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zero charge and solvation effects
on single-atom M–N–C catalysts for oxygen
electrocatalysis†

Di Zhang * and Hao Li *

Metal–nitrogen–carbon (M–N–C) catalysts are a class of emerging materials for oxygen electrocatalysis.

However, a precise understanding of the predominant factors that affect their electrocatalytic activities is

still preliminary, significantly hampering the rational design of high-performance M–N–C

electrocatalysts. Accurate structure–activity relationship modeling necessitates considering the potential

of zero charge (PZC) and solvation effects, pivotal for pH-dependent activities on a reversible hydrogen

electrode scale through direct impact on reaction energetics. These factors, however, have been largely

omitted in theoretical and microkinetic models due to the computational intensity of explicit solvation

models. Herein, we fill in this significant knowledge gap by employing large-scale sampling via ab initio

molecular dynamics and structural relaxations based on density functional theory with van der Waals

corrections, on twelve distinct M–N–C configurations (M1-pyridine-N4 and M1-pyrrole-N4; M = Cr, Mn,

Fe, Co, Ni, and Cu) with explicit solvation models. Interestingly, our analysis reveals that the PZCs and

solvation effects, particularly hydrogen bonding adjustments to crucial reaction intermediates (HO*, O*,

and HOO*), vary substantially based on the M–N–C catalysts' structures, notably the metal type and

nitrogen configuration (pyridine- or pyrrole-N). Besides, both the PZCs and solvation effects of M–N–C

catalysts are found to be a function of HO* binding energy; however, the PZCs follow two distinct

trends on the pyridine- and pyrrole-N structures, respectively. This study shows the intricate relationship

between PZC/solvation effects and M–N–Cs, and emphasizes that these effects should be considered to

further improve the accuracy of microkinetic modeling.
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Introduction

The effective electrocatalytic generation and usage of hydrogen
are the keys to meet the demand of a sustainable society.1–3 In
these processes, many key challenges remain in oxygen elec-
trocatalysis, including the sluggish kinetics of the oxygen
evolution reaction (OER) at the anode of a water elecrolyzer4 and
the oxygen reduction reaction (ORR) at the cathode of
a hydrogen fuel cell,5 which signicantly hamper the develop-
ment of large-scale techniques for hydrogen generation and
usage based on green electricity. Another long-lasting challenge
is the reliance on using Pt-group-metal (PGM) catalysts to drive
oxygen electrocatalysis (e.g., Ir- and Ru-based catalysts for OER,
and Pt-based catalysts for ORR),6 limiting the widespread
applications of these hydrogen techniques.

The emerging metal–nitrogen–carbon (M–N–C) catalysts are
a class of low-cost and promising alternatives to PGM catalysts –
plenty of reports in the recent decade have provided evidence
that M–N–C catalysts doped with earth-abundant metal
elements (e.g., 3d metals) have versatile performance in oxygen
electrocatalysis,7,8 some of which have the performance
comparable to PGM catalysts. Besides, the structure of a M–N–C
catalyst can be easily tuned by either controlling the synthetic
This journal is © The Royal Society of Chemistry 2024
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conditions in the pyrolysis of carbon substrate,9–11 or the direct
use of structurally well-dened molecular catalysts to anchor
the metal active centers,12–14 which can lead to various local
M–N–C structures (e.g., M1-pyridine-N4 and M1-pyrrole-N4) that
possess distinct target reaction activity and/or selectivity.
Though the long-term stability issue still remains largely
unaddressed (like many other PGM-based catalysts to date)
under ORR and OER conditions,6 the above-mentioned advan-
tages bring M–N–C catalysts to the table as competitive future
candidates for oxygen electrocatalysis.

