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reactivity of graphene under
mechanical strain†
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The electrochemical reaction of graphene with aryl diazonium molecules is recognized as an effective

method for surface functionalization of graphene. As the charge-transfer rate between graphene and the

diazonium molecules determines the degree of functionalization, considerable research has been

dedicated to understanding the factors that influence this metric. Among them, the mechanical strain in

graphene is particularly crucial because mechanical deformation is inevitable in flexible devices. The

mechanical strain in graphene is predicted to generate a pseudo-scalar potential that shifts the energy of

the Dirac point, but its influence on the electrochemical reactivity of graphene has been largely

overlooked. In this study, we investigate the effect of mechanical strain on the electrochemical reactivity

of graphene with 4-nitrobenzenediazonium tetrafluoroborate using a combination of experimental

techniques and theoretical modeling. Our results reveal that the electrochemical reactivity of graphene

initially decreases with strain but increases as the strain continues to increase. This behavior is explained

by the Marcus–Gerischer theory, which accounts for the strain-induced shifts in the electronic density of

states of graphene and the resulting changes in the electron transfer rate.
1. Introduction

Graphene-based biosensors possess signicant application
potential in next-generation medicine owing to their ability to
detect target molecules rapidly and effectively.1–9 The high
specic surface area and charge carrier mobility of graphene
enhances signal transduction events, resulting in superior
sensitivity.10–15 However, despite this high sensitivity, challenges
concerning stability and reproducibility persist. To address
these challenges, researchers have focused on the functionali-
zation of graphene surfaces to ensure the stable attachment of
ligands that detect target molecules.16–21 Among various func-
tionalization strategies available, aryl diazonium chemistry is
notable for its ease of preparation and ability to form strong
covalent bonds with graphene, leading to stable surface
modication.22–28

Aryl diazonium chemistry involves the transfer of charge
from graphene to aryl diazonium cations, leading to the
generation of aryl radicals and the subsequent formation of
covalent bonds with graphene.29–36 As the charge-transfer rate
from graphene to the diazonium molecules governs the degree
of functionalization, signicant efforts have been made to
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understand the factors that inuence this metric within the
framework of the Marcus–Gerischer theory. Park et al. demon-
strated the effect of doping on the electrochemical reactivity of
graphene using the Marcus–Gerischer theory.37 By transferring
graphene onto a self-assembled monolayer (SAM), they induced
n-doping of graphene, which subsequently resulted in a higher
charge-transfer rate. Wang et al. analyzed the impact of the
electron–hole puddle amplitude induced by the substrates.38

The results revealed that although the region is predominantly
p-doped on average, the presence of localized n-doped puddles
within contributes to the reactivity. The number of graphene
layers and their stacking congurations also affect the electro-
chemical reactivity.39,40

In addition to the doping level and amplitude of electron–
hole puddles, the strain in graphene is another promising
factor that can inuence its electrochemical reactivity, espe-
cially in exible devices where mechanical deformation is
inevitable. Strain in graphene alters its electronic structure and
is predicted to generate a pseudo-scalar potential that shis the
energy of the Dirac point.41–43 Consequently, the work function
of graphene increases by 0.025–0.04 eV for every 1% of tensile
strain applied. According to the Marcus–Gerischer theory,
changes in the electronic structure of graphene directly impact
the rate of charge transfer between graphene and redox systems,
such as those involving redox biomolecules or electrochemical
reactions. This unique property suggests that the strain plays
a critical role in determining the electrochemical reactivity of
graphene with diazonium molecules. However, only a limited
This journal is © The Royal Society of Chemistry 2025
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number of studies have investigated the inuence of strain as
a factor that modulates the electrochemical reactivity of
graphene.44–47 A comprehensive understanding of this behavior
has remained elusive.

