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We report a calculational study of electron states and the resulting electrochemical properties of uniax-
ially strained graphene with point defects. For this study the reduction of ferricyanide to ferrocyanide
serves as a benchmark electrochemical reaction. We find that the heterogeneous electron transfer activity
of the perfect graphene electrode rises under uniaxial strain. However, evolution of the cathodic reaction
rate depends on the direction of strain. For moderate lattice deformations, the zigzag strain improves
electrochemical performance better than the armchair strain. Standard rate constant increases by 50%
at the zigzag strain of 10%. Vacancies, covalently bonded moieties, charged adatoms and substitutional
impurities in the zigzag strained graphene induce changes in the shape of the curve of the cathodic
reaction rate. However, this changes do not translate into the electrocatalytic activity. Vacancies and
covalently bonded moieties at concentration of 0.1% do not affect the electrochemical performance.
Charged adatoms and substitutional impurities give a slight increase in the standard rate constant by,
respectively, 2.2% and 3.4%.

� 2018 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, being a two-dimensional material without bulk, is
extremely sensitive to the environment. This makes graphene a
promising platform for a construction of electrochemical devices
[1,2]. Electrocatalytic activity of graphene is strongly linked to
the electron band structure, which is very sensitive to both the
carbon honeycomb lattice deformations as well as defects.

Several strategies of tailoring graphene electronic structure for
specific applications have been proposed: cutting graphene planes
into nanoribbons [3,4], introducing of impurities and structural
defects [5,6], ordering of the impurities [7–9], chemical functional-
ization [10], using of the substrate [11,12] as well as applying of
the strain [13–15].

Among all the mentioned above approaches, the most promis-
ing is the use of strain, which is the most controllable and efficient
way for tuning of the graphene electronic structure. Graphene,
having an intrinsic tensile strength of 130 GPa and Young’s modu-
lus of about 1 TPa [9], withstands nondestructive deformations up
to its failure strain of �25–27% [16,17]. Strain may arise sponta-
neously in graphene or can be intentionally induced and controlled
with measurable effects [13] via different techniques [18,19].

Currently, the detailed mechanism of heterogeneous electron
transfer between graphene electrode and electrolyte ions involving
the strain combined with point defects remains vague. To address
this question we perform simulations of the electrode reaction
kinetics at graphene with point defects combined with uniaxial
stress. We consider such defects as: (1) covalently bonded moieties
(e.g. H, OH, CH3, CH2