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The electrocatalytic hydrogen-evolution reaction (HER), as the main
step of water splitting and the cornerstone of exploring the mechanism
of other multi-electron transfer electrochemical processes, is the
subject of extensive studies. A large number of high-performance
electrocatalysts have been developed for HER accompanied by recent
significant advances in exploring its electrochemical nature. Herein we
present a critical appraisal of both theoretical and experimental studies
of HER electrocatalysts with special emphasis on the electronic
structure, surface (electro)chemistry, and molecular design. It
addresses the importance of correlating theoretical calculations and

electrochemical measurements toward better understanding of HER
electrocatalysis at the atomic level. Fundamental concepts in the
computational quantum chemistry and its relation to experimental
electrochemistry are also presented along with some featured exam-

ples.

1. Introduction

The global demand for energy increased rapidly and
continuously during the last few decades. Meanwhile, many
advanced technologies for clean and renewable energy
conversion, such as water electrolysis and fuel cells attract
growing attention owing to the dwindling petroleum sup-
plies."! Hydrogen, as a key energy carrier, plays a significant
role in these two technologies: the electrocatalytic hydrogen-
evolution reaction (HER) is a cathodic reaction in the
electrolysis of water, while its reverse reaction, the hydro-
gen-oxidation reaction (HOR) is the anodic reaction in fuel
cells. Although detailed investigations of the HER kinetics on

[¥] Dr. Y. Zheng," Dr. Y. Jiao,! Prof. S. Z. Qiao
School of Chemical Engineering
University of Adelaide
Adelaide, SA 5005 (Australia)
E-mail: s.qiao@adelaide.edu.au
Prof. M. Jaroniec
Department of Chemistry and Biochemistry, Kent State University
Kent, OH 44240 (USA)

[*] These authors contributed equally to this work.

Wiley Online Library

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the surfaces of solid electrodes have
a long history,” the recent rapid devel-
opments in the computational quan-
tum chemistry and experimental nano-
technology, and especially their suc-
cessful merger, have brought some
new insights into the electrochemistry
of HER at both fundamental and
utilization levels.”

The most popular HER electrocatalyst is platinum (Pt),
which exhibits extremely high exchange current density (j,)
and small Tafel slope.”l However, the major drawbacks of Pt
catalysts are their high cost and insufficient Pt reserves. To
assure a sustainable hydrogen production, the cost-effective
alternatives to precious Pt featuring high electrocatalytic
activities and robust stabilities should be developed. Exper-
imentally, a large number of candidates have been fabricated
as a result of significant advances in synthetic chemistry. For
example, various earth-abundant transition metals (Fe, Co,
Ni, Mo) and their compounds have been designed and
developed as highly efficient HER electrocatalysts under
either acidic or alkaline conditions.”! Accurate identification
of HER active sites on these electrocatalysts and remarkable
advances in nanotechnology jointly promoted the develop-
ment of numerous nanostructured electrocatalysts with
preferentially exposed active sites and great performances.®
Strikingly, some non-metallic carbon-based materials with
unique electronic properties have been also considered as
innovative alternatives for Pt catalyst.”! The availability of
various carbon nanostructures (fullerenes, carbon nanotubes,
graphene, and hybrids) with tunable composition (heteroa-
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tom dopants) significantly enlarged the number of candidates
for highly efficient HER.

In parallel to the development of experimental strategies,
quantum chemistry studies that take into account the surface
(electro)chemistry and electronic structure of solid electrodes
have been essential for improving the fundamental under-
standing of HER electrocatalysis. Extraordinary progress in
density functional theory (DFT) has created enormous
possibilities in the computer-aided design of catalysts with
most favorable activity. Some theoretical concepts, such as
“adsorption free energy”, “microkinetic models”, “volcano
plots”, and “d-band centers” have also been widely used for
(semi)quantitative evaluation of the performance of synthe-
sized HER electrocatalysts. Importantly, the origin of the
electrocatalytic reactivity of solid electrodes could be uncov-
ered by analyzing certain activity descriptors derived on the
basis of DFT calculations, paving the way to the molecular
design of more efficient candidates for HER and other related
electrocatalytic processes."

At present, there are tremendous opportunities in ad-
vancing electrochemical surface science at the atomic/molec-
ular level by merging computational and experimental
methodologies, which leads to many breakthroughs in the
research and development of HER electrocatalysts. For
example, the most advanced spectroscopic tools are capable
of elucidating the chemical/electronic properties of solid
surfaces predicted by computational quantum chemistry,®!
while cutting-edge nanotechnologies ensure the design-driven
fabrication of catalysts with tunable surface properties as
projected by theoretical models.”) Herein, we highlight recent
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advances in the merging of fundamental science and technol-
ogy to promote the electrochemical studies of HER. In
particular, our intention is to show how computational
chemistry could be used to direct the proof-of-concept
molecular design of highly active electrocatalysts, and how
electrochemical experiments can be used to verify theoretical
predictions. The main aim of this Minireview is to provide
a comprehensive account, addressing both computational and
experimental aspects of HER, toward better/deeper under-
standing electrochemistry of this process.

2. Electrocatalytic Activity: Theoretical Descriptors
and Trends

2.1. Fundamentals of HER
2.1.1. Reaction Mechanism

HER (2H"+2e”—H,) is a multi-step electrochemical
process taking place on the surface of an electrode that
generates gaseous hydrogen. Generally accepted reaction
mechanisms in acid and alkaline solutions are:'!

