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Lithium-ion batteries (LIBs) have become a vital part of the world's energy storage solutions over the past
decades, mostly in the small electronics and electric vehicle markets. Lithium's high energy density and
graphene’s superior electronic properties make them a perfect combination for the most common LIBs
used today. In recent years, other nanomaterials such as graphyne have emerged as highly promising can-
didates for innovative electrode designs. To explore this potential, the present study employs density
functional theory (DFT) calculations to systematically investigate the structure and electronic properties of
56 unique graphyne compounds, evaluating their suitability as cathode materials for LIBs. A total of eight
substituents were considered in this study, namely carbonyl, nitrile, nitro, carboxyl, trichloromethyl, trifl-
uoromethyl, sulfeno, and dimethylamino groups. This study reveals that, among the functional groups
analyzed, nitro and carbonyl groups consistently yielded the most significant enhancements in redox
potential, achieving values as high as 5.0 V and 2.9 V, respectively. Other substituents did not impact the
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redox potential when compared to the pristine state with the exception of tetrasubstituted trifluoromethyl
graphyne that reached a potential of 2.9 V. Moreover, the study demonstrates that the highest redox
potentials in multi-substituted graphyne compounds were associated with locally distributed configur-
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Introduction

The global transition from fossil fuels to “green” alternatives
that are less aggressive to the environment, such as recharge-
able batteries, solar, wind, tidal and others, has guided
research to explore different materials and technologies to
meet energy storage demands.' In the small portable elec-
tronics and electric vehicle fields, secondary lithium-ion
battery (LIB) storage has been widely established because of its
high volumetric and gravimetric energy densities, long storage
lifetimes, limited self-discharge and other
properties.>™

Two-dimensional (2D) carbon materials have emerged as
prominent objects of study in the last two decades since the
isolation of graphene in 2004 and later the synthesis of a
graphdiyne film in 2010.>® The lithium-ion battery (LIB)
market adopted graphene-based electrodes into their cell
designs because of their high electrical conductivity, thermal
stability and low cost.”® Other carbon allotropes have been
considered as candidates in the development of LIBs because
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ations, highlighting the benefits of controlled substitution within the graphyne framework.

of their similarities with graphene and the promising higher
theoretical capacity and higher carrier mobility that can lead
to longer battery life and improved cell efficiency.'*™*?

Graphyne comprises sp and sp” hybridized carbons shaped
into a flat repeating structure that forms a delocalized © system
creating interesting electronic properties. The combination of
differently hybridized carbon atoms in graphyne results in a
higher band gap and lower atom density, which together con-
tribute to a greater lithium storage capacity compared to gra-
phene.'* Graphynes are classified by the number of acetylenic
linkages between their sp> hybridized carbons and the spatial
arrangement of these atoms (Fig. 1), and their nomenclature
follows the format X-graph-n-yne, where X is a prefix (such as
a, B, or y) that denotes the different ways the sp and sp> hybri-
dized carbon atoms can be spatially combined, and n rep-
resents the number of acetylene groups in the unit cell. The
ratio of sp and sp” hybridized carbon atoms within the
network, along with the specific bonding configurations, can
significantly influence key material properties such as elec-
tronic transport, aromaticity and other structural and func-
tional characteristics.*>*®

This study employed a y-graphyne framework (Fig. 2), func-
tionalized with all the specified substituents, and systemati-
cally evaluated the resulting structural and electronic pro-
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a-Graphyne

a-Graphdiyne

B-Graphdiyne

Fig. 1 Diagram of the graphene structure with the substituent sites enumerated (adapted from ref. 17).

