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ABSTRACT: As one of the most promising nonprecious metal catalysts for the oxygen

reduction reaction (ORR), the structure of the active site on nitrogen-doped carbon materials
is still under debate. Here, we report that the sensitivity of the ORR on the local configuration
of multiple nitrogen dopants may be overlooked. Combining global structure searching with
density functional theory calculations, we established the structure—activity relationship for 19
and 298 possible configurations of graphitic nitrogen-doped graphene with N content of 2 and
3%, respectively. It was revealed that the stability cannot be a screener to determine the major
contributor to the activity. 77.5% of current density is contributed by the active configuration
with 4.59% population on the graphene containing 3% nitrogen. It unambiguously
demonstrates the configuration sensitivity of N-doped graphene for ORR and opens a new
window to identifying the optimal structure of N-doped carbons for various applications.

atalysis is a structure-sensitive phenomenon heavily

depending on the local coordination of applied catalyst,
which has been validated for heterogeneous catalysis over
metals"” and metal oxides,>* single-atom catalysts,5’6 and
enzymic catalysts.”® For instance, the reactivity for a certain
reaction over a well-defined metal crystal has been
demonstrated to be very different at terrace, steps, kinks,
corners, edges, or adatoms for various reactions, which has
triggered tremendous efforts to explore the size and shape
effects of nanoparticle catalysts.” "'

Metal-free carbons with heteroatom dopants have been
discovered as an effective catalyst for electrocatalytic oxygen
reduction reaction (ORR),"*”"* CO, reduction,”””"” and
diverse chemical synthesis'®'® during the recent decades.
Experimental and theoretical studies suggest that the
incorporation of heteroatoms redistributes electrons between
dopants and surrounding carbon atoms and changes the spin
density, thereby endowing carbon with catalytic reactivity.”’~**
Since the nonmetallic dopants are usually in the form of
isolated atoms rather than in the forms of crystals or clusters, it
is natural that the active sites on doped carbons are highly
sensitive to the local coordination, namely, being structure-
sensitive. Taking the most investigated nitrogen-doped
carboncatalysts as an example, it has been widely accepted
that different nitrogen moieties, that is, graphitic/quaternary,
pyridinic, and pyrrolic nitrogen, have very different reactivities
in ORR. Numerous efforts have been devoted to discriminate
those nitrogen species as candidates of active sites. Never-
theless, it is still heavily controversial to identify graphitic**~>°
or pyridinic”’~*” nitrogen as the active site.
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The divergent opinions on the active sites require new
insights to the structure—reactivity relationship of N-doped
carbons for ORR. We stress that (i) a variety of nitrogen
species usually coexists on a practical carbon catalyst and (ii)
the nitrogen content may be quite high on a practical catalyst
to violate the thermodynamic ideality and configurational
ideality of Langmuirian adsorption.”® The former implies that
the mutual impact between multiple nitrogen sites should not
be ignored. Usachov et al.’’ have shown that the electron
doping efficiency of graphitic N can be significantly suppressed
by the coexisting pyridinic N. This effect was experimentally
verified by directly measuring the electron transfer between
carbon surfaces and tetracyanoquinodimethane (TCNQ) as an
electron acceptor, which revealed the electronic synergism of
graphitic and pyridinic N on ORR activity of N-doped
carbon.”” The latter factor suggests that the clustering effect of
N dopants may create a collection of dopants with a new
electronic property, defined as a configuration. Obvious
segregation of graphitic N sublattice has been observed on
N-doped graphene by chemical vapor deposition (CVD)* and
ion implantation®* methods. Tison et al.”> observed the
emergence of various nitrogen pairs (1-2,1-3,1—4,and 1-8
in a naphthalene structure) on a heavily doped (~1.3%) but

Received: May 31, 2022
Accepted: June 27, 2022
Published: June 29, 2022

https://doi.org/10.1021/acs.jpclett.2c01645
J. Phys. Chem. Lett. 2022, 13, 6187—6193


