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ARTICLE INFO ABSTRACT

Keywords: The oxygen evolution reaction (OER) is essential for energy conversion and storage but is hindered by sluggish
Oxygen‘evolution reaction kinetics, low efficiency, and high overpotentials. Although RuO, and IrO, are efficient catalysts, their high cost
Graphdiyne and scarcity limit their large-scale application. In contrast, nonmetallic catalysts have gained traction as promising

Metal-free catalysts

. > alternatives due to their cost-effectiveness, high stability, and environmental sustainability. The OER efficiency
N-doping graphdiyne

depends on optimal adsorption/desorption of oxygen intermediates, such as *O, OH*, and OOH*, on the catalyst
surface. The electronic structure of carbon materials can be optimized via nitrogen doping, which introduces a
higher polarity than carbon atoms, thereby optimizing the adsorption free energy of oxygen species during an
OER. However, conventional high-temperature pyrolysis methods suffer from limitations such as inaccuracy and
high energy consumption. The unique and facile bottom-up synthesis of graphdiyne (GDY) enables precise control
over the doping positions of the three sp>-N atoms in GDY (1INGDY, 2NGDY, and 3NGDY) via monomer design
engineering. By integrating density functional theory (DFT) calculations with experimental validation, we tailored
the adsorption free energy of the oxygen intermediates in the OER, thereby optimizing the rate-determining step
of *OOH generation. Among these three kinds of nitrogen-doped GDY catalysts, 3NGDY which incorporates three
sp2-N atoms exhibited the optimal electrocatalytic performance, achieving a current density of 10 mA cm~2 in 1
M KOH with a low overpotential of approximately 310 mV. This study demonstrates the significant potential of
GDY-based metal-free catalysts in the development of cost-effective, high-performance electrocatalysts.

1. Introduction

The oxygen evolution reaction (OER) is an electrochemical process
that plays a crucial role in energy conversion and storage [1-4]. It rep-
resents a significant challenge in water splitting owing to its intrinsi-
cally slow kinetics, which substantially limits the oxygen conversion
efficiency and results in a higher overpotential [5]. Highly active and
stable catalysts have long been the focus of research. Currently, RuO,
and IrO, serve as the predominant high-efficiency catalysts for OER
[6]. However, their high cost and scarcity presents significant chal-
lenges in large-scale production and commercial applications. In con-
trast, metal-free catalysts are promising alternatives owing to their cost-
effectiveness, long-term stability, and environmental sustainability, in
addition to demonstrating excellent catalytic activity in OER. Exam-
ples include nitrogen-doped graphene [7], nitrogen-doped carbon nan-
otubes [8], g-C3N, [9], and nitrogen-doped pyrolytic carbon [10]. For
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instance, Kumaresan et al. developed a nitrogen-doped, metal-free car-
bon catalyst derived from biomass pyrolysis, achieving an impressive
electrocatalytic performance with an overpotential of 346 mV at a cur-
rent density of 10 mA cm~2 [11]. Similarly, Yasin et al. introduced
a nitrogen-, sulfur-, and oxygen-doped metal-free catalyst synthesized
via a defect-engineering strategy, which demonstrated superior catalytic
performance by reducing the Gibbs free energy of the OER intermediates
and achieving an overpotential of 330 mV at the same current density
[12]. Although challenges persist in the practical application of metal-
free catalysts, their distinct properties and potential for improving cat-
alytic activity make them promising candidates for replacing precious
metal-based catalysts.

The OER catalytic mechanism is primarily governed by the adsorp-
tion and desorption of O-species intermediates, such as *O, *OH, and
*OOH, on the catalyst surface. Although stronger adsorption of these O
species facilitate proton transfer, it simultaneously inhibits their desorp-

E-mail addresses: meiwang@email.tjut.edu.cn (M. Wang), neo_lxf@outlook.com (X. Liu), yuanmj@nankai.edu.cn (M. Yuan).