1) electrochemical hydrogen adsorption (Volmer reaction)

[Eg. (2),(b)]

H' + M + e~ = M—H* (acid solution) (a)
H,0 + M +e” = M-H* + OH" (alkaline solution) (b)
followed by
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2) electrochemical desorption (Heyrovsky reaction)
[Eq. (¢)(d)]
M-H* + H" + e~ = M + H, (acid solution) (c)
M-H* + H,0 + e~ = M + OH™ + H, (alkaline solution) (d)
or
3) chemical desorption (Tafel reaction) [Eq. (e)]
2M—-H* = 2M + H, (both acid and alkaline solutions) (e)

where H* designates a hydrogen atom chemically adsorbed
on an active site of the electrode surface (M).

These pathways are strongly dependent on the inherent
(electro)chemical and electronic properties of the electrode
surface.’***) The determination of reactions (1), (2) or (3) as
the possible rate-controlling steps can be simply discerned by
evaluating the Tafel slope value from the HER polarization
curve as it was carefully explained by Conway and Tilak.

As indicated by reactions (1) and (2)/(3), chemical
adsorption and desorption of H atoms on an electrode
surface are competitive processes. According to the Sabatier
principle,'Y! a good HER catalyst should form a sufficiently
strong bond with adsorbed H* for facilitating the proton-
electron-transfer process, but it should be also weak enough
to assure a facile bond breaking and the release of gaseous H,
product. However, the establishment of quantitative relation-
ships between the energetics of the H* intermediate and the
HER electrochemical reaction rate is difficult owing to the
absence of directly measured values for the surface-inter-
mediate bonding energy.®! From the physical chemistry
perspective, the free energy change for H* adsorption on
a catalyst surface (AGy*) can be used to evaluate both H*
adsorption and H, desorption by means of the HER free
energy diagram.'” According to Sabatier principle, AG*
should be zero, under this condition the overall reaction has
the maximum rate (expressed in terms of HER exchange
current density, j,). More importantly, a close correlation has
been proposed between the experimental j,value and the
quantum chemistry-derived AGy* in the form of a “volcano
curve” for a wide variety of electrode surfaces.”>'? Guided by
this trend, the relationship between the electrochemical
nature of a solid surface and HER kinetics could be
principally established. In the following Sections, we attempt
to give some insights into the relationship between j, and
AGy*, and to discuss its essential role toward design of HER
electrocatalysts.

2.1.2. Exchange Current Density and Micro-kinetic Modelling

The term j, is the key descriptor of the electrocatalyst’s
activity, which profoundly affects the total electrochemical
reaction rate. Physically, it is defined as the current density in
one direction at one reaction’s equilibrium potential (U°, 0 V
versus the standard hydrogen electrode (SHE) for HER).
Then, the forward and backward reaction rates near U’ can be
expressed by Equations (1),(2)!*
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Jtorwara = —Jo €Xp(—a.Fn/RT) 1)
jbackward = jO exp(aaFn/RT) (2>

where a, and a, are the cathodic and anodic charge-transfer
coefficients ranging from 0 to 1. Under a certain overpotential
(1), the overall electrode current density (j) can be repre-
sented by the Butler—Volmer equation as [Eq. (3)]:

j = jtorward + jhackward (3)

According to the micro-kinetic model, j, can be theoret-
ically computed as an indirect function of AGy* [Eq. (4)]"?

Jo=F K Coal(1-6)" 0] )

where k° is the standard rate constant, which was experimen-
tally determined for a Pt surface to be 200 s 'site”!, and it is
widely applied for other types of surfaces."™ C,, is the total
number of HER active sites on the electrode surface. The
percentage coverage for H* intermediate on the surface, 6, is
normally related to the H* heat of adsorption corresponding
to the Langmuir adsorption model [Eq. (5)]:

0=(1+K)/K (5)

where K is the equilibrium constant, defined as the value of
the reaction quotient at thermodynamic equilibrium, and can
.[12]

be expressed as a function of AGy- [Eq. (6)]:
K = exp(—AGyx/ksT) (6)

where kg is the Boltzmann constant. By relating Equa-
tions (4) to (6), a volcano-shaped curve that associates the
macroscopic j, as a function of microscopic AGy« can be
quantitatively established. This intrinsic relationship has been
verified to be widely applicable for various types of surfaces
(single-crystal metal, alloy, metal compounds, and carbon-
based materials) and the calculated activity trends agree well
with experimental data (see Section 3.3 for details).

2.2. Density Functional Theory (DFT) in Electrocatalysis
2.2.1. Standard Free Energy Change Calculation

As mentioned in the preceding Sections, AGy: is one of
the key descriptors in theoretical prediction of the activity for
HER on solid electrodes. The development of computational
quantum chemistry provides a feasible methodology to
calculate the value AGy. by modelling the possible inter-
mediates formed during hydrogen adsorption-reduction—
desorption processes and evaluating their stabilities on the

electrode surface [Eq. (7)]:™*?

AGys = AEpy + AEzps—TAS 7

where AEy. can be calculated by taking the separated H, as
a reference state [Eq. (8)]:

AEH* = E(surface+l—[*)_E(surface)_1/2 EHZ (8)
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The zero-point energy change (AE,pp) for adsorbed H*
and isolated H, could be obtained by vibrational frequency
calculation [Eq. (9)]:1*

AEgp = 1/2Zhy, 9)

where v; are the computed vibrational frequencies. The
entropy change (AS) in Equation (7) could be obtained as
[Eq. (10)]:

S= Slrans + Svih =+ Sml + Sc] (10)

where S ans Svins Sror» and S, are the translational, vibrational,
rotational, and electronic entropy terms that can be derived
by frequency calculations.!"¥ It should be noted that although
it is a simplified model, the AGy value can give a high level of
accuracy to favorably compare experimental results."

