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DFT investigation of the oxygen reduction reaction over
nitrogen (N) doped graphdiyne as an electrocatalyst: the
importance of pre-adsorbed OH* and the solvation effect

To reveal the active site for ORR in N-doped graphdiyne, we
systematically studied the ORR mechanism on sp-N1GDY
and Pyri-NGDY supported by graphene (G) using density
functional theory (DFT) simulations with an explicit solvent
model. OH* pre-adsorbed sp-N1GDY/G exhibits lower
overpotential (0.46 V) which is close to the experiment value
(0.36 V), compared with Pyri-NGDY/G (0.75 V).
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1. Introduction

DFT investigation of the oxygen reduction
reaction over nitrogen (N) doped graphdiyne as an
electrocatalyst: the importance of pre-adsorbed
OH* and the solvation effect?

Yuelin Wang, ¢2¢ Thanh Ngoc Pham, (2@ Harry H. Halim,? Likai Yan®“ and

Yoshitada Morikawa (2 *3©

Searching for novel electrocatalysts that can replace precious platinum for oxygen reduction reaction
(ORR) is important for developing fuel cells. Recently, nitrogen (N) doped graphdiyne (GDY) has been
synthesized and proved that the ORR electrocatalytic activity catalyzed by N-doped GDY is significantly
improved, however, the roles of sp-N (including sp-N1 and sp-N2) and pyridinic (Pyri)-N dopants in
mediating the ORR are still unclear. To clarify which sp-N or Pyri-N creates the active site for ORR, we
systematically studied the ORR mechanism on sp-N1GDY and pyri-NGDY supported on graphene (G) with
the solvation effect, which was performed using density functional theory (DFT) and ab initio molecular
dynamics (AIMD) simulations. Firstly, we found that the dissociative mechanism is preferred on sp-N1GDY/
G and the surface is easily terminated by the OH* intermediates, while the OH* pre-adsorbed surface (sp-
N1GDY(OH)/G) prefers the associative mechanism. Pyri-NGDY/G also prefers the associative mechanism
without any termination. Then, the solvation effect stabilizes all ORR intermediates in both cases. From the
calculated free energy diagram, a model with water solvent gives a more appropriate estimation of the
overpotential than the one without the water solvent, and sp-N1GDY/G with OH* pre-adsorbed has a
lower overpotential (0.46 V), which is close to the experimental value (0.36 V), compared with Pyri-NGDY/
G (0.75 V). Our study provides useful information for understanding the reaction mechanisms of ORR at
the solid/liquid interface on the N-doped GDY surface.

however, the high cost and scarcity of Pt have led to significant
research efforts to find alternative electrocatalysts that can

Fuel cells provide an innovative and efficient energy conversion
technology and operate via electrochemical reactions. The use
of clean and renewable fuels, such as hydrogen, methanol, and
biomass, reduces dependence on fossil fuels and their associated
environmental impacts.' The oxygen reduction reaction (ORR) is
a key electrochemical reaction that takes place at the cathode of
the fuel cells.” Traditionally, platinum (Pt) and Pt-based mate-
rials have been widely used as electrocatalysts for ORR due to
their excellent electrocatalytic activity, durability, and stability;
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perform as effectively as Pt-based materials while being more
cost-effective and environmentally sustainable.® In 2009, Dai et al.
reported that nitrogen-doped carbon nanotube arrays possessed
high electrocatalytic activity for the ORR in alkaline media, even
superior to Pt.” This finding led to the development of an interest-
ing field of carbon-based metal-free ORR electrocatalysts because of
their advantages, including relatively abundant raw materials,
economic feasibility, adjustable surface chemistry, easy processing,
large specific surface area, high chemical stability, fast transfer
kinetics, and a wide operating temperature range.® Based on many
findings,*™' N-doping is a particularly advantageous method to
modify carbon materials for energy conversion, such as hydrogen
evolution reaction (HER), oxygen evolution reaction (OER), ORR,
nitrogen reduction reaction (N,RR), and carbon dioxide reduction
reaction (CO,RR).

Recently, a new type of carbon material named graphdiyne
(GDY), a rising star of 2D carbon allotropes with one-atom-thick
planar layers, has achieved the co-existence of sp and sp®
hybridized carbon atoms in a 2D planar structure."*** GDYs

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with unique chemical and physical properties have attracted
more attention in energy conversion.>” However, pure GDY
has low ORR electrocatalytic activity, and structural modification,
including doping with metal or nonmetal atoms is a good way to
improve the activity. Gao et al.'® reported that Fe-doped GDY
(Fe@GDY) showed high catalytic activity towards ORR at even
higher activity than the benchmark commercial Pt/C (20 wt%).
Dai et al.™® predicted that Ni@GDY and Pt@GDY catalysts pos-
sessed comparable electrocatalytic activity for ORR and OER in
alkaline media based on DFT studies. Li et al.>® reported that
N-doped GDY, especially sp-N doping showed much better ORR
electrocatalytic performance than the commercial Pt-based
catalyst in alkaline media and comparable activity in acidic
media. On the other hand, Huang et al.*" reported that pyridinic
(Pyri)}-NGDY is mainly produced by N doping and Pyri-NDGY
exhibits excellent ORR and OER catalytic activity. Despite experi-
mental evidence demonstrating the excellent ORR electrocatalytic
activity of N-doped GDY, the nature of the active sites and the
dopants involved are still controversial. Recently, a few theoretical
ORR studies on N-doped GDY with sp-N configurations have been
reported.”*>* Li et al.>® found that ORR proceeds on sp-N(I[)GDY
with the associative mechanism. The highest ORR electrocatalytic
activity has a theoretical onset potential of 0.76 V with metastable
adsorption of all the ORR intermediates. Lee et al.** found that
double N-doped GDY has better ORR activity. In the above studies,
it turns out that the metastable adsorption sites of ORR inter-
mediates govern the ORR performance. However, the role of the
most stable adsorption sites in the ORR mechanism on N-doped
GDY remains unclear.