In this study, we explored the effect of tensile strain on the
electrochemical reactivity of graphene. To achieve this, gra-
phene samples with varying levels of tensile strain were
prepared by transferring graphene onto silica nanosphere (NS)
arrays. The electrochemical reactivity of these samples was
assessed by observing their reaction with 4-nitro-
benzenediazonium (4-NBD) tetrauoroborate as a function of
the applied tensile strain. Furthermore, we introduce a modi-
ed Marcus–Gerischer theory that accounts for the strain-
induced shi in the energy of the graphene Dirac point. This
theoretical framework successfully predicts our experimental
ndings, suggesting that the strain-induced pseudo-scalar
potentials in graphene may be responsible for the observed
effects of strain on its electrochemical reactivity.
2. Methods
2.1. Synthesis and transfer of graphene samples

Single-layer graphene was grown on a Cu foil substrate using
CVD. Initially, the Cu foil was annealed in a hydrogen atmo-
sphere (1000 °C, 50 sccm) for 30 min. The hydrogen ow was
then reduced, and graphene growth was carried out with
methane for 15 min (1000 °C, 30 sccm methane, and 5 sccm
hydrogen). Aer growth, the graphene on the Cu foil was coated
with polymethyl methacrylate (PMMA) via spin coating
(3000 rpm, 1 min). PMMA/graphene/copper was oated on an
ammonium persulfate (APS) solution (50 mM APS in water) for
over 4 h to etch away the copper. The samples were transferred
to water for 5 min to remove the residual APS. To prepare
chemically doped graphene, the sample was oated on a TFSA
solution (10 mL of 20 mM TFSA in nitromethane and 100 mL of
DI water) for 5 min. The graphene was then transferred onto the
NS substrate. The sample was dried under ambient conditions
for at least 12 h and later under vacuum conditions (40 °C, ∼0.1
bar) for 12 h. The samples were then immersed in acetone for
30 min to remove PMMA layers.
Fig. 1 Preparation of strained graphene samples. (a) Experimental
scheme illustrating the transfer of graphene onto substrates coated
with 500 nm silica NSs, followed by covalent chemical functionaliza-
tion with 4-NBD. (b) SEM and (c) AFM images showing graphene after
transfer onto the NS. (d) Raman spectra of graphene on flat substrates
(G/Flat) and on NS substrates (G/NS). Inset: D-band spectra of gra-
phene films on flat and NS substrates before functionalization with
diazonium salts. (e) CPD image of the G/NS. Inset: Height image of the
same region.
2.2. DFT calculations

DFT calculations were conducted at the generalized gradient
approximation (GGA) level using the Perdew–Burke–Ernzerhof
(PBE) exchange-correlation functional, as implemented in the
CASTEPmodule inMaterials Studio 2020. To accurately account
for van der Waals interactions, which are crucial for adsorption
processes, a dispersion correction was applied to the PBE
functional, following the method proposed by Tkatchenko and
Scheffler (DFT-TS). Ultraso pseudopotentials were employed
throughout the study to represent core electrons, whereas
valence electrons were treated explicitly. The geometries of both
graphene and 4-NBD were individually optimized using
a vacuum slab of 20 Å thickness to prevent any spurious inter-
actions between the periodic images. The optimization was
performed until the energy converged within 1 × 10−5 eV per
This journal is © The Royal Society of Chemistry 2025
atom, with a force threshold of 0.03 eV Å−1 and a displacement
convergence of 0.001 Å. The energy cutoff for the plane-wave
basis set was set to 630 eV and a 1 × 1 × 1 k-point mesh was
employed for the slab calculations.
3. Results and discussion
3.1. Preparation of graphene on the NS array

Fig. 1a presents a schematic of the experimental process for
evaluating the electrochemical reactivity of the tensile-strained
graphene. Silica NSs with a diameter of 500 nm were dispersed
in deionized (DI) water and spin-coated onto 300 nm-thick SiO2/
Si wafers. Fig. 1b shows a scanning electron microscopy (SEM)
image of graphene on the NS array. The spin-coating process led
to the self-assembly of the NSs into a monolayer array with
a hexagonal close-packed structure. This monolayer NS array
formed clusters ranging from several tens to hundreds of
micrometers in size. Subsequently, graphene synthesized via
chemical vapor deposition (CVD) was wet-transferred onto the
NS-coated substrate (G/NS). Using this strategy, signicant
tensile strain, on the order of a few percent, can be applied
locally to graphene without changing its doping level.48–50

