3c), the Ni(OH),
has a very negative AG(H) (—0.37 eV), indicating a too high
H adsorption strength, while all these NiMoP-based catalysts
present modulated AG(H) closer to the thermodynamic
equilibrium. The AG(H) of Ni*MoPO, is further decreased
by 0.04 eV when O atoms are doped into the Ni*MoP, sug-
gesting that the incorporation of O can modulate the H ad-
sorption on the surface of the NiMoP catalyst. Interestingly,
the Ni(OH),/Ni*MoPO, obtains an optimal AG(H) of
0.14 eV, which is even close to the absolute value of AG(H)

(@)

NiMoPO,

Ni(OH),/NiMoPO,
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for Pt* (0.09 eV) [84,85]. This research well supports the
bifunctional mechanism of HER; that is, the two components
in Ni(OH),/NiMoPO, could synergistically enhance water
dissociation and hydrogen adsorption steps, respectively.
Nevertheless, the bifunctional mechanism of HER is still
in question [86—89]. Tang et al. [88,89] disagree the bi-
functional mechanism based on a rigorous kinetic study re-
cently. In their research, the OH-mediated mechanism seems
not to work for Pt(110) surface. They claimed that the OH
slowed down the HER rate by behaving as a spectator that
formed rapidly and thus reduced available catalytic sites,
which indicated that only considering the thermodynamic
adsorption energies of H and OH was insufficient for alka-
line HER [88]. Because the addition of M(OH), clusters into
a catalyst likely induces electronic structural change (elec-
tronic effect) and the surface site covered. Using theoretical
calculations, it is hard to model the state of M(OH), cluster-
mediated hydroxyl adsorption and transfer processes. Thus,
they speculated that the way of OH influencing the reaction
was more likely to be indirectly rather than directly partici-
pating in alkaline HER by analyzing the bifunctional case
of Pt(111) with transition-metal surface clusters through
single-crystal voltammetry and microkinetic modeling
[89].
H0+(H,0).~AM < H,¢tOH,~(H;0)~AM" ©)

Hydrogen Ad-Desorption

(b) 3.5 Ty (c) 0.3
i Ni*(OH), J
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Reaction Pathway
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Figure 3 (a) Chemisorption models of H and OH intermediates on the surfaces of NiMoPO, and the Ni(OH),/NiMoPO, hybrid; calculated adsorption
energy diagram of (b) the water dissociation step and (c) hydrogen ad-desorption for Ni(OH),, NiMoPO, and the Ni(OH),/NiMoPO, hybrid. The symbol * in
the sample name represents the active site for DFT calculations. Color codes: Mo, cyan; P, pink; Ni, blue; O, red; H, white. Reprinted from ref [83]. Copyright

2020 Royal Society of Chemistry (color online).
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OH,,—~(H,0),~AM +e —~OH —(H,0)~AM" (10)

On the other hand, several ways have been proposed to
describe the behavior of water molecules on the metal sur-
face. It has been examined that water molecules are adsorbed
directly on the bare Pd surface but adhered to the Pt surface
through a chemically adsorbed hydrogen monolayer,
whereas they are attached directly to the Au surface through
hydrogen atoms [90]. Jia et al. [73] proved that water mo-
lecules first adsorbed on catalyst surface and turned into
(OH,)-water—alkali metal cation (AM") adducts, based on
the observations of Pt/C, Pt;Ni,/C, and Ni/C electrodes in
different concentrations of LiOH, NaOH, and KOH solu-
tions. They divided the Volmer process (reaction (4)) in al-
kaline media into two steps, reaction (9) and (10). In line
with the hard—soft acid—base (HSAB) theory, AM is a hard
Lewis acid, which binds strongly with the Lewis hard base
OH', but weakly with soft Lewis base OH,4 with a nearly
neutral charge [91]. Therefore, unbalanced binding energy
originating from the unbalanced charge between OH and
OH,4 promotes the migration of OH from the compact layer
to the bulk electrolyte, thereby enhancing the Volmer step in
HER. As a result, the presence of OH,(H,0)~AM" im-
proves the HER, matching the enhanced HER selectivity of
Pt/C and Pt;Ni,/C with increasing Li" concentration. It is
known that AM—OH bond length increases in the order of
LiOH<NaOH<KOH<CsOH; the hardness of Lewis acids
decreases in the sequence Li >Na >K >Cs’; the interaction
energy between OH,; and (H,0)~AM' within OH,—
(H,0),—~AM’ increases, while the interaction energy between
OH and (H,0)~AM" within OH —(H,0),~AM" decreases.
Subsequently, the interaction energy gap between OH —
(H,0)~AM" and OH,,—~(H,0),~AM" decreases as Li >
Na>K" (Figure 2¢) [72], and Li-water cluster should bind
with OH weakly [92]. Thus, the driving force for the OH
desorption decreases in the order Li >Na K, matching the
HER trend of LiOH>NaOH>KOH (Figure 2d) [73]. Oe-
zaslan et al. [93] obtained a similar result. These researches
indicated that the OH transfer (removal) process from the
electrode surface was a rate-determining step. The OH-
(H,0)~AM" binding energy plays an important role in the
alkaline HER.

