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ABSTRACT: The design of active and low-cost electrocatalyst for hydrogen  amMD simulation A <[ Tafelsiope .+~
evolution reaction (HER) is the key to achieving a clean hydrogen energy %(’8 —-80% H F:z;z;r:y 5 e
infrastructure. The most successful design principle of hydrogen electrocatalyst is [T ¢ ‘ I

the activity volcano plot, which is based on Sabatier principle and has been used [crersedipole interact Al S

to understand the exceptional activity of noble metal and design of metal alloy
catalysts. However, this application of volcano plot in designing single-atom Design of SAEs

electrocatalysts (SAEs) on nitrogen doped graphene (TM/N,C catalysts) for v — o OTM/:XC
HER has been less successful due to the nonmetallic nature of the single metal of| o, 1o o ° &3
atom site. Herein, by performing ab initio molecular dynamics simulations and E o o' iog o e o
free energy calculations on a series of SAEs systems (TM/N,C with TM = 3d, 4d, x x° ° * i x °
or 5d metals), we find that the strong charge—dipole interaction between the o ° °o i °7e

negatively charged *H intermediate and the interfacial H,O molecules could alter
the transition path of the acidic Volmer reaction and dramatically raise its kinetic
barrier, despite its favorable adsorption free energy. Such kinetic hindrance is also
experimentally confirmed by electrochemical measurements. By combining the hydrogen adsorption free energy and the physics of
competing interfacial interactions, we propose a unifying design principle for engineering the SAEs used for hydrogen energy
conversion, which incorporates both thermodynamic and kinetic considerations and allows going beyond the activity volcano model.

Thermodynamics

B INTRODUCTION Among emerging classes of HER catalysts, the two-
dimensional (2D) single-atom electrocatalysts (SAEs), such
as the isolated metal atoms anchored on nitrogen-doped
graphene, are born with many distinct advantages (e.g,, high
atomic efficiency, low cost, and well-defined active site),ls_17
encouraging a growing number of researchers to develop HER
SAEs with high performance.lg_21 However, since the nature
of the active sites in SAEs is more cationic than metallic and
the adsorbed dihydrogen species could exist, the traditional
“volcano” plot has been demonstrated to be less effective for
designing SAEs for HER.*” Based on Hossain et al.’s report,
the Fe/N,C and Cr/N,C are predicted to present good HER
catalytic activity with the AG.y in the range of —0.20 to 0.30
eV, while the experimental overpotential of Fe/NC is as large
as ~0.5 V, showing the inconsistence with theoretical
prediction.””** Therefore, the development of more precise
descriptors other than the simple AGsy is imminent for the
design of advanced HER SAEs. Additionally, the explicit

The hydrogen evolution reaction (HER) is the key electro-
chemical process for the storage/utilization of hydrogen
energy.”” Mechanistic understanding of the elementary steps
in HER is hence crucial for rational design of active hydrogen
electrocatalysts.” In alkaline media, the HER rates are
dramatically slower (2—3 orders of magnitude) than in acidic
media, due to the sluggish kinetics of water dissociation and
OH™ desorption.*™® In acidic media, with hydronium being
the primary proton source, it has been hypothesized that the
HER activity solely depends on the hydrogen binding energy
(HBE) of the catalysts’ and that an intermediate binding
strength of *H leads to optimal performance according to the
Sabatier principle; i.e., the interaction between adsorbate and
substrate should not be too strong or too weak.'’ By
combining density functional theory (DFT) calculations and
computational hydrogen electrode (CHE) method, Nerskov
and co-workers identified the “volcano-type” trend based on
the relationship between HER exchange current density and
free energy of Volmer reaction (ie., AG.y)."""? This Received: December 16, 2022
relationship helps us understand the exceptionally high acidic Published: June 7, 2023

HER activity of noble metal catalysts, such as Pt, Pd, Ir, etc.,'!

and the apex of the volcano curve has an instructive

significance for further optimizing metal HER catalysts by

alloying or doping.'>"*
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description of solvation environment is quite necessary in
modeling electrocatalysis on SAEs, in terms of thermody-
namics, kinetics, and even mechanistic pathways.”>~>" Over-
looking the interaction between adsorbates and solvent (e.g.,
hydrogen bonding) at electrochemical interface during ab
initio calculation may receive unstable reaction intermediates
and induce the obvious discrepancy between theoretical
predictions and experimental data.”*™>"