The atomic force microscopy (AFM) image in Fig. 1c illustrates
the topography of the G/NS sample, revealing apex regions where
graphene is in direct contact with the NSs, as well as free-standing
areas where graphene is not attached to the NSs. The latter
regions are surrounded by distinctive wrinkles that connect
adjacent NSs, suggesting a signicant radial tensile strain in the
graphene at the apex of the NSs.51 To further conrm the presence
J. Mater. Chem. A, 2025, 13, 23696–23705 | 23697
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of tensile strain in the graphene on the NS arrays, we compared
the Raman spectra of G/NS with those of graphene on at SiO2

substrates (G/Flat) (Fig. 1d). Both spectra exhibited the charac-
teristic peaks of graphene: G (1580–1590 cm−1) and 2D (2660–
2680 cm−1). The corresponding intensity ratio between the peaks,
(I2D/IG), was at least 1.7. This indicated that the graphene was
a monolayer. Additionally, the D peak was nearly absent in both
the G/at and G/NS samples, demonstrating negligible defect
density in graphene. Thus, defects can be ruled out as a contrib-
uting factor affecting the electrochemical reactivity observed in
the G/Flat and G/NS samples. Notably, compared to G/at, G/NS
exhibited redshis in both the G and 2D peaks. The positions
of the 2D and G peaks in graphene were affected by both strain
and doping.52 The ratio of the shi in the 2D peak to that in the G
peak (Du2D/DuG) in G/NS relative to G/at was approximately 2.3,
suggesting that both samples had similar doping levels and that
the NS array effectively applied tensile strain onto the graphene
(Fig. S1†).53,54 This, in turn, implies that the graphene regions
directly attached to the NSs, as well as the free-standing regions
had similar doping levels, which was consistent with previous
reports.55 To investigate the spatial strain distribution in G/NS, we
employed Kelvin Probe Force Microscopy (KPFM) to map local
variations in the surface potential (Fig. 1e). KPFM measures the
contact potential difference (CPD) between the n-doped Si tip and
the sample, which is dened as CPD= (4tip− 4sample)/ewhere 4tip

represents the work function of the n-doped Si tips (approxi-
mately 4.1 eV), 4sample is the work function of graphene, and e is
the elementary charge. In our experimental conguration,
a greater negative CPD value indicates a larger graphene work
function. Given the inuence of doping from the underlying NS
array is negligible (Fig. 1d), the observed variations in the work
function of graphene primarily arise from the spatially varying
strains and the associated pseudo-electric elds. When local
tensile strain is applied, the entire band structure of graphene in
the strained region shis downward relative to the vacuum level
(Evac). Electrons consequently ow from unstrained regions into
strained regions until a uniform Fermi level (EF) is re-established.
The resulting charge imbalance creates an in-plane electric eld
that elevates the local vacuum level in the strained areas. Thus,
the work function 4sample= Evac − EF is higher at the apex regions
(Fig. S2†). Accordingly, CPD mapping demonstrates tensile strain
in graphene is localized to the apices of the nanospheres.
Although the spatial resolution of KPFM is constrained by the
geometry of the tip and cantilever, the technique offers valuable
qualitative insights into relative local work function variations,
thereby highlighting the distribution of strain across the gra-
phene surface.

Finally, to characterize the electrochemical reactivity of the
tensile-strained graphene, the sample was subjected to a reac-
tion with 4-NBD. Graphene samples on the NS array were
immersed in a 10 mM aqueous solution of 4-NBD with constant
stirring at 35 °C for 300 s. Aer the reaction, the sample was
rinsed with DI water to remove residual reactants. Through this
process, a delocalized electron is transferred from the graphene
to the diazonium cation, rapidly forming an aryl radical. This
results in the covalent attachment of nitrobenzene groups to the
graphene lattice.56,57
23698 | J. Mater. Chem. A, 2025, 13, 23696–23705
3.2. Characterization of graphene reactivity

The reaction of graphene with 4-NBD induced the formation of
sp3-hybridized carbon within the graphene structure, which was
detected by the emergence of the D peak in the corresponding
Raman spectrum. Consequently, the ratio of the D peak inten-
sity (ID) to the G peak intensity (IG), denoted as ID/IG, served as
a quantitative measure of the extent of the reaction. The impact
of strain on the reactivity of graphene can be evaluated by
comparing the ID/IG ratio in the apex regions of the G/NS
sample, where tensile strain is present, with that in the free-
standing regions, where minimal or no strain is expected. To
achieve this, Raman mapping of the G/NS samples was con-
ducted. A laser beam of 532 nm wavelength was focused on the
apex regions of the G/NS sample. Due to a height difference of
25 nm between the apex regions and the free-standing regions,
the intensity of the SiO2 peak (ISiO2