2.2.2. The d-Band Theory for HER

As presented in Ref. [12], the calculation of AGy: is
mainly related to the electronic structure of a solid surface.
DFT calculations can also offer a closer view on how the
inherent electronic structure, especially the metal d-orbital
levels, would affect the strength of H* adsorption on the
surface of a given electrode. The d-band center (&4, normally
defined as the central position of the d-orbitals) theories were
developed, either by considering the adsorbed H* state by
itself " or taking into account the energy-level realignment
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during the bond breaking in HER process.'”! Considering the
adsorbed H* state by itself, when H* adsorbs on a transition-
metal surface, the metal d-orbital electrons contribute mostly
to the metal—H bond formation (Figure 1a).l'"! Additionally,
the hybridization of the H* orbital with the metal d-orbital
results in a low-energy, fully filled bonding orbital (o) and
a high-energy, partially filled anti-bonding orbital (o*), in
which the occupancy of the anti-bonding orbital determines
the metal—H bonding strength (the lower o* occupancy, the
higher bonding strength). Qualitatively, Ni(111) and Pt(111)
show unfilled o* states with a strong hydrogen adsorption
(AGy* <0); while in the case of Au(111) and Cu(111), the
energies of the o* states are below Fermi energy (filled),
resulting in relative weak hydrogen adsorption (AGy* >0)
(Figure 1b).1"! Thus, by computing the local d-band states of
a metal surface, its adsorbing ability toward hydrogen can be
qualitatively described and predicted. Basically, if the d-band
center is closer to the metal’s Fermi level (i.e. higher), the
resultant o* level is higher (reduced o* occupancy), which
corresponds to a stronger H* adsorption.'”) Besides adsorbed
H* state, Santos et al. investigated the influence of d-band
position on the bond breaking barrier and electron transfer
process in HER (Figure 1c¢).* It was suggested that the d-
orbital position and occupancy is more important for the
bond-breaking saddle point, than for the H* adsorption on
the surface. Based on this assumption, it was calculated that
when ¢, is at the Fermi level, the activation barrier for the
bond breaking is the lowest (Figure 1d)." This conclusion
was derived on the basis of molecular binding using Hiickel
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Figure 1. a) Schematic illustration of the energy-level hybridization and realignment for chemical-bond formation between an adsorbate and

a transition-metal surface. Reproduced with permission from Ref. [15]. Copyright 2005, Springer. b) The projected DOS for atomic hydrogen
chemisorbed on the (111) face of Ni, Cu, Pt, and Au. Dashed lines show the surface DOS of clean metals. Reproduced with permission from
Ref. [17]. Copyright 1995, NPG. c) DOS at equilibrium for the H,molecule, saddle point, and after bond breaking. d) The activation energy for the
H,molecule bond breaking as a function of the position of ¢g4. (c, d) are reproduced with permission from Ref. [16a]. Copyright 2006, Wiley-VCH.
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theory, and could be extended to real systems as suggested in
Ref. [16b].

It should be noted that the above mentioned d-band
theories refer to transition-metal surfaces, in which the d-
orbitals play an important role in surface catalytic reactions as
a result of their relatively close position to the Fermi level.
Recently, the concept of metal-free catalysis started to
emerge, such as carbon-based materials for various energy-
related electrocatalytic reactions.’®! The trend of H* adsorp-
tion on different graphene surfaces and their valence-band
orbital levels have been established by cluster model DFT
calculations.™ It has been demonstrated that with increasing
valence-band energy level, the H* adsorption strength
decreases, which is interestingly contrary to the trend that
has been observed on metal surfaces. This difference could be
explained by the fact that in the graphene-H system, the
graphene cluster’s Fermi level does not cross the o* orbital as
in the case of metals, instead it crosses the o orbital. With the
downshifting of the valence orbitals, the o orbital downshifts,
leading to an increased filling (enhanced H* adsorption
strength). This difference could probably be attributed to the
different energy level of H bonding on different surfaces. For
the graphene surface, the projected density of states (P-DOS)
for H is mainly distributed near the Fermi level," while for d-
metals, such as Pt, they are buried deeper and far away from
the Fermi level.””

2.3. HER Free-Energy Diagram

To present the possible extra reaction-rate limiting steps
that have been ignored in calculating the AGy. descriptor, the
reaction free-energy diagrams were proposed for both HER
mechanisms (Volmer-Heyrovsky and Volmer-Tafel) on dif-
ferent types of surfaces including precious metals,”!! transi-
tion metals,”” and non-metallic materials.’”! The calculation
of the explicit free-energy diagram could be quite compli-
cated: the basis is the AGy. computation, but there are several
extra factors that need to be considered, such as the solvation
and electric-double-layer effects.’ In addition to the free-
energy level of each reaction step (reactant, intermediates,
and final product), the possible reaction barriers can also
affect the overall reaction rate (Figure 2). The calculation of
reaction barriers for the Tafel step at both U’ and certain 7 are
achievable just by including —ne x 5 for each step (n denotes
the electron numbers carried by the electrode surface and 7 is
the overpotential of the electrode).”” However, for Volmer
and Heyrovsky steps, the electrons carried by corresponding
initial and final states are unbalanced thus it is impossible to
obtain the barrier value by traditional DFT calculations. To
address this issue, Ngrskov et al. developed an two-step
extrapolation scheme that could derive the barrier values
under different # by i) introducing different proton numbers
in the first water layer to model the surface under different #,
and ii) calculating the barrier values for a series of selected
unit cell sizes, and extrapolating the results to the limit of an
infinitely large unit cell where the potential change of the
surface induced by proton transfer is equal to zero."
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Figure 2. Standard HER free-energy diagram for the Volmer—Heyrovsky
route (a) and Volmer—Tafel route (b) on Pt(111) under different over-
potentials. Reproduced with permission from Ref. [21a]. Copyright
2010, ACS.

