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Exploring high-performance catalysts for the hydrogen evolution reaction (HER) is essential for the
development of clean hydrogen energy. Single atom catalysts (SACs) have garnered significant attention
due to their maximum atomic efficiency, high catalytic performance and excellent selectivity. In this
work, we systematically investigated the HER activity of Ru and Fe SACs on nitrogen-doped graphene
using density functional theory (DFT) calculations. Various nitrogen defect configurations (N to 4N) were
examined to access their impact on structural stability and catalytic performance. The results indicate
that lower N-coordinated moieties, particularly N_pyrrolic and 2N, exhibit superior HER activity, while
high N-coordinated moieties (4N) demonstrate greater stability. Volcano plot analysis reveals that
catalytic performance is highly sensitive to metal-support interactions, which can be effectively
described using binding energy and metal charge state. Ru SACs@N_pyrrolic and Fe SACs@2N achieve
the most favorable performance, with additional active sites and low overpotentials of approximately
0.26 V and 0.23 V, respectively. Bader charge analysis further confirms that moderate positive charge
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These findings highlight the critical role of nitrogen coordination in tuning the electronic and energetic

DOI 10.1039/d4ra09113b properties of SACs on N doped graphene, providing valuable insights into the rational design of Pt-free
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1. Introduction

The hydrogen evolution reaction (HER) via water electrolysis
has emerged as an attractive and sustainable approach for
hydrogen production.” Electrocatalysts are essential to
improve the efficiency of HER. However, due to the scarcity and
high cost of precious metal catalyst, developing cost-effective,
highly efficient and stable electrocatalysts remains a signifi-
cant challenge for the large-scale utilization of hydrogen energy.
Single atom catalysts (SACs), which exhibit maximum atomic
efficiency, high selectivity, and high activity towards a variety of
chemical reactions, have opened up a new frontier in the field of
catalysis.*” The development of SACs composed of inexpensive,
earth-abundant metals presents an opportunity to accelerate
the hydrogen economy.

In 2011, Qiao and coworkers pioneered single atom catalysis by
employing a co-precipitation method to prepare Pt SACs supported
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SACs for highly efficient HER catalysis.

on iron oxides for CO oxidation.® This milestone set the stage for
SAC:s as a significant research direction in heterogeneous catalysis.
Cheng et al. demonstrated that single platinum atom catalysts
synthesized using the atomic layer deposition exhibited signifi-
cantly enhanced HER catalytic activity (up to 37 times) and high
stability compared to commercial Pt/C catalysts.” Fang et al
uncovered that the single Pt atom tends to dynamically release
from the nitrogen—-carbon substrate, with the geometric structure
less coordinated to support and electronic property closer to zero
valence, during the reaction. Theoretical simulations support that
the Pt sites with weakened Pt-support interaction and more 5d
density are the real active centers. The single-atom Pt catalyst
exhibits very high hydrogen evolution activity and long-term
durability in wide-pH electrolytes.” The unique electronic struc-
tures and unsaturated coordination environment of SACs
contribute to enhanced metal-support interaction and intrinsic
catalytic activity, yet the high surface energy of isolated single
atoms can lead to aggregation, reducing their efficiency."* Using
substrate materials to anchor single atoms are emerging as an
important solution to stabilize SACs. Various types of substrate
materials, including metal oxides, carbon-based materials and
metal-organic frameworks have been used to anchor metal SACs.™

