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Remarkable solid-state proton conduction in sulfur- and
nitrogen-functionalized few-layer graphene

Sulfur- and nitrogen-functionalized few-layer graphene
(SNFG) revealed exceptional solid-state proton conductivity
(0.0865 S cm™) due to acid-base synergism and excess
charge carrier, comparable to Nafion with remarkable
stability over a month.
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Sulfur- and nitrogen-functionalized few-layer graphene exhibited
remarkable proton conductivity of 0.0865 S cm~tat 95 °C, 95% RH,
comparable to Nafion, with a low activation barrier and exceptional
stability over a month. The incorporation of sulfonic acid and
nitrogen-functionalities resulted in acid—base synergism and
excess charge carriers for proton conduction.

With the depletion of fossil fuels, there is a rapid rise in
demand for alternative energy resources. In this context, proton
exchange membrane fuel cells (PEMFCs) have gained immense
attention, providing a cleaner energy source that can be utilized
in various energy-related devices." In PEMFCs, one of the most
critical parameters is the ability of protons to transport through
the membrane. Nafion was considered to be the most promis-
ing material for proton-conducting membranes, but its high
cost and instability at high temperatures demand an
alternative.” In the past decade, several porous materials such
as metal-organic frameworks (MOFs),** covalent organic fra-
meworks (COFs)>® and porous organic polymers (POPs)” have
been explored, showing reasonable proton conductivity
(1077—107% S em ™). However, the high synthesis cost of these
materials limits their commercial viability. Thus, there is a
need for a cost-effective, high-performing material that can be
utilized as a proton-conducting membrane.

Recently, graphene-derived materials have been demon-
strated as suitable candidates for proton conduction due to
their excellent mechanical strength, low cost and easy fabrica-
tion process.® ' In this regard, Karim et al. used graphite oxide
(GO) as a proton-conducting material for the first time, which
contained hydrophilic groups such as epoxide, hydroxyl,
carboxyl, etc., in between the layers, hence facilitating the
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conduction of protons.'®> However, deterioration of the epoxy
group gradually over time compromises its stability. In con-
trast, graphene was not extensively investigated due to its
hydrophobic nature, small interlayer distance and presence of
electron density, which prevents protons from propagating
through its sheets. To address this problem and following a
theoretical study by Geiger and co-workers,'* our group first
investigated oxygen functionalized few-layer graphene (OFG) as
a proton conductor, which exhibited decent proton conduction
of 8.7 x 10> S em ™ at 80 °C and 95% RH, and an activation
barrier of 0.24 eV with long-term stability but having signifi-
cantly high humidity dependence.'® Thereafter, graphene
edges were functionalized with acidic and basic groups, which
synergistically improved their performance by reducing the
activation barrier to 0.09-0.10 eV in nitrogen- and oxygen-
functionalized graphenes (NOFGs). However, these materials dis-
played relatively low proton conductivities (3.6-8.7 x 10 * S cm ™)
under fully hydrated conditions at 95 °C."® Thus, the development
of new proton conductors that exhibit very high conductivity along
with low activation barriers and exceptional stability requires
further exploration.

To address this issue, acids with low pK, values, such as
sulfonic, phosphonic, and carboxylic acids, can be utilized,
which can significantly enhance proton mobility, thereby play-
ing a vital role in the improvement of proton conduction.'”>°
Additionally, both acid and basic functionalities help in low-
ering the activation barrier due to fast protonation and depro-
tonation processes.>! Apart from these factors, the stability of
the material is also considered one of the crucial parameters for
practical application. The above findings prompted us to
anticipate that the functionalization of graphene by nitrogen
and sulfonic acid groups could significantly improve solid-state
proton conduction at both low humidity and varying tempera-
tures. Herein, we report the synthesis of sulfur- and nitrogen-
functionalized few-layer graphene (SNFGs), which display a
high proton conductivity of 8.65 x 107> S em ™" at 95 °C and
95% RH, which is comparable to commercially available
Nafion.>* Furthermore, SNFG exhibited excellent conductivity

This journal is © The Royal Society of Chemistry 2025
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Fig.1 Scheme of preparation for sulfur- and nitrogen-functionalized
few-layer graphene (SNFG).

of 4.61 x 107> S cm ™" at low humidity (40% RH) at 95 °C. The
material revealed exceptional stability at 95 °C and 95% RH
over a month. In the next few sections, we discuss the synthesis,
characterization and proton conduction of SNFG.