Density functional theory (DFT) calculation is a powerful
tool to explore the ORR mechanism using the computational
hydrogen electrode (CHE) model,>® however, to accurately
elucidate the ORR activity, it is important to incorporate the
solvation effect. There are two approaches: (1) the explicit
model, and (2) the implicit model. The former approach
involves adding water molecules around the reactant or above
the surface to represent the solvation effect,**>° and the latter
approach replaces the liquid environment with a polarizable
continuous medium (PCM).>***" Previous theoretical studies on
metal-free catalysts mostly used the implicit model, which
tends to underestimate the solvation effect during the ORR
process. Boresch et al.** reported that PCM cannot describe any
direct solvent effects and might be inaccurate for specific
hydrogen bonds. Wang et al.>’ reported that the explicit model
can give a correct estimation of the ORR overpotential on
MnN,-graphene catalyst than the gas-phase model. Hansen
et al.>* investigated the solvation energy of ORR intermediates
on N-doped graphene using the explicit and implicit models,
and found that including explicit H,O molecules is essential for
a correct description of the adsorption energy of ORR inter-
mediates on carbon materials, while continuum solvation
models are unable to accurately describe the solvation energy.

In this study, we systemically investigated the ORR activity
on sp-N1 and Pyri-N-doped GDY with graphene (G) support.
DFT calculations and ab initio molecular dynamics (AIMD)
simulations were carried out to investigate the ORR mechanism

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as well as the solvation effect for ORR in both cases. Free energy
diagrams showed that the active sites of sp-N1-doped GDY
surfaces are easily terminated by OH*, and the neighboring C
sites of the -COH-N moiety become real active sites for ORR to
proceed with low overpotentials compared with those in Pyri-N.
Moreover, the explicit solvation model can give a more consis-
tent overpotential (0.46 V) with the experimental value (0.36 V)
compared with that under vacuum conditions (0.72 V).

2. Computational methods

Most of our DFT calculations were performed using the Simulation
Tool from the Atom Technology (STATE) program package.*>>®
Ionic cores were described using the ultrasoft pseudopotentials,®
and valence electron states were expanded using a plane wave basis
set with the kinetic energy cutoffs of 36 and 400 Ry for wave
functions and augmented charge density, respectively. A 2 x 4 X
1 Monkhorst-Pack k-point sampling was used for the N-doped GDY
2 x 1 x 1 supercell. The revised PBE (RPBE) functional*® with the
Grimme’s van der Waals (vdW) correction (D2)*" was employed to
describe the weak dispersion interactions between various inter-
mediates and surfaces as well as to describe water-water interac-
tions more accurately.*

Spin-polarized calculations were performed whenever triplet
0O, was simulated. We considered the intersystem crossing (ISC)
upon O, adsorption on the substrate. The isolated O, in the
triplet state (*Z,) as its ground electronic state is relatively
unreactive due to its low energy. However, when O, approaches
surfaces such as carbon nanotubes and diamond (100),*>*’ it
can undergo the intersystem crossing (ISC) to a more reactive
singlet state (*A,). In our calculations, the adsorbed O, in *%,~
was modeled by fixing the difference between the number of
spin-up and spin-down electrons to two, while the adsorbed O,
in 1Ag was modeled by a spin-restricted calculation to obtain
a closed-shell configuration, which was necessary to prevent
spin contamination. Activation reaction barriers (E,) were cal-
culated using the climbing image nudge elastic band method
(CI-NEB).***

According to the experimental conditions,” the overall
reaction of O, reduction to H,O on N-doped GDY under alkaline
conditions is O,(g) + 2H,0(1) + 4¢° — 40H . The adsorption
Gibbs free energy changes (AG.qs) of all the elementary steps in
ORR on this N-doped GDY/G using the CHE method** were
computed as:

20

AGaqo(X*) = AEx + (AHy» — TASx-)—neUsus + ASol(X¥)

where AEx~, AHx» and ASx~ are the changes in the adsorption
energies, enthalpies, and entropies of each intermediate on the
surface under vacuum conditions, respectively. T is the tem-
perature (298.15 K). ne is the number of electrons transferred,
and the number of electrons transferred in 20*, O* + OH*,
OOH*, O*, and OH* are 4e, 3e™, 3¢, 2e  and le , respec-
tively. Urue is the potential of the electrode relative to the
reversible hydrogen electrode (RHE).*® We describe this equili-
brium using the RHE as the reference electrode, which equals