In this work, we perform ab initio molecular dynamics
(AIMD) and constrained AIMD simulations with explicit
solvation model to investigate the kinetics of acidic Volmer
reaction on TM/N,C (TM = Cr, Mn, Fe, Co, Ry, Ir, Rh). The
thermodynamic integration (TI) method and charge-extrap-
olation scheme are employed to acquire the constant-potential
free energy profiles of Volmer reaction on the SAEs. We
observe a special configuration of interfacial H,O molecules
around the negative charged *H intermediate adsorbed on Cr/
N,C, Mn/N,C, and Fe/N,C systems, with one H in H,O
pointing to the *H (*H--HOH). This is because of the strong
charge—dipole interaction between *H and interfacial H,O
molecules, and this effect also alters the transition path of the
acidic Volmer reaction, increasing its kinetic barrier. The
kinetic bottleneck of Volmer reaction on Cr/N,C is the most
significant on the studied systems since its *H is more
negatively charged than those of Mn/N,C and Fe/N,C. Such
kinetic hindrance is also confirmed by the experimental HER
activity test and Tafel slope. We thus propose a design
principle that incorporates the physics of interfacial interaction
for improved description of acidic HER kinetics on TM/N,C
materials. The “volcano-like” relationship between thermody-
namic and kinetic descriptors is built, which identifies the
applicability of traditional “volcano” plot on different SAEs and
offers a direction for reducing the kinetic influence via
coordination engineering on HER.

B METHODS

Computational Models. The TM/N,C substrates were modeled
by a single layer of four nitrogen atom-doped graphene with a single
transition metal (TM) atom embedded in the center (Figure S1). The
slabs were composed of a 6 X 4 supercell with dimensions of 17.04 X
14.76 X 20.00 A* and was allowed to repeat periodically. For the
calculation of free energy barrier, the liquid models were built where
the empty spaces of the simulation box were filled with bulk water,
containing 141 H,0 molecules and possessed an average density of
~1g/ cm’.

Computational Parameters. The spin-polarized DFT calcu-
lations®" were performed by adopting the Vienna ab initio simulation
package (VASP) code.”” The exchange—correlation energy was
described by the generalized-gradient apgroximation (GGA) with
Perdew—Burke—Ernzerh (PBE) functional.”® The valence states of all
atoms were expanded in a plane-wave basis set with a cutoff energy of
400 eV. The 3 X 3 X 1 K-point sampling of the Brillouin zone was set.
The implicit solvation effect was also introduced by VASPsol.>*

The free energy of hydrogen adsorption (AGsy) via computational
hydrogen electrode (CHE) model®® is calculated by the egs 1 and 2:

1
AE+«y = E+y — E,, — —E
H H * T S UH (1)
where E.y is the total energy of catalyst surface with hydrogen
adsorption, E: is the energy of clean catalyst surface and Ey, is the
energy of hydrogen molecule.

AG*H = AE‘(H + AEZPE — TAS (2)

where AEp; is the zero-point energy correction and TAS is the
change in the entropy contribution to the free energy.

The ab initio molecular dynamics (AIMD) simulations and
constrained MD simulations were performed by employing the
CP2K/Quickstep package.*® The Perdew—Burke—Ernzerhof (PBE)
functional and mixed double-{ Gaussian and plane-wave (GPW) basis
sets with an energy cutoff of 400 Ry are chosen.>® The core electrons
of different element were modeled by the Goedecker—Teter—Hutter
(GTH) pseudopotentials. The AIMD simulations were sampled by
the canonical (NVT) ensemble using Nose—Hoover thermostats with
the target temperature of 300 K, and the time step is set as 1.0 fs.*”**
In all the calculations, the DFT-D3 method proposed by Grimme et
al. was adopted to better describe the noncovalent interactions.>

The kinetic barriers of Volmer reaction (H;0" + e + * = *H +
H,0) on TM/N,C (TM = Cr, Fe, Co, Rh) are obtained by
thermodynamic integration (TI) method which applies a holonomic
constraint on reaction coordinate () during MD simulations and
integrate over the average unbiased force associated with the reaction
coordinate eq 3,

AAQ) = - fg R dc .

where AA({) is the free energy difference between two reaction
coordinates (£, and ¢,) and F({) is the averaged force along the
constrained reaction coordinate. The collective variable (CV) is
defined by eq 4,

CV ={(r) = lepy — 1l — Irg — x4l (4)

where rpy refers to the coordinates of transition metal atom, rq refers
to the coordinates of O atom on H;0%, and ry refers to the
coordinate of solvated proton on H;O* (Figure S1).