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yifan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongquan+Fu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Changchun+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hai+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuhang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guangxing+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yonghai+Cao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongjuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongjuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Feng+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaobao+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hao+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpclett.2c01645&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01645?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01645?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01645?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01645?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.2c01645?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpclcd/13/26?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/26?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/26?ref=pdf
https://pubs.acs.org/toc/jpclcd/13/26?ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpclett.2c01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCL?ref=pdf
https://pubs.acs.org/JPCL?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

graphitic N-dominated graphene and revealed the impact on
local electronic property. Some of the complex configurations
have been theoretically predicted with a different reactiv-
ity, 24323637

Those complex configurations of dopants open a new space
for the structure—reactivity relationship of N-doped carbons.
Unlike the well-defined metal crystals, on which the different
but limited sites may be discriminated via geometric
approach,®® the number of possible configurations of dopants
may be too large to be affordable for the experimental search
when the nitrogen content is high enough for practical
applications. To guide the synthesis of high-performance
carbon catalysts with a well-defined molecular configuration, a
global theoretical study is highly desirable to enumerate all the
possible configurations and determine the structure—activity
relationship.

Here, we present a density functional theory (DFT) study
on the ORR over nitrogen-doped graphene to reveal the
configuration-specific reactivity. By applying a searching
algorithm with the package of Structures of Alloy Generation
And Recognition (SAGAR) 27 we generated all nonduplicate
configurations. A large graphene supercell of 98 atoms was
used for calculations allowing us to investigate the config-
uration with low nitrogen concentrations in the range from 0%
to 3%, which covers the most frequent nitrogen content in the
carbon materials synthesized by conventional CVD or
thermolysis methods.*”** By doing so, the configuration-
reactivity relationship of N dopants in graphene was
established, which may inspire the rational experimental
synthesis of carbon catalysts and, more importantly, provide
a deeper insight into the active sites of metal-free carbon
catalyst.

Introducing two nitrogen atoms to replace two carbon atoms
generates 19 possible configurations (see Table S1 for all the
geometries). Figure 1 summarizes the configuration-dependent

(a) ety (b)
A 250 —@)
AN N e e g A 3 200 “*&”5”3—9‘
e e s e s _e_» E
L 4 L d » * * L L L -
I I I AL I 1] 2 1501 (2)
- » "’ v L ] E’
SN N P N N 2100_
LSS NP N NP NP N w O
o b8 6 __s_» g 50 Q Q'} ° a
- v » v v ® L 4
o.‘. .o g 0 ’
Energy (kJ/mol) . 095N3T93
HE . -50 =
0 20 40 60 80 100 120

Figure 1. (a) The total energy of C96N2. A graphitic nitrogen atom is
fixed in the center. Introducing the second nitrogen atom at a
different position results in different total energy, which is represented
by the color of the second nitrogen atom. The lowest energy is set to
zero. (b) The distribution of total energies of C9SN3. The 298
structures are classified into four groups according to their total
energy. The characteristic building blocks of C9SN3 containing N
dopants are illustrated as well. The lateral scattering of the plots
within a group is random just for better distinguishing the legends.

total energy of C96N2. The energy reaches the minimum as
another nitrogen is doped at the para-position of the same six-
membered ring. Meanwhile, the total energy reaches the
highest at 102.2 kJ/mol when the second nitrogen atom is
placed at the ortho-position,” indicating the large repulsion
between nitrogen atoms. Most of the other configurations
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possess the total energy in the range of 9—30 kJ/mol. Figure
S1 shows the variation of total energy with the distance
between the two nitrogen atoms. Although placing the second
nitrogen atom at any positions out of the most adjacent six-
membered ring has little effect on the energy, the most stable
configuration at the para-position excels others in structural
stability by ~20 kJ/mol. Assuming that the ensembles are in an
equilibrium state, the para-configuration (C96N2_8) will be
dominant with 47% population.