With the increasing application in catalytic aspects,
graphene-supported metal atoms have also been identified as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suitable catalysts."*** Graphene, a two-dimensional (2D) mate-
rials with large specific surface area, good stability and high
electrical conductivity, provides an ideal substrate for to
dispersing nanoparticles and SACs which can greatly enhance
electrocatalytic performance.'**® The seminal work by Sun et al.
prepared the first graphene-based metal SAC using the atomic
layer deposition (ALD) method.*® Extensive studies have shown
that the graphene-based carbon materials are a robust candi-
date as SACs' supports. The introduction of metal SAs can make
the inert graphene a highly active catalyst for many reactions
with remarkable activity and selectivity, such as selective
hydrogenation, oxygen reduction reaction (ORR) and hydrogen
evolution reaction (HER).>® Additionally, N-doping has proven
particularly effective in stabilizing SACs on graphene. Hossain
et al. and Jung et al. demonstrated the excellent HER activity of
single-atom Co on nitrogen-doped graphene through theoret-
ical design and experimental verification.”** Zang et al
confirmed that atomically-dispersed Ni with triple nitrogen
coordination (Ni-3N) can achieve efficient hydrogen evolution
reaction (HER) performance in alkaline media, offering a low
cost and corrosion resistant alternative for electrocatalytic water
splitting.** The introduction of nitrogen atoms into carbon
lattice offers relatively higher electronegativity and slightly
larger radius compared to carbon, making them ideal dopants
to enhance electron transfer and catalytic performance in
graphene-based materials.?®>* The N-doped carbon-based
nanomaterials have been extensively studied as efficient cata-
lysts for electrocatalysis.>**> Among them, B-N, Fe-N and S-N
co-doped carbons are outstanding ORR electrocatalysts, and
P-N co-doped carbons are remarkable OER electrocatalyst,
while Co-N  co-doped carbons are typical HER
electrocatalyst.**-*” Several recent experimental and theoretical
studies further highlighted different M-N, moieties are
responsible for the superior electrocatalytic activity of various
metal based SACs. Liu et al.'s work on the C;N, supported Co
SACs suggests that the low coordination Co-N structure
significantly enhances HER performance due to its unique
electronic structure and low free energy barrier.*® Similarly,
Feng et al. identified that unsaturated Ni-N, are the active
structures for HER in Ni SAC embedded on nanoporous carbon
nanotubes (CNT). The average chemical state of Ni in Ni-N-C/
Ni@CNT-H was between metallic Ni (Ni’) and oxidized Ni
(Ni").* In addition, Levell et al. compared various Fe-N-C site
models and revealed that a hybrid coordination environment
between pyridinic and poryphyrinic Fe-N, moieties plays a key
role in driving outstanding ORR activity.** The importance of N-
doping in enhancing catalytic activity has driven our investi-
gation into the effects of N dopants on the HER performance of
SACs.

In our previous work,"*> we have investigated Ru nanocluster
supported on O and N co-doped graphene, achieving high
intrinsic HER activity. N-doped graphene provides a versatile
substrate for stabilizing metal atoms while improving electron
transfer and catalytic performance. In this work, we extend this
approach by using density functional theory (DFT) to explore N-
doped graphene structures with 1N to 4N defect centers as SAC
supports. Two potential HER catalyst alternatives, Ru and Fe
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SACs, have been studied and compared in terms of their catalytic
active sites and interactions with various nitrogen defect centers.
This theoretical study highlights the tunability of catalytic prop-
erties and structural stability through N doping, providing valu-
able insights into the design of Pt free SACs catalysts based on N-
doped graphene.

2. Computational methods

All density functional theory (DFT) calculations were performed
using the Vienna ab inito Simulation Package (VASP).**** The
electron-ion interactions were described using the projector-
augmented wave (PAW) pseudopotentials, and the electronic
exchange-correlation effects were treated with the Perdew-
Burke-Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA).***” To account for long-range
van der Waals interactions, the D3 Grimme correction (DFT +
D3) was employed.”* The convergences of the geometric opti-
mization were achieved with a SCF energy tolerance of 1.0 x
107 eV per atom and a maximum force tolerance of 0.01 eV A ™.
The energy cut-off was chosen as 500 eV. A 6 x 6 graphene
supercell was used as the substrate model, with a vacuum layer
layer of 15 A. Monkhorst-Pack scheme K-points grid sampling
was set to 3 X 3 x 1 in the reciprocal space.

The defect formation energy (Epgr) of N-doped graphene was
calculated using the equation:

Epgr = En — Ec — xun + ypuc 1)

where Ey and E are the total energies of N-doped graphene and
pure graphene monolayer after optimization; x and y represents
the numbers of nitrogen atoms doped in the system and carbon
atoms removed from the pristine graphene. uy and uc are the
chemical potentials of nitrogen and carbon, where uc is defined
as the total energy per carbon atom for defect free graphene,
and uy is half of the total energy of an N, molecule in the gas
phase.