) at approximately 464 cm−1

was higher in the apex regions, where the laser beam was well-
focused, and lower in the free-standing regions, where the laser
beam was less focused. Fig. 2a presents the intensity map of the
SiO2 peak, where the expected periodic pattern of the NS-array is
clearly visible, enabling precise localization of the apex regions
in the Raman maps. Fig. 2b shows the corresponding ID/IG
maps for the same region. Using the ISiO2

map, the Raman
spectra of graphene, for the apex and free-standing regions,
were separately averaged (Fig. 2c). Histograms of the ID/IG ratios
for these two regions were also generated (Fig. 2d). The results
clearly demonstrated that the ID/IG ratio was lower in the apex
regions, where signicant tensile strain was expected. The
average ID/IG ratio was 0.4 and 0.5 in the apex and free-standing
regions, respectively. This implies that the electrochemical
reactivity of tensile-strained graphene may be lower than that of
unstrained graphene, an observation that has not been reported
previously and may indicate a new feature of the electro-
chemical behavior of tensile-strained graphene.

The spatial variations in the ID/IG ratio could be attributed to
spatial variations in the doping levels barring variations in the
defect density in graphene.58 However, the average ratio of the
2D peak intensity to the G peak intensity (I2D/IG), which is highly
sensitive to the doping level in graphene59 was the same for the
apex and free-standing regions (Fig. S3†). As such, the observed
differences in the ID/IG ratios were not due to variations in
doping between the two regions.

To eliminate any potential inuence of topography or doping
on the Raman analysis following the reaction, we transferred
the reacted G/NS samples onto a at wafer substrate by chem-
ically etching the nanospheres.60 SEM image of the transferred
graphene revealed a distinctive wrinkle pattern originating
from the etched nanosphere arrays (Fig. 2e). Upon removal of
the nanosphere array, the graphene regions, initially suspended
between the nanospheres, made contact with the at substrate.
The delaminated graphene regions retained the curvature
imparted by the template (Fig. 2f, le). These curved regions
were drawn down to the substrate by van derWaals interactions.
This pre-existing curvature prevented perfect conformity to
a at surface, driving a morphological transformation that
maximized the contact area with the substrate. This resulted in
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Raman and SEM analysis of graphene in the apex and free-standing regions of G/NS after reaction. Raman spatial maps showing (a) the
SiO2 peak intensity and (b) the ID/IG intensity ratio. (c) Average Raman spectra and (d) histograms of ID/IG ratios for the apex regions (red) and free-
standing regions of G/NS (black). (e) SEM image of graphene transferred from G/NS to a flat wafer substrate after reaction with 4-NBD. (f)
Schematic illustrating the formation of wrinkles in graphene during the removal of NS on a flat substrate. (g) Histograms of the EDS analysis
showing the areal fraction and nitrogen count fractions for the hexagonal regions (red) and triangular regions (black). Inset: SEM image over-
lapped with the EDS map of nitrogen (orange dots).
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the network of distinct wrinkles exhibiting characteristic
hexagonal and triangular patterns (Fig. 2f, right), directly
reecting the symmetry of the original nanosphere array.
Notably, no charging effects were observed in the SEM images.
Charging effects resulting from electron accumulation or
depletion on non-conductive or poorly conductive surfaces
typically manifest as bright or dark artifacts. Upon the reaction
of graphene with 4-NBD molecules, the generation of sp3-
hybridized C atoms signicantly changed the electrical
conductivity of the reacted graphene regions, resulting in
charging effects.60 Their absence in the former NS-contacted
regions strongly suggests that the reaction did not occur to
a greater extent in these areas.

Because the nitro group in the 4-NBD molecules contains
nitrogen, the reacted regions of graphene can be identied by
the presence of N atoms. Therefore, we obtained an energy-
dispersive X-ray spectroscopy (EDS) map of N (Fig. 2g). A
comparison of the integrated N signal intensity of the hexagonal
regions (the centers of which were formerly NS-contacted
regions) with that of the triangular regions (formerly free-
standing regions) revealed that the hexagonal regions exhibited
a 48% N signal fraction, which was less than their 58% areal
fraction. This supports our hypothesis that the electrochemical
reactivity of the tensile-strained graphene is lower than that of
the unstrained graphene.