To reduce the resource- and time-consuming trial-and-error
process in experimental catalyst search, much attention has
been paid on the understanding of structure–performance rela-
tionships of M–N–C catalysts, in particular, M–N–C single atom
catalysts (SACs).9,15 Theoretical computations and microkinetic
modeling, preliminarily based on density functional theory
(DFT), are powerful methods to understand the reaction ener-
getics over a catalyst surface and make predictions based on
a “volcano/Sabatier activitymodel” derived for a concrete reaction
system. For example, Wang and co-works9 performed pioneering
works on understanding the ORR energetics at M–N–C SACs with
various structures. Subsequently, analyses on the possible active
sites of Fe–N–C SACs were performed recently, showing that Fe1-
pyrrole-N4 could be a more active site than Fe1-pyridine-N4.3

However, the experimentally observed pH-dependency of ORR (at
the scale of reversible hydrogen electrode, RHE) over M–N–C
SACs (where a higher pH leads to a higher current density but
lower four-electron selectivity) were not precisely modelled until
a very recent study that Li and co-workers coupled the RHE-scale's
pH effects with electric eld simulations and microkinetic
modeling - an interesting “acid-trap” was identied in those
M–N–C SACs with moderate-binding capacity.7

However, though the understanding of the structure–
performance relationships of M–N–C SACs has been enhanced
during the past years, most studies focused on the direction
correction to the catalytic reaction energetics, while dismissing
other key factors, such as the potential of zero charge (PZC) and
solvation effects.16,17 In our recent benchmarking study between
ORR experiments and pH-eld coupled microkinetic modeling,
it was found that only when we considered amore realistic value
as the PZC of Fe–azaphthalocyanine catalysts in modeling, can
we obtain a correct performance trend under different pH.14 In
these computational models, the energies of all adsorbates
must be corrected for both the standard hydrogen electrode
(SHE) and reverse hydrogen electrode (RHE) potentials. The
electrostatic eld near to the catalyst surface is determined by
USHE and a parallel-plate capacitor model,16 i.e., E = s/330 =

CH(USHE − UPZC)/330, where 330 is the dielectric constant of water
near a surface. CH is the Helmholtz capacitance. It is evident
that UPZC can modulate the authentic electrostatic eld cir-
cumventing the catalyst surface, which in turn governs the
reaction energetics pursuant to the equation Gads = GPZC

ads + mE −
(a/2)E2 − neURHE, where E is the electric eld, m is the dipole
moment, and a is polarizability. Gads and GPZC

ads are the corrected
adsorption free energy and the adsorption free energy at the
PZC, respectively. However, in most of the previous studies, the
PZC terms were either calculated as the work function of the
This journal is © The Royal Society of Chemistry 2024
surface in an implicit solvation model (e.g., using the VASPsol
package18,19), or directly set to zero, which may lead to
a dramatic discrepancy between theoretical simulations and
actual experiments.

Another widely dismissed factor in ORR/OER is the solvation
effect via the hydrogen bonding between watermolecules and the
key reaction intermediates of oxygen electrocatalysis (i.e., HO*,
O*, and HOO*). Previous studies on transition metal (111)
surfaces20 and rutile IrO2 (110)21 found that these solvation
corrections could be signicant because the binding strengths of
HO* and HOO* can be further stabilized by ∼0.15–0.45 eV
through hydrogen-bonding,17 which are also surface-sensitive.22

Note that even a difference of ∼0.1 eV in the reaction energetics
can lead to a huge difference in the derived turnover frequency
because it is in the exponential term of reaction kinetics
(k = (kBT/h)/exp(−Ga/kBT), where kB is the Boltzmann constant, T
is the Kelvin temperature, and h is the Planck's constant.Ga is the
activation energy for a reaction). The manner in which the PZC
and solvation effects contribute to the precise modeling of single-
atom catalysts is elucidated in our previous work.7 By explicitly
accounting for the PZCs and solvation effects of M–N–C catalysts,
we unveil a pH-dependent evolution in the ORR activity
volcanos—from a single peak in alkaline media to a bifurcated
peak in acidicmedia, in excellent concordance with experimental
observations. This also demonstrates the approach to selectively
identify exceptional ORR/OER M–N–C catalysts based on their
PZCs and solvation effects. However, to the best of our knowl-
edge, very few studies have explored such an effect over M–N–C
SACs for oxygen electrocatalysis, which was in part due to the
requirement of computationally expensive explicit solvation
models in modeling solvation effects and PZCs.