The binding energy (Eping) serves as an energetic descriptor
for the metal-support interaction (MSI) between metal SACs
and the N-doped graphene surface. It is calculated as

Ebind = Etot - Esub - EM (2)
where Ey is the total energy of the system when the anchored
metal atom is in its most stable adsorption position. Egy, is the
total energy of N-doped graphene substrate, and Ey; is the free
energy of a single metal atom.

The Gibbs free energy of hydrogen adsorption (AGyx) on
graphene substrate with various configurations of N defects was
evaluated as a key descriptor for HER activity, The HER catalytic
performance was assessed using the following equation for
AGys.

AGy+ = AEys + AEzpp — TASy (3)

Where AEy~ represents the hydrogen binding energy, AE,pg is
the zero-point energy correction, which was obtained by calcu-
lating the vibrational frequencies of the adsorbed hydrogen
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species. ASy is the entropy correction, which is usually available
from database, with T = 298 K. The hydrogen binding energy
AEy~ is calculated by

AEys+ = Eioy — Eqyp — 1/2E[Hy). (4)
where E; and Eg,}, are the total energies of the substrate with an
adsorbed hydrogen atom and the pure substrate, respectively. E
[H,] is the total energy of an H, molecule in the gas phase.*® The
closer the |AGy+| value is to zero (|AGy+| — 0), the better the HER
catalytic performance. A negative AGy+ indicates strong
hydrogen binding, leading to low hydrogen release kinetics,
while a positive AGy+ suggests weak hydrogen adsorption,
hindering catalytic activity.

Additionally, electronic structure studies including charge
density difference calculations and Bader charge analysis were
performed to understand the interaction between the SACs and
the N-doped graphene substrate. Crystal Orbital Hamilton
Population (COHP) analysis was also used to examine the
bonding characteristics of hydrogen on various active sites
between the transition metals and the N-doped graphene
substrate.*

3. Results and discussion
3.1 Defect configurations of N doped graphene

In order to study the stability and activity of N-doped graphene,
we constructed various N defect configurations (N to 4N) by
extracting carbon atoms form the graphene lattice, as shown in
Fig. 1 and 2. According to the energetic calculation results,
creating a vacancy by directly extracting a single carbon atom
from undoped graphene lattice (Vac_C) requires a high vacancy
formation energy of 7.89 eV, which is unlikely to occur under
standard conditions. Substituting nitrogen atoms into the gra-
phene lattice can significantly lower the defect formation energy
indicating that nitrogen doping makes structural modifications
more feasible. We examined the defect formation energies for
various N-doped configurations, with values summarized in
Table S1.f The Epgr values for three N defect models, ie.
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N_graphitic, N_pyridinic and N_pyrrolic are 0.91 eV, 6.19 eV
and 8.64 eV, respectively. Among these, N_graphitic configura-
tion shows the lowest defect formation energy of 0.91 eV,
indicating it as the most stable configuration for N defect.
Considering vacancy containing models of graphene is crucial,
since the unsaturated carbon sites can act as active sites for the
HER process. Our calculation results suggest that one nitrogen
substitution into the graphene vacancy structure lowers the
total defect formation energy to a less positive value of 6.19 eV
for the N_pyridinic configuration. This reduction of Epgr indi-
cates that the pyridinic site N substitution at unsaturated
carbon sites is energetically favorable. In contrast, the
N_pyrrolic substitution increases the defect formation energy,
making it thermodynamically unfavorable.

When we extended the study to two nitrogen substitutions
(2N) in the vacancy-containing graphene, the 2N_Vac defect
structure shown in Fig. 2(a) has a defect formation energy of
4.73 eV, which is significantly lower than N_pyridinic and
Vac_C. As the number of N dopants increased to three shown in
Fig. 2(b), the close proximity of the doped nitrogen atoms
reduced the bond breaking energy, resulting in a favorable
defect formation energy of 3.67 eV. For the 4N defect center, as
shown in Fig. 2(f), the defect formation energy further
decreased to 3.51 eV, which is more favorable than 3N and 2N.
This suggests that increasing the number of nitrogen substi-
tution at the two-fold edge sites in the vacancy containing gra-
phene tends to reduce the defect formation energy and enhance
structural stability.