3. Combining Theory and Experiment for Predicting
and Interpreting HER Activity

3.1. Identification of Active Sites

In general, monitoring the reaction intermediates formed
on the surface of a catalyst represents a possible platform for
exploring its catalytically active sites. However, it is difficult
to observe in-situ these adsorbed species on a given site owing
to their extremely short lifetimes.” Additionally, most
experimental insights about the reaction mechanism have
been inferred from rate measurements; unfortunately such
procedures typically cannot provide conclusive evidence for
a given mechanism since the measured rate of each reaction
depends on several elementary steps and possible reaction
barriers as discussed in Section2.3.”!! Gratifyingly, the
combination of theoretical modelling with advanced spectro-
scopic techniques and electrochemical measurements pro-
vides a feasible methodology to identify the intermediates
and active sites on an electrode surface.”®

3.1.1. Pt Single Crystal

Studies of HER/HOR on Pt (k k [) single-crystal surfaces
date back to the early 1970s, and hydrogen adsorption was
considered as one of the first adsorption systems studied with

modern ultrahigh vacuum (UHYV) surface-science tech-
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niques.® Detailed HER kinetics on a Pt single crystal in both
acidic and alkaline solutions have been studied by Markovic¢
et al.»** and Conway et al.>*¥ They also proposed some key
factors that influence the apparent HER current densities,
such as roles of underpotential/overpotential-deposited hy-
drogen (Hypp and Hepp) and hydrogen coverage (0y) on the
active sites. The subsequent calculations confirmed that HER
on Pt (h k I) is indeed a structure-sensitive reaction and the
activity is strongly related to the value of 8y on different
facets.”'»?¢l Since there are several excellent Reviews else-
where providing overviews about the specificity of the HER
kinetics to single-crystal Pt surfaces®™*®! while similar studies
on other single-crystal metal surfaces are limited, we will not
discuss details of these kinds of materials herein.

3.1.2. The Importance of MoS, Edge

MoS, has also been considered as a potential HER
electrocatalyst since 1970s.*! However, only after a series of
computational and experimental studies in the last decade,
which led to the identification of its electrochemically active
sites toward HER, is there a growing interest in this material
as a competitive Pt alternative. The DFT calculations in terms
of the HER free-energy diagram predict that only the edges
of S-Mo-S in the MoS, domain sheet are active for H*
adsorption, while the whole basal plane is electrocatalytically
inert; in particular, the [1010] Mo edges are mainly respon-
sible for bringing AGy- very close to that observed on Pt
surfaces and much more favorable than other transition
metals (Figure 3a).””) The verification of this theoretical
conclusion by electrochemical measurements and scanning
tunneling microscopy (STM) imaging demonstrated that j,
measured on MoS, nanoplatelets supported on Au (111) is
proportional to the length of the edge sites (obtained from the
observation by STM), but irrelative to the whole exposed area
of MoS, nanoplatelets (Figure 3b);*! the agreement between
theory and experiment is remarkably good.

3.1.3. Various Methods of MoS, Edge Engineering

Confirmation of the catalytic activity of MoS, edges in
HER was essential for developing various nanoengineering
strategies for the preparation of MoS, nanomaterials with
exposed/extended active edge sites. The physical and surface
properties of pristine MoS, could also be modified by
morphological changes as it was shown elsewhere.*] The
earliest and most popular strategy involves the enlargement
of MoS, surface area by fabricating different nanostructures,
such as mesostructures (Figure 4a),”” nanowires,*” nano-
porous objects,®!) nanosheets®” and nanoparticles.’® This
approach does not alter the electronic properties of pristine
MoS, but can physically increase the number or fraction of
electrocatalytically active sites per unit geometric area of the
electrode to enhance the apparent HER current density.
Different from simple nanostructuring, chemical exfoliation
of bulk MoS, or WS, to nanosheet forms is also an effective
way to not only achieve a high density of exposed active
edges, but to tailor their electronic structure by transforming
the material from the semiconducting 2H (trigonal prismatic)
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Figure 3. a) Calculated HER free-energy diagram for MoS, and different
metals. Reproduced with permission from Ref. [27]. Copyright 2005,
ACS. b) The relationship of j, with the MoS, nanoplatelet edge length
measured from STM images as shown in the inset. Reproduced with
permission from Ref. [28]. Copyright 2007, AAAS.

to the metallic 1T (octahedral) phase (Figure 4b).** The
experimentally observed high activity of 1T-MoS, nanosheets
is mostly attributed to the intrinsic facile electrode kinetics
and low-loss in electron transport rather than the prolifer-
ation of active sites.?¥ In the case of the exfoliated WS,
nanosheets, which underwent the transformation from the
2H to 1T phase, the structure became highly distorted with
a high proportion of zigzag-like strains in the lattice."™ The
DFT calculations showed that these tensile strains could
significantly influence AGy. by enhancing the density of
states near WS,’s Fermi level, which is also consistent with the
electrochemical observations indicating that the measured j,
is closely related to 1T phase concentration and strain in the
exfoliated WS, nanosheets.!