Fig. 2 Structure of pristine y-graphyne.

perties. The y-graphyne framework naturally forms a porous,
triangular structure between its aromatic rings. These spaces
are energetically favorable for adsorbing lithium ions, making
them perfect for battery applications.”” This high lithium
storage capacity and excellent ion mobility of y-graphyne make
it a promising electrode material for LIBs."® Recent compu-
tational studies of more complex, multi-layered graphyne

Nanoscale

based structures, such as naphyne and pentagraphyne, have
also demonstrated promising potential for lithium-ion battery
applications."®*°

Computational details

All ab initio calculations were performed using the Gaussian
16 software package,> applying density functional theory
(DFT) to compute the energy levels, redox potentials, and elec-
tron affinities of modeled carbon nanomaterials. The
exchange-correlation energies were approximated using the
global-hybrid MN15 functional developed by the Truhlar
group,”” in combination with the 6-31+G(d,p) basis set for
improved accuracy. The MN15 functional is a highly parame-
terized hybrid meta-GGA functional that implicitly includes
empirical dispersion corrections, improving its performance
for van der Waals interactions and has already demonstrated
reliability in previous related studies.”® The key metric to
compare these compounds in lithium-ion battery applications
was their redox potentials, which were evaluated relative to the
lithium electrode when paired with an organic cathode, as evi-
denced in eqn (1).

A — (_ AG™4(R, sol)
neF

- EH) —Ey (1)

In this context, Ey; represents the redox potential of the Li/
Li" electrode relative to the standard hydrogen electrode (SHE),
which is —3.04 V,** while Ey; denotes the absolute redox poten-
tial of hydrogen, valued at 4.44 V.*® The term n, corresponds
to the number of electrons involved in the redox process, F is
the Faraday constant, and AG™Y(S,sol) represents the Gibbs

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr04519c

Open Access Article. Published on 07 January 2026. Downloaded on 2/25/2026 1:54:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

free energy required to reduce the cathode in solution. It is
well established that direct calculation of reduction energies in
solution using DFT-derived energies of the two redox states
often leads to inaccuracies.>® To overcome this limitation,*® 2®
the term AG™Y(S,s0l) was calculated using eqn (2), which is
derived from the thermodynamic cycle depicted in Fig. 3:

AG™(R,s0l) = AG™!(R, gas) + AG*M(R™) — AG*M(R) (2)

where AG™Y(R,gas) represents the Gibbs free energy of
reduction in the gas phase, AG**™(R") corresponds to the
Gibbs free energy of solvation for the anionic state, and
AG®™(R) denotes the Gibbs free energy of solvation for the
neutral state.

In the gas phase, frequency calculations of the normal
vibrational modes were performed at the same level of theory
for both the neutral and anionic states. For the solution phase,
these calculations were carried out using the self-consistent
reaction field (SCRF) method, employing the integral equation
formalism variant of the polarizable continuum model
(IEFPCM).*° This approach models the molecule as being
placed within a cavity embedded in a polarizable dielectric
medium, which in turn influences its Hamiltonian. Custom
solvent parameters were applied to simulate a mixture of ethyl-
ene carbonate (EC) and dimethyl carbonate (DMC), a common
electrolyte blend in lithium-ion batteries (LIBs). EC provides a
high dielectric constant and decomposes into a passivating
layer that does not hinder battery performance, while DMC
reduces the viscosity and melting point of the mixture.*’

An 8:2 molar ratio of ethylene carbonate (EC) to dimethyl
carbonate (DMC) was selected as the solvent for the solvation
free energy calculations because electrolyte solutions contain-
ing more EC than DMC have been shown to enable a more
reliable charge and discharge cycle,®® and a thermo-
dynamically stable electrolyte-ion complex.** The static dielec-
tric constant was set to 62.43,*® while the dynamic dielectric
constant and solvent radius were set to 1.380 and 2.41 A,
respectively (see the SI).

The graphyne systems were modeled from a Dbase
y-graphyne structure comprising 66 carbon atoms that have
been previously studied.>® This molecular model offers a good
compromise between the quality of its predicted properties

AGmd(R,gas) .
R(gas) + e- 2 R (gas)
AG"(R) AG™(R)
R(sol) + - - ¥ K (sol)
AG™(R,s0l)

Fig. 3 Diagram of the thermodynamic cycle adopted to calculate the
free energy of reduction of cathodes in solution.