When three nitrogen atoms are introduced, the number of
unduplicated configurations will be boosted to 298. Four
groups of CI9SN3 can be categorized, namely, containing at
least one pair of nitrogen at para-, meta-, and ortho-positions
(denoted as groups 2, 3, and 4, respectively), and the others
without nitrogen atoms in one six-membered ring (denoted as
group 1). The existence of para-nitrogen is beneficial for the
structural stability. Among them, C9SN3_93 (highlighted in
Figure 1b) has the lowest total energy, with two pairs of para-
nitrogen in two adjacent six-membered rings. The averaged
total energy elevates from group 2 to groups 3 and 4, due to
the repulsion between two nitrogen atoms in one six-
membered ring. Figure S1b summarizes that the energy
decreases gradually and changes slowly with the increase of the
distance between nitrogen atoms.

The above results clearly uncovered the clustering effect of
nitrogen dopants in graphene. The energetic preference to
forming para-position nitrogen violates the homogeneous/
random assumption of nitrogen distribution in some literature
reports," ¥ suggesting that the dopant atoms tend to form
some specific stable configurations, for example, para-nitrogen.
Those configurations may be dominant by ~20 kJ/mol,
resulting in their preponderant population at thermodynamical
equilibrium.

Nevertheless, the most energetically favorable configuration
is not necessarily active for ORR. Hence, we attempted to
estimate the ORR overpotential of each configuration
aforementioned, starting from computing the adsorption free
energies of oxygeneous intermediates (O, OOH, OH). To this
end, the active site on each configuration was first determined
empirically. O and OH can be adsorbed stably on pristine
graphene to form a C—O bond. However, the adsorption of
OOH on pure graphene is physical (Figure S2a). Previous
studies’”*°™* have shown that the adsorption of the
intermediates near the ortho-carbon of nitrogen is preferential,
offering the smaller overpotential; thus, the ortho-carbon of
nitrogen dopant is regarded as the active site of ORR. On
C97N1 graphene, the intermediates can be chemically
adsorbed on the ortho-carbon of nitrogen to form a C—-O
bond with lower energies. There are multiple ortho-positions
in the presence of more than one nitrogen in a supercell. By
testing typical C96N2 structures, it was found that the three
ortho-carbons of nitrogen have very close ORR overpotentials,
which are apparently lower than other carbons (Figure S3).
Hence, the ortho-carbon on the side of the other nitrogen
atom in C96N2 was chosen as the active site empirically. We
treated the ortho-carbons of two nitrogen as two active sites.
Twenty-three unduplicated ortho-carbons can be determined
for the 19 C96N2 configurations. Analogously, 894 ortho-
carbons were computed by considering three active sites for
each configuration in the case of COSN3. Table S2 summarizes
all the configurations of OH adsorbed on active sites
investigated in this work. Figure S4 summarizes the adsorption
free energies of oxygeneous intermediates on those active sites.
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The scaling relationships between AGoy+ and AGoop+ AGo«
show good linearity.*>°

The overpotential of ORR was calculated from the
adsorption free energy of intermediate adsorbent on active
sites. Figure 2a,b shows the dependences of overpotential on
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Figure 2. Dependences of overpotential of ORR on the adsorption
free energy of OH group on (a) C97N1 (green diamond), C96N2
(orange circle), and (b) C95N3 (blue circle). The dependences of
overpotential of ORR on the total energy of (c) C96N2 and (d)
C95N3. The green, orange, and red circles represent the graphene
without a N—N bond and with one or two N—N bond(s),
respectively.

adsorption energy. The volcanic relationships suggest that the
approach proposed here can be used to determine the optimal
configuration of N-doped graphene for ORR. Both on C96N2
and C95N3 graphene, the lowest overpotential is reached at
AGoy+ of ~0.8 eV, being consistent with previous
literature.”~>> On the left and right arms of the volcanic
dependences, the ORR is rate-determined by the conversion of
OH* to H,0 and O, to OOH¥*, respectively.’”” It is
interesting to see that the minimal ORR overpotential of
C97N1, C96N2, and C95N3 is —0.82, —0.75, and —0.62 V,
indicating that it is theoretically feasible to enhance the ORR
activity by increasing nitrogen content, which will be discussed
in more details later.