Motivated by the current stages, herein, we performed large-
scale sampling via ab initio molecular dynamics (AIMD) simu-
lations and structural relaxations based on density functional
theory (DFT) calculations with van der Waals corrections, on
twelve distinct M–N–C congurations (M1-pyridine-N4 and M1-
pyrrole-N4; M = Cr, Mn, Fe, Co, Ni, and Cu) with explicit
solvation models. Interestingly, we found that the PZCs and
solvation effects (i.e., the hydrogen-bonding corrections to the
key reaction intermediates, HO*, O*, and HOO*) of these
catalysts strongly depend on the structure of a M–N–C catalyst:
the type of metal and the local N-conguration (e.g., pyridine- or
pyrrole-N) can make a signicant difference in the PZCs and
solvation correction values. Besides, both the PZCs and solva-
tion effects of M–N–C catalysts are found to be a function of
HO* binding energy; however, the PZCs follow two distinct
trends on the pyridine- and pyrrole-N structures, respectively.
This study shows the intricate relationship between PZC/
solvation effects and M–N–Cs, and emphasizes that these
effects should be considered to further improve the accuracy of
microkinetic modeling.

Computational and modeling methods
AIMD simulations

We performed AIMD simulations using the VASP code, adopt-
ing the revised Perdew–Burke–Ernzerhof functionals (RPBE)23,24
J. Mater. Chem. A, 2024, 12, 13742–13750 | 13743
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exchange–correlation functional and D3 dispersion correction25

for accurate metal–water interface modeling.17,26 Our setup
involved a 400 eV plane-wave cutoff and 0.1 eV Gaussian
smearing, relaxing the electronic structure until forces were
below 0.05 eV Å−1. Simulations ran at the G-point with a 1 fs
timestep, using a Nosé thermostat at 300 K for 10 000 steps.
Interfaces were modeled with 46 water molecules for M-
pyridine-N and 24 for M-pyrrole-N, ensuring at least three
static water layers. In post-simulation, we selected 100 struc-
tures for geometry relaxation at a 520 eV cutoff and increased k-
point density, ensuring k × a > 20 Å. These structures were
analyzed to calculate PZCs and solvation effects. AIMD calcu-
lations of the initial and nal state structures used in this work
are available at https://github.com/tohokudizhang/
Explicit_Solvation.
PZC calculations

UPZC can be obtained by examining the reduction in work
function that happens when comparing a surface in water to its
counterpart in a vacuum.27 Trasatti et al.28 have demonstrated
that UPZC can be directly calculated from a material's work
function in ion-free water (f) using eqn (1):

f = eUPZC + fSHE (1)

Here, fSHE represents the absolute potential energy of the SHE.
It's worth mentioning that the value of fSHE might change
based on the specics of the experimental setup, with reported
values typically ranging between 4.3 and 4.8 eV. For the
purposes of our study, we adopted the IUPAC (International
Fig. 1 Determination of the potential of zero charge (PZC) in M–N–C
calculation workflow, starting with an AIMD sampling for 10 000 structur
of 100 uniformly sampled structures. (b) The work function (WF) of mate
using the absolute potential energy of standard hydrogen electrode (SHE
pyrrole-N4 and M-pyridine-N4, with insets depicting their molecular st
lavender, yellow, red, and white, respectively.