The electrochemical reaction between graphene and diazo-
nium compounds is inuenced by various factors, including
mechanical strain,44 shis in the Fermi level due to doping,37

and the amplitude of electron–hole puddles in graphene.38 To
isolate and investigate the effect of strain on the
This journal is © The Royal Society of Chemistry 2025
electrochemical reactivity of graphene, comparing the reactivity
across graphene samples subjected to different levels of strain
while maintaining consistent doping levels and similar elec-
tron–hole puddle amplitudes is crucial. As the results shown in
Fig. 2 are limited to a specic strain level in graphene, we
prepared many G/NS samples to explore the effects of a wider
range of strains on the reactivity of graphene. Additionally, we
prepared a separate set of heavily p-doped graphene samples
using an underside doping method,61 in which bis(tri-
uoromethanesulfonyl)amide (TFSA) molecules were interca-
lated between graphene and the NS array (G/TFSA/NS). The G/
TFSA/NS samples also met the aforementioned conditions.

To quantify the doping level, strain level, and amplitude of
the electron–hole puddles in the G/NS and G/TFSA/NS samples,
we employed Raman spectroscopy. Both the G and 2D peaks
were tted with Lorentzian line shapes, and the center positions
of the G (uG) and 2D peaks (u2D), and the full width at half
maximum (FWHM) of the 2D peaks (G2D) were obtained for
each set of graphene samples. Fig. 3a shows the (uG, u2D) data
plotted in the uG − u2D space for the two sets of samples. The
doping and strain levels in the graphene were separated using
Lee's method.52 The amplitudes of the electron–hole puddles
were estimated according to the formula
aðG2D � G0

2DÞ; where a ¼ 0:08 eV and G0
2D ¼ 26 cm�1 is the

2D FWHM of graphene without electron–hole puddles.38

Consequently, the G/TFSA/NS samples exhibited a higher
average hole concentration of 8.9 × 1012 cm−2 compared to an
average hole concentration of 6.3 × 1012 cm−2 for the G/NS
samples (Fig. 3b). Additionally, the G/TFSA/NS exhibited
a higher average amplitude of the electron–hole puddles of
J. Mater. Chem. A, 2025, 13, 23696–23705 | 23699
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Fig. 3 Quantification of strain and doping levels in graphene on NS
and their reactivity with 4-NBD. (a) Positions of the G and 2D peaks (uG,
u2D) of G/NS (red squares) and G/TFSA/NS samples (green circles). (b)
Histogram of average hole doping concentration (left) and the
amplitude of electron–hole puddle (right) for G/NS (red bar) and G/
TFSA/NS (green bar). (c) Change in ID/IG ratio (DID/IG) after diazonium
functionalization as a function of strain for G/NS and G/TFSA/NS.
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0.59 eV, as opposed to 0.44 eV in the G/NS samples. This
increase in the amplitude of the electron–hole puddles in the G/
TFSA/NS samples can be attributed to the spatially non-uniform
distribution of the chemical dopant. Although the doping levels
were comparable within the G/TFSA/NS and G/NS sample sets,
the strain levels exhibited sample-to-sample variations ranging
from 0% to 0.3%.

Notably, the laser beam size used in the Raman analysis was
approximately 600 nm. This was larger than the diameter of the
NS. Therefore, the Raman spectra represented the average of
both the strained apex regions and the unstrained freestanding
regions of G/NS. Consequently, the actual strain applied to the
apex region of G/NS was much greater than the strain levels
23700 | J. Mater. Chem. A, 2025, 13, 23696–23705
estimated by Raman spectroscopy. Furthermore, the area of the
strained regions was much smaller than that of the unstrained
regions,62 leading to the strain estimated from Raman spec-
troscopy being further reduced compared to the actual strain in
the apex region of G/NS.48,55

The samples with varying strains were reacted with 4-NBD
for 300 s to assess their electrochemical reactivity. The change
in the ID/IG ratios of the samples before and aer the reaction
(DID/IG), as a function of strain, are plotted in Fig. 3c. At similar
strain levels, DID/IG for the G/TFSA/NS samples was higher than
that for the G/NS samples, which could be attributed to the
larger amplitude of electron–hole puddles in the G/TFSA/NS
samples, consistent with previous studies.38 We also noted
that as strain increases, the DID/IG initially decreases, but then
increases around a strain of 0.1%. This observation differs from
an earlier report on the strain-dependent reactivity of graphene,
in which a continuous increase in the ID/IG ratio was observed
with increasing strain.44 In this previous study, the 4-NBD
molecules primarily reacted at the defect sites in graphene,
where the activation energy for the reaction can be inferred to
have decreased with increasing strain. The discrepancy between
our ndings and those of previous reports may stem from
differences in the initial defect densities of the graphene
samples.