Although electron transport on the catalyst’s surface is
a separate process from the charge-transfer reactions in-
volved in the electrocatalytic HER process, it affects the
overall activity of a catalyst and is often reflected by high
Tafel slopes.°! Thus, engineering semiconductive MoS, with
conductive templates or supports (graphene,*® carbon nano-
tube*”! and both®) was proposed to improve the catalytic
activity of the host material. Importantly, in addition to the
enhanced electron-transfer capability of a nanocarbon sup-
port, the coupling/interaction of MoS, with the support could
lead to a selective growth of highly dispersed MoS, nano-
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Figure 4. a) Synthesis procedure and nanostructural model for mesoporous MoS, with a double-gyroid morphology. Reproduced with permission
from Ref. [29]. Copyright 2012, NPG. b) Molecular models of exfoliation inducing a phase transition from 2H- to 1T-MoS, and SEM/TEM images
of the material. Reproduced with permission from Ref. [34]. Copyright 2013, ACS. c) Solvothermal synthesis of MoS, on reduced graphene oxide
(rGO). Reproduced with permission from Ref. [36a]. Copyright 2011, ACS. d) Atomic reconstruction of defect-rich MoS, with additional active
edges as indicated by the arrows. Reproduced with permission from Ref. [40]. Copyright 2013, Wiley-VCH.

particles with favorably exposed active sites. For example,
MoS, supported on chemically reduced graphene oxide
(rGO; Figure 4¢) showed a significantly higher HER activity
than the free-standing bulk sample under the same condi-
tions.’® Hydrogen adsorption free-energy calculations
showed that Mo-edges that exhibit a strong adhesion to the
support (e.g. graphene) can weaken the hydrogen binding and
optimize AGy. on the active edge of MoS,,”” revealing the
function of the carbon support in HER at the atomic level and
also providing a rigorous theoretical reasoning of the high
performance of MoS,/carbon hybrids.

Intramolecular self-generated active sites in the MoS,
framework were also considered and deliberately formed by
synthesizing defect-rich MoS, ultrathin nanosheets, which are
prone to partial cracking along the basal planes to form
nanosized domains leading to the exposure of additional
active edge sites (Figure 4d).") The remaining periodicity
(sixfold symmetry) partially retains the electron conjugation
on S-Mo-S layers, leading to a favorable internal conductivity.
Consequently, the HER performance on the defect-rich MoS,
is dramatically enhanced compared to the defect-free nano-
sheets as a result of the synergistic effect of the newly
generated active edge sites and nanosheet morphology.*”!
Considering the decreased interdomain conductivity arising
from the abundant defects, Xie et al. incorporated oxygen
into MoS, framework to give controllable disorder.*!! The-
oretical analysis showed that the disordered structure can
offer abundant unsaturated sulfur atoms as active sites for
hydrogen adsorption, while the oxygen incorporation can
reduce MoS,’s band gap to improve its intrinsic conductiv-
ity Driven by these effects, the oxygen-MoS, nanosheets
demonstrated a better activity than pure and bulk samples.
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3.2. Correlation between Electronic Structure and Surface
Properties

As discussed in Section 2.2.2, there is a close correlation
between the catalyst’s electronic structure (e.g. d-band center
or valence orbital position) and its surface (electro)chemical
properties. By tailoring the electronic structure of a solid
electrode, in principle, the binding energy of reactant on the
catalyst surface can be optimized to facilitate the whole
catalytic process.”! DFT shows its powerful capability for
describing the electronic structures of catalysts, while varia-
tions in the d-band center for a given metal can be achieved by
measuring the surface core-level shifts or by using valence-
band photoelectron spectroscopy.*®! By the combination of
theory and experiments, we present three typical strategies
for the design of highly efficient HER electrocatalysts
through electronic structure engineering.

3.2.1. Bimetallic Systems

Introducing another element into the lattice of a given
metal is an effective way to modify its electronic/chemical
properties by creating a bimetallic surface through: i) for-
mation of heteroatom bonds leading to a ligand effect, and
ii) alteration of the average metal-metal bond length, result-
ing in a strain (e.g. compressive or tensile) effect.* Individual
contributions of the ligand and strain effects to the shifts in
the metal’s d-band center were theoretically calculated and
found to correlate with the optimized AG;..! For example,
the Pt surface’s d-band can be broadened and lowered in
energy by interacting with subsurface 3d metals resulting in
weaker dissociative adsorption energies of hydrogen on these
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surfaces.! The choice of the secondary metal could be
achieved by a computational screening procedure, which is an
efficient approach to semiquantitative identification of a large
number of potential candidates by evaluating some special
selection criteria.*) Considering the stability of bimetals,
Greeley et al. theoretically identified one couple of interest-
ing candidates (Bi and Pt) from over 700 binary surface alloy
samples (Figure 5a). As expected, the carefully synthesized
Bi supported on Pt surface alloy (by underpotential deposi-
tion followed by annealing) indeed demonstrated an en-
hanced HER activity compared to pure Pt (Figure 5b),“
although Bi itself is a notoriously poor electrocatalyst for
HER. Guided by this success, Bjorketun etal. further
extended the choice of alloys to non-precious metals (W-Cu
alloy nanoparticles) by using a computational screening
selection procedure.”? Importantly, such a strategy has also
been applied in other key electrocatalytic processes, such as
the oxygen-reduction reaction (ORR)™! and electrochemical
H,0, production™ by decorating Pt with 3d metals. The
experimentally measured activities of DFT-designed electro-
catalysts were better than that of pure Pt.