The knowledge of the active configurations is helpful for the
rational synthesis of carbon catalysts. Among C96N2
graphenes, the most active site is the ortho-carbon adjacent
to one nitrogen atom and opposite to the other nitrogen
(C96N2_4), as highlighted in Figure 2a. On the contrary, the
most inactive structure is C96N2_1 with two meta-nitrogen,
which hinders the adsorption of intermediates. By adding one
nitrogen to the C96N2 supercell to form CISN3 graphene, the
volcanic dependence in Figure 2b suggests that the most active
is the one (C9SN3_151) adding the extra nitrogen at the
ortho-position of one nitrogen in the optimal C96N2 graphene
(C96N2 _4) or the one (C9SN3 255) adding the extra
nitrogen at the para-position of nitrogen of C96N2 4.
Similarly, the most inactive ones are those adding a nitrogen
to C96N2_1, namely, C95N3_S5 and C95N3_101. By
comparing the results of C96N2 and C9SN3 graphene, it
can be concluded that adding the third nitrogen atom will not
greatly influence the activity if these configurations are already
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formed. This result re-emphasizes the clustering effect of
nitrogen dopants on the ORR activity by forming a specific
configuration.

Figure 2¢,d reveals the relationship between activity and the
structural stability of doping configuration. Overall, the quite
scattering plots indicate that the connection between the
stability and activity is weak. As shown in Figure 2c, the most
stable (lowest total energy) C96N2_8 graphene has a very low
activity (high overpotential). The total energy of the most
active C96N2_4 graphene is 24.9 kJ/mol higher than that of
C96N2_8 graphene, leading to its very low population (see
Table S1). Moreover, the C96N2 9 graphene containing a
pair of adjacent nitrogen is energetically unfavored, despite its
quite low overpotential. The stability-overpotential relationship
of C95N3 graphene is displayed in Figure 2d. Depending on
the number of N—N bonds in graphene, three collections can
be distinguished. Obviously, the N—N bonding significantly
elevates the total energy and results in very low population,
therefore making them unlikely to be the main contributors of
activity, although low overpotentials can be reached over them.
Among the relatively stable configurations without N—N
bonding, the most stable COSN3_93 graphene performs quite
moderately in ORR, while the overpotential can be reduced by
0.354 V over C9SN3_255 graphene at the cost of the increase
of total energy by 6.9 kJ/mol.

The divergence between stability and reactivity of N-doped
graphene makes the prediction of configuration-specific ORR
activity misleading to the design of N-doped carbon catalysts.
Thermodynamically stable configurations have widely been
adopted to discuss the ORR activity and mecha-
nism,””** #3552 which may have overlooked the contribution
from high-activity configurations. Our results imply that the
ORR activity deserves to be reassessed by considering the
configuration sensitivity. To mimic practical carbon materials,
we assumed that all possible configurations coexist and that the
populations distribute in a Boltzmann way. With the ergodic
hypothesis in an equilibrium state, the current density can be
computed as the ensemble average of the configuration-
dependent current densities, namely

o N,M
=2 G i um

n=1,m=1

(1)

where p, is the population of configuration 1, (j/j,),,, is the
relative current density of active site m on configuration n, N is
the number of configurations, and M is the number of active
sites. N is 19 or 298, and M is 2 or 3 for C98N2 and C95N3,
respectively. By doing so, the polarization curve of the N-
doped graphene can be simulated. As shown in Figure 3a,
among the 19 C96N2 configurations, the most active
(C96N2_4) and most stable (C96N2 8) ones display a
huge difference in terms of current density normalized by jj.
The average current density is between the two. It is
interesting to analyze the component of the current density.
As shown in the inset of Figure 3a, although the most stable
C96N2 8 (total energy = 0) occupies 47% population, it
contributes 0.5% of the averaged current density. Nevertheless,
C96N2 4 (the most active one) and C96N2 16 contribute
32.7% and 30.7% of the average current density with
populations of 1.45% and 9.81%, respectively. In the case of
C95N3, the ensemble-averaged current density is much higher
than that of the most stable C9SN3 93, because of the
considerable contribution from the minor but active

https://doi.org/10.1021/acs.jpclett.2c01645
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Figure 3. Calculated ORR polarization curves of (a) C96N2 and (b)
C95N3. (insets) Population and contribution to current density of all
possible configurations.