To conrm the general applicability of our ndings, we
extended our investigation to include another diazonium
derivative, 4-methoxybenzenediazonium (4-MBD) (Fig. S4†).
The electrochemical reactivity of graphene toward 4-MBD
exhibited a similar non-monotonic dependence on tensile
strain, characterized by an initial decrease in reactivity at lower
strain levels followed by an increase at higher strains. This trend
aligns closely with our observations for 4-NBD, validating that
the observed strain-dependent electrochemical behavior is not
specic to a single diazonium compound.
3.3. DFT calculations for graphene adsorption

Next, we researched to nd a theoretical explanation for our
experimental results. The coupling of a 4-NBD molecule with
a graphene surface occurs via the following steps (Fig. 4a).63–65

Initially, the solvated diazonium cation in aqueous solution is
adsorbed onto the graphene surface (Step 1). The adsorption
and desorption of diazonium cations occur rapidly on the gra-
phene surface, and quasi-equilibrium between the concentra-
tion of desorbed diazonium ions and that of adsorbed
diazonium ions on graphene is achieved. Upon electron trans-
fer from graphene to the adsorbed 4-NBD molecule, nitrogen
gas is released, resulting in the formation of a nitrophenyl
radical (Step 2). Step 2 is the rate-limiting step,63,65 and its
reaction rate is formulated as,

ds

dt
¼ kET½D�ads

�
1� s

rc

�
(1)

where kET is the rate constant for this electron transfer, [D]ads is
the concentration of adsorbed diazonium ions on graphene, s is
the number density of reacted lattice sites, rc is the number
density of carbon atoms in graphene, and t is the reaction time.
This journal is © The Royal Society of Chemistry 2025
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Fig. 4 DFT calculations on the adsorption of 4-NBD on graphene. (a) Schematic of the three-step coupling reaction between 4-NBD cation and
graphene. Step 1: Adsorption of the diazonium cation onto graphene. Step 2: Electron transfer from graphene to 4-NBD leading to N2 release
and nitrophenyl radical formation. Step 3: Reaction of the nitrophenyl radical with an sp2-carbon atom in the graphene lattice. (b) Top (left) and
side (right) views of the molecular structure showing the adsorption configuration of 4-NBD and graphene. (c) DEads as a function of the distance
r between 4-NBD and graphene under various strain conditions. Inset: jDEadsj as a function of strain for r = 3 Å.
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Eqn (1) shows that the strain in graphene can affect its reactivity
by modulating either kET or [D]ads. Lastly, the resulting nitro-
phenyl radical rapidly reacts with the sp2-hybridized carbon
atom in the graphene lattice (Step 3).

Our initial investigation aimed to determine whether the
strain in graphene affects the adsorption behavior of 4-NBD
cations, and thus, [D]ads. For this purpose, we calculated the
binding energies of the 4-NBD cations on graphene under
various tensile strains using density functional theory (DFT)
calculations (Fig. 4b, see Fig. S5† andMethods for more details).
Aer individual optimizations of graphene and 4-NBD, the
adsorption energy, Eads, was calculated by evaluating the energy
of the combined system at various distances between the opti-
mized graphene and 4-NBD structures. The initial adsorption
geometry of 4-NBD on graphene was set to match that predicted
in a previous study on the adsorption of 4-sulfobenzenediazo-
nium on graphene.66 Eads(r) represents the adsorption energy as
a function of the distance r between graphene and 4-NBD and
was computed using the equation Eads(r) = E(graphene+4-NBD) −
E(graphene) − E(4-NBD), where E(graphene+4-NBD) is the total energy of
the system with 4-NBD adsorbed on graphene, E(graphene) is the
energy of the isolated graphene layer, and E(4-NBD) is the energy
of the isolated 4-NBD molecule. r refers to the vertical
This journal is © The Royal Society of Chemistry 2025
separation between the 4-NBD molecule and the graphene
surface. By calculating Eads(r) at various distances, we obtained
a detailed energy prole that characterized the adsorption
behavior of 4-NBD on graphene. Eads(r) nearly saturates at r = 8
Å, with the values of Eads(r = 8 Å) differing by less than 0.3%,
regardless of the strain applied to graphene. Therefore, the
adsorption energy of the 4-NBDmolecule on graphene, DEads(r),
was then estimated by calculating the difference in adsorption
energy between the 4-NBD molecule at distance r from gra-
phene and at 8 Å as, DEads(r) = Eads(r) − Eads(r = 8 Å). Fig. 4c
shows DEads(r) for various strain levels in graphene. For all
strain levels in graphene, the adsorption energy exhibits
a minimum at r ∼3 Å. Within the range of 3 Å < r < 8 Å, as the
distance r decreases, DEads(r) becomes increasingly negative,
indicating stronger adsorption. However, when r < 3 Å, DEads(r)
rapidly increases due to repulsive interactions between the
graphene and the 4-NBD cation. Therefore, the value of DEads(r)
at r = 3 Å in our DFT calculation is closely related to the equi-
librium between the concentration of non-adsorbed diazonium
ions and that of adsorbed diazonium ions on graphene ([D]ads).
Despite the signicant strain variation from 0% to 6%, the
difference in DEads(r = 3 Å) between the unstrained (0%) and
highly strained (6%) graphene remains small at 0.04 eV.
J. Mater. Chem. A, 2025, 13, 23696–23705 | 23701
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According to these results, [D]ads can be concluded to be almost
unaffected by the strain in graphene.
3.4. Theoretical modeling of electrochemical reactivity