# These authors contributed equally in this work.

https://doi.org/10.1016/j.chphma.2025.02.003

Received 4 December 2024; Received in revised form 4 February 2025; Accepted 6 February 2025

Available online 26 February 2025

2772-5715/© 2025 The Authors. Publishing Services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)


https://doi.org/10.1016/j.chphma.2025.02.003
http://www.ScienceDirect.com/science/journal/27725715
https://www.keaipublishing.com/en/journals/chemphysmater/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chphma.2025.02.003&domain=pdf
mailto:meiwang@email.tjut.edu.cn
mailto:neo_lxf@outlook.com
mailto:yuanmj@nankai.edu.cn
https://doi.org/10.1016/j.chphma.2025.02.003
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Wang, X. Fu, M. Lu et al.

o situ COupﬁng

ChemPhysMater 4 (2025) 289-295

\ 7x

Il D--Q

/ \
4 \

s v o
| ’l
\

Z VN D -~

/ \

\ /

Il Dt

b3
/ \
< ": 2 = o O

//J\N/ S N /

<l e o SRR

7 \

fI 5 /

l[r} e ’ﬂ‘\

~ =N s \

Fig. 1. Schematic diagram of N-doped GDY synthesis (INGDY, 2NGDY, 3NGDY).

tion, thereby resulting in a higher occupation of active sites and conse-
quently reducing their utilization efficiency. Strong adsorption causes
difficulty in releasing the active sites, and weak adsorption impedes
proton transfer, thereby resulting in a decrease in oxygen precipitation
efficiency and higher reaction overpotential [13]. The adsorption free
energy of the O species on nonmetal all-carbon catalysts primarily de-
pends on the interaction between the p orbitals of carbon and oxygen,
which results in asymmetric electronic structures. Therefore, the elec-
tronic structure of carbon atoms can be altered by introducing nitrogen
atoms which have greater polarity, thereby regulating the adsorption
free energy of the oxygen species on the catalyst. Nitrogen doping in
carbon materials is typically achieved via high-temperature pyrolysis
or annealing, resulting in the polarization of carbon by nitrogen atoms,
and imparting a specific electronic structure to the carbon material. This
effect, driven by the electron-induced influence of the nitrogen atoms,
possesses a limited spatial range of approximately 5 A [14,15]. How-
ever, the precise positions of nitrogen atoms within the carbon mate-
rials remain unclear, and both the type and content are challenging to
control [16,17]. Consequently, these preparation methods are energy-
intensive and complex, in addition to lacking precise control of the dop-
ing position of nitrogen. These challenges underscore the necessity for
an efficient and precise approach to control nitrogen atom positioning
within carbon materials, thereby optimizing the adsorption and desorp-
tion of intermediates during the OER and enhancing electrocatalytic per-
formance.

Graphdiynes (GDYs) are novel two-dimensional carbon materials
composed of sp and sp? hybridized carbon atoms. In the GDY structure,
each benzene ring is connected by six diacetylene linkages, forming fine
pores approximately 2.5 A in diameter [18]. This porous structure im-
proves mass transfer efficiency and increases exposure of active sites.
The unique sp and sp? alternating planar conjugated system endows
GDY with higher carrier mobility than graphene and Carbon Nanotubes
[19]. In addition, the bottom-up synthesis of GDY enables precise con-
trol over its structure via molecular design [20].