The synthesis of SNFG-x (wherein x represents different
amounts of sulfonic acid added during synthesis) has been
summarized in Fig. 1, wherein the first step involved
the synthesis of graphite oxide (GO) following a modified
Hummers’ method.’® The second step involved the synthesis
of nitrogen- and oxygen-functionalized graphene (NOFG-D,
wherein D denotes direct functionalization of the material from
GO) previously reported by us (Fig. 1)."° In the last step, NOFG-
D was treated with different amounts of chlorosulfonic acid to
incorporate sulfonic acid functionalities. The complete details
of synthesis have been provided in the ESI.{ The best material
was found to be SNFG-9 based on proton conductivity experi-
ments, and for simplification, we name this material as
SNFG only.

FTIR spectra of SNFG revealed stretching bands for NH,,
S=O0 and C-N at 3400-3300, 1035 and 1170 cm ™, respectively,
and these bands were absent in GO (Fig. 2a), confirming the
successful incorporation of sulfonic acid and nitrogen func-
tionalities in SNFG. High-resolution XPS spectra of C 1s, O 1s, N
1s and S 2p spectra were recorded and deconvoluted to achieve
a deeper understanding of the nature of chemical bonding.
C 1s spectra showed five distinct peaks of C=C/C-C, C-OH
(hydroxyl), C—=0 (ketone), C-N and O-C—O0 (acid), at 284.5,
286.4, 287.9, 285.4 and 288 eV, respectively (Fig. 2b). O 1s
spectra revealed three peaks at 531.4 (C=O0), 532.7 (S—O0O)
and 534.4 (HO-C—O0), respectively, highlighting both oxygen
and sulfur containing functionalities (Fig. 2c). The N 1s spec-
trum exhibited four distinct peaks at 398.6 (pyridinic N),
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Fig. 2 (a) FTIR spectra of SNFG and GO. XPS of (b) C 1s spectra, (c) O 1s
spectra, (d) N 1s spectra and (e) S 2p spectra.
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400.4 (pyrrolic N), 401.4 eV (graphite N) and 402.1 (N-oxide)
(Fig. 2d)"® confirming the doping of nitrogen in the graphitic
structure. S 2p peaks were deconvoluted into S 2py/, and S 2ps/,
peaks at 167.6 and 168.7 eV, respectively (Fig. 2e),>*** indicat-
ing successful incorporation of oxidised sulfur species. Overall
XPS demonstrated effective functionalization of both sulfur
and nitrogen groups in SNFG showing nitrogen and sulfur
content of 5.1% and 0.6%, which was consistent with elemental
analysis (CHNS) (Table S1, ESIT).

Powder X-ray diffraction (PXRD) patterns were examined to
characterize the structural properties of the materials. 20 max-
ima of the (002) plane for GO and SNFG were observed at 10.5°
and 24.7°, which correspond to interlayer distances of 8.1 and
3.6 A, respectively (Fig. S1, ESIt). PXRD peak broadening was
observed in SNFG relative to GO, suggesting a significantly
reduced crystallite length along the c-axis (L.).'® Scherrer’s
formula and Voigt function fitting were employed to calculate
the number of layers, revealing approximately five layers in
SNFG (see ESIT).** These findings suggested a lateral arrange-
ment of four to five graphene nanosheets, exhibiting an inter-
layer distance of only 3.6 A due to van der Waals interaction,
resulting in the classification of these materials as few-layered
graphene.

Another peak also appeared at ~43.3° for the (100) plane.
Additional structural features were analysed using Raman
spectroscopy, wherein SNFG displayed two prominent peaks
at 1346 and 1590 cm™ ', which corresponded to the G and
D-band, respectively. The D band corresponds to the defects on
the graphene sheets, and the G-band corresponds to in-plane
vibrations of C atoms. Besides that, three other peaks centred at
2670, 2919, and 3173 cm ™" were also observed (Fig. S2, ESI{).>®

The material’s morphology was illustrated from scanning
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) images. SEM displayed a well-defined layered
structure of SNFG, corroborated by TEM images (Fig. 3a and
b). The diffraction spots of the SAED pattern correspond to the
hexagonal lattice of the graphene sheets, indicating the crystal-
linity of the material (Fig. 3b, inset). High-resolution TEM also
revealed four to five layers of graphene, with an interlayer
spacing of around 3.5 A, consistent with the PXRD results
(Fig. 3c). Besides, elemental mapping showed the uniform
distribution of different elements in the structure of graphene

(Fig. 3d-g).