13744 | J. Mater. Chem. A, 2024, 12, 13742–13750
Union of Pure and Applied Chemistry) recommended value of
4.44 eV, ensuring consistency and reliability in our ndings
regarding UPZC.
Solvation effects

The starting point for calculating solvation effects was the
catalyst–water structures obtained from our AIMD simulations.
First, 100 of these structures were selected at regular intervals
from the AIMD data. Then, adsorbates involved in the oxygen
electrocatalysis like HO*, O*, and HOO* were placed on top of
the metal sites. If a water molecule was already present on
a metal site, it was removed before adding the adsorbate. Next,
the geometry of the substrate–adsorbate structure in the
solvated environment was optimized until the forces fell below
0.05 eV Å−1. Aer this, the adsorbates were removed, and the
geometry was optimized again to nd the energy of the clean
slab-water system. Then, the solvation effects were calculated
using eqn (2)–(5):

Esolv
HO* = Esolv

slab-HO* − Esolv
slab − EH2O

+ 1/2EH2
(2)

Esolv
O* = Esolv

slab-O* − Esolv
slab − EH2O

+ EH2
(3)

Esolv
HOO* = Esolv

slab-HOO* − Esolv
slab − 2EH2O

+ 3/2EH2
(4)

Echange
ads* = Esolv

ads* − Evacuum
ads* (5)

where Esolvslab-ads* represents the total energy of the surface with
adsorbate and water molecules. Esolvslab denotes the total energy of
a slab surface with water molecules. All these energies were
catalysts using an explicit solvation model. (a) Illustration of the PZC
es over 10 ps, followed by a selection and geometry optimization (GO)
rials in ion-free water is utilized to calculate PZC, which is obtained by
) as reference. (c) PZCs of the two typical M–N–C configurations: M-
ructures. Carbon, nitrogen, metal, oxygen, hydrogen atoms are gray,

This journal is © The Royal Society of Chemistry 2024
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obtained from DFT structural relaxations. Aer these calcula-
tions, Echangeads* is considered as the solvation effect. Atomic
structures used in the calculations for this work are available at
https://github.com/tohokudizhang/Explicit_Solvation.
Results and discussion
PZCs

Fig. 1a shows the workow of acquiring the PZC values on the
M–N–C congurations (M1-pyridine-N4 and M1-pyrrole-N4; M =

Cr, Mn, Fe, Co, Ni, and Cu). For each M–N–C structure, the
procedure started with an AIMD sampling for 10 000 structures
over 10 ps, followed by a selection and geometry relaxation of
100 uniformly sampled structures. Then, the PZCs were
acquired as the work functions of the M–N–C congurations
sampled under explicit solvation environment, which were
Fig. 2 Average atomic densities of oxygen and hydrogen in water at th
metal plane and the hydrogen plane (i.e., the plane where hydrogen ach
atoms are gray, lavender, dark gray, red, and white, respectively. (b and c)
catalysts, with metals (M) including Cr, Mn, Fe, Co, Ni, and Cu, shown fro
represented as horizontal dashed lines for comparison.22 Notably, the vert
and metal atoms (black) from the uppermost catalysts as references. It su
between metal and hydrogen atoms, as well as the average position of

This journal is © The Royal Society of Chemistry 2024
obtained by using the absolute potential energy of standard
hydrogen electrode (SHE) as reference (Fig. 1b).22 Fig. 1c shows
the statistics of the PZCs across different metal centers
respectively for M1-pyrrole-N4 (le-frame) and M1-pyridine-N4

(right-frame), with each value sampled from 100 fully relaxed
structures. Interestingly, M1-pyridine-N4 and M1-pyrrole-N4

have quite different PZCs: M1-pyridine-N4 have the PZCs from
−1.0 to−0.24 V/SHE across the six metal center elements, while
the PZCs of M1-pyrrole-N4 are above zero (i.e., between 0 and 0.5
V/SHE). This opposite direction in the PZC values suggest that
pyridine- and pyrrole-N may have signicantly different elec-
trocatalytic behavior. Another notable nding is that for both
M1-pyridine-N4 and M1-pyrrole-N4, the PZCs generally become
more positive with the evolution of the center metal element
from the le- to the ride-side of the periodic table (i.e., from Cr
to Cu), except that Cu1-pyridine-N4 has slightly more negative
e catalyst–water interface. (a) Illustration of the distance between the
ieves the highest density). Carbon, nitrogen, metal, oxygen, hydrogen
The atomic densities of (b) M-pyrrole-N catalysts and (c) M-pyridine-N
m top to bottom. The experimental atomic densities of liquid water are
ical dashed lines indicate the highest peak positions for hydrogen (blue)
ggests there should be a correlation between the PZC and the distance
the highest hydrogen peak.