This journal is © The Royal Society of Chemistry 2026
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and the computational time needed to handle such large
multi-substituted graphynes. Considering the electronic pro-
perties of graphyne-like structures, we selected a set of substi-
tuents spanning a wide range of inductive effects. Due to
limited literature data on promising groups and based on pre-
vious studies,?® the eight substituents studied were carbonyl
(-O), nitrile (-CN), nitro (-NO,), carboxyl (-COOH), trichloro-
methyl (-CCl;), trifluoromethyl (-CF;), sulfeno (-SOH) and di-
methylamino (-N(CH3),) groups. These compounds were
modeled to account for different positional isomers in two
different configurations. The first, labeled Uniformly
Distributed, featured substituents added uniformly and sym-
metrically to the edges of the base y-graphyne nanoribbon.
The second, designated Locally Distributed, involved the con-
tinuous addition of substituents at equivalent, localized sites
within the molecular framework (Fig. 4). This was done to
evaluate how the position of the substituents relative to each
other in the carbon framework can impact the redox potential.

Results and discussion

All molecular structures were fully optimized at the MN15/6-
31+G(d,p) DFT level of theory, with the graphyne carbon frame-
work remaining planar and no significant geometric distor-
tions observed in the substituents. The calculated redox poten-
tials and electron affinities of all 56 compounds have been
split into three different groups, namely monosubstituted,
multi-substituted uniformly, and multi-substituted locally, as
depicted in Tables 1-3, respectively. For each substituent
group, the sequential substitution into the graphyne based
pattern produced seven unique compounds, which are sche-
matized in Fig. 4 and labeled with a reference notation in the
first column of these tables. In this context, the identification
of these compounds was based on three key structural fea-
tures: the number of substituents, their spatial configuration,
and the nature of the substituents. Each compound is denoted
by the prefix G, representing the graphyne framework, followed
by the letter m, u or [, indicating the substitution pattern,
respectively, monosubstitution, multi-substitution with the
uniform configuration, or multi-substitution with the local
configuration. For multi-substituted compounds, the configur-
ation symbol is followed by the number of substituents and
the substituent label. For example, GI3NO2 refers to the gra-
phyne derivative with three nitro groups placed locally to the
base structure. In this notation, G alone stands for the pristine
graphyne without any substituents.

The redox potentials of the functionalized compounds were
compared to the 2.1 V redox potential of pristine y-graphyne,
which served as the baseline. Among the monosubstituted
compounds, only those with nitro and carbonyl groups, identi-
fied as GmNO, and GmO, show significant increases in their
values, as 2.5 V and 3.5 V, respectively. In fact, the remarkable
performance of the latter substituent has previously been
demonstrated in the context of carbonyl edge-functionalization
of both graphene and graphyne.>****
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Locally distributed

Fig. 4 Diagram of the two configurations adopted for multi-substituted compounds, uniformly distributed (red) and locally distributed (purple),
where the substituent sites are indicated in orange.