Fig. 3 Microscopic characterizations of SNFG: (a) SEM image, (b) TEM
image (inset: SAED pattern), and (c) HRTEM image. (d), (e), (f) and (g)
Elemental mapping of carbon, nitrogen, oxygen, and sulfur.
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TGA confirmed the thermal stability of SNFG, indicating a mini-
mum weight loss of 3.3% up to 200 °C (loss of labile oxygen
functionalities), 6.6% between 200-500 °C (desulfonation),*® and
8.4% beyond 500 °C (topological defects) (Fig. S3, ESIT).* It is
important to note that this material was thermally more stable
compared to other reported graphene-based materials (Table S6,
ESIt)."® The Brunauer-Emmett-Teller (BET) surface area, pore volume
and pore diameter of SNFG were 63 m* g~ ", 0.1 cm® ¢~ " and 3.8 nm,
respectively (Fig. S4, ESIT). The reversible water uptake experiment
demonstrated a notable enhancement in water uptake capacities with
increasing pressure, achieving maximum uptakes of 328 mL g~ "
(nH,0) for SNFG at P/P, = 0.9 (Fig. S5, ESIt). The room temperature
electrical conductivity of the graphene material was found to be
6.6 x 107> S cm ™' using the two-probe method (Fig. S6, ESIt).

The material was then tested for solid-state proton conduc-
tion, employing electrochemical impedance spectroscopy (EIS)
at different humidity and temperature conditions. The dia-
meter of the semicircle represents the resistance of proton
conduction obtained at the high-frequency region of the
Nyquist plot, wherein the imaginary component of impedance
(2" is plotted against the real component of impedance (Z/).
The EIS results were modelled using an equivalent circuit
depicted in Fig. S7, ESIT andFig. 4a, b (insets). Subsequently,
the proton conductivities (o) were determined using the
dimensions of the pelletized sample and the R, values, follow-
ing eqn (S5), ESL.{ For the fitting of the EIS result, a constant
phase element has been employed in place of a capacitor,
indicating heterogeneity and surface roughness within the
system.?® At very high frequencies, an inductance contribution
was observed in all measurements depicted by L1, which could
be associated with external wiring connections of the potentio-
stat with electrodes (Fig. 4a and b, inset).**

First, we measured and compared the proton conductivity of
different SNFG materials at 50 °C and 95% RH (Fig. S8, ESIT).
Among them, the best material (SNFG/SNFG-9) was used for
further temperature dependent proton conduction. Fig. 4a and
b represent the Nyquist plots of SNFG at two different relative
humidities with variable temperatures. The op. values were
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Fig. 4 (a) Nyquist plot of SNFG at 40% and (b) 95% RH, respectively; inset
equivalent circuit diagram. (c) Plots of In(eT) vs. T~* at 40% and 95% RH,
wherein ¢ and T are proton conductivity and temperature, respectively.
(d) Long term stability test of SNFG-9 at temperature 95 °C and 95% RH.
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1.15 x 107> and 4.61 x 107> S em™ ' at 27 °C and 95 °C at
40% RH, respectively (Fig. 4a and Table S7, ESIT). At 95% RH,
the op,. values increased to 2.75 x 107> S em™ ' at 27 °C and
8.65 x 1072 S em ! at 95 °C, respectively (Fig. 4b and Table S8,
ESIT). Thus, at 95 °C and 95% RH, the o, values are compar-
able to that of commercially available Nafion (0.1 S em™').*?
These values suggested efficient proton conduction at both
humidity conditions, which could be attributed to the presence
of highly acidic sulfonic groups (pK, ~ —7)" and basic nitro-
gen groups at the edges of the graphene sheets. To further
investigate the proton transport mechanism, the activation
energy (E,) values were determined using the Arrhenius equa-
tion (Fig. 4c). The E, values obtained at 40% and 95% RH values
were 0.13 and 0.12 eV, respectively, suggesting that the Grot-
thuss mechanism was operational in these conditions.