Synthesis of TM-Based SAEs. In a typical synthesis of Cr;/NC, a
mixture of melamine (C;H(N) (8 g), L-alanine (C;H,NO,) (1.5 g)
and chromium(III) nitrate nonahydrate (Cr(NO;);-9H,0) (35 mg)
were first ground into a uniform precursor by ball-milling for 1 h in a
nylon jar. Subsequently, 12 mL of hydrochloric acid (HCI) and 3 mL
of ethanol (C,HO) were added and dried in an oven at 60 °C until
the complete evaporation of ethanol. Then the fine powder mixture
underwent a two-stage pyrolysis under Ar atmosphere. The first stage
was from 25 to 600 °C at a ramping rate of 2.5 °C min~" and held at
600 °C for 2 h, while the second stage was from 600 to 900 °C at a
ramping rate of 2.5 °C min™" and held at 900 °C for 1 h. After cooling
to room temperature, the product was washed with 2 M HCI solution
at 80 °C for 24 h to remove possible metal particles and annealed
again at 900 °C under Ar. Fe/NC, Co/NC, and Rh/NC were
synthesized by replacing Cr(NO;);-9H,0 with Fe(CO,CHj),,
Co(CO,CH;),, and RhCl;xH,0.

Characterization. The transmission electron microscopy (TEM)
was measured on a JEOL JEM-2100F. Aberration-corrected high-
angle annular dark-field scanning transmission electron microscopy
(AC-HAADF-STEM) was conducted on a JEOL JEMARM200F
STEM/TEM with a guaranteed resolution of 0.08 nm. The crystal
structure was examined by X-ray diffraction (XRD, Bruker AXS D8
Advance) using Cu Ka radiation (1 = 1.5406 A) with a LYNXEYE
detector at 30 kV and 10 mA. The mass contents of metal in SAEs
were quantified by inductively coupled plasma mass spectroscopy
(ICP-MS, PerkinElmer). Detailed elemental compositions were
analyzed by X-ray photoelectron spectroscopy (XPS) on an
ESCALAB 250 photoelectron spectrometer (Thermo Fisher
Scientific) using a monochromatic Al Ko X-ray beam (1486.6 eV).
All binding energies were calibrated to the C 1s peak (284.6 eV)
arising from the adventitious carbon-containing species.

Electrochemical Measurements. The electrochemical measure-
ments were conducted at ambient temperature and pressure using a
CHI 760e potentiostat. The 0.1 M HCIO, electrolyte was prepared
from appropriate 70 wt % double distilled HCIO, with ultrapure
water. During HER tests, the electrolyte was saturated with Ar
(99.99%) by purging Ar into the aqueous 0.1 M HCIO, solution for
30 min and then maintaining the flow of Ar throughout the entire
electrochemical measurements. Electrocatalyst inks were prepared by
dispersing 5 mg of catalyst into a solution containing 25 uL of S wt %
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Figure 1. Ab initio molecular dynamics (AIMD) simulations for the adsorbed hydrogen (*H) on different TM/N,C catalysts. (a) Radial
distribution function (RDF) analysis of directed H,O molecules around the *H in the sphere of *H--H distance on different catalysts. (b)
Illustration and analysis of *H:-O—H angle and *H---H distance on Cr—N,-C catalyst during 5—20 ps AIMD simulation. (c) Averaged Bader
charges of *H on different TM/N,C catalysts during AIMD simulations. (d) Number of directed H,O molecule in the *H---H distance range of

12-1.8 A.

Nafion 117 solution (as conducting binder) and 975 uL of ultrapure
water—isopropanol solution with equal volumes of water and
isopropanol, followed by ultrasonication for 3 h. A three-electrode
glass cell configuration was employed with a working electrode of
glassy carbon rotating disk electrode (RDE) with S mm diameter, a
counter electrode of graphite rod, and a saturated calomel electrode
(SCE) as the reference electrode. Before each experiment, the glassy
carbon electrode was polished to mirror shine with 0.05 ym alumina,
then an aliquot of 12 uL of the catalyst ink was drop-casted on the
glassy carbon electrode (catalyst loading: 0.3 mg cm™2) and allowed
to dry in air. All reported electrode potentials were referenced to the
RHE scale as E(vs RHE) = E(vs SCE) + 0.0591 V X pH + 0.2415 V.
The overpotential 77 was calculated by 7 = |[E(vs RHE)| V. Polarization
curves were recorded at a scan rate of S mV s™! with 100% solution
ohmic drop correction under 1600 rpm. The reported current
densities were normalized to the geometrical area of electrode (mA
Cmgeoiz)'