Mater. Adv., 2023, 4, 6542-6552 | 6543
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the chemical potential of H" + e~ to the chemical potential of
1/2H, at an arbitrary pH (pH, = 1 bar and T = 298.15 K).*®
ASol(X*) is the solvation energy of each intermediate. To
calculate the ASol of ORR intermediates, we used the AIMD*’
calculations to find hydrogen bond (H bond) networks at the
interface. Further details on the computations on AG,qs, reac-
tion Gibbs free energy, and ASol are summarized in the ESL¥

3. Results and discussions

3.1 Atomic and electronic structures of the N-doped GDY
catalysts

Based on the experimental results,**>" we constructed two types

of N-doped GDY (NGDY), namely sp-NGDY and Pyri-NGDY.
As shown in Fig. 1, the carbon atom in the diacetylene linkage
(sp hybridized C) is replaced by N to generate two types of sp-N
(Fig. 1(b) and (c)), i.e., sp-N1GDY and sp-N2GDY. Pyri-NGDY is
the sp® hybridized N atom bonded with two sp® hybridized
carbon (C) neighbors in the carbon ring and with H-termi-
nated C atoms (Fig. 1(d)). In the experiment,®® N-doped GDY
was supported onto glassy carbon, herein, to simplify the model,
graphene (G) was applied as a support underneath the N-doped
GDY. The obtained optimized lattice constants of the N-doped
GDY (9.46 A), and graphene (2.46 A) unit cells were consistent
with those from previous results.*®*° Considering the lattice
matching between the two components, the p(8 x 4) supercell of
G and the p(2 x 1) supercell of N-doped GDY were employed to
create the interface model (Fig. 1(e)-(g)) by applying a mixed
tensile/compressive strain (4%) to the graphene phase, resulting

\ Pyri-NGDY

sp-N2GDY

sp-N1GDY /

RYAVARYAYAN \(A}é..

Fig. 1 (a) Schematic representation of different types of N doping con-
figurations (sp-N1, sp-N2, and Pyri-N) in GDY. Optimized structure of the
sp-N1GDY (b), sp-N2GDY(c), Pyri-NGDY (d), sp-N1GDY/G (e), sp-N2GDY/
G, (f) and pyri-NGDY/G (g). Red, white, gray, pink, and blue balls are O
atoms, H atoms, C atoms in N-doped GDY, C atoms in G, and N atoms,
respectively.
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in corrugated graphene. The calculated minimum distances
between sp-NGDY or Pyri-NGDY, and the top of graphene were
2.27 and 2.17 A, respectively, which are close to those of other
heterostructures.>® The band gap (E,) of the isolated G, NGDY in
three N configurations (sp-N1, sp-N2, and Pyri-N) and their
interface models (sp-N1GDY/G, sp-N2GDY/G, and pyri-NGDY/
G) were calculated using the PBE*" and HSE06 functionals®>>?
using the VASP code,’*** as shown in Table S1 (ESIt). We find
that Pyri-NGDY is a semiconductor with a band gap of 0.60 eV by
PBE and 0.97 eV by HSE06, while sp-N1GDY and sp-N2GDY are
metallic, as predicted by both functionals. After introducing the
G substrate as the support, all sp-N1GDY, sp-N2GDY, and Pyri-
NGDY showed metallicity.

To explore the charge transfer of the three N-doped GDY/G
interfaces, we calculated the projected density of states (PDOS)
(Fig. 2), charge density difference (CDD), and Bader charge of
the three cases (Fig. S1, ESIt). The PDOS results showed that
after the introduction of G, the Dirac point of G in sp-N1GDY/G,
sp-N2GDY/G, and Pyri-NGDY/G is upshifted above the Fermi
level, on the other hand, the C(p)s of sp-N1GDY, sp-N2GDY, and
Pyri-NGDY in sp-N1GDY/G, sp-N2GDY/G, and Pyri-NGDY/G are
downshifted below the Fermi level. The C (p) band centers in
the three N-doped GDYs are shifted to a lower energy region
upon the introduction of G (Fig. 2). The above results indicate
that the use of G can increase the conductivity of N-doped
GDY and induce the charge transfer from G to N-doped GDY.
The CDD (Fig. S1, ESIt) results also revealed that the charge
densities are redistributed by forming electron- and hole-rich
regions within the three N-doped GDY/G interfaces. Charge
depletion occurs on the G surfaces, resulting in the hole-rich sites.
However, strong charge accumulation occurred on the three
N-doped GDY surfaces, forming electron-rich sites. Therefore, the
electrons are mainly transferred from G to the three N-doped GDY
surfaces. To confirm this, the Bader charge analysis (Fig. S1, ESIt)
and work function change (Table S2, ESIt) were also conducted.
From the Bader charge analysis, 0.11 e~ are transferred from the G
substrate to sp-N1GDY or sp-N2GDY, and 0.13 e~ are transferred
from the G substrate to Pyri-NGDY. As shown in Table S2 (ESIY), the
work functions of planar G (4.20 eV) and corrugated G (4.10 eV) are
smaller than those of pure GDY (5.10 eV), sp-NGDY (4.53 eV), and
Pyri-NGDY (4.93 eV), which is the fundamental cause for charge
transfer from G to GDY and NGDY.