We also examined the effect of nitrogen substitution in the
two-carbon vacancy-containing graphene model (Vac, C).
Extracting two carbon atoms from graphene can form a vacancy
structure with 8 and 5 carbon rings at the edges, as shown in
Fig. 1(e). The formation energy of Vac, C (5.47 eV) is signifi-
cantly lower than that of Vac_C. However, due to the strong
lattice relaxation stabilizing the Vac,_C configuration, nitrogen
doping at these three-fold edge sites is less likely to occur (5.75
eV). A further comparison of the defect formation energies for
N_Vac and N_Vac, suggests that the N_Vac, structure model is

Fig. 1 Structure models of (a) N_graphitic, (b) N_pyridinic, (c) N_pyrrolic, (d) Vac_C, (e) Vac,_C, and (f) N_Vac,_C. Dark brown and blue

represent C and N, respectively.
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Fig. 2 Structure models of (a) 2N_Vac, (b) 3N_Vac, (c) 4N_Vac, (d) 2N_Vac,, (e) 3N_Vac, and (f) 4N_Vac,. Dark brown and blue represent C

and N, respectively.

less stable (Table S11). Nevertheless, configurations with
multiple nitrogen dopants such as 3N and 4N shown in Fig. 2(e)
and (f) continue to show relatively low defect formation energies
than Vac,_C. Therefore, nitrogen doping effectively stabilizes
under-coordinated edge sites in graphene, enhancing the
overall stability of the defective graphene structures.

In summary, the structural stability of the N-doped graphene
configurations can be estimated as follows: 4N_Vac > 3N_Vac >
2N_Vac > N_pyridinic > Vac_C > N_pyrrolic. Due to this stabi-
lization effect of N doping, single metal atoms were adsorbed on
the N-doped graphene for further study.

3.2 Metal-support interaction between Ru/Fe SAs and N-
doped graphene

In this section, we studied the interaction between Ru and Fe
single atoms and N-doped graphene structures, as depicted in
Fig. S1(a)-(h).t The most stable 1N to 4N structures in each case
have been selected for incorporation with metal SACs for
further HER studies. The metal atom binding energies, bond
lengths and charge states are summarized in Tables S2 and S3.1
The calculation results indicate that certain defect-containing
structures, such as Vac_C and N_pyrrolic, which require high
defect formation energies, also tend to anchor metal single
atoms (SAs) more strongly, thereby serving as active sites for Ru
and Fe deposition. Additionally, Ru SAs generally exhibit higher
binding energies than Fe SAs on the same substrate, indicating
a stronger metal-support interaction between Fe and N doped
graphene. For instance, the N_pyridinic site offers a relatively
low binding energy —0.07 eV for Ru, whereas the binding energy
for Fe SAs on the same site is as low as —1.99 eV. Thus, Fe atoms
bind more strongly to these N-doped defect sites, potentially
impacting their catalytic performance in specific reactions.
Furthermore, the energetic results indicate a preference for
N_pyridinic over N_pyrrolic sites for metal SA binding, consis-
tent XPS characterizations in previous studies.** Comparing

© 2025 The Author(s). Published by the Royal Society of Chemistry

electronic structures of the three N doping configurations, the
sp>bonded graphitic nitrogen introduces a charge deficiency
effect on the C;sN ring, which attracts Ru/Fe atoms at the hollow
sites and favors Ru-C bonds formation over Ru-N bonds. In
contrast, for N_pyridinic and N_pyrrolic structures, more
charge density is transferred from Ru to neighboring carbon
atoms, leaving less charge distribute to N atoms as shown in
Fig. 3 (Fe SACs in Fig. S671). This effect is further evidenced by
lower charge states on C and less negative charge on N after Ru
deposition. In N_pyridinic doped graphene, the calculated Ru-
N and Ru-C bond lengths are 1.91 A and 1.87 A, respectively. In
N_pyrrolic doped graphene, the neighboring carbon atoms in
the C,N ring lose less charge to the N defect than that in the CsN
ring of N_pyridinic, and the charge transfer from Ru to
N_pyrrolic is enhanced. Fe atoms show even more substantial
charge transfer to the N defect center, as suggested by Bader
charge analysis, which indicates Ru and Fe lose 0.49¢ and 0.75e
to N_pyridinic, respectively. Fe-N and Fe-C bond lengths at the
defect center of N_pyridinic are 1.77 A and 1.76 A, reflecting
a much stronger Fe-N/C interaction than Ru-N/C.