J. Mater. Chem. A, 2024, 12, 13742–13750 | 13745

https://github.com/tohokudizhang/Explicit_Solvation
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta02285h


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 8

/1
5/

20
24

 1
0:

41
:1

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
PZCs than Ni1-pyridine-N4. To the best of our knowledge, no
reported results of the experimental PZC for single-atom
M–N–C catalysts are available yet. Precisely controlling the
metal density and obtaining an ideal graphene in M–N–C
catalysts experimentally is challenging, which makes it difficult
to acquire results that can be directly compared with theoretical
values. Previous literature has reported the experimental PZC of
pristine graphene to be −0.07 V vs. SHE.29 However, vacancy
Fig. 3 Linear correlations among PZC, EHO*, andmetal–hydrogen distanc
distances of (a) M1-pyrrole-N4 and (b) M1-pyridine-N4 catalysts. (c and d)
M1-pyrrole-N4 and (d) M1-pyridine-N4 catalysts. (e and f) Correlations
catalysts. Apart from the weak-binding surfaces, such as Ni-pyrrole-N
correlation linear correlation with EHO*. For M1-pyrrole-N4 surfaces with
eV—the PZC remains approximately constant regardless of EHO* variatio

13746 | J. Mater. Chem. A, 2024, 12, 13742–13750
sites and metal dopants are expected to alter the PZC value if
present at relatively high concentrations. In our calculations,
the signicantly different PZC values obtained are due to the
varying metal densities and carbon vacancies in the pyridine
and pyrrole structures.

To further explore the origin of the PZC difference across
different metal center elements, we dened the planes where
metal atoms and hydrogen atoms have the highest occurrence
es. (a and b) The linear correlations between PZC andmetal–hydrogen
Linear correlations between EHO* and metal–hydrogen distances of (c)
between PZC and EHO* of (e) M1-pyrrole-N4 and (f) M1-pyridine-N4

4 and Cu-pyrrole-N4, the PZCs of M–N–C catalysts exhibit a high-
weak binding properties—characterized by EHO* values exceeding 1.0
ns.

This journal is © The Royal Society of Chemistry 2024
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probability (i.e., the highest average density) as the metal plane
and the hydrogen plane, respectively, as shown in Fig. 2a. The
average atomic densities of oxygen and hydrogen in water at the
catalyst–water interface were summarized from both the M1-
pyrrole-N4 (Fig. 2b) and M1-pyridine-N4 (Fig. 2c) structures
during AIMD simulations. The vertical dashed lines indicate the
highest peak positions for hydrogen (blue) and metal atoms
(black) from the uppermost catalysts as references. Interest-
ingly, these results suggest that there should be a correlation
Fig. 4 Solvation effects on the adsorption energy of HO*, O*, and HOO
HO*, O*, and HOO* in a solvation environment on (a) Cr-, (b) Mn-, (c)
pyridine-N4 catalysts are provided in Fig. S1.† The data, spread across th
fluctuations due to solvation, varying roughly between 0.4 and 1.6 eV aro
adsorption free energies.

This journal is © The Royal Society of Chemistry 2024
between the PZC value and the distance between metal and
hydrogen atoms, as well as the average position of the highest
hydrogen peak. From Fig. 2b and c, it can be observed that as
the number of electrons in the 3d and 4s orbitals of the central
metal atoms increases, the distance between the metal plane
and the hydrogen plane also gradually increases. At the same
time, the average distance between the metal plane and the
hydrogen plane in M-pyrrole-N types is narrower than the
average distance between the metal plane and the hydrogen
* on M–N–C catalysts. Panels (a–f) detail the adsorption energies of
Fe-, (d) Co-, (e) Ni-, and (f) Cu-pyrrole-N4, respectively. Data for M1-
ree columns for HO*, O*, and HOO*, illustrate the adsorption energy
und a central value, emphasizing the significant solvation influence on

J. Mater. Chem. A, 2024, 12, 13742–13750 | 13747
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plane in M-pyridine-N types. Therefore, the different distribu-
tion characteristics of water molecules on the surfaces of
various catalysts are the main reason for the differences in their
PZC.