B RESULTS AND DISCUSSION

AIMD Simulations for the Solvent—Adsorbate Struc-
ture. First, we screened the TM/N,C SAEs for HER, using the
traditional CHE model and with the AGsy as the sole criteria
(Figure S2). The calculations suggest that the Cr/N,C, Fe/
N,C, Co/N,C, and Rh/N,C are the best candidates for HER,
with their |AG:yl smaller than 0.30 eV. However, this simple
model fails to capture the explicit solvation effects during the
electrochemical reaction, which are critical for the reaction
activity.42

To consider the reaction kinetics and more realistically
model the acidic Volmer reaction on TM/N,C, we performed
AIMD simulations on the water/H,;TM/N,C interfaces with
explicit solvation, each of 20 ps duration. Interestingly, we
found that the H,O molecules near the adsorbed hydrogen
(*H) show strong orientational preference, and their spatial
distribution depends on the identity of the metal center. Figure
la presents the radial distribution function (RDF) analysis of
*H---H distance on different models. An obvious peak in the
range of 1.0—1.8 A can be observed in H,4,-Cr/N,C, H,4-Mn/
N,C, and H,,Fe/N,C but not in H,4-Co/N,C, H_ 4-Ru/
N,C, H,4-Ir/N,C, and H,4-Rh/N,C. This suggests a *H--
HOH motif at the catalyst/water interface on the former three
systems, where one H atom in water points to the *H. This
specific configuration can be confirmed by analyzing the *H---
H distance and the angle of £*H---O—H. Figure 1b shows that
the average *H---O—H angle and distance are ~15° and ~1.64
A on H,4Cr/N,C during simulation, respectively. To
elucidate the origin of this specific configuration, we carried
out Bader charge analysis to study the charge distribution on
*H during the simulations. As shown in Figure lc, although
the *H in all cases is negatively charged, the amount of charge
differs. The *H gains a significant number of electrons from
Cr/N,C surface (—0.35 lel on average), indicating a hydridic
feature. Similarly, the *H on H,4-Mn/N,C and H,4-Fe/N,C
is also negatively charged by —0.19 lel and —0.17 lel,
respectively. In the cases of Co, Rh, Ir, and Rh, the charge
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Figure 2. Thermodynamics/kinetics of Volmer reaction and analysis of reactant behavior during reaction. (a) Free energy profiles of Volmer
reaction on Cr/N,C and Rh/N,C at PZC (—0.07 V vs SHE from experimental work™”). The shaded area refers to the error bar of 95% confidence
intervals based on standard errors. (b) Reactive free energy barrier of hydrogen adsorption and hydrogen desorption on different catalysts. (c, d)
Analysis of angle between adsorbed hydrogen and O—H bond of water (£*H--O—H) along the collective variables on (c) Cr/N,C and (d) Rh/

N,C. (e, f) Evolution of net charges on (e) defective graphene surface (C

) and (f) TM/N, moiety for different catalysts.

gra

on *H are within a much more positive range of —0.005 lel to
—0.10 lel, showing an electroneutral feature. Thus, we believe
that formation of the *H--HOH interfacial configuration
results from the charge—dipole interaction between the
negatively charged *H and the polar water molecule, as is
illustrated in Figure S4. Moreover, the *H on H,4,-Cr/N,C
attracts and stabilizes more water molecules as compared to
the case of Fe and Mn, which further reorganizes the local
water structure near the active center (Figure 1d).

Kinetics of Volmer Reaction and Origin of Trans-
ferred Charge. We then investigated the free energy profiles
of the interfacial *H--HOH configuration on the acidic
Volmer reaction by constrained AIMD simulations combined
with TI method to acquire the free energy profiles (FEP) of
Volmer reaction on Cr/N,C, Fe/N,C, Co/N,C, and Rh/
N,C.*”** Constant-potential corrections were added to the
free energies to account for the shift in electrode potential as
the collective variable (CV) varies (more details about TI and
constant-potential methods are presented in Supporting
Information).**** As is shown in Figure 2a, the reaction free
energy of hydrogen adsorption (AG:y 1) on Cr/N,C and
Rh/N,C is only 0.10 eV and —0.04 €V at the potential of zero
charge (PZC), suggesting that the hydrogen adsorption on
these two catalysts is rather thermodynamically favorable, also
consistent with the CHE model calculations. However, the free
energy barriers (AG*+;) on the two catalysts diverges, with a
high barrier of 1.04 eV on Cr/N,C and a low barrier of 0.30 eV
on Rh/N,C. Therefore, the hydrogen adsorption on Cr/N,C is
actually kinetically hindered and requires a higher over-
potential to drive. Such kinetic hindrance is also observed on
Fe/N,C whose AG¥.y; reaches 0.75 eV, whereas the AGsy is
only 0.48 eV. In contrast, such kinetic limitation is not seen on

13041

Co/N,C whose AGsy and AGYy are 0.39 and 0.40 eV,
respectively. The free energy barriers of hydrogen desorption
at PZC on different SAEs are also summarized in Figure 2b.
For the Cr/N,C, the large barrier of 0.95 eV during desorption
also means very low activity toward hydrogen oxidation. In
summary, the kinetics and thermodynamics of acidic Volmer
reaction are highly decoupled on TM/N,C, and thermody-
namics of hydrogen binding should not be used as the sole
activity descriptor.