configurations. In fact, although C9SN3_93 graphene has the
highest population of 9.92%, its contribution to the current
density is negligible (0.33%) because of the inactivity. To our
surprise, 77.5% of the current density is from C9SN3_2SS with
4.59% population (see the inset of Figure 3b), because of its
highest activity. These results unambiguously demonstrate the
configurational sensitivity of N-doped graphene. On a carbon
material without special synthesis strategy (namely, all the
configurations are in thermodynamical equilibrium), the
majority of the ORR current may be from a rare but active
configuration. It challenges not only the theoretical prediction
based on a DFT calculation of the thermodynamically stable
configuration but also the experimental identification of active
site on carbons via microscopy and spectroscopy,””>* because
the frequently observed configuration may be not the major
contributor of activity, as revealed in Figure 3b.

The insight into the structure—activity relationship indicates
that the activity of N-doped carbon is ensemble-specific. It
allows us to evaluate the effect of N content on the ORR
current density on a specific ensemble. For the ensemble in
thermodynamic equilibrium, the polarization curves of C97N1,
C96N2, and C95N3 in Figure SS display that, as the N content
increased from ~1% to ~2%, the ORR current density
decreased; while the N content is increased to ~3%, a slightly
higher activity can be obtained. The abnormal variation of
activity with N content violates the common belief that
increasing N content is beneficial for the reactivity. Although
the ORR overpotential on the optimal configuration decreases
with the N content as revealed in Figure 2, the comprehensive
investigation through the ensemble of all possible config-
urations shows the complex result. It emphasizes that the
emergence of new active configurations as increasing the
number of dopants, due to the clustering effect, significantly
changes the catalytic performance of N-doped carbon catalysts.
This result may explain why the ORR activity cannot be
reproduced well on N-doped carbon materials from a different
laboratory by various syntheses.

The nitrogen doping temperature affects the population of
configurations and, thereby, the ORR reactivity. As summar-
ized in Figure SSb, the current density of C96N2 graphene
gradually increases with the temperature from 250 to 1500 K.
eq 2 indicates that, when the temperature rises, the population
of the configuration with high energy will increase. Therefore,
the contribution from the most active structure (C96N2_4)
increases in the case of C96N2, which in turn improves the
overall activity, while the current density on C9SN3 graphene
increases first and then decreases, maximizing at 550 K. It can
be rationalized by the high populations of high-energy
configurations but with low activities that suppress the overall
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current density. This result further indicates that the clustering
effect enables the formation of a specific configuration that
contributes dominantly to the reactivity when doping nitrogen
at controlled temperatures, thereby improving the overall
reactivity.

In summary, a new paradigm was proposed to evaluate the
ORR activity of N-doped graphene by globally searching all the
possible configurations of N-dopants and establishing the
structure—activity relationship. By doing so, the populations of
19 C96N2 and 298 C95N3 configurations were determined
using the total energy as a measure, which reveals the
clustering effect of N dopants, namely, the preference forming
energetically favorable configurations containing para-nitrogen.
Assuming the ortho-carbon of nitrogen as active sites, the
adsorption free energies of OH, O, and OOH intermediates
were calculated to determine the ORR overpotential in the
frame of an associative mechanism. The structure—activity
relationship enables one to search for the optimal configuration
of N atoms to guide the synthesis of high-performance N-
doped carbon materials. The configuration sensitivity of N
doping was uncovered by analyzing the fractional contribution
to the Faraday current. For instance, the rare configuration
C9SN3_255 (4.59% population) may contribute 77.5%
current density of C9SN3 graphene. Although the preliminary
work constrained the N dopant as the graphitic type with N
content less than 3%, which is a good approximation to the N-
doped carbon materials with a high graphitization degree
annealed at high temperatures,""** the findings disclose a key
factor to elucidate the catalytic performance of N-doped
carbon catalysts and pave a new avenue to a rational design
and synthesis of carbon materials for ORR and other related
applications.