Table 1 Redox potential and electron affinity for monosubstituted

Table 2 Redox potential and electron affinity for multi-substituted uni-

graphynes formly distributed graphynes
Monosubstituted
Number of Redox potential Electron
Redox potential Electron Identifier substituents (Vvs. Li/Li") affinity (eV)
Identifier Substituent (Vvs. Li/Li") affinity (eV)
No substituent 2.1 -1.89
G No substituent 2.1 -1.89 Gu2COOH 2 (-COOH) 2.3 —-2.28
GmCOOH (-COOH) 2.2 —-2.28 Gu3COOH 3 (-COOH) 2.2 —2.46
GmNO2 (-NO,) 2.5 —-2.36 Gu4COOH 4 (-COOH) 2.3 -2.10
GmCN (-CN) 2.2 -2.20 Gu2NO2 2 (-NO,) 2.6 —2.65
GmSOH (-SOH) 2.1 -2.26 Gu3NO2 3 (-NO,) 2.3 -2.74
GmCF3 (-CF3) 2.2 —2.02 Gu4NO2 4 (-NO,) 2.6 —2.98
GmCCI3 (-ccly) 2.2 -2.10 Gu2CN 2 (-CN) 2.3 —-2.45
GmNMe2 (-N(CH,),) 2.1 -1.80 Gu3CN 3 (-CN) 2.3 —2.55
GmO (-0) 3.5 -3.23 Gu4CN 4 (-CN) 2.4 -2.75
Gu2SOH 2 (-SOH) 2.1 —2.09
Gu3SOH 3 (-SOH) 2.1 —2.08
Gu4SOH 4 (-SOH) 2.1 —2.13
In general, the successive addition of the same substituent gﬁggg gg_giﬁ ;i _;:52
slightly increases the redox potentials. This effect is especially Gu4CF3 4 (-CF5) 2.3 —2.52
pronounced in the presence of nitro and, most notably, carbo- Gu2CCI3 2 (-CCly) 2.2 —2.25
. . . Gu4CClI3 4 (-CCly) 2.3 —2.48
nyl functional groups. Although the trifluoromethyl-substi- Gy oNMe2 2 (-N(CH,),) 2.0 171
tuted graphyne achieved a redox potential of 2.9 V, comparable =~ Gu3NMe2 3 (-N(CH,)y) 1.9 -1.50
to that of the nitro group, the remaining compounds in its Gu4NMe2 4 (-N(CH)y) 2.0 —1.61
o ) , . Gu20 2 (-0) 3.8 -3.97
family did not follow a consistent trend in redox potential. ;30 3 (-0) 9.7 2.91
This inconsistency makes it difficult to identify it as a suitable Gu40 4(-0) 4.8 —5.38
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Table 3 Redox potential and electron affinity for multi-substituted
locally distributed graphynes

Number of Redox potential Electron
Identifier substituents (Vvs. Li/Li") affinity (eV)
G No substituent 2.1 -1.89
GI2COOH 2 (~COOH) 2.2 -2.10
GI3COOH 3 (-COOH) 2.2 —-2.27
Gl4COOH 4 (-COOH) 2.2 -2.39
GI2NO2 2 (-NO,) 2.0 —-2.59
GI3NO2 3 (-NO,) 2.6 -2.62
Gl4NO2 4 (-NO,) 2.9 -2.98
GI2CN 2 (-CN) 2.3 -2.45
GI3CN 3 (-CN) 2.3 —2.48
Gl4CN 4 (-CN) 2.4 -2.71
GI2SOH 2 (-SOH) 2.1 -1.98
GI3SOH 3 (-SOH) 2.1 -2.09
Gl4SOH 4 (-SOH) 2.1 —2.08
GI2CF3 2 (-CF5) 2.2 -2.11
GI3CF3 3 (-CF3) 2.3 -2.30
Gl4CF3 4 (-CF;) 2.9 —2.44
Gl2cCl3 2 (-CCly) 2.2 —2.11
GI3CCl3 3 (-CCly) 2.2 —-2.29
Gl4accl3 4 (-CCly) 2.3 -2.40
GI2NMe2 2 (-N(CH3;),) 2.1 -1.91
GI3NMe2 3 (-N(CH3;),) 2.2 -1.81
Gl4NMe2 4 (-N(CH3),) 2.0 -1.69
Gl20 2 (-0) 4.1 -3.87
GI30 3(-0) 2.9 -2.90
Gl40 4 (-0) 5.0 -5.23

candidate, as the desired properties depend heavily on the
precise number and spatial arrangement of substituents. The
only exception was observed in the case of functionalization
with dimethylamino groups, where the configuration involving
three such groups uniformly distributed (Gu3NMe2) exhibited
the lowest redox potential among all graphynes studied,
decreasing to 1.9 V relative to the pristine state.
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Based on the data presented in Fig. 5, no significant differ-
ences are observed between the trends of the uniform and the
local configurations. However, a preference for the latter one is
suggested, especially with the four substitutions with nitro, tri-
fluoromethyl, and carbonyl groups; the compounds Gl4NO2,
Gl4CF3, and Gl40, with four locally distributed functionaliza-
tions, reached the highest values for the calculated redox
potentials, 2.9, 2.9, and 5.0, respectively, when compared with
the three equivalent cases of four uniform functionalizations,
namely Gu4NO2, Gu4CF3, and Gu40, which exhibited the
values of 2.6, 2.3, and 4.8, respectively. The only exception to
this trend was the uniformly disubstituted nitrographyne
Gu2NO2, which had a higher redox potential of 2.6 V, while its
locally substituted counterpart, GI12NO2, showed a lower redox
potential of 2.0 V.