To further illustrate this, we performed correlation analyses
between the metal–hydrogen distance and PZCs, as shown in
Fig. 3a and b. Interestingly, the PZCs of M1-pyrrole-N4 (Fig. 3a)
and M1-pyridine-N4 (Fig. 3b) structures follow two distinct
correlations with the metal–hydrogen distance, as dened in
Fig. 2: the PZCs of M1-pyrrole-N4 exhibit an increasing trend
with the increase in metal–hydrogen distance. However, when
the metal–hydrogen distance increases to a certain extent, the
PZC appears to no longer change with the metal–hydrogen
distance, indicating a weak adsorption surface.30 Therefore, the
overall linear tting regression R2 of M1-pyrrole-N4 is 0.68
(Fig. 3a); however, the PZCs of M1-pyridine-N4 show a high-
correlation linear trend (R2 = 0.95) as a function of metal–
hydrogen distance (Fig. 3b). Besides, when plotting the simple
HO* binding energy (calculated without solvation environment)
against the metal–hydrogen distance (Fig. 3c and d), high
correlation linear trends were identied for both theM1-pyrrole-
N4 (Fig. 3c, with the slope and intercept of 1.1 and −2.3,
respectively) and M1-pyridine-N4 (Fig. 3d, with the slope and
intercept of 2.2 and −7.4, respectively). Therefore, these results
suggest that the HO* binding energy can be a simple but
effective descriptor that can predict the PZCs of M–N–C SACs
Fig. 5 Analyses of solvation effects on the adsorption energies of HO*, O
N4 andM1-pyridine-N4 catalysts. For catalysts with strong tomoderate bin
effects within 0.15 to 0.20 eV, O* within 0.10 to 0.15 eV, and HOO* wit
become more significant. Average solvation values and further details a
bondings between adsorbates and water molecules reveal that a longer

13748 | J. Mater. Chem. A, 2024, 12, 13742–13750
(the correlation plot is provided in Fig. S2†), except for those
weak-binding M1-pyrrole-N4 surfaces (i.e., Ni-pyrrole-N4 and Cu-
pyrrole-N4). Plotting the PZCs against the HO* binding energy,
we can nd two different trends for M1-pyrrole-N4 (Fig. 3e) and
M1-pyridine-N4 (Fig. 3f), respectively. Note that this HO*
binding energy is also a proven sole descriptor for the pH-
dependent microkinetic modeling of ORR on M–N–C SACs –

these nice PZCs correlations with HO* binding energy suggests
that the accuracy of ORR microkinetic models may be further
improved by considering these PZC vs. HO*-bonding
information.

Solvation effects

Next, we analyzed the solvation effect via hydrogen-bonding
between the adsorbates of oxygen electrocatalysis (HO*, O*,
and HOO*) and explicit solvents. The solvation correction is
primarily due to the hydrogen bonding between the ORR
adsorbates and the surrounding water molecules. Each H-bond
in an aqueous solvent is thought to contribute approximately
0.15 eV of energy, based on an enthalpy difference of 0.45 eV as
water transitions from the gas to the liquid phase.31,32 Ideally,
this would lead to solvation energy corrections of 0.05, 0.35, and
0.40 eV for O*, HO*, and HOO*, respectively. However, the
actual solvation effects are usually inuenced by the charge
states of the ORR adsorbates. Therefore, for each M–N–C SAC,
we herein sampled 100 congurations for each adsorbate
*, and HOO*. (a) Solvation effects as a function of EHO* on M1-pyrrole-
ding, solvation impacts are observed as follows: HO* exhibits solvation
hin 0.33 to 0.50 eV. As EHO* increases, the solvation effects generally
re available in Table 1. (b) Metal–oxygen bond lengths and hydrogen
metal–oxygen bond correlates with an enhanced hydrogen bonding.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Summary of the explicit solvation effects (Echangeads* ) on M–N–C
catalysts (unit: eV)