To understand the origin of the decoupling behavior, the
geometric analysis of AIMD trajectories was performed on
different SAEs. Figure 2¢ shows the variation of the *H---O—
H, and *H:-O—Hp angle (H, and Hy represent the different
H atom of H,O carrier) during the Volmer reaction on Cr/
N,C, where the angle of *H---O—Hj stays unchanged during
reaction, but the angle of *H--O—H, sharply decreases
(~90°) as the system goes from initial state (IS) to final state
(FS). The reorientation of the H,O agrees with the RDF
analysis on H_ 4-Cr/N,C as shown above and is also found in
the case of Fe/N,C (Figure S8a) despite a smaller variation in
angle by ~30°. In addition, Figure 2d and Figure S8b show
that both *H---O—H, and *H--O—Hjy angles do not change
much during Volmer reaction on Rh/N,C and Co/N,C,
indicating the a robust orientational preference of the
interfacial H,O (O-down) along the reaction coordinate.
Combined with the Bader charge analysis in the previous
section (Figure 1c) as well as the relationship between £*H--
O-H and the charge state of *H (Figure S9), we conclude
that the orientation of H,O carrier during Volmer reaction is
dependent on the charge state of *H. As the hydrogen
adsorption proceeds, the transferred proton would continu-
ously accept charges from the catalyst’s surface while
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Figure 3. Structural characterizations and HER activities of SAEs. (a) AC-HAADF-STEM image of Cr/NC, Fe/NC, Co/NC, and Rh/NC. (b)
Survey XPS spectra of all the as-synthesized TM/NC. The source of O is mostly related to the edge groups of N-doped graphene matrix as well as
physically adsorbed and/or trapped oxygen and moisture. (c) HER polarization curves of different TM/NC acquired at a sweep rate of S mV s™" in
Ar-saturated 0.1 M HCIO,. All measurements were calibrated with iR compensation. Catalyst loading: 0.3 mg cm™> Rotation speed: 1600 rpm. (d)

Tafel plots for different TM/NC.

approaching the metal center. For the Cr/N,C, the *H gains
enough negative charge (more than 0.14 lel) to become
hydridic, and the strong charge—dipole interaction between
*H and H of H,O would induce a significant configurational
change of interfacial H,O molecule. Such reorientation of
interfacial H,O orientation does not occur on Rh/N,C since
the close-to-zero net charge on its *H at FS. Likewise, for the
hydrogen desorption process, the inverse reorientation (from
*H---H direction to *H--O direction) is also necessary for the
transfer of *H to H,O to produce a free hydronium. In other
words, the electronegativity of the metal center dictates the
charge state of the *H, which then reshapes the free energy
landscape of the Volmer reaction. As a result, the transition
path of the Volmer reaction (whether interfacial water is
reoriented) differs on different metals and breaks the
Bronsted—Evans—Polanyi (BEP) relation.

To track the electron transfer during the reaction, we
performed Bader charge analysis for each constrained MD
trajectory and analyze the charge variation for different species.
Figure 2e,f shows that the transferred charge primarily comes
from the graphitic carbon matrix, especially for Cr/N,C (1.30 |
el) and Fe/N,C (0.86 lel). The TM/N, moiety also transfers a
small amount of charge, which is in the range of 0.01—0.31 lel
for CrN, to RhN, catalyst.

Experimental Characterization and HER Activity. To
verify the proposed mechanism of kinetics-limited acidic HER
performance of SAEs, a series of carbon-supported transition
metal (TM)-based SAEs (Cr/NC, Fe/NC, Co/NC, and Rh/
NC) were synthesized by pyrolyzing a homogeneous mixture

13042

. . . 46,47
of melamine, L-alanine, and the corresponding metal salt.