An evident characteristic from the analysis of uniform
multi-substitution is the reduction of redox potentials when
three substituents are used, particularly with carbonyl groups.
This observation indicates a potential periodic oscillation in
electronic properties, which may be attributed to an even-odd
effect, a phenomenon previously reported in molecular carbon
systems.>>*® However, due to the limited sample size in the
present study, this conclusion remains tentative, and
additional calculations are planned in future work to further
explore the existence of this effect.

In Fig. 5, a gap is noticeable within the group of com-
pounds bearing three uniformly distributed substituents, as
well as only two entries in Table 2 under the trichloromethyl
section. The missing data point corresponds to the trisubsti-
tuted trichloromethyl graphyne, for which frequency calcu-
lations failed to converge despite multiple attempts.

The electrostatic potential maps (ESP maps) were generated
to assess the influence of functionalization on the electron dis-
tribution within the carbon framework and the corresponding

5.50
m COOH
NO,
5.00 1
mCN
m SOH
450 1 CF,
m CCl,
4.00 u N(CHy),
o
(V) 350
3.00 1
2.50
2.10 (Pristine)
- I I |
1.50 + + I + - -

Monosubstituted 2 Uniformly distributed 3 Uniformly distributed 4 Uniformly distributed 2 Locallydistributed 3 Locallydistributed 4 Locally distributed

groups groups groups

groups groups groups

Fig. 5 Redox potential data for the graphyne compounds grouped by substituent configuration. The baseline for comparison is the pristine line

crossing the bars with a value of 2.10 V.

This journal is © The Royal Society of Chemistry 2026
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associated substituents. Fig. 6 depicts the ESP maps of pristine
y-graphyne (A) and all the compounds functionalized with car-
bonyl groups, which were selected as representative examples
due to their exceptionally high redox potentials. Furthermore,
ESP maps were generated for all other substituted graphynes
(see Fig. S1). A glance at Fig. 6 reveals that all substitutions
lead to a withdrawal of electron density from the central region
of the carbon framework when compared with the case of pris-
tine y-graphyne. The magnitude of this effect increases with
the number of added substituents in both the local and
uniform configurations. When comparing the two functionali-
zation configurations with an equal number of substituents, it
becomes evident that local multi-substitutions slightly
enhance electron-withdrawing effects. This leads to the for-
mation of larger regions of positive electrostatic potential,
spatially separated from the negatively charged carbonyl
groups. This might favor the electron affinity and, conse-
quently, the process represented by the AG™“(R,gas) term in
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eqn (2), which results in higher redox potentials. Furthermore,
in both configurations, the transition from two to three substi-
tuents, specifically from cases C and D to E and F, does not
lead to pronounced changes in the electrostatic potential. This
observation may be associated with the decrease in redox
potential previously noted for the latter two compounds.

The performance of batteries is governed by a broad range
of factors, from the chemical composition of materials to their
physical architecture and operating conditions.>’” Among
these, ion diffusion is a critical parameter, and the electro-
static potential profile of the electrode is expected to exert a
significant influence on this process. To gain preliminary
insights into this aspect, we calculated lithium-ion binding
energies for all graphyne derivatives using the same DFT level
of theory, as detailed in the SI.

All optimized geometries place the lithium ion above the
center of the ring formed by acetylene bonds, at an average dis-
tance of 1.08 A, with no perceptible distortions in the graphyne

Fig. 6 Colored electrostatic potential maps on an isodensity surface of 0.001 a.u. of G (A), GmO (B), Gu20 (C), G20 (D), Gu30O (E), GI30 (F), Gu40O
(G), and Gl40 (H) compounds. The atoms represented are carbon (grey), hydrogen (white) and oxygen (red).