3.2 ORR mechanism and free energy analysis of sp-N1GDY/G,
sp-N2GDY/G, and Pyri-NGDY/G under vacuum conditions

ORR mechanisms on clean surfaces. O, adsorption and
dissociation are the two important steps that govern the ORR
pathway. Thus, we first evaluated O, adsorption and dissociation
on N-doped GDY models. We investigated all possible adsorp-
tion sites (C1-C5) of single O, on sp-N1GDY/G, sp-N2GDY/G, and
Pyri-NGDY/G in two different geometries, namely end-on and
side-on (Fig. S2, ESIT). We found that O, preferably adsorbed on
the top sites of the C atoms near the N dopants with different
strengths between sp-N and Pyri-N configurations. O, was
chemisorbed at the C3C4 site (Table 1 and Fig. S2(b), ESIt)
and the C2C4 site (Table S3 and Fig. S2(c), ESIt) on sp-N1GDY/G

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The projected density of states (PDOS) on atomic orbitals of
sp-N1GDY, G, and sp-N1GDY/G; (b) PDOS of sp-N2GDY, G and sp-
N2GDY/G; (c) Pyri-NGDY, G and Pyri-NGDY/G. The C(p) energy window
of the integration is [-10.00, 0.00].

and sp-N2GDY/G, respectively. In contrast, O, is physisorbed on
Pyri-NGDY/G (Table 1 and Fig. S2(e), ESIf).

Next, we examined the reaction barriers for O, dissociation
to 20* and O, protonation to OOH* using the CI-NEB method
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with the consideration of the ISC. We considered two probable
pathways for O, dissociation cases, namely (1) gas-phase O,
adsorption on the surface followed by O,* dissociation to 20*
(O, = O,* — 20%); (2) direct dissociative adsorption of gas-
phase O, to 20* (O, — 20%*). The triplet and singlet potential
energy surfaces (PES) are shown in Fig. S3 (ESIf). For all
reaction processes, O, starts in a triplet state, reaches the ISC
state, and changes to a singlet state. The activation reaction
energies (E,) of O, dissociation and protonation on the three
N-doped GDY/G are shown in Table 1 and Fig. S3 (ESIf). We
found that on two sp-NGDY/G systems (sp-N1GDY/G and sp-
N2GDY/G), the direct O, — 20* path is kinetically the most
preferable with relatively low E, (~0.22 eV on sp-N1GDY/G, and
~0.08 eV on sp-N2GDY/G). Moreover, water induces O, dis-
sociation by lowering the activation barrier by ~0.2 eV on all
substrates due to the H bond effect between water and 0,.%%°”
In contrast, O, protonation to OOH* exhibits higher activation
energy (~0.88 eV on sp-N1GDY/G and ~1.41 eV on sp-N2GDY/
G) compared with that of O, dissociation. Consequently, we
assume that the ORR mechanism on sp-N-doped catalysts will
follow the dissociative mechanism (0, — 20* —» O* + OH* —
O* - OH* — OH™). On the Pyri-NGDY/G surface, the O-O
bond of O, does not activate upon the adsorption due to its
physisorption state.

From Table 1, protonation to OOH* has a lower activation
energy than its dissociation with one water (1.17 eV vs. 1.35 eV),
however, this protonation barrier (1.17 eV) is still rather high;
thus protonation process is kinetically unfavorable due to
physisorption O,.

It is noted that even though O, is weakly adsorbed and the
activation barrier for the direct protonation of the adsorbed O,
is high, ORR can still proceed with high activities on carbon
materials via a different reaction pathway, namely, a process of
long-range electron transfer (ET) to nonadsorbed O, in the
outer Helmholtz plane (ET-OHP).’**° Choi et al>® recently
revealed that the first proton-coupled electron transfer (PCET)
step (O,(aq) + (H" + e7) — *OOH (aq)) can occur via ET-OHP,
where O, directly forms *OOH (aq). Then, *OOH (aq) subse-
quently adsorbs on the catalytic site as OOH* (i.e., ET-OHP
mechanism). This explains the problem of not finding suitable
sites for O, binding on N-doped graphene and shows that the
O, chemisorption is not essential for the occurrence of ORR on
carbon-based catalysts. We found that O, could not chemisorb
and that the O, protonation barrier (1.17 eV) was high on Pyri-
NGDY/G. However, OOH* can chemisorb on the surface with

Table 1 The adsorption energy of O, and OOH, and the activation energy (E,) of O, dissociation and O, protonation to OOH on sp-N1GDY/G, sp-

N1GDY(OH)/G, and Pyri-NGDY/G

E,/eV

0, dissociation

O, protonation

Structure A, (0,)/eV  AE,q (OOH)/eV 0, —» O,* - 20% 0, —» 20* 0O, — 20* with one H,0 0, + H,0 — OOH* + OH*
sp-N1GDY/G —0.6 — 0.25 0.22 0.09 0.88
sp-N1GDY(OH)/G ~ —0.15 —1.23 — 1.86 1.64 1.40
Pyri-NGDY/G —0.10 —0.93 — 1.52 1.35 1.17

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AE,qs of —0.93 eV (Table 1). Therefore, we assume that the ORR
on Pyri-NGDY/G follows ET-OHP associative mechanism (0O, —
OOH* - O* - OH* —» OH ).