As a result of the research method limitation, whether the
H,4 forming from the adsorbed water or interfacial free water
is still far from clear. However, in a certain way, the water
dissociation process can boost the alkaline HER activity, or
the OH adsorption energy is closely related to alkaline HER
activity.

2.4 Reorganization of the interfacial water as a pH-
dependent descriptor

Great efforts, especially the formation of the electrical dou-
ble layer and the static and dynamic response of water mo-
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lecules to the external electric field, have been made to
understand the structural and dynamical properties of water
adjacent to the catalyst surface [94], where electrocatalytic
reactions take place [95,96]. Otani et al. [97] found that the
water molecules formed a contact layer on the water/catalyst
interface, i.e., the inner Helmholtz plane (IHP), which was
the place that involved solvent molecules, reactants, products
and reaction intermediates, and any other specifically ad-
sorbed species [98]. In the IHP, water molecules near the
catalyst surface, i.e., the interfacial water molecules, dis-
sociate into intermediate adsorbed H,4y and OH,4 on the cat-
alyst [99]. There is a dilemma for interfacial water
molecules: the weak adsorption of water on catalysts gives
rise to insufficient reactant supplement; on the other hand,
strongly binding water molecules at IHP with large re-
organization energy act as a kinetic barrier for the ion
transport [100]. Interfacial water configuration and dynamic
process are of high importance in determining the HER
performance of catalysts [101], which may be modified by
the applied electric field, the interfacial electric field [102—
104], and the intrinsic characteristics of the electrocatalysts
[105,106]. Only a deep understanding of interface water
changes can better solve pH-dependence of HER activity
[50,107-109].