Redox potential (V vs. Li/Li+)

0.00 0.50

1.00 150 2.00 250 3.00 3.50 4.00 450 5.00 5.50 6.00

0.00 L 4 L L L
-0.50 A
-1.00 A
-1.50 -1 +:|:
-2.00 A1
-2.50 A +
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-3.50 A1
-4.00 A
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-5.00 -1
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-6.00

Electron affinity (eV)

*.
+HhR,

+ Graphyne

Fig. 7 Linear correlation between redox potential and electron affinity in the graphyne compounds.
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framework. In general, all the functionalization with electron-
withdrawing substituents resulted in weaker interactions com-
pared to the pristine graphyne, which exhibits an interaction
energy of —2.81 eV and serves as the reference. This trend is
expected, as substituents with the negative inductive effect
withdraw electron density from the carbon framework, as evi-
denced by the electrostatic potential maps, thereby weakening
the interaction with the positively charged lithium ion. In con-
trast, the dimethylamino substituent, which exerts a slight
electron-donating effect, enhances the interaction with the
lithium ion and yields a more negative AEp,gq value.
Interestingly, this substituent also corresponds to the lowest
redox potential among the studied cases, whereas carbonyl
and nitro groups, despite having redox potentials markedly
distinct from the others, do not exhibit significantly different
interaction energies. Therefore, establishing a direct corre-
lation between redox potential and AEy,;,q remains challenging
in the present work and further studies are planned.
Nevertheless, we anticipate that the latter factor may influence
ion mobility across the electrode surface and, consequently,
impact overall battery performance.

Previous studies have reported a strong correlation between
electron affinities and redox potentials.*®**° This relationship
is expected, given that electron affinity is directly associated
with the term AG™Y(R,gas) in eqn (2), which represents the
change in free energy when a neutral graphyne-based com-
pound captures an electron. The data collected with the com-
pounds of this work show a remarkable linear correlation
between electron affinity and redox potentials, as depicted in
Fig. 7, with a linear correlation coefficient of 0.8999.

Furthermore, the linear relationship observed between the
two parameters arises naturally from eqn (1) and (2). This cor-
relation plays a critical, albeit indirect, role in estimating redox
potentials through the thermodynamic cycle illustrated in
Fig. 3. It enables a significant simplification of the compu-
tational process, making theoretical predictions considerably
more efficient compared to calculations involving solvent-
dependent redox potentials. The simplified approach adopted
in this study has demonstrated, in most cases, a reduction of
approximately 50% in computation time.

Conclusions

In this work, we extended previous computational studies on the
edge functionalization of carbon-based two-dimensional
materials to evaluate and optimize their suitability as electrode
materials in lithium-ion batteries. Eight chemically distinct sub-
stituents were employed in mono- or multi-substitution schemes
along the edges of y-graphyne nanoribbon models, configured in
either local or uniform distributions. A total of 56 functionalized
models were generated, and their redox potentials relative to the
lithium electrode were computed using density functional theory
at the DFT/MN15/6-31+G(d,p) level.

The data indicate that functionalization of graphyne with
carbonyl and nitro groups resulted in the most significant

This journal is © The Royal Society of Chemistry 2026
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enhancements in redox potential, reaching values up to 5.0 V
and 2.9 V, respectively. These findings suggest that such sub-
stituents are promising candidates for the development of
lithium-ion batteries requiring higher operational potentials.
The surface charge analysis shows that compounds with
higher redox potentials tend to have their partial charges more
evenly spread across the carbon framework, while most of the
negative charge sits on the substituents. This study also
reveals a slight advantage in adopting a local multi-
functionalization strategy, wherein substituents are spatially
concentrated, compared to uniform configurations where sub-
stituents are evenly distributed along the edge of the nano-
ribbon model. Additionally, the observed linear correlation
between redox potential and electron affinity offers a practical
framework for preliminary screening of potential substituents
using broader, computationally less intensive methods prior
to engaging in more detailed calculations.
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