Subsequently, we investigated the effects of strain on the rate
constant of electron transfer, kET, from graphene to 4-NBD
(Fig. 5). The rate constant kET is well-described by the Marcus–
Gerischer theory as,67–69

kETðEFÞ ¼ nn

ðEF

Eredox

3redðEÞDOSGðEÞWOXðEÞdE (2)

where EF is the Fermi level of graphene, Eredox = −5.15 eV is the
standard potential of the redox couple of the 4-NBD diazonium
salt, DOSG(E) is the electronic density of states of graphene, and
WOX(E) is the distribution of oxidized states of the solvated
diazonium molecule. Here, nn 3red(E) = 0.078 eV s−1 is used to
calculate kET.38 The Fermi level EF is

EF ¼ ED;0 þ sgnðnÞħnF
ffiffiffiffiffiffiffiffiffi
pjnj

p
(3)
Fig. 5 Modified Marcus–Gerischer Theory. (a) Alignment of the density
states WOX(E) and Wred(E) of 4-NBD for unstrained (left), moderately stra
the direction of the electron transfer. (b) Calculated ID/IG as a function o
0.35 to 0.50 eV for G/NS and from 0.55 to 0.70 eV for G/TFSA/NS, respec
the strain levels rescaled to account for the actual strain applied in the g

23702 | J. Mater. Chem. A, 2025, 13, 23696–23705
where ED,0 is the Dirac point energy of unstrained and undoped
graphene (−4.4 eV),70 nF is the Fermi velocity of graphene, sgn(n)
is the sign function, and n is the charge carrier concentration
(positive for electrons and negative for holes).WOX(E) is given by,

WOXðEÞ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plkT

p exp

 
� ðE � ðEredox þ lÞÞ2

4lkT

!
(4)

where k is the Boltzmann constant, T is the absolute tempera-
ture, and l = 0.7 eV (ref. 71) is the reorganization energy.

The electronic density of states of graphene (DOSG(E)) is,

DOSGðEÞ ¼ 2ACjE � EDj
pħ2nF 2

(5)

where AC = 5.2× 10−16 cm2 is the unit cell area of graphene and
ED is the Dirac point energy of graphene. Under mechanical
strain 3, strain-eld in graphene generates pseudo-electric
elds. Consequently, ED is shied and ED = ED,0 − 2ge3 where
ge z 3.8 eV.41,43 Therefore, the presence of mechanical strain 3

in graphene shis the density of states DOSG(E) due to the
of states (DOS) of graphene (DOSG(E)) against the distribution of redox
ined (middle), and highly strained (right) graphene. The arrow indicates
f strain for G/NS and (c) G/TFSA/NS. The S values are set to range from
tively. The scatter points represent experimental data from Fig. 3c, with
raphene regions directly adhered to NSs.

This journal is © The Royal Society of Chemistry 2025
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corresponding shi in the ED. According to the Marcus–Ger-
ischer theory (eqn (2)), this shi in DOSG(E) inevitably alters
kET(EF). We propose that this alteration may be the underlying
mechanism driving the effects of strain on the reactivity of
defect-free graphene (Fig. 5a).