Then, the reaction and adsorption Gibbs free energies of each
ORR intermediate on three N-doped models, i.e., sp-N1GDY/G, sp-
N2GDY/G, and Pyri-NGDY/G, were calculated and are shown in
Fig. 3, Fig. S4, and Tables S4-S6 (ESIf), respectively, for all the
considered systems. We find that ORR proceeds with a rather
high overpotential (1) on the three substrates. For Pyri-NGDY/G
(Fig. 3e), 1 is 1.01 V, and the potential-determining step (PDS) is
the O, - OOH* (AGs). High 7 of ORR on sp-N1GDY/G (Fig. 3(a)),
and sp-N2GDY/G (Fig. S4(a), ESIt) arises from the strong interac-
tions of ORR intermediates with the substrate. The PDS for ORR
on the N-doped catalyst in sp-N configurations is found to be the
last step OH* — OH™ (AGs). The third ORR step (O* + OH* — O¥)
is exergonic and becomes endergonic upon applying a potential of
1.23 V. The last steps (OH* — OH ™) are endergonic reactions even
at Urgg = 0 V (0.13 eV on sp-N1GDY/G and 0.38 eV on sp-N2GDY/
G), showing that OH* has a strong binding energy with the
surface and is difficult to further hydrogenate. As a result, the
first ORR could not be completed, and some ORR intermediates,
such as O* or OH*, remain adsorbed on sp-NGDY/G.

To confirm this, the adsorption Gibbs free energy of each
ORR intermediate as a function of the electrode potential
(Urug) was evaluated. As shown in Fig. 3(b), sp-N1GDY/G was
terminated by OH* at 0 V < Ugyg < 0.86V, by O* at 0.86 V < Urug
< 0.88V, by O* + OH* at 0.88 V < Upyr < 1.07 V, and by 20* at
1.07 V < Ugpe < 1.23 V. Similarly, for sp-N2GDY/G (Fig. S4(b),
ESIt), sp-N2GDY/G was terminated by OH* at 0 V< Ugpg < 0.49 V,
by O* at 0.49 V < Urpr < 0.73 V, and by 20*at 0.73 V < Ugyg <
1.23 V. In contrast, on the Pyri-NGDY/G surface, the most stable
structure is the Pyri-NGDY/G pristine surface under 0 V < Uppg
<1.11 V (Fig. 3(f)). It should be noted that in this work, we only
considered single ORR intermediates as a function of potential, the
coverage®® of ORR intermediates may or may not affect the results,
this subject will be investigated in the next project.

Consequently, upon applying a limiting potential of 0.22 V,
the complete ORR process occurring on Pyri-NGDY/G, and ORR
species will never be terminated on the surface. In contrast,
OH* will be terminated on sp-N1GDY/G and sp-N2GDY/G
surfaces without any applied potential (sp-N1GDY(OH)/G and
sp-N2GDY/G hereafter). Therefore, we explored the ORR mecha-
nism of sp-N1GDY(OH)/GDY and sp-N2GDY(OH)/GDY in the
next subsection.

ORR mechanisms on OH pre-adsorbed surfaces. We find
that the strength of O, adsorption is decreased upon adsorption
on sp-N1GDY(OH)/GDY and sp-N2GDY(OH)/GDY compared to
that on clean surfaces. As shown in Table 1 and Table S3 (ESIt),
the vdW attractions dominate the interaction between O, and sp-
N1GDY(OH)/GDY, resulting in AE,q4s of O, and distance between
0, and sp-N1GDY(OH)/GDY as —0.15 eV and 3.0 A, respectively.
While, on sp-N2GDY(OH)/GDY, O, is weakly chemisorbed with
AE,q4s of —0.58 eV and an adsorption distance of 1.426 A. Then,
the E, of the O, dissociation and protonation on sp-N1GDY(OH)/
GDY and sp-N2GDY(OH)/GDY calculated using the CI-NEB
method is shown in Table 1 and Fig. S5 (ESIt). We obtained a
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high activation energy for O, dissociation and protonation of
1.40 eV on sp-N1GDY(OH)/GDY; thus the ET-OHP associative
mechanism is assigned for ORR on this surface. On the other
hand, for sp-N2GDY(OH)/GDY, O, dissociation is more favorable
than O, protonation; thus, we assume ORR will proceed based
on the dissociative mechanism.