With increased N substitution, the binding energy for Ru/Fe
SAs decreases from 2N to 4N defects. Notably, Fe SA has a very
low binding energy on the 4N defect center (—2.09 eV), indi-
cating strong metal-support interaction. The lowest formation
energy (AE) among all the calculated models has been found for
the Fe@4N moiety (1.42 eV), suggesting the energetically pref-
erence of this 4N-coordinated SAC structure. The binding
energy of Ru on the 4N defect center is relatively low (0.25 eV)
with promoted charge transfer of 0.96e from Ru to the 4N defect
(0.99¢ for Fe). The formation of Ru SACs@4N is also energeti-
cally favorable. Bond lengths for Ru-N and Fe-N in the 4N
defect center are slightly stretched to 1.94 A and 1.88 A,
respectively. The COHP analysis for metal binding on the 4N
defect center shows that the Fe-N antibonding orbital shifts
below the Fermi level shown in Fig. S2(d),} indicating partial

RSC Adv, 2025, 15, 7682-7692 | 7685
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Fig. 3 Electron charge density difference for Ru deposition on the substrates of (a) N_graphitic, (b) N_pyridinic, (c) N_pyrrolic, (d) 2N_Vac, (e)
3N_Vac and (f) 4N_Vac, graphene. The yellow and blue areas denote electron accumulation and depletion.

occupancy of the antibonding state, which destabilized the Fe—
N bond. This is also reflected by the elongation of Fe-N bond
length (1.88 A) and a smaller ICOHP values compared to the
bonds formed with N to 3N defect centers. Similarly, COHP
analysis for Ru-N bonds suggests a weakening trend for the 4N
configurations, although this effect is more pronounced in the
Fe-N bond. As shown in Fig. 4, the 3N defect center exhibits
relatively higher antibonding orbitals, while N_pyrrolic and 2N
defect centers show highly localized antibonding peaks close to
the Fermi level. These accessible antibonding states suggest
enhanced charge transfer and potential bond dissociation
during the catalytic reaction. Therefore, the general trend is that
the higher N coordinated defect sites on graphene (i.e. 4N)
shows energetically preference to anchor Ru and Fe SACs.
Meanwhile, the lower N coordinated moieties (i.e. N_pyrrolic
and 2N) may offer particularly active sites for HER reaction, as
their accessible antibonding states facilitate electron transfer
and potential bond dissociation. The dominance of Fe@4N
motifs is in alignment with several early theoretical studies®>**
and supported by recent experimental results,’*** which

7686 | RSC Adv, 2025, 15, 7682-7692

demonstrate that converting the pyrrolic N-coordinated FeN,
sites into highly stable pyridinic N-coordinated FeN, sites to
improve the long-term stability of the Fe SACs for ORR
application.>

3.3 HER activity and active sites of Ru/Fe@N-doped
graphene

Based on the most stable defect configurations of N to 4N
moieties, the hydrogen adsorption behavior on Ru and Fe single
atoms anchored on N-doped graphene has been further
explored in this section. Various adsorption sites, including
edging sites C/N atoms and metal atoms were examined. The
Gibbs free energy of the hydrogen adsorption (AGy+) was
calculated under standard conditions and plotted in Fig. 5,
serving as a key descriptor for HER performance activity.>*

As presented in Fig. 5(a), the calculated AGy« values for H
adsorption on Ru SACs@N_graphitic, N_pyridinic and
N_pyrrolic-doped graphene are 0.3 eV, 0.34 eV and 0.01 eV,
respectively. While for Fe SAs on these three N moieties, the
AGy=«values are —0.39 eV, —0.14 eV and 0.02 eV respectively. For