Interfacial water at the electrode/electrolyte interface
shows the different configurations with the change of applied
electric fields. Nazmutdinov et al. [102] examined the water
adsorption on a mercury cluster with an ab initio quantum
chemical model. They found that adsorption energy varied
approximately linearly with the electric field from 0.22 eV at
033V A't0033eVat046V A~ As shown in Figure 4a
[97], when the surface is neutral, water is found to form a
contact layer directing the O atoms toward the surface, i.e.,
O-down configuration (Gl geometry); when the surface is
negatively biased, the O-down configuration is converted
mostly to the H-down configuration (P2 peak, G2 geometry);
for the weakly biased interface H' (—0.04 V), there is also an
H-up configuration (P3 peak, G3 geometry). When the sur-
face is biased more strongly, a hydrophobic double layer is
formed in the contact layer (P4 peak, G4 geometry). The
potential-dependent transformation of interfacial water
configuration has also been confirmed by Li and Cheng’s
work [96]. Combined with in sifu Raman spectra and ab
initio molecular dynamics (AIMD), they found that, with a
negative shift of potentials, the water in the interface un-
derwent two structure transitions, from the “parallel” to
“one-H-down” to the “two-H-down”. At the same time, the
number of hydrogen bonds in the interface network also
changes. The width of the Helmholtz layer of the Pt(111)—
H,y/water interface becomes smaller when the potential
shifts to the more negative direction due to increased elec-
trostatic attraction between the charged surface and counter-
ions [110]. It seemingly means that the strong interaction
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Figure 4 (a) Water molecule configurations for various orientations (cos#, y, w). The black and gray spheres represent oxygen and hydrogen atoms,
respectively. The thin sticks represent the lone pairs of electrons. The surface is located on the left of the water molecule. Reprinted from ref [97]. Copyright
2012 Royal Society of Chemistry. (b) Schematic showing the change in the density of states for the main orbital interactions between H,O (red line) and the
underneath Pd atom (black line) with decreasing potential using a Na-H,O cluster model. Reprinted from ref [108]. Copyright 2021 Springer Nature. (c) In
situ electrochemical Raman spectra at the PtNi, 5 surface in 0.1 mol L' NaOH. Red: tetrahedrally coordinated water, blue: trihedrally coordinated water, and
green: dangling O-H bonds of the interfacial water. Reprinted from ref [109]. Copyright 2020 John Wiley and Sons Ltd. (d) Schematic drawing of the
possible water structures at the negatively (left) and positively (right) charged Pt surface, deduced from the surface-enhanced infrared absorption (SEIRA)
spectra. Reprinted from ref [104]. Copyright 2008 American Chemical Society (color online).

between interfacial water and electrodes at a negative po-
tential is inconsistent with the fact that the electrode tends to
repel water molecule when the applied potential becomes
more negative, resulting in weak water adsorption on the
catalyst by a QMMD study [50]. Li et al. [108] found that
under the cooperation of bias potential and hydrated cations,
interface water molecules was observed from a random
distribution to an ordered structure towards the Pd surface to
promote the charge transfer across the interface to enhance
the HER performance (Figure 4b), which was also directly
proportional to the concentration and ionic strength of ca-
tions owing to the effect of interface electrostatic interaction.

Furthermore, Sun et al. [109] found that with increasing
pH, the interfacial water structure on the electrode was also
changed, and the change tendency was in agreement with
that in the applied electric field (Figure 4c). They established
the relationship between the HER rate and the interfacial
water configuration. Under the alkaline condition, the acti-
vation energies of water dissociation increase in the order:
the dangling OH bonds < the trihedrally coordinated water <
the tetrahedrally coordinated water, the same order as the
sequence of HER activity. Koper et al. [52,111] further
proposed that the reorganization of interfacial water gov-
erned the HER activity. They found that, in alkaline solu-
tions, a strong electric field existing at the electrode/
electrolyte interfaces in the hydrogen region led to a large

reorganization of H,O when OH transfered through the
double layer, which caused the hydrogen generation to be
slow in alkaline media compared with that in acidic media. It
is because, in acidic media, the potential of zero (free) charge
(pzfc) of the Pt electrode is close to the HER equilibrium
potential (0 V), whereas, in alkaline media, the pzfc of the Pt
electrode is far from 0V, which generates strong inner
electric field at the electrode/electrolyte interface. They
presumed that the electric field changing with increasing
electrolyte pH slowed the reaction rate in alkaline solution
owing to increased water reorganization energy. They also
demonstrated the speculation by introducing Ni(OH), onto
Pt(111) to lower the pzfc on the electrode surface [111]. As a
result, water becomes less rigid and is reorganized more
ecasily (Figure 4d). It also means that the solution and the
applied electrode potential-dependent interfacial water con-
figuration dominate the water reorganization energy and
dissociation kinetics and then can indicate the HER activity.