Metal site

M1-pyrrole-N4 M1-pyridine-N4

HO* O* HOO* HO* O* HOO*

Cr −0.184 0.015 −0.382 −0.061 0.075 −0.229
Mn −0.071 −0.054 −0.313 −0.130 −0.209 −0.548
Fe −0.227 −0.152 −0.357 −0.166 −0.177 −0.378
Co −0.317 −0.220 −0.263 −0.176 −0.076 −0.566
Ni −0.815 −0.323 −0.442 −0.343 −0.320 −0.624
Cu −0.251 −0.351 −0.447 −0.138 −0.619 −0.761
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adsorption, with each of the conguration fully relaxed by DFT-
D3. Therefore, we analyzed the distribution probabilities of the
binding energies of HO*, O*, and HOO* at the six M1-pyrrole-N4

SACs (Fig. 4) and six M1-pyridine-N4 SAC (Fig. S1†), from which
we can see that many of these are close to a normal distribution.
By taking the difference between the average binding energies
in explicit solvation environment and the binding energies
calculated in a vacuum model (eqn (5) in the Method Section),
we can acquire the solvation corrections for these binding
energies at M–N–C SACs (Fig. 5a). Interestingly, it can be seen
that the solvation corrections to HO*, O*, and HOO* binding
energies all seem to be the function of the HO* binding energy
calculated in vacuum, where a more positive HO* binding
energy (i.e., a weaker HO* bonding strength) will result in
a larger solvation correction (Table 1). Fig. 5b further illustrates
that larger metal–adsorbate–O* bond lengths (e.g., those found
at weak-binding Ni1-pyrrole-N4) will results in a stronger
hydrogen-bonding between the solvation water molecules and
the adsorbates. This further illustrates that the solvation
corrections to the oxygen electrocatalysis absorbates can be
directly predicted by the HO* binding energy, and that both the
PZCs and solvation effects are predictable with a minimal
computational cost. Meanwhile, by comparing the calculated
solvation effects using implicit models with the VASPsol
package (Table S2†), we found that the results obtained from
implicit solvation may underestimate the solvation effects for
some weaker-binding surfaces, such as Ni-pyrrole-N4 (Fig. 5b
and S2†), which is mainly because of the lack of the consider-
ation of hydrogen-bonding effects. This further emphasizes that
the solvation correction to the adsorbate binding should be
considered through explicit models.
Conclusion

In summary, we have analyzed the PZCs and solvation effects
for ORR/OER adsorbates on twelve distinct M–N–C congura-
tions (M1-pyridine-N4 and M1-pyrrole-N4; M = Cr, Mn, Fe, Co,
Ni, and Cu) with explicit solvation models, by large-scale
sampling via AIMD simulations and structural relaxations. We
have found that the PZCs and solvation effects (i.e., the
hydrogen-bonding corrections to the key reaction intermediates
HO*, O*, and HOO*) of these catalysts strongly depend on the
structure of a M–N–C catalyst: the type of metal and the local N-
conguration (e.g., pyridine- or pyrrole-N) can make
This journal is © The Royal Society of Chemistry 2024
a considerable difference in the PZC and solvation correction
values. Besides, both the PZCs and solvation effects of M–N–C
catalysts are found to be a function of HO* binding energy;
however, the PZCs follow two distinct trends on the pyridine-
and pyrrole-N structures, respectively. Most importantly, this
study shows that the PZCs and solvation effects should be
explicitly considered for the precise design and understanding
of M–N–C oxygen electrocatalysts.
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