The free energy diagram, reaction, and adsorption Gibbs
free energy of ORR intermediates on sp-N1GDY(OH)/GDY and
sp-N2GDY(OH)/GDY are shown in Fig. 3(c), Fig. S4(c), and
Tables S4-S6 (ESIt). For sp-N1GDY(OH)/GDY, the stabilities of
the three ORR intermediates, i.e., OOH*, O*, and OH* were
estimated. We find that all ORR intermediates preferably
adsorb on top sites of the neighboring C atom of the -COH-
N moiety. Interactions between sp-N1GDY(OH) and intermediates
become weak after involving the pre-adsorbed OH*. The AGoy- of
sp-N1GDY(OH)/G is 1.15 eV larger than that of sp-N1GDY/G
(—0.13 eV), indicating that the pre-adsorbed OH* is improving
rather than poisoning. Moreover, the PDS is O, —» OOH* with a
limiting potential of 0.51 €V and 7 of 0.72 V (Table 2). As shown in
Fig. 3(b) and (d), we can also prove that under Ugyg = 0.51 V, sp-
N1GDY(OH) is the most stable structure. For sp-N2GDY(OH)/G,
we found 20* — O* + OH* is a strongly endergonic reaction with
AG, of 1.06 eV (Fig. S4(c) and Table S5, ESIT), which may cause
possible poisoning of active sites by 20*. Therefore, sp-N2GDY/G
cannot be used as an ORR electrocatalyst.

Under vacuum conditions, we found that sp-N1GDY(OH)/G
can create a conceivable active site for ORR with low over-
potential. The clean sp-N1GDY/G surfaces are easily terminated
by OH* intermediate and the neighboring C site of -the COH-N
moiety of sp-N1GDY(OH)/G is the real active site for ORR to
proceed with low n compared with Pyri-NGDY/G.

The electronic structure of the active site relates to O,
activation. In general, the interactions between C 2p of the
active sites and O, n* orbitals govern the adsorption strength of
0O, and the elongation of O, upon adsorption on the substrate.
Hybridizations between C 2p and O, m* orbitals facilitate the
back donation to n* orbitals, thus increasing the occupations of
these orbitals upon adsorption (Fig. S6, ESIT). As a result, the
PDOS of C 2p near the Fermi level is quite important for
determining the O, adsorption and O, dissociation barriers.

We plotted the PDOS of C2p of the active site in sp-N1GDY/
G, sp-N2GDY/G, sp-N1GDY(OH)/G, sp-N2GDY(OH)/G, and Pyri-
NGDY/G. In Fig. 4(a), at the Fermi level, there is almost no
partially occupied state of C 2p in sp-N1GDY(OH)/G and Pyri-
NGDY/G, while for sp-N1GDY/G, sp-N2GDY/G, and sp-
N2GDY(OH)/G, there exists partially occupied state of C 2p.
From Fig. 4(b), we also found that there is a linear relationship
between the PDOS height value at the Fermi level and the
adsorption energy of O,. The results can also prove that the
presence of a partially occupied state of the C 2p of the active
site can induce O, adsorption. Upon adsorption of O,, there is
almost no hybridization in sp-N1GDY(OH)/G and Pyri-NGDY/G,
thus the adsorption energies are weak (—0.15 eV and —0.10 eV)
and O, dissociation barrier is high (1.9 eV and 1.57 eV). On the
other hand, O, has strong hybridizations with C on sp-N1GDY/
G, sp-N2GDY/G, and sp-N2GDY(OH)/G due to the presence of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Free energy diagram and structures of each ORR intermediate on sp-N1GDY/G. (b) Free energy of each ORR intermediate versus electrode
potential (vs. RHE) on sp-N1GDY/G. (c) Free energy diagram and structures of each ORR on sp-N1GDY(OH)/G. (d) Free energy of each ORR intermediate
versus electrode potential (vs. RHE) on sp-N1GDY(OH)/G. (e) Free energy diagram and structures of each ORR intermediate on Pyri-NGDY/G. (f) Free
energy of each ORR intermediate versus electrode potential (vs. RHE) on Pyri-NGDY/G. Purple circles in (b), (d), and (f) represent the lowest lines crossed
at different potentials. Pristine in (b), (d), and (f) represents sp-N1GDY/G, sp-N1GDY(OH), and Pyri-NGDY/G, respectively. Red, white, gray, pink, and blue
balls are O atoms, H atoms, C atoms in N-doped GDY, C atoms in G, and N atoms, respectively. Urne is the potential of the electrode relative to the RHE.
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Table 2 Overpotential () and potential-determining step (PDS) of ORR
on sp-N1GDY(OH), sp-N1GDY(OH)/G, Pyri-NGDY, and Pyri-NGDY/G with/
without water using RPBE + D2 and PBE + D2, respectively

RPBE + D2 PBE + D2

n PDS n PDS
sp-N1GDY(OH) 0.75 0, - OOH* — —
sp-N1GDY(OH)/G 0.72 0O, » OOH* 0.54 O, —» OOH*
sp-N1GDY(OH)/G with water 0.46 O, —» OOH* 0.54 OH* — OH
Pyri-NDGY 1.17 O, » OOH* — —
Pyri-NDGY/G 1.01 O, —» OOH* 0.89 O, — OOH*
Pyri-NDGY/G with water 0.75 O, — OOH* 0.65 O* — OH*
Experiment?’ n=0.36

partially occupied states. The adsorption energy (—0.6 eV,
—1.37 eV, and —0.58 eV) and NEB barrier (0.22 eV, 0.08 eV,
and 0.81 eV) results show that O, is chemisorbed and easily
dissociates on sp-N1GDY/G, sp-N2GDY/G, and sp-N2GDY(OH)/
G, respectively.