In addition to Pt, systematic studies regarding the
deposition of pseudomorphic Pd monolayers onto noble-
metal substrates also revealed that the hydrogen adsorption
strength on a solid surface can be significantly influenced by
its electronic properties. Depending on the lattice parameters
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of the substrate, the deposited Pd overlayer is either com-
pressed or expanded. Hammer and Ngrskov theoretically
pointed out that an expanded monolayer can lead to an up-
shift of the d-band center owing to the band narrowing and
energy conservation.”” To verify this prediction, Kibler
etal.’!! and Greeley et al.l**¥ separately prepared pseudo-
morphic Pd monolayers on a wide variety of single-crystal
noble metals with different geometric characters (both
hexagonally close-packed and face-centered cubic, such as
Au(111), Re(0001), Ru(0001), Rh(111), Ir(111), Pt/Ru (111),
and Pt(111)) by underpotential deposition. A comparison of
the electrochemical performance of these systems demon-
strated that there is a close correlation between the apparent
H* binding strength on the decorated Pd overlayer with the
calculated shift of the d-band center induced by lateral strain
or ligand effect in bimetallic systems (the higher the energy of
the d-states, the stronger the bonds that are formed between
H* and the surface, as shown in Figure 5c,d). These findings
agree very well with the d-band center theory discussed in
Section 2.2.2. Maark and Peterson® concluded that the strain
gives a systematic contribution to the binding-energy changes,
while the ligand effect can act to either intensify or weaken
the strain effect. For some systems (e.g. Pd/Ir), the ligand
effect is more pronounced than the strain effect while in
others (e.g. Pd/Au) the strain effect is more significant.
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Figure 5. a) DFT calculation-derived stability of different surface alloys plotted as a function of AG.. b) HER polarization curves of various Pt-
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3.2.2. Promoted MoS, Edge

The modification of electronic structure can also be
achieved by doping another element into a metal compound.
The most pronounced example is doping MoS, with Co and
Ni for the catalytic hydrosulfurization reaction.’® The
promotion effect can be theoretically explored by projected
DOS analysis showing that Co or Ni can weaken the bonding
of S at the S-edges owing to an increased filling of the
antibonding state (Figure 6a).* Consequently, some coordi-
natively unsaturated metal atoms are created, which can
interact with adsorbates. Quantitatively, HER on MoS, is
expected to take place predominantly at the Mo-edges with
a lower AGy.=0.08 eV rather than on the S-edges (AGy.=
0.18 eV),™! as described in Section 3.1. However, Co incor-
poration at S-edges can reduce its AGy. to 0.1 eV, while the
value at the Mo-edges remains unaffected. As a result, the
number of sites with high activity toward hydrogen adsorption
increases (Figure 6b).! Additionally, the STM image of the
chemically synthesized Co promoted MoS, (Co-Mo-S) nano-
particle shows that Co incorporation can change the shape of
pristine triangular MoS, to a truncated hexagonal plane with

S.Z. Qiao et al.

both Mo and S-Co exposed, which leads to an increase in the
length of active edges (Figure 6¢).°! Guided by this funda-
mental evidence, Merki et al. systemically prepared MoS;
films doped with Fe, Co, Ni by electrochemical deposition.”!
The promotional effect of Fe, Co, and Ni ions toward HER
activity is clearly visible by comparing j, and charge-transfer
resistance values with those obtained for pristine MoS;. As
predicted by DFT calculations, these ions appear to increase
the intrinsic activity of MoS; film by interacting with
unsaturated S atoms (confirmed by X-ray photoelectron
spectroscopy, XPS). The electrochemical experiments further
showed that the different promotion effects for Fe, Co, Ni-
MoS; (Co exhibited the most significant one) were unrelated
to Mo content but depended on the nature of metal ions
interacted with S atoms.””!

3.2.3. Origin of the Synergistic Catalysis On Carbon-based Electro-
catalysts

In addition to metallic materials, low-dimensional carbon
materials (e.g. graphene) as metal-free catalysts, have shown
a promising future in various advanced electrolysis applica-
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Figure 6. a) The projected DOS for interaction between S 3p states and metal d states in Fe-Mo-S, Co-Mo-S, Ni-Mo-S (from left to right). (A) and
(B) indicate the antibonding and bonding orbital, respectively. Reproduced with permission from Ref. [54]. Copyright 1999, Elsevier. b) Differential
AG,. of the Mo edge and the S edge in MoS, and of the S-Co edge in Co-Mo-S. Reproduced with permission from Ref. [55]. Copyright 2009, RSC.
) Molecular model based on the DFT calculations (top) and atom-resolved STM image of a Co-Mo-S nanocluster (bottom). Reproduced with
permission from Ref. [56]. Copyright 2007, Elsevier. (d) HER polarization curves of unpromoted and Fe, Co, Ni-promoted MoS; materials in
neutral solution. Reproduced with permission from Ref. [57]. Copyright 2012, RSC.
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tions.”® Their abundant sources, variable structures, and
tunable chemical composition make them competitive alter-
natives to (precious) metal counterparts. Intermolecular
doping of graphene with heteroatoms, such as nitrogen (N),
boron (B), phosphorus (P), fluorine (F), or sulfur (S), is an
effective way to tailor its electronic structure and (electro)-
chemical properties.?**! In particular, the co-doping of two
elements which have different electronegativities to that of
carbon, for example, B/N, §/N®! and P/N™! couples could
lead to a unique electron-donor properties of carbon by the
so-called synergistic coupling effect between two heteroa-
toms. Both experimental tests and theoretical analysis con-
firmed that such effect could largely boost the electrocatalytic
activities of graphene materials toward electrocatalytic ORR
and HER.[™%®l Taking N,P co-doped graphene (N,P-G) as
an example,”™ DFT calculations predicted that the N and P
heteroatoms could co-activate the adjacent C atom in the
graphene matrix by affecting its valence orbital energy levels
and leading to a reduced AGy. (Figure 7b). The proof-of-
concept experiments indeed showed that the synthesized N,P-
G catalyst exhibited a much lower HER overpotential and
higher j, than those for all investigated pure and single-doped
graphene samples (Figure 7a).™™ Moreover, a good linear
trend between theoretical AGy- and measured jj, is clearly
visible (not shown), which also validates the predictive
capability of the DFT model for non-metallic systems.