Moreover, experiments were also performed at lower tempera-
tures to ensure that these materials could serve as solid-state
proton conductors even at 0 °C. The material showed high proton
conductivity of 1.01 x 10~> at 0 °C at 95% RH. Fascinatingly, the
material showed a low activation barrier of 0.18 eV in a wide
temperature range of 0 to 95 °C (Fig. S9, ESIT). Thus, it is exciting to
note that the material (SNFG) outperformed various graphitic
materials substantially compared to various recent literature
reports (Table S9b, ESIt). The practical application of proton-
conducting materials requires long-term stability. Therefore,
time-dependent proton conduction studies were carried out over
a month at 95 °C and 95% RH, during which the material showed
no decline in its performance (Fig. 4d).

Furthermore, PXRD results confirmed that there was no major
alteration of peaks after 30 days in these conditions (Fig. S10, ESIt).
Thus, exceptional stability of the material was achieved under high-
temperature, high-humidity proton-conducting conditions. Addi-
tionally, the thermal robustness of the materials was also checked
by heating SNFG at 150 °C for 1 h and its conductivity was
measured before and after annealing at 70 °C and 95% RH. The
results indicated that thermal annealing did not affect the proton-
conductivity of SNFG (Table S10, ESIt). These findings suggest that
SNFG exhibits superior proton conduction and is a more suitable
option due to its durability.

The detailed mechanism of the proton transport pathways is
depicted in Scheme 1, which shows proton migration via
hydrogen bonding via adsorbed water molecules between basic
nitrogen functionalities and sulfonic acid located at the edges

T

rogen @ Sulfur

on transfer through functional groups via adsorbed water molecules

Scheme 1 Proposed mechanisms for proton conductivity through SNFG.
Yellow circles represent grain boundary.
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of the graphene sheets. Herein, the remarkable proton con-
ductivity of SNFG can be attributed to the introduction of
sulfonic acid groups known for their high proton donating
ability due to the low pK, (~(—)7) to basic nitrogen function-
alities (amine, pyridinic, pyrrolic, and graphitic nitrogen).
Firstly, these functionalities increased the availability of charge
carriers, which helped in improving proton conduction. Sec-
ondly, sulfonic acid and various basic nitrogen functionalities
provided fast protonation and deprotonation pathways through
hydrogen bonding networks of water molecules for efficient
proton conduction. The acid-base synergism helped to lower
the activation barrier for proton conduction. Thirdly, in
solid-state materials, the proton conductivity is represented
as 0pe = y_n X g X ji, wherein n, g, and p represent the number
of charge carriers, charge possessed by carriers, and their
mobility, respectively. Maier and Tuller emphasized that space
charge regions at grain boundaries reduce electrostatic energy,
hence lowering the barrier resistance.***' Consequently, smal-
ler grain size can markedly improve ion conductivity by increas-
ing the number of charge carriers. In SNFG, the Raman analysis
indicated a grain size (L,) of 7.4 nm (see ESIt), suggesting the
presence of a significant number of grain boundaries that can
enhance the number of charge carriers. Thus, the structural
specifications also contributed to enhanced proton conductiv-
ity, while the functionalization facilitated a reduced activation
barrier, ensuring reliable performance even at low humidity
and across a range of temperatures, including room tempera-
ture and lower temperature conditions.

In conclusion, this work summarizes the synthesis of nitro-
gen- and sulphur-functionalized few-layer graphene (SNFG) as
solid-state proton conductors. The incorporation of sulfonic
acid and basic nitrogen groups introduced additional charge
carriers, which helped in achieving remarkable proton conduction
of 8.65 x 107> S cm ' at 95 °C and 95% RH, comparable to
commercially available Nafion. The synergistic acid-base interac-
tions between sulfonic acid and nitrogen functionalities resulted in
fast protonation and deprotonation, which lowered the activation
barrier. The smaller grain size of SNFG also helped to enhance the
number of charge carriers. It is important to highlight that SNFG
displayed excellent proton conduction at a very low temperature
(0 °C) and exceptional stability over a month, which should be
useful for realtime application. Indeed, the structurally diverse
edge-functionalized graphene has the potential to surpass the best
proton-conducting material available on the market with signifi-
cantly better structural stability.
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