3.3 ORR mechanism and free energy analysis on sp-N1GDY/G
and Pyri-NGDY/G under water conditions

Experimentally, electrochemical reactions occur at solid-liquid
interfaces, thus it is necessary to incorporate the solvation
effects in an explicit water environment when investigating
the ORR using the CHE model. The solvation energy of the
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Fig. 4 (a) PDOS of C 2p of the active site in sp-N1GDY/G, sp-N1GDY(OH)/
G, sp-N2GDY/G, sp-N2GDY(OH)/G, and Pyri-NGDY/G. (b) The relationship
between PDOS height value at the Fermi level and the adsorption
energy of O,.
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ORR intermediate can be estimated from the AIMD simulation
of the adsorbed systems with water solvents explicitly. However,
this approach incurs a huge computational cost. To this end,
we first simulated the interfaces of NGDY’s, namely sp-N1GDY/
G and Pyri-NGDY/G with water to elucidate the H bond net-
works. Next, we only kept the water configurations in the
contact region with the surface of the five most stable AIMD
snapshots of the clean systems and replaced one nearest water
molecule above the active site by each ORR intermediate to
construct the H bond networks of ORR intermediate and water.
The ASol of each ORR intermediate is then elucidated from an
average of five AIMD snapshots. Moreover, we also constructed
H bond networks using the ice-like bilayer model. The details of
the AIMD analysis are summarized in the ESIL,{ Fig. S7-S9, and
Table S7.

H bond networks of water on sp-N1GDY/G and Pri-NGDY/G
surfaces are shown in Fig. S10 (ESIt). On both substrates, the
water layer of the H bond networks at the contact region with
N-doped GDY is mainly composed of six-membered ring com-
ponents after optimization, i.e., one H,O has three H bonds with
three neighboring H,O. This is similar to the ice-like bilayer that
is often observed for water/flat metal interfaces.”®®" The ASol of
20%, O* + OH*, O*, and OH* on sp-N1GDY/G and the ASol of
OOH*, O*, and OH* on sp-N1GDY(OH)/G or Pyri-NGDY/G are
shown in Tables S8 and S9 (ESIt). We found that water stabilizes
all the ORR intermediates, which arise from H bonds with water.
Moreover, we also calculated the ASol of each ORR intermediate
using an ice-like bilayer (Tables S8 and S9, ESIt). The results
showed that the difference in the ASol‘s between the H bond
networks model from AIMD and the ice-like bilayer model varies
by only ~0.06 eV. We found that the ASol of these surfaces is
independent of the water model, which arises from a similar H
bond between adsorbates and water in the ice-like bilayer and
AIMD H bond networks.

The free energy diagrams of ORR with water on sp-N1GDY/
G, sp-N1GDY(OH)/G, and Pyri-NGDY/G are shown in Fig. 5.
Because of the stabilization driven by the solvation effect, the
reaction Gibbs free energies of all ORR intermediates are more
stable than those under vacuum conditions. Thus, OH* is more
easily terminated on the sp-N1GDY/G surface (Fig. 5(a) and (b)),
and further ORR steps are considered on sp-N1GDY(OH)/G
(Fig. 5(c) and (d)). The PDS of ORR on sp-N1GDY(OH)/G in
water remains the same as that under vacuum conditions
(O, — OOH*), while the limiting potential is changed from
0.51 Vunder vacuum condition to 0.77 V under water conditions.
At Ugpe = 0.77 V (Fig. 5(b) and 5(d)), sp-N1GDY(OH) is the most
stable structure under water conditions. Therefore, introducing
ASol, the 1 of sp-N1GDY(OH)/G is 0.46 V (Table 2), which is close
to the experimentally reported value (0.36 V). Similarly, on Pyri-
NGDY/G, even though the solvation effect is included, the PDS of
ORR on Pyri-NGDY/G in water conditions does not change
compared with that under vacuum conditions (O, —» OOH?*).
We obtained a limiting-potential increase to 0.48 eV (Fig. 5(e)
and (f)) and an 5 decrease to 0.75 V (Table 2), which is higher
than that of sp-N1GDY(OH)/G. Finally, we conclude that ORR
easily proceeds on sp-N1 doping with pre-adsorbed OH*.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Free energy diagram and structures of each ORR intermediate with water on sp-N1GDY/G. (b) Free energy of each ORR intermediate with water versus

electrode potential (vs. RHE) on sp-N1GDY/G. (c) Free energy diagram and structures of each ORR intermediate with water on sp-N1GDY(OH)/G. (d) Free energy of each
ORR intermediate with water versus electrode potential (vs. RHE) on sp-N1GDY(OH)/G. (e) Free energy diagram and structures of each ORR intermediate with water on
Pyri-NGDY/G. (f) Free energy of each ORR intermediate versus electrode potential (vs. RHE) on Pyri-NGDY/G. Pristine in (b), (d), and (f) represents sp-N1GDY/G, sp-
NIGDY(OH), and Pyri-NGDY/G, respectively. Urp is the potential of the electrode relative to the RHE. Red, green, white, gray, pink, and blue balls are O atoms in ORR
intermediates, O atoms in water, H atoms, C atoms in N-doped GDY, and C atoms in G, and N atoms, respectively. The purple dashed lines in structures of (a), (c), and (e)
represent the H bonds. Purple circles in (b), (d), and (f) represent the lowest lines crossed at different potentials. We regard an H bond as being formed when the O-O

distance of adjacent water molecules is smaller than 3.5 A and the angle between the O-H
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vector of one molecule and the O—-O vector is smaller than 30° in ref. 62.
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3.4 Effects of exchange-correlation energy functionals and
graphene support on ORR