2.5 Coupling interfacial water’s enrichment, reor-
ientation, and dissociation

Given the increasing importance of interfacial water, cou-
pling the water diffusion, interfacial water configuration, and
water dissociation can significantly boost the HER kinetic
activity. Our recent study also showed catalysts’ composition
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did change the water concentration on Pt/C and TiO,—Pt/C by
changing the surface electric field, as shown in Figure 5 [61].
The distribution of surface potential on the TiO,—Pt/C elec-
trode/electrolyte interface simulated by the finite-element
method (FEM) was analyzed, as shown in Figure 5. During
HER electrocatalysis, the catalyst surface is charged nega-
tively due to the applied electrode potential. Compared with
the Pt/C (Figure 5e), the TiO,—Pt/C electrode/electrolyte
interface possesses more negative surface potential (Figure
Sa), showing a large electric field gradient due to the dif-
ference in relative permittivity between TiO, and Pt/C. In
Figure Sc, the electric field gradient is extended to about
120 nm from the TiO, surface to the solution. And the in-
duced electric field intensity on the TiO, surface is about
—8x10°Vm ' as the applied electrode charge density of
—1x10"* C m > The strengthened electric field gradient in-
duced by metal oxides was named as local electric field
enhancement (LEFE). When the charge density on the ap-
plied electrode increases to —2x10*Cm™, the induced
electric field intensity on the TiO, surface increases to
~1.6x10° Vm ', indicating that the LEFE on TiO,—Pt/C
electrode/electrolyte interface becomes more prominent.
Correspondingly, the enhanced local electric field subse-
quently causes a noticeable hydrated K ion enrichment.
Figure 5b and 5d show that compared with the bulk solution,
there are more hydrated K ions with a concentration of
about 40 and 80 mmol L™ around the TiO, cluster at
~1x10* and —2x10* Cm > charge applied, respectively.
That is, there are more H,O molecules with concentrations of
about 6x40 and 6x80 mmol L' around the TiO, cluster.
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However, the concentration of hydrated K ions on pure Pt/C
surface is almost the same as that in the bulk solution (Figure
5f). In a word, the LEFE induced by the introduction of TiO,
further causes the enrichment of H,O gathered around TiO,,
which is conducive to H,O participation in the HER.

Meanwhile, the interfacial water orientation also appears
to change from Pt/C to TiO,—Pt/C, as shown in Figure 5g,
which displays the statistical structure information of water
around Pt(111) and TiO,—Pt(111) surface. In the case of Pt
(111) —-KOH, the first peak of (H,0)O-Pt and (H,O)H-Pt,
referring to the RDF of the first layer H,O to Pt measured by
O-Pt and H-Pt, respectively, appears at the distance of
2.12 A for (H,0)O-Pt and 2.68 A for (H,0)H-Pt. It means
that most of the interfacial water molecules tend to interact
with Pt by oxygen atoms instead of H atoms showing H-up
structure, which is not conducive for subsequent H-O bond
dissociation and H adsorption. By contrast, in the case of
TiO,—Pt(111) -KOH, although the orientation of interfacial
water molecules on Pt is almost the same as that in the case
of Pt(111)-KOH, the arranged pattern on TiO, is quite dif-
ferent, whereas interfacial water molecules are more tightly
bound with Ti via two shorter distances, i.e., 1.78 A of (H,0)
H-TiO, and 1.88 A of (H,0)O-TiO,. The shorter distances
are more conducive for the subsequent H,O activation than
the two more prolonged distances in the case of Pt(111)—
KOH. And the slightly shorter (H,O)H-TiO, than (H,0)O—
TiO, means that the most interfacial water molecules exhibit
an almost parallel structure with H slightly leaning to the
TiO, surface.

Compared with Pt/C catalysts, the decoration of a small
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number of amorphous oxides, such as TiO,, achieves better
HER activity under the all polarization potential range by
reducing the overpotential and Tafel slope. The metal oxides
can cause local electric field enhancement to accelerate the
diffusion of hydrated K" ions from the bulk solution to the
electrode surface, especially near the metal oxide surface. In
the THP, the strong metal oxide—water interaction enriches
more interfacial water and modulates water orientation as an
H-down configuration to adapt to the subsequent water dis-
sociation. And on the catalysts’ surface, the metal oxides—Pt
interface facilities the water dissociation and optimizes the H
combination. The coupling of the above processes leads to a
significant increase in the HER activity at a relatively wide
polarization region, as shown in Figure 6 [61,112,113].
TiO,—Pt/C catalysts exhibit an exceptional HER activity in
alkaline conditions, delivering 10 and 500 mA cm ” at an
overpotential of 26 and 100 mV, respectively, surpassing
almost all reported HER composite catalysts.