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Calculated PDOS and COHP analysis for Ru SACs on the (a)
N_pyrrolic, (b) 2N, (c) 3N and (d) 4N-doped graphene substrates.

an ideal HER catalyst, AGy+ should be close to zero. Thus
N_pyrrolic defect centers offer moderate hydrogen adsorption
energy, making them suitable for HER. In case of Ru
SAC@N_pyrrolic, the edge sites carbon atoms adjacent to Ru
SACs@N_pyrrolic are the most active sites for HER as shown in
Fig. 6(a). For Fe SAC@N_pyrrolic, both edge site carbon atoms
and Fe sites exhibit AGy« values close to 0. In the Ru
SAC@N_pyrrolic, the C-H bond length is 1.20 A with an ICOHP

© 2025 The Author(s). Published by the Royal Society of Chemistry
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value of —5.45 eV. While in the Fe SAC@N_pyrrolic, the C-H
bond length is 1.17 A and ICOHP value is —5.86 eV, indicating
stronger C-H interaction. Compared to H adsorption on the
undoped Vac, C, where AGyx is 0.17 €V shown in Fig. S4(a),T
with additionally, in Ru SAC@N_pyrrolic, the adsorbed
hydrogen is negatively charged (—0.65¢), and the bonded edge
site carbon atom is positively charged (+1.16e), whereas in the in
Fe system, the H atom is negatively charged (—0.27¢) and the C
atom positively charged (+1.14e). This result indicates the
stronger C-H interaction in the Fe SACs model, consistent with
the with the higher ICOHP. While for the H atom adsorb on Fe
atom, the Fe-H bond length is 1.55 A and ICOHP value is
—2.84 eV. For a good HER catalyst, the absolute value of AGy+
should be less than 0.20 eV. For Fe SAC@N_pyridinic, the AGy+
value of —0.14 eV suggests a moderate adsorption of hydrogen
on the C atom adjacent to Fe adatom shown in Fig. S4(b),}
making it suitable for HER. The C-H bond length is to be 1.11 A
and with an ICOHP of —5.95 eV. Therefore, the most active site
for HER is the under-coordinated edge site carbon atom in
the N doped graphene structures.

For substrates with 2N moieties, the calculated AGy~ values
of —0.1 eV (Ru SAC@2N-doped graphene) and —0.01 eV (Fe
SAC@2N-doped graphene) or and, respectively, suggesting
excellent HER activity, where hydrogen adsorption occurs
directly on the metal atoms. The best AGy+ is achieved when H
atoms adsorb directly onto the metal single atoms as shown in
Fig. 6 and COHP is in Fig. S5.F The Ru-H bond length is 1.68 A,
with an ICOHP of —2.93 eV, while the Fe-H bond length is 1.57
A and the ICOHP is —2.70 eV. Ru and Fe atoms are positively
charged (+1.11e and +1.18e, respectively), while H atoms are
negatively charged (—0.52e and —0.47e, respectively), indicating
enhanced charge transfer and promoting HER activity.

With 3N moieties in the substrate, the optimal adsorption
sites are carbon atoms adjacent to the nitrogen dopants for both
Ru and Fe SAC@3N-doped graphene as shown in Fig. 6. The
AGy+ values are 0.19 eV for Ru SAC@3N-doped graphene and
0.26 eV for Fe SAC@3N-doped graphene, making both metal
SACs suitable for HER catalysis. The C-H bond lengths in both
Ru and Fe systems are 1.12 A with ICOHP values of —5.77 eV
from Fig. S3.T The stronger charge transfer between Ru adatoms
and 3N moieties results in a lower AGy« (—0.41 eV) than that for
Fe (—0.28 eV). Ru lose more charges to neighboring atoms and
slightly outperforms Fe.

Regarding to 4N defective substrate, the best AGy« is ach-
ieved when H atoms adsorb directly onto the metal single atoms
as shown in Fig. 6 (COHP in Fig. S5t). Fe SAC@4N-doped gra-
phene shows a AGy+ of —0.18 eV, close to the ideal range for
HER, with a Fe-H bond length of 1.63 A and an ICOHP of
—2.08 eV. In contrast, Ru SAC@4N-doped graphene exhibits
stronger hydrogen adsorption, with a AGy+ of —0.64 eV and
a shorter Ru-H bond length of 1.58 A, suggesting that hydrogen
release is hindered, leading to inferior HER performance. This
stronger Ru-H interaction (ICOHP of —2.93 eV) is due to
excessive electron density extraction by the 4N defects, weak-
ening HER efficiency.