The powder X-ray diffraction (XRD) patterns of all as-
synthesized SAEs show a single broad peak at around 26.2°,
which can be assigned to the graphite-like carbon (002) plane,
suggesting a graphitic substrate with low-degree crystallinity
(Figure S10). Moreover, the absence of metal, metal nitride, or
metal oxide related diffraction peaks implies no metal-
containing crystals in the SAE samples. In consistence with
the XRD results, no particles can be observed in the high-
resolution transmission electron microscopy (HRTEM)
images, verifying high dispersion of metal species on the
carbon matrix (Figure S11). The atomic-scale distributions of
various metals are further confirmed by aberration-corrected
high-angle annular dark-field scanning TEM (AC-HAADF-
STEM) as isolated bright dots with an average diameter of
about 0.2 nm (Figure 3a). To examine the chemical
composition and coordination environment of SAEs, X-ray
photoelectron spectroscopy (XPS) measurements were
performed. Carbon, nitrogen, oxygen, and the corresponding
metal elements are identified in the survey spectra, revealing
the successful doping of nitrogen and metal atoms into carbon
matrix (Figure 3b). As shown in Table S2, the metal contents
in the four SAEs are nearly identical and estimated to be in the
range of ~0.2—0.3 atom %, in line with the inductively coupled
plasma mass spectroscopy (ICP-MS) measurements. Notably,
the atomic percentages of N in the SAEs are among ~10—13
atom % and significantly higher than that in the pristine NC
substrate (6.9 atom %), suggesting that the metal and nitrogen
might stabilize each other. The high-resolution N 1s XPS
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Figure 4. Design principles of TM/N,C for acidic HER. (a) Three-dimensional volcano plot for the assessment of kinetic influence during Volmer
reaction. The energy of charge—dipole interaction (Ecp;) is calculated via the *H--H distance and net charge of *H which are analyzed from
AIMD simulations. The dash line refers to the energy of hydrogen bond which is derived from ref 50, and the solid line refers to the fitted line with
exponential form. The picture on the right panel illustrates two kinds of final state on Volmer reaction (“O-down” type and “H-down” type). (b)
Theoretical evaluation of the acidic HER activity on different TM/N,C. Areas I, II, III, and IV indicate that the HER on TM/N,C is both
thermodynamically and kinetically limited, only kinetically limited, only thermodynamically limited, and highly active, respectively. The black line
indicates the “volcano” relationship of AG.y and net charge of *H, where the fitted data comes from area III and area IV.

spectra of all the four SAEs can be deconvoluted into a metal—
N species (M—N), demonstrating that single metal atoms
coordinate with adjacent nitrogen atoms via the M—N bonds
and the N species in M—N is in the pyridinic form (Figure
S12). Furthermore, quantitative structural parameters for all
the four TM-based SAEs have been determined by least-
squares Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) analysis, indicating four-coordinate TM
centers with mean bond lengths of about 1.9—2.0 A, which not
only doubly verify the isolated atomic dispersion of TM species
in SAEs but also confirm that the coordination environments
of experimental samples are in accordance with those of
simulation models (see Figure S16 and Table S3)

Then the HER performances of the four SAEs were
evaluated in 0.1 M aqueous HCIO, electrolyte on a rotating
disk electrode (RDE). Figure 3c displays the polarization

curves, among which Rh/NC exhibits the best HER activity
with the lowest onset potential and overpotential at the current
density of 10 mA cm™. As another important criterion, the
excellent stability of Rh/NC is also demonstrated by negligible
voltage degradation of long-term durability test over 20 h
(Figure S17) and little metal dissolution of only 1.86% in the
recycled electrolyte. HER activity trend follows Rh/NC > Co/
NC > Cr/NC > FeNC, and importantly, it should be noted
that the HER activity of Fe/NC will be conversely better than
that of Cr/NC at higher current densities (>20 mA cm™2).
This implies that there is a more pronounced kinetic limitation
on the HER activity of Cr/NC evidenced by the measured
Tafel slope which is as high as 157.5 mV dec™" (Figure 3d).
The lowest Tafel slope of Co/NC (99.1 mV dec™) indicates
the kinetically favorable HER, matching well with the
theoretical prediction that the energy barrier is nearly equal
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to the free energy (Figure S7d). Besides, the Tafel slopes of all
the four SAEs are close to 120 mV decade™, suggesting that
the Volmer reaction is the rate-determining step (RDS) for all
the studied catalysts, in good agreement with the theoretical
assumption.® It is worth noting that the overall HER activity is
also determined by Volmer step on many reported SAEs with
TM/NC-like structure,'”*"*>*” which reveals that relying on
the thermodynamic and kinetic properties of the Volmer
reaction alone could also give good predictions/insights for the
design or optimization of SAEs to a large extent.