The above coupling-enhanced mechanism is also applic-
able for other metal- and metal compound-based composite
catalysts. For example, the HER activities of Ni and CoP
show a considerably increasing on the composite with MoO,
and TiO, [114,115]. The reported HER activity of MoNi,/
MoO, catalysts exceeds that of commercial Pt/C catalysts
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[115]. Besides, many of the composite catalysts exhibit the
higher HER activity at low and high current density, as
shown in Figure 6¢, indicating the universality of the cou-
pling-enhanced mechanism [112-124]. Therefore, the in-
fluence of interfacial water’s concentration, configuration,
and orientation in the HER is definitive. Besides optimizing
the HBE of the hydrogen—catalyst interaction, modulating
the interfacial water configuration to boost the water dis-
sociation and match the H recombination rate would be a
more efficient way to improve HER kinetics in alkaline
media.

3 Summary and outlook

In this review, we deeply discuss the role of water in the HER
activity, in which water molecules not only act as solvents
but serve as reactants involved in the alkaline HER. In HBE
theory, the HBE corrected by considering water adsorption
can well explain the different kinetic rates in alkaline and
acidic media. The bifunctional theory reveals the one face of
the water, in which water dissociation and followed H,4 and
OH,4 desorption balance determine the HER activity. Fur-
thermore, in IHP, the interfacial water configuration is
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thought to be critical to dominating the water dissociation
rate by the different orientations of interfacial water, de-
pending on the applied electrode potential, media, and cat-
alyst compositions. Despite decades of development, there is
still no consensus on how interfacial water affects HER.
Based on the above discussion, to better understand the
contribution of interfacial water molecules to the HER, we
propose the following viewpoints.

Firstly, to delve into the complex processes of the water
molecules’ behavior in alkaline HER, advanced experi-
mental tools can well capture reaction intermediates and
offer an understanding of the reaction mechanism, such as in
situ spectroscopic analyses, vibrational spectroscopy (infra-
red absorption spectroscopy, and sum-frequency generation
spectroscopy), X-ray spectroscopy and isotope-labeling
techniques.

Secondly, the reorganization of ion-solvated water mole-
cules and hydronium ions at the electrode/electrolyte surface
under the applied electric field should be more concentrated
in the process of the HER. Molecular dynamics and cover-
age-dependent model studies, scanning electrochemical mi-
croscopy, and impedance spectroscopy are required in
decoding local electrochemical behavior and minute surface
changes. Meanwhile, developing and utilizing the high-pre-
cision computational chemistry methods will also facilitate
understanding the interfacial water-related phenomena at the
atomic scale.

Thirdly, there is a demand to establish a complete and clear
reaction pathway, including the nonelectrochemical process,
such as the mass transfer of solvated reactants, the reor-
ientation and reorganization of solvent water molecules, and
the electrochemical process, such as the electron and proton
transfer, critical intermediate adsorption and desorption, and
their impacts on HER. Considering the influence mechanism
of the reaction from the overall pathway, the main factors can
be more clearly determined, and the design criteria of tar-
geted catalysts can be proposed.

Finally, a more complex solid-liquid interface should be
considered and researched. Industrial water electrolysis uses
30 wt.%—40 wt.% KOH solution as the electrolyte and por-
ous inorganic membranes as the separator; the electro-
chemical reaction occurs at the electrode/water interface. For
anion exchange membranes (AEMs)-based electrolyzes,
however, polymeric AEMs serve as the separator and solid
electrolytes. The electrode/polymer/water interface becomes
the essential location to afford the electrochemical reaction.
And then, the electrode/polymer/water interface structure,
composition, and amount are closely linked with the activity.
A deep understanding of the solid-liquid interface can pro-
vide powerful theory and rational strategies to design elec-
trodes and assemble electrolyzers with high performance.
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