To summarize, for graphene doped with a single nitrogen
atom, N_pyrrolic defect centers offer moderate hydrogen

RSC Adv, 2025, 15, 7682-7692 | 7687
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Fig.5 Calculated HER profile for Ru and Fe SACs on the three different configurations of N-doped graphene substrates (a) Ru@N and (c) Fe@N,
and on the 2N to 4N moieties substrates (b) Ru@N, and (d) Fe@N,.

adsorption energy, with edge carbon atoms adjacent to metal- remain optimal adsorption sites. However, increased charge
pyrrolic sites serving as the most active sites for HER. This transfer in 3N configurations causes slightly more negative
behavior is also observed in 3N defects, where edge carbon sites adsorption energies. For 2N-doped substrate, Ru and Fe

Fig.6 The optimized hydrogen adsorption configurations at the most active sites on the (a) Ru SAC@N_pyrrolic, (b) Ru SAC@2N, (c) Ru SAC@3N,
(d) Ru SACs@4N, (e) Fe SAC @N_pyrrolic, (f) Fe SAC@2N, (g) Fe SAC@3N and (h) Fe SAC@4N doped graphene. Dark brown, blue, gray, yellow and
white represent C, N, Ru, Fe and H, respectively (side views are given in Fig. S77).
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adatoms act as active sites, providing ideal AGy+ values. In
contrast, the 4N defect shows a marked difference between Ru
and Fe, with Fe SAC@4N-doped graphene having more
moderate hydrogen adsorption, promoting efficient H, release
and superior HER performance. However, the Ru-N bond in Ru
SAC@4N-doped graphene is overly strong, inhibiting H, release
and reducing HER efficiency. Overall, the modelling results
suggest that Fe SACs on N-doped graphene could achieve
superior HER activity, potentially surpassing platinum group
metals like Pt and Ru with fine-tuning of nitrogen configura-
tions. Our finding for Fe and Ru SACs on N doped graphene is
also consistent with recent experimental studies on other
transition metals. e.g. Co SACs on C;N, substrate, the EXAFS
characterization suggests higher N coordinated Co SAC struc-
ture are dominate on the dominant on the CNG substrate,
whereas lower N-coordinated sites exhibit superior HER
activity.®®
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3.4 The relationship between nitrogen coordination
environments and HER activity

To further explore the relationship between N coordination and
catalytic activity, Fig. 7 presents the catalytic activity descriptor,
the minimum absolute adsorption free energy (min|AGu+|), as
a function of metal SAC binding energy. A lower binding energy
indicates stronger metal-support interactions, min|AGy+| iden-
tifies the best catalytic sites. The data reveal that an optimal
HER activity is achieved when the binding energy of metal SACs
on N doped substrate falls within a moderate range. Specifically,
the N_pyrrolic and 2N configurations appear at the volcano plot
peak, confirming their superior HER activity. Notably, the
zigzag edges of N_pyrrolic provide additional active sites for H
adsorption/desorption, with AGy« values as small as 0.01 eV.
For 2N configurations, both Ru SAC@2N and Fe SAC@2N are
positioned near the volcano peak, when hydrogen atoms adsorb
directly onto the metal atoms. These two lower N-coordinated
structures effectively tailor the interaction strength between
the metal SACs and the graphene substrate, thereby enhancing
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Fig. 8 Volcano plots of AGy« varies with the positive charges of supported (a) Fe and (b) Ru SACs.
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HER activity. In contrast, the weak interaction between
N_graphitic substrate and Ru/Fe SACs result in relatively poorer
activity, while the 4N coordinated sites tend to bond too
strongly with Ru, which also hinders HER activity.