B METHODOLOGY

Models. We used Materials Studio’s modeling tool
(Materials Visualizer) to construct a periodic graphene
supercell composed of 98 carbon atoms, with the lattice
parameters of a = 17.22 A and b = 17.22 A. To minimize the
interaction between different layers, a vacuum region of 16 A
was set up between layers. Graphitic nitrogen dopants were
introduced into the graphene structure by replacing one to
three carbon atoms with nitrogen atoms, corresponding to the
atomic content of nitrogen from 0% to 3.06%. Multiple
configurations are possible when more than one nitrogen atom
is introduced into the supercell, which can be determined using
the SAGAR package previously developed.”*” In this work, 19
and 298 nonduplicated configurations are modeled in the cases
of introducing 2 and 3 nitrogen atoms, respectively, allowing
for an unbiased evaluation. All the models are visualized in
Table S1, denoted as CnNm_i, where n, m are the numbers of
carbon and nitrogen atoms in the supercell, respectively, and i
is the serial number of the models.

Theoretical Calculations. Each configuration was geom-
etry-optimized, and the total energy was calculated in the
DMol® module of Materials Studio software, where the term
total energy refers to the energy of a specific arrangement of
atoms. The zero of energy is taken to be the infinite separation
of all electrons and nuclei; thus, the total energy is generally
negative, corresponding to a bound state. The total energies of
structures with the same atoms reveal their structural stability.

The total energy can be a measure of probability density at
which a specific configuration appears when the N-doping is
thermodynamically driven. In this way, the probability density
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of a particular configuration i could be given by its Boltzmann
population p;:
~E,/kT

ge
L= ZE/k
g @)

where g is the degenerate energy level of i generated by
SAGAR, E, is the total energy of i from DFT calculation, T is
the nitrogen doping temperature (1073 K), and k is Boltzmann
constant. See details in the Supporting Information.

Estimation of ORR Overpotential and Current
Density. The ORR is assumed to follow the associative
mechanism,”*° in which O, is not decomposed but directly
converted to the OOH¥* intermediate. The overpotential of
ORR can be determined by comparing the reaction free energy
of each elementary step. For each step, the reaction free energy
is defined as the difference between the initial state and the
final state>

AG = AE — TAS + AZPE + eU (3)

where AE is the energy change of reactant and product
molecules. According to the calculated hydrogen electrode
model,*® the chemical potential of proton—electron pairs can
be expressed by the chemical potential of hydrogen molecules
on the assumption that the electric potential is zero when it is
neutral. U is the potential of the electrode. T is the
temperature. e is the transferred charge. The change of zero
vibration energy and the change of entropy are calculated by
the frequency from the DMol® module.

The ORR limit potential is the minimum of limit potentials.

AU, = min(AUy,, AU, AU, AUL,) (4)
The ORR overpotential is

n=123 — AU, (s)
The Butler—Volmer equation gives the current density as
j = FKICo(0, £)e™ — Cy(0, £)e ] (6)

where F is Faraday’s constant, k” is the standard rate constant
of reaction, Co (0,t) and Cy (0,t) are surface concentrations, f
is calculated as F/RT, where T is 298 K, a is a transfer
coefficient which is 0.5, and 7 is the overpotential. Introducing
the exchange current density jy, the current density can be
written as

— CO(O’ t) e—afq _ CR(OJ t) e(l—a)ﬁy
0|~ G
— I'[e_(’f” _ e(l—(l)fﬂ] (7)
where the first item is the cathode current
jlig =& ®)

See details in the Supporting Information.
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