Catalyst Design Principle Based on Kinetic Descrip-
tor. Considering the complexity of solid—liquid electro-
chemical interface, large spatial scale, and long-time scale
needed to evaluate equilibrium properties, quantifying the
charge—dipole interaction (CDI) between *H and neighboring
H,O by ab initio method is rather difficult. Here we estimate
the electrostatic potential energy of CDI (Ecp;) for different
TM/N,C catalysts using an analytical equation:

2
ql(ql)e 1

4me, Ir; + P) - rjl

2
qi( _q’)e 1
Ecpr =

4rey I, — ]

where g;, g; and r, r; are the net charge and coordinates of *H
and O atom of H,O; P, refers to the dipole vector of H,0, and
g, refers to the relative permittivity of vacuum. In brief, the
Ecp; could be estimated via the distance of *H---H and net
charge of *H, which are derived from RDF analysis of AIMD
simulation and Bader charge analysis, respectively. The
estimations for various metal centers are presented in Table
S4. Since the interaction between *H and interfacial water
would partially disrupt the hydrogen bond network, it is also
informative to compare the Ecp; and the energy of hydrogen
bond (Eyg), which is approximately —0.21 eV from previous
report.”” As is shown in Figure 4a, if the CDI outcompetes the
hydrogen bond between H,0 molecules, the configuration of
H,O would likely transform from “O-down” to “H-down”
orientation during reaction; otherwise the interfacial H,O
would stay “O-down”. For example, the Ecp; on Cr/N,C, Mn/
N,C and Fe/N,C are estimated to be —0.55 eV, —0.30 eV, and
—0.26 eV, respectively, suggesting a “H-down” orientation of
interfacial H,O which is consistent with our RDF analysis and
*H---O—H angle analysis from constrained MD simulations. In
addition, an exponential relationship is fitted between the net
charge on *H and the *H--H distance. In this case, the net
charge on *H could work as a physical descriptor for the
kinetics of Volmer reaction, and the intersection (net charge of
*H = —0.13 lel) of fitted line and Eyy marks the critical point
beyond which the kinetic limitation is pronounced.

The coordination sphere engineering of TM/N,C is an
effective strategy to ogptimize the electrocatalytic performance
at molecular level.”' = By plotting the kinetics descriptor (net
charge of *H) versus the thermodynamics descriptor (AGuy),
we further investigated the properties of hydrogen adsorption
on different TM/N,C, in which the type of transition metal
atom and the number of doped-N are changed, respectively
(Figure 4b). Our study suggests that regulating the number of
doped-N around the metal center, which can be achieved by
controlling the concentration of N source or the metal
precursor, can significantly alter the kinetics and thermody-
namics. For example, by changing the number of doped N
around the metal center from 2 to 4, the AGsy on Cr/N,C is
increased by 0.29 eV, whereas on V/N,C it is lowered by 0.88
eV. This modulation can be explained by the projected density

of states (PDOS) analysis (Figure S13), where the number of
doped-N influences the electronic structure of central metal
atom (the emerging 3d,* orbital above the Fermi level on Cr/
N,C) and the orbital interaction between Cr 3d,> orbital with
H 1s orbital (the energy level overlap of 3d,> and 1s orbitals on
Cr/N,C is about 0.50 eV lower than Cr/N,C). The kinetics of
Volmer reaction would be improved on Fe/N,C if the number
of doped N is regulated from 1 to 3, since the net charge of *H
is positively increased ~0.2 lel. However, for the metals with
low electronegativity, such as Cr, W, and V, the coordination
engineering makes very little difference to kinetics, with the
change in net charge of *H under within 0.1 lel as the number
of doped-N is varied.

Based on the understanding of the kinetics effects, we could
classify the SAEs into four types by the extent of kinetic
hindrance on them: types I, II, III, and IV (Figure 4b)
represent the cases where HER is both thermodynamically
(the AGsy on SAEs are far from the optimal value) and
kinetically limited (too hydridic due to net charge of *H <
—0.13 lel), only kinetically limited, only thermodynamically
limited, and highly active (thermodynamically optimal and
kinetically unhindered), respectively. Besides the Rh/N,C and
Co/N,C which have been confirmed by electrochemical
measurement, the Ir/N,_,C, Ru/N,C, Rh/N,C, and Co/
N,C all fall into the type IV and are hence expected to also
have good HER performance. Without the need of kinetic
consideration, these SAEs (type III and type IV) follow the
trend as in the traditional “volcano” plot, i.e., the HER activity
could be solely evaluated by AG:y.