The synergistic effect also occurs in the case of nano-
carbon (graphene or carbon nanotubes) and supported metal
oxide/hydroxide because of strong coupling between both
components.”” This coupling may induce chemical and/or
electrical attachment of catalytically active nanoparticles and
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conductive nanocarbons, leading to a synergistically enhanced
electrocatalytic ~ activity for electrocatalytic ORR,®!
HER,?*% and the oxygen evolution reaction (OER).* By
the combination of theoretical calculations (e.g. electronic
structure analysis and AGy. modelling) and spectroscopic
methods (e.g. X-ray absorption near-edge structure), more
details can be revealed concerning the origin of this intra-
molecular synergistic effect. In the case of nitrogen-doped
carbon nanotubes with encapsulated iron nanoparticles
(Fe@NCNTs), the DFT calculations provide a rigorous
theoretical explanation of how metal and N dopants can be
used to synergistically optimize AGy:, and consequently,
promote the apparent HER activity.”” In this particular
system, the C-H band (sum of C,, and Hj;) center is located at
a lower energy regime than that on the pristine CNTs,
indicating a stronger H-carbon chemical bonding. The
electronic structure analysis revealed that this stabilization
of H* species may originate from the charge transfer from Fe
clusters and N dopants to adjacent carbon atoms, clearly
presenting a synergistic effect of Fe and N to co-activate
carbon atoms toward HER.”? In terms of non-metallic
systems, graphitic carbon nitride (g-C;N,) is a semiconductor
and inert electrocatalyst ;1 however, by chemical coupling of
g-C;N, with nitrogen-doped graphene sheets (N-graphene),
the hybrid (C;N,@NG) unexpectedly showed a favorable
HER activity, comparable to some of the state-of-the-art
metallic materials."” A quantitative indicator of this coupling
effect is the measured value of j, for the C;N,@NG hybrid,
which was not only higher than that of g-C;N, and a N-
graphene physical mixture but also higher than the summed
values obtained for pure g-C;N, and pure N-graphene

H Experiment

0

€

& 21

<
£

= ™

‘B

5 6 0.5 M H,SO

o 97 - 254

g —— Graphite

= 8 —— P-graphene
S h —— N-graphene

——N,P-graphene-1
-10

06 -05 -04 -03 -02 -0.1
Potential vs. RHE (V)

n Theory

0.1 02 03 0.4
E . (eV)

n Experiment
l/’

< /

g H
2 9 i
E H
> i
@ -104 i
2 H
3 H
;C-; —— N-graphene 5
£ -15{—c N,/NG mixture i
= :
a3 —CNN,@NG H
----- Pt/C H

-20 T T T T T T
-06 -05 -04 -03 -02 -01 0.0
Potential vs. RHE (V)

n Theory

0.75
"

0.50+ N-graphene

0.25-
S v e 12H
® 0.00{-—=2 - ]
o N\
<-0.251 C,N,@NG

-0.50+

g-CN,
-0.756

Reaction coordinate
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components (Figure 7¢).’" On the theoretical perspective,
AGy- values for pure g-C;N, and N-graphene surfaces are
opposite in signs, indicating that hydrogen adsorption is either
too strong (g-C;N,) or too weak (N-graphene).”” Chemical
coupling of g-C;N, and N-graphene into a uniform hybrid
results in a mediated adsorption—desorption behavior (|
AGy-| —0), which facilitates the overall HER kinetics (Fig-
ure 7d).7 Such an atomic-level HER mechanism on the
surface of C;N,@NG clearly indicates the origin of its
strikingly high electrocatalytic activity.

3.3. Evaluating Trends in the Exchange Current
3.3.1. Fundamentals of Volcano Curves

The origin of the “volcano-type” plots in heterogeneous
catalysis was first qualitatively described by Sabatier, who
pointed out the necessity of appropriate chemical interaction/
bonding between reactants and catalyst. If this interaction is
too weak, the sluggish reaction-intermediate formation would
slowdown the reaction, while if this interaction is too strong, it
can block the catalyst’s surface and slowdown the reac-
tion.*™ !l Regarding the electrocatalytic HER, Parsons pro-
posed a volcano-type plot to associate j, with the thermody-
namically derived AGy,. (Figure 8a).[! The volcano-type plot
is observed because according to thermodynamics j, can be
expressed in terms of (6y)*(1—60y)' " as a function of AGy.
[see Eq. (4)];¥! where a denotes the relative slope of the
energy curves of the initial and final states at their point of
intersection. The peak of the volcano is reached when 0y =
1-04=0.5 (e =1-a=0.5), which corresponds to AGy.=0.
The two linear branches of the volcano plot are symmetrical
at AGy: =0: when AGy. > 0 (relatively weak H* adsorption),
jo exponentially increases with decreasing value of AGy:
when AGy: < 0 (relatively strong H* adsorption), j, exponen-
tially decreases with decreasing value of AGy. (Figure 8a).[*!