The presence of charged impurities near graphene creates
electron–hole puddles, leading to charge uctuations that affect
the electron transfer rate from graphene to 4-NBD. To account
for these uctuations, we modied the Marcus–Gerischer
theory by incorporating the spatial variation in the local Fermi
level in graphene. In the presence of electron–hole puddles, the
experimentally observed rate constant, kET,meas, is the average
value of kET(EF) where EF has a distribution centered around
a certain average Fermi level, EF,avg. Assuming that the Fermi
level distribution is Gaussian with a mean value of EF,avg and
a standard deviation of S, which represents the amplitude of the
electron–hole puddles and denoted as G(EF;EF,avg,S), the
measured rate constant kET,meas is calculated as follows:

kET;meas ¼
ðN
Eredox

G
�
EF;EF;avg;S

�
kETðEFÞdEF: (6)

The independent parameters related graphene properties in
this model are the charge carrier concentration n, the amplitude
of the electron–hole puddles S, and the strain 3.

Finally, to correlate the model with the experimental data,
specically the ID/IG ratio as a function of reaction time t in this
case, we performed the following series of calculations. In
a rst-order electron–transfer reaction model for Step 2 of the
coupling of 4-NBD (eqn (1)), the average density of reacted
lattice sites s as a function of reaction time t is,

s(t) = rc(1 − exp(−(kET,meas[D]ads/rc)t)). (7)

Here, [D]ads was assumed to be constant according to the DFT
calculation results (Fig. 4). Following the methodology outlined
in previous studies, the density of reacted sites s(t) was then
quantitatively correlated with ID/IG.72

Using eqn (1)–(7), we calculated the ID/IG(t) as a function of 3
at t = 300 s. As discussed, the actual strain applied to graphene
at the apex of the G/NS or G/TFSA/NS samples was much larger
than the strain estimated using Raman spectroscopy. There-
fore, the simulation was conducted over a strain range of 0–8%
rather than 0–0.3%, which is the range of the experimental
strain obtained by Raman spectroscopy. To simulate the
behaviors of the G/NS and G/TFSA/NS samples, we set the values
of n and S according to the experimental data shown in Fig. 3b.
For G/NS samples, n was set to −6.3 × 1012 cm−2 and S ranged
from 0.35 to 0.50 eV. For G/TFSA/NS samples, n was set to −8.9
× 1012 cm−2 and S ranged from 0.55 to 0.70 eV. Fig. 5b and c
show the simulated ID/IG as a function of 3 at t = 300 s for G/NS
sample and G/TFSA/NS samples, respectively. Consequently, the
simulation predicts that ID/IG is larger when the amplitude of
the electron–hole puddle, represented by S in this model, is
greater, which is consistent with previous reports and our
experimental observations. More importantly, the simulations
reveal that ID/IG decreases with increasing strain 3 up to
This journal is © The Royal Society of Chemistry 2025
a certain level. Aer the strain exceeds this level, ID/IG begins to
increase. This simulated trend is consistent with the experi-
mental results presented in Fig. 3. Moreover, the experimental
ID/IG values as a function of 3 (Fig. 3c) align with the simulation
results (Fig. 5b and c) when the strain values estimated by
Raman spectroscopy are appropriately rescaled. Here, we note
that although the theoretical model captures the qualitative
trends accurately, its quantitative predictive capability is
limited due to inherent uncertainties associated with key gra-
phene parameters, such as the Fermi velocity and the amplitude
of electron–hole puddles.
4. Conclusions

In conclusion, we explored the impact of mechanical strain on
the electrochemical reactivity of graphene with 4-NBD by
combining experimental techniques and theoretical modeling.
Our results demonstrate that the electrochemical reactivity of
graphene exhibits a nonlinear response to mechanical strain: it
initially decreases with strain but increases as strain continues
to rise. This intriguing behavior can be explained usingMarcus–
Gerischer theory, which accounts for the strain-induced shis
in the electronic density of states of graphene owing to the
strain-induced pseudo-electric eld and the corresponding
impact on the electron transfer rate between graphene and 4-
NBD. Our study provides new insights into the strain-dependent
reactivity of graphene, emphasizing the need to consider both
mechanical and electronic factors when designing graphene-
based materials for electrochemical applications.
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