To address the regions where the original activity volcano
fails to describe, we extend the activity volcano relationships by
incorporating an additional descriptor for kinetics, net charge
of *H (Figure 4b). In cases where the hydrogen adsorption is
too strong or too weak, the overall HER would be severely
thermodynamically limited; thus the trends as in the traditional
“volcano” plot still hold within this region. The SAEs near the
extended volcano arms (dotted lines) would also follow the
original trend since their kinetic and thermodynamic factors
correlate, such as Mn/N,C, Os/N,C, etc. However, the
original trend is intrinsically not applicable to the SAEs that are
far from the extended volcano arms, especially the ones in
region II (Cr/N,C, V/N,C, etc.), due to the decorrelated
kinetic and thermodynamics properties. In other words, their
Volmer reaction free energy are near-optimal, but their free
energy barriers are unproportionally high. For such cases, only
relying on the thermodynamics would result in a significant
gap between theoretical estimations and experimental ob-
servations of the HER activity.

Such decorrelating behavior of reaction kinetics and
thermodynamics may be present in other reactions alike,
especially the ones that interacts strongly with solvent
molecules. We would hence expect the activity volcano, and
the underlying linear scaling relations, to be routinely broken
on SAEs, which indeed opens up a much greater room for
catalyst optimization. There are possible ways to reduce or
eliminate the kinetic limitation, which include the following.
(i) Electronic modulation of the single atom site. This includes
coordination engineering of the SAEs (by controlled doping of
the carbon matrix) or introduction of axial ligands to tune the
acidity/hydridicity of the *H species. (ii) Interfacial interaction
modulation. This can be achieved by functionalizing the
catalyst surface with strong hydrogen bond donating or
accepting groups or by adding structure making ions to the
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electrolyte®® to strengthen the interfacial hydrogen bond
network and promote the O-down transition state config-
uration. Besides, although these design principles and
suggestions mainly focus on enhancing the HER activity, it
could still provide useful insights for the design of SAEs for
hydrogen oxidation reaction (HOR) if the overall reaction
kinetics is controlled by hydrogen desorption. In addition, we
further analyze why the thermodynamic-only criterion is
generally reliable for screening the transition metal electro-
catalysts. It is probably due to the intrinsic differences between
SAEs and transition metal electrocatalysts, such as properties
of metal atoms and interfacial electric double layer. We
therefore calculated the charge state of *H on noble metal
surfaces with high experimental activity (Table SS). The near
neutral *H on these metallic surface reveals that the kinetic
obstruction aroused by charge-dipole interaction may not exist
on these systems.

Finally, we also find that the charge state of the metal center
in the nitrogen doped graphene (before H adsorption) and the
valence electrons of the metal atom (in its atomic form) could
correlate with the charge state of the adsorbed *H (Figure
S18). This reveals that the proposed descriptor, i.e., the net
charge of *H could be related to the intrinsic properties of
SAEs and a precise descriptor which takes more physical
properties into account could replace the H-charge descriptor.
In addition to DFT calculations, other advanced techniques
(e.g,, machine learning method) may be helpful to achieve this
idea in future studies.

B CONCLUSIONS

In this work, we have employed ab initio molecular dynamics
(AIMD) simulations and thermodynamic integration method
with explicit solvation to explore the origin of kinetics
bottleneck in acidic Volmer reaction on TM/N,C single
atom catalysts. We have identified an interfacial charge—dipole
interaction between the adsorbed hydrogen species and
interfacial water in its surroundings, which dictates the
orientation of interfacial water during the Volmer reaction to
be a descriptor for the kinetics of Volmer reaction on TM/N,C
single-atom catalysts. In particular, we shed light on the reason
why the traditional screening strategy based on HER activity
volcano fails for designing SAEs: Different metal centers lead
to different hydridicity of the key *H intermediate, which
reshapes the free energy surface of the Volmer reaction and
induces a phase transition-like reorientation of interfacial water
configuration along the reaction profile, significantly raising the
barriers for the systems with *H of weak hydridicity. The
presumed correlation between the thermodynamics and the
kinetics by the traditional strategy, based on Sabatier principle
and BEP relation, does not hold true on SAEs as a result.

Based on the understanding, our work incorporates kinetics
considerations into the original activity volcano to extend its
applicability, with ample discussions on where the original
trend still holds (in regions where kinetics and thermody-
namics correlate well) and where it would fail (in regions
where they decorrelate). Designing principles are proposed on
this extended model, with suggestions on the construction of
optimal SAEs. Our findings also emphasize the critical role of
local solvent environment around the intermediates, especially
the phase transition-like reorientation of interfacial water
induced by certain charged species, for exploring the catalytic
mechanism, studying activity trends, and rational design of
optimal electrocatalysts.
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