Here, we discuss the effect of exchange-correlation energy
functionals on the adsorption Gibbs free energy of ORR. We
employed the PBE + D2 energy functional to perform the adsorp-
tion Gibbs free energy of ORR on sp-N1GDY/G, sp-N1GDY(OH)/G,
and Pyri-NGDY/G with and without water. As shown in Table S10
(ESIt), we found that PBE tends to overestimate the binding
energy of chemisorption species. This is due to the overestimation
of attractive interactions in molecular systems. Under vacuum
conditions, the adsorption Gibbs free energies of ORR intermedi-
ates on sp-N1GDY/G, sp-N1GDY(OH)/G, and Pyri-NGDY/G are
more stable using PBE + D2 compared with RPBE + D2. Thus,
the n of ORR on sp-N1GDY(OH)/G and Pyri-NGDY/G is slightly
decreased using PBE + D2 compared with RPBE + D2. However,
the trend of ORR activity remains the same, which is sp-
N1GDY(OH)/G > Pyri-NGDY/G. Under water conditions, we only
used the ice-like bilayer water to simulate the ASol because we
already proved that the ASol using the H bond networks from
AIMD is not much different from that using the ice-like bilayer
water based on RPBE + D2 energy functional. Table S11 (ESI})
shows that the ASol of each ORR intermediate is more negative
using the PBE + D2 energy functional compared with that using
the RPBE + D2 energy functional. For Pyri-NGDY/G with water, 1 is
decreased to 0.65 V (Table 2) and PDS is changed from O, —
OOH* (vacuum conditions) to O* — OH* (water conditions). For
sp-N1GDY(OH)/G, PDS is changed from O, — OOH* (vacuum
conditions) to OH* — OH (water conditions) but 7 is coinciden-
tally not changed (0.54 V) (Table 2). Although the trend of ORR
activity in water is unchanged, the 5 of sp-N1GDY(OH)/G using
RPBE + D2 (0.46 V) is closer to the experimental result (0.36 V)
compared with that using PBE + D2 (0.54 V). Therefore, the RPBE
+ D2 energy functional gives more reasonable binding energies
and solvation energies of adsorbates.

In Section 3.1, we discussed that the G support on NGDY
enhances the metallic property and causes charge transfer from
G to NGDY. To investigate the effect of G support on ORR
electrocatalytic activity, calculated adsorption Gibbs free ener-
gies of ORR with G support and without G support are shown in
Tables S5 and S6 (ESIt), respectively. The results revealed that
the G support stabilizes all ORR intermediates in these cases,
especially on Pyri-NGDY, which stabilizes ~0.2 eV on OOH¥*,
O*, and OH* (Table S6, ESIT). Higher charge transfer from G to
the substrate as indicated by work function change upon
graphene support (0.31 eV for Pyri-NGDY/G vs. 0.13 eV for sp-
N1GDY/G) results in a strong interaction of ORR intermediate
with N-doped GDY. Briefly, the introduction of the G support
enhances the ORR electrocatalytic activity of N-doped GDY.

4. Conclusions

In this study, we performed DFT calculations and AIMD simu-
lations to investigate the ORR mechanism on the sp-N1GDY/G
and Pyri-NGDY/G with and without the solvation effect. We
obtained the following important results:
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(1) Under both vacuum and water conditions, ORR firstly
proceeds on sp-N1GDY/G via a dissociative mechanism because
O, can be chemisorbed on a clean surface and easily disso-
ciated rather than protonated to OOH*. However, OH* is
strongly adsorbed on the sp-N1GDY/G surface, resulting in
the weakening of the second O, adsorption, and ORR occurs
via the ET-OHP associative mechanism. Pyri-NGDY/G also pre-
fers the ET-OHP associative mechanism.

(2) From the AIMD simulation, the H bond networks at the
contact region of water and NGDY are mainly composed of six-
membered ring components. H bond with water stabilizes each
ORR intermediate and the free energy diagram with solvation
effect agrees well with the experimental data. Moreover, we
found that using the ice-like bilayer model to construct the H
bond networks can also give a reasonable estimation of ASol.
Therefore, the ASol of these surfaces is independent of the
water model, which arises from a similar H bond between
adsorbates and water in the ice-like bilayer and AIMD H bond
networks.

(3) sp-N1GDY/G with OH* pre-adsorbed surface has the
highest ORR electrocatalytic activity and the neighboring C site
of -COH-N moiety is the active site for ORR. Incorporation of
the solvation effect is of importance because n with the solva-
tion effect (0.46 V) is much closer to the experimental one
(0.36 V). Our work highlights the importance of considering
solvation effects in designing and optimizing catalysts for ORR
and other chemical reactions.
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