Guided by Parsons’s work, Trasatti presented another
form of volcano plot by correlating a wide collection of j
values obtained for polycrystalline metal surfaces with the
measured hydrogen heats of adsorption (reflecting the
strength of M—H bond, as shown in Figure 8b).1?l Metals,
which adsorb hydrogen weakly, such as Ag, Zn, Al, and those
that adsorb H strongly, such as Mo, Ta, W, both exhibit low
values of j,. Only metals that show moderate hydrogen
adsorption, such as Pt, Pd, and Rh, feature high values of j,,.
Trasatti,’”" Conway and Bockris,®™ and Kita,®™ further
pointed out that there is a simple phenomenological linear
relationship between the logarithm of j, and the work
function (@) for all these metal surfaces. Given that @ simply
depends on the Fermi energy of a metal, there should be some
inherent correlation between the electronic properties of
metals and their apparent activity as predicted in Sec-
tion 2.2.2. Nowadays, because of the availability of large
computational power, accurate electronic structures of cata-
lysts can be easily explored by DFT. As demonstrated by
Ngrskov etal., the DFT calculations started to play an
increasingly significant role in obtaining AGy. values for the
construction of the volcano-type plots for various systems.!”
The DFT modelling has been successfully used for a wide
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range of different surfaces including metals,'? alloys,**4!
metal carbides,® sulfides,” and even non-metallic surface-
sl that were not characterized by traditional heat of
adsorption data. All calculated AGy- values after correlating
with the measured j, give the volcano-type plots as shown in
Figure 8c. As expected, Pt-family metals are located on the
peak of the activity volcano with small absolute values of
AGy- and large j,; but some newly developed cost-effective
nanostructured catalysts, such as MoS, and C;N,@NG, show
comparable or sometimes better HER activity than tradi-
tional metals, as evidenced by both experimental and
theoretical evaluations.

3.3.2. Climbing the “Electrocatalytic Activity” Volcano

Given that the theoretical maximum of j, is at the peak of
the volcano curve with AGy. =0, climbing the “electrocata-
lytic activity” volcano is the goal of research on the design and
synthesis of highly active catalysts. Because of recent
advances in the atomic-level understanding of HER, many
new electrocatalysts with carefully controlled architectures
and optimized electronic properties, such as a pseudomorphic
Pd monolayer on a single-crystal PtRu substrate* and BiPt
surface alloys,"*’l showed even better HER activity than pure
Pt catalysts. In addition to HER, the electrocatalytic activity
trends can also be evaluated by using analogous volcano-type
plots for various electrochemical processes, such as OER
(standard free energy of HO* oxidation, AGo-—AGy-, as
shown in Figure 8d),”) ORR (O* intermediate binding
energy, Eo., as shown in Figure 8e),2**<™ CO, reduction
(descriptor depends on the reaction mechanism and path-
way),"l and electrochemical H,0, production (HOO* ad-
sorption energy, AGyoos, as shown in Figure 8 f).[! All of the
descriptors used showed good correlations with experimental
activity data. More importantly, these fundamental descrip-
tors provide a powerful tool for predicting the electrocatalytic
activity trends, allowing the design and synthesis of advanced
electrocatalysts for various energy-relevant processes that
perform better than traditional ones.”**"!

4. Outlook and Future Challenges

Although great progress have been made in the design of
highly efficient HER electrocatalysts by combining the
currently available computational and experimental methods,
there are still several issues that are not solved yet by this
promising strategy. First, the DFT methodology is still under
development toward accurately describing relatively complex
systems under real HER conditions. For example, in the most
important case of the aforementioned DFT-derived volcano
plots, the value of the calculated AGy:- is based on Hypp, while
jo might correspond to weakly adsorbed Hopp!"” This is also
demonstrated by the disagreement between the measured M—
H bond strength and AGy. on Co and Ni surfaces.”” Secondly,
although the correlation between j, and AGy: is appealing,
this model is still over simplistic and some important effects
are disregarded, such as the double layer and solvation
effects.”” Ngrskov et al. calculated the electrical field effect
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1 mAcm™
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for OH* adsorption on a Pt surface to be 0.015 eV under
a potential bias of 1 V,"” but such an effect has not been
analyzed within the HER Scheme yet. Although the calcu-
lation of AGy. in vacuum could fundamentally meet the
requirements for better screening of HER electrocatalysts,
a full consideration of all experimental parameters and
variables in one calculation scheme would be scientifically
interesting. Finally, the DFT theory is powerful only for
modelling the single-crystal surfaces, while it is well-known
that the most developed promising metallic nanoparticles are
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of H,0, production kinetic current density on polycrystalline catalysts as a function of the calculated HOO* binding energy (AGo0+).

covered with different facets, whose surface percentages vary
with particle size and shape.”” Clearly, the HER activity
descriptors, such as AGys, on each face and Hqpp,upp coverage
are totally different.®?!! Therefore, the construction of
polycrystalline surface models remains a challenge owing to
both the lack of sufficient experimental evidence and the
large size of unit cells for which computations must be carried
out.

The promising non-metallic carbon-based electrocatalysts
have demonstrated competitive properties as the next gen-
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eration of highly efficient HER catalysts. Fortunately, the
DFT computations showed their powerful predicting capa-
bility for these materials, paving the way toward molecular
design of catalysts for HER. A combination of theoretical
calculations and experimental data provides clear and solid
evidence that, similarly to precious metals, their well-de-
signed metal-free counterparts have also a great potential for
highly efficient electrocatalytic HER, thus will largely expand
the spectrum of electrocatalysts for HER and other energy-
related electrocatalytic reactions.
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