Further comparisons of the overpotentials (imax|AGy+|) for 1N
to 4N structures are provided in Fig. S8.1 The most unfavorable
adsorption case is considered the rate-limiting step for HER
reaction under acidic conditions. The 1IN coordinated Ru
SAC@N_pyrrolic exhibits the lowest overpotential for Ru, with
an approximate values of 0.26 V. For Fe@2N moieties, the
overpotential is as low as 0.23 V, positioning this structure at the
peak of the overpotential plot for Fe. In contrast, high N-
coordinated Fe SAC@4N moieties show a large ax/AGu+|
value due to increased deprotonation tendency at the bridging
site between N and Fe (+0.81 eV), caused by excessive charge
transfer from Fe to proximal N atoms. Meanwhile, for Ru
SAC@4N, the high ,.|AGys| is primarily attributed to H*
desorption of at Ru site (—0.64 eV). Therefore, Ru SAC@N_-
pyrrolic and Fe SAC@2N emerge as the most favorable struc-
tures for HER, balancing adsorption and desorption properties.

To further investigate the impact of coordination environ-
ments, we performed Bader charge analysis to estimate the
charge states of metal atoms in each configuration. Both Ru and
Fe SACs exhibit positive charge states ranging from 0 to +2, with
adsorption free energy (AGy+) varies accordingly shown in
Fig. 8. The high catalytic activities of Ru/Fe SACs on N_pyrrolic
and 2N correlates with their moderate charge states, e.g. with
+0.84 for Fe in Fe SAC@2N and +0.70 for Ru in Ru SAC@2N. The
tunable charge transfer between the metal center and substrate
indicates that N doped graphene can actively modulate the
valence electron distribution through electronic metal-support
interactions.

Therefore, both binding energy and metal charge state can
serve as key descriptors for energetic and electronic metal-
support interactions. When comparing Ru with Fe SACs,
moderate charge transfer from the metal to the substrate favors
H* adsorption. This effect is consistent with our previous study
on support design for catalytic methane conversion.> Thus, the
enhanced activity of metal SACs is primarily due to their
moderate charge states, which are tuned by N coordination
environments.

4. Conclusion

The search for efficient and cost-effective catalysts for hydrogen
evolution reaction has led to the exploration of nitrogen-doped
graphene supported single-atom catalysts, which offer tunable
catalytic properties and enhanced stability. In this work, we
systematically explored the stability of N to 4N defect substitu-
tion in graphene and highlighted the effect of nitrogen coor-
dination environments on the HER activity of Ru and Fe SACs
supported on N-doped substrate.

e Direct extraction of a carbon atom from the graphene
lattice requires a high vacancy formation energy making it is
unlikely to occur. Nitrogen substitution at the unsaturated
carbon sites would significantly decrease the defect formation

energy. However, N-doped carbon divacancy structures
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generally remain less stable than N-doped carbon monovacancy
structures.

e Among the invested configurations, 4N moieties provide
the most stable anchoring sites for SACs. N defect centers
interact more strongly with than Ru SAC. The Ru/Fe-N bonds in
N_pyrrolic and 2N doped graphene provide active sites for HER
reaction, as their accessible antibonding states facilitate elec-
tron transfer and potential bond dissociation.

e HER activity is highly tunable by the local coordination
environments of metal SACs. The edge sites carbon atoms
adjacent to Ru/Fe-N_pyrrolic moieties serve to offer moderate
AGy+ in 2N-coordinated structures, Ru and Fe adatoms act as
primary active sites for HER. 3N and 4N moieties withdraw
excessive electron density from Ru SAs, strengthening Ru-H
bonds and inferior HER performance.

e Moderate metal-support interactions between metal SACs
and supports is crucial for achieving superior HER perfor-
mance. In particular, the N_pyrrolic and 2N configurations
emerge as the most favorable, as they not only reside at the apex
of the catalytic volcano plots but also exhibit low overpotentials.
The charge state of metal SACs and binding energy have been
proposed as key descriptors for the prediction of HER activity,
which provide a framework that can be extend to other SAC and
Supports.

Overall, our study provides valuable insights into the design
of efficient HER catalysts, suggesting that Fe SACs on 2N-
coordinated graphene substrates hold significant promise for
surpassing traditional platinum-group catalysts.
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