Inspired by these observations, we synthesized three types of
GDYs featuring distinct sp®-N configurations at various positions by
strategically designing different nitrogen-incorporated GDY monomers:
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1INGDY, 2NGDY, and 3NGDY. A series of electrocatalytic experiments
demonstrated that GDY doped with three sp?>-N atoms (3NGDY) in each
repeating unit exhibited the best electrocatalytic performance for the
OER. Notably, 3NGDY outperformed commercial RuO,, achieving a cur-
rent density of 10 mA cm~2 with a significantly low ~310 mV over-
potential and minimal Tafel slope of 68 mV dec™! in 1M KOH. DFT
calculations also confirmed that the *O—*OOH process is the rate-
determining step. In comparison, among the three different nitrogen-
doped GDY structures, 3NGDY exhibited the lowest energy barrier for
the rate-determining step, thereby exhibiting the best catalytic perfor-
mance, aligning with the experimental results. This study demonstrates
that precise control over the position of sp2-N in GDY enables the modu-
lation of the electronic structure of the catalyst, resulting in reduced free
energy for key intermediate O-species adsorption during the electrocat-
alytic OER, thereby significantly enhancing its electrocatalytic perfor-
mance. To the best of our knowledge, this represents the first applica-
tion of a metal-free GDY catalyst doped with sp?-N in electrocatalytic
OER.

2. Results and discussion

The unique bottom-up synthesis of GDY enables the chem-
ical and electronic structures of the material to be precisely
tuned by selectively altering the atomic compositions of the
corresponding monomers (Fig. 1). We designed three dis-
tinct monomers:2,4,6-tris((trimethylsilyl)ethynyl)pyridine (IN),
2,4,6-tris((trimethylsilyl)ethynyl)pyrimidine (2N), and 2,4,6-
tris((trimethylsilyl)ethynyl)-1,3,5-triazine  (3N), each containing
different sp2-N configurations to produce three types of N-doped GDY:
INGDY, 2NGDY, and 3NGDY. These were synthesized via a one-pot
hydrothermal solvent method following the steps outlined in Figs. 1 and
S1-S6. The GDY monomers were catalytically deprotected from the
trimethylsilyl groups by tetrabutylammonium fluoride. Subsequently,
copper ionic complexes were formed via etching of the copper foil
with pyridine, which served as the coupling catalyst. The deprotected
precursors were then adsorbed onto the surface of carbon cloth and
coupled under the catalysis of copper ionic complexes. Consequently,
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(a)

Fig. 2. (a) Images of carbon cloth. (b) SEM of carbon cloth. (c)(d) High-resolution SEM of 3NGDY. (e)(f) High-resolution TEM images of 3NGDY. (g) High-angle
annular dark field (HAADF) image. The corresponding mappings of carbon (h), and (i) nitrogen in 3N-GDY.
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Fig. 3. (a) Raman spectra, (b) FT-IR, and (c) XRD of INGDY, 2NGDY, and 3NGDY. (d) XPS survey scan, (e) C 1s and (f) N 1s XPS spectra of INGDY, 2NGDY, and
3NGDY.
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Fig. 4. (a) Polarization curves of the catalysts for OER in 1.0 M KOH. (b) Comparison of the catalytic activity. (c) Tafel plots of different catalysts. (d) Current
density-time curves for 3NGDY aging test. (e) Polarization curves of 3NGDY before and after durability tests. (f) Corresponding capacitive current densities as a

function of scan rate and (g) Nyquist plots of the catalysts.

GDY with a nanoarray structure was deposited on the surface of the
carbon cloth.

The morphologies of the samples were characterized via optical pho-
tography, scanning electron microscopy (SEM), and transmission elec-
tron microscopy (TEM). Figs. 2(a)(b) show that pure carbon cloth ex-
hibits a porous three-dimensional network comprising interwoven car-
bon fibers with smooth surfaces. The 3NGDY grew uniformly on the
surface of the carbon cloth (Figs. 2(c)(d)). The high-resolution SEM
image indicates that the surface consisted of small nanoparticles and
that INGDY, 2NGDY, and GDY exhibit similar morphologies (Figs. S7—
S9). The introduction of nitrogen atoms altered the structure of GDY,
particularly affecting the triangular pore size associated with the GDY
alkyne bond and benzene ring, which was initially approximately 2.5 A
Following the incorporation of these heteroatoms, the pore diameter
increased to approximately 1.6 nm, consistent with previous reports
[21,22]. Structural changes exert minimal impact on the morphology;
however, the porous structure is conducive to electrolyte ion trans-
port, both in-plane and out-of-plane. The TEM images reveal that the
films were two-dimensional planar-stacked materials exhibiting rough-
ness (Figs. 2(e)(f)), and their morphologies are analogous to each other
(Figs. S10, S12). Specifically, the layer-to-layer distance of 3NGDY is
0.385 10\, which is larger than that of GDY (3.65 10\), aligning with re-
ported data [23]. The corresponding elemental mapping (Figs. 2(g)-(1))
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validates the homogeneous distribution of C and N in 3NGDY, and that
the distributions of the other two samples (INGDY and 2NGDY) are sim-
ilar (Figs. S11, S13).

To evaluate the quality and structure of the N-doped GDY, tech-
niques such as Raman spectroscopy, Fourier Transformed Infrared (FT-
IR) spectroscopy, and X-ray Diffraction (XRD) were employed. As shown
in the Raman spectra in Fig. 3(a), all samples exhibit the characteristic
peak shape of GDY, with two prominent peaks at 1330 and 1590 cm™!
for INGDY, 1336 and 1530 cm™! for 2NGDY, and 1336 and 1554 cm™!
for 3NGDY, corresponding to the D and G bands, respectively. These
peaks are attributed to the E,g stretching vibrations in the aromatic
rings of sp2-hybridized C atoms and defects in the structure, thereby
resulting in a degree of disorder. The weak peaks at 2228, 2220, and
2159 cm~! for INGDY, 2NGDY, and 3NGDY, respectively, are attributed
to the vibration of diyne linkages. Additionally. a weaker peak around
1920 cm™! indicates the presence of terminal alkynyl groups in the N-
doped GDY. As depicted in the FT-IR spectra in Fig. 3(b), the diyne
linkages exhibit weak peaks at 2214, 2215, and 2217 cm~! for 3NGDY,
2NGDY, and 1NGDY, respectively. The rings of pyridine, pyrimidine,
and triazine in INGDY, 2NGDY, and 3NGDY respectively, exhibit four
similar peaks at 1365, 1407, 1544, and 1598 cm~!; 1238, 1385, 1529,
and 1587 cm~!; 1181, 1259, 1385, and 1512 cm~!. A peak correspond-
ing to the C=N stretching vibration was observed at approximately



M. Wang, X. Fu, M. Lu et al.

ChemPhysMater 4 (2025) 289-295

Electron density

Electron density

Electron density

—
-
-

— 3NGDY

=)

N

[

Free energy (eV)

A
T

-3.84 eV
AGo- AGoos = 3.33 eV

(9) (h)
0 0 H.O
- o
> -
D 9 4k
> >
2 2
-2 o -2 )
c c
() (0]
[ o 3t
o2 o
b —
w w
i 370 eV Gl i
AGo- AGoow = 3.54 eV
5 5

Reaction Coordinate

Reaction Coordinate

Reaction Coordinate

Fig. 5. Optimized local structures of (a) INGDY (b) 2NGDY and (c) 3NGDY. Electron density distribution of (d) 1INGDY (e) 2NGDY and (f) 3NGDY. Proposed
mechanisms and free energy diagrams of (g) INGDY (h) 2NGDY and (i) 3NGDY.

1625 cm~!. XRD analysis further validated the structures of the three
N-doped GDYs, exhibiting broad peaks at approximately 22.19°, 21.6°,
and 23.3° for 3NGDY, 2NGDY, and 1NGDY, respectively (Fig. 3(c)), con-
sistent with previous reports [21,24,25].

X-ray photoelectron spectroscopy (XPS) was conducted to study the
chemical composition and elemental valence of GDY. The XPS survey
scan results unambiguously demonstrate that the 3NGDY, 2NGDY, and
INGDY films contain carbon, nitrogen, and oxygen, whereas GDY is
composed solely of C and O, which is consistent with the results of
the TEM elemental analysis (Fig. 3(d)). The C 1s peak in GDY can
be deconvoluted into four peaks at binding energies of 284.6, 285.1,
286.8, and 288.8 eV, corresponding to the C 1s orbitals of C-C (sp?),
C-C (sp), C-0, and C=O0, respectively. For the N-doped GDY, the C 1s
peaks were wider than those of GDY owing to the presence N in the
benzene ring (sp?). For 3NGDY (Fig. 3(e)), the C 1s peak can be de-
convoluted into four peaks at 284.7, 285.6, 286.9, and 288.6 eV, cor-
responding to the C 1s orbitals of C-C (sp), C-N (sp2), C=0, and C-
0, respectively. The area ratio of the C-C (sp) and C-N (sp2) carbon
was approximately 2.0, which is consistent with the chemical structure
of 3NGDY. For both 2NGDY and 1NGDY, five peaks were observed at
284.3, 285.0, 286.1, 288.0, and 289.4 eV for 2NGDY, and at 284.3,
284.9, 285.9, 287.9, and 290.2 eV for INGDY, which correspond to C-
C (sp?), C-C (sp), C-N (sp?), C=0, and C-O bonds, respectively (Fig.
S14). The area ratios of C-C (sp?), C-C (sp), and C-N (sp?) were approx-
imately 1:6:3 and 3:6:2 for 2NGDY and 1NGDY, respectively, which are
consistent with the chemical structures of these compounds. The pres-
ence of a small number of oxygen-containing groups is attributed to
the oxidation of terminal alkynyl groups by atmospheric oxygen. Ad-
ditionally, the presence of the 1920 cm~! peak in the Raman spectrum
provides definitive evidence for the existence of terminal alkyne groups.
All three samples contain the same types of nitrogen (Fig. 3(f)), exhibit-
ing two peaks in the N 1s binding energy spectrum at 398.3 (+0.05)
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eV (corresponding to pyridinic N) and 400.2 (+0.05) eV (correspond-
ing to protonated N). The presence of protonated nitrogen may result
from reactions between the pyridinic nitrogen and the oxidized terminal
alkyne, oxidation of the terminal alkyne to a carboxyl group in the pres-
ence of air, or the stringent hydrochloric acid washing of GDY during
post-treatment [24].

The OER performance of the samples were evaluated in an oxygen-
saturated 1.0 M KOH solution using a three-electrode system. The LSV
curves of 3NGDY, 2NGDY, 1INGDY, and GDY are shown in Fig. 4(a).
Among these samples, 3NGDY exhibited the highest catalytic activity
for OER, exceeding that of the commercial RuO, catalyst. The over-
potentials required to achieve a current density of 10 mA cm~2 for
3NGDY, 2NGDY, 1NGDY, GDY, and RuO, were 310, 343, 373, 512,
and 321 mV versus RHE, respectively (Fig. 4(b)). These results demon-
strate that N-doped GDY significantly enhances the electrocatalytic ac-
tivity of the OER. Notably, 3NGDY exhibits a low overpotential for the
electrocatalytic OER, exceeding that of previously reported metal-free
catalysts [14,20,26-29] (Fig. 4(b)). The Tafel slope of 3NGDY was the
smallest among the 2N-GDY, 1NGDY, and GDY catalysts, indicating out-
standing reaction kinetics for 3N-GDY (Fig. 4(c)). The stability of 3N-
GDY was evaluated via chronoamperometry at 1.5 V, which revealed
minimal performance decay. After 10 h, 3N-GDY retained 96% of its
initial activity, whereas RuO, retains only 85% (Fig. 4(d)). The LSV
curve corresponding to 3N-GDY indicated negligible degradation after
the 1000-cycle test (Fig. 4(e)). Both test results indicate excellent sta-
bility of the 3NGDY catalyst. In addition, the SEM results exhibited no
obvious changes in the morphology of the catalyst (Fig. S15), further
validating the stability of the catalyst.

In addition, the electrochemically active surface areas of 3NGDY,
2NGDY, INGDY, and GDY—which are key factors for evaluating the
activity of the catalyst—were examined. 3NGDY exhibited the highest
double-layer capacitance (5.74 mF cm~2) compared with the 2NGDY
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(4.98 mF cm™2), INGDY (4.47 mF cm~2), and GDY (1.53 mF cm2),
which indicates that the catalyst 3NGDY exposes significantly greater
number of active sites and a larger specific surface area during elec-
trolysis (Figs. 4(f) and S16). Electrochemical impedance spectroscopy
was performed to investigate the electrode kinetics of the catalysts
(Fig. 4(g)). At the open-circuit voltage, 3NGDY exhibited the smallest
semicircle radii among all the samples, demonstrating superior OER re-
action kinetics (Fig. 4(g)) [30]. These results demonstrate that N-doped
GDY increases catalytic activity for the OER.

To investigate the effect of nitrogen doping on the OER activity of
GDY, DFT calculations were performed. First, the effect of nitrogen atom
doping on the electronic structure of the electrocatalyst was analyzed
(Figs. 5(a)-(c))). Owing to nitrogen atoms being more polar than car-
bon atoms, they can alter the electron cloud density of the alkyne groups
via an induced effect [31]. The sp-hybridized C2 atom in the acety-
lene unit exhibits a unique bonding environment (one c-bond and two
orthogonal rn-bonds), which spatially confines n-electron density. This
structural isolation from the delocalized n-system of the adjacent aro-
matic ring minimizes orbital overlap, thereby preserving high electron
density at C2. Electron density analysis revealed that nitrogen doping
increases the electron density around the acetylene carbon atom. Mul-
liken charge population analysis of 1INGDY, 2NGDY, and 3NGDY in-
dicated that after three N atoms were doped into the GDY unit, the
active acetylene carbon site (C,) of 3NGDY carried a charge of 0.12
e, significantly higher than the 0.01 e and 0.09 e values observed for
the corresponding sites of INGDY and 2NGDY, respectively (Figs. 5(d)-
() [26,32,33]. DFT calculations (Figs. 5(g)—(i)) indicated that the *O
to *OOH conversion step in the OER process was the rate-determining
step for INGDY, 2NGDY, and 3NGDY, consistent with prior reports on
the OER [34-37]. Electrostatic interactions at the electrocatalyst inter-
face of INGDY, 2NGDY, and 3NGDY facilitated the adsorption of *O,
which thereby accelerating the *O to *OOH conversion [26]. In addi-
tion, the energy requirement for the *O—*OOH process on 3N-GDY is
3.33 eV, which is lower than that of INGDY and 2NGDY at 3.49 and
3.54 eV, respectively (Figs. 5(g)—(i)). The higher electron density around
the C, atom of the 3NGDY electrocatalyst can significantly facilitate
the formation of *OOH, reducing the reaction free energy for forming
*OOH [38,39] and resulting in enhanced catalytic performance for the
OER.

3. Conclusion

In this study, a controlled strategy was proposed for modulating
the electronic structure of GDY by accurately introducing sp?-N, result-
ing in significant enhancement of its OER activity. Among the various
nitrogen-doped GDYs synthesized, 3NGDY demonstrated the best elec-
trocatalytic performance, surpassing commercial RuO, with a current
density of 10 mA cm~2 at a significantly low overpotential and small
Tafel slope of 68 mV dec™! in 1 M KOH. DFT calculations indicate that
the *O—*OOH transition is the rate-determining step in the OER. Fur-
thermore, 3NGDY exhibited the lowest energy barrier for this step, align-
ing with the experimental results. This study demonstrates the potential
of nitrogen-doped GDY as a high-performance, metal-free catalyst for
the OER in addition to opening new avenues for the design of carbon-
based catalysts with precise nitrogen positioning for optimizing catalytic
activity. This is the first reported application of applying sp3-N doped
GDY in an electrocatalytic OER, thereby making a significant contribu-
tion to the development of efficient and sustainable catalysts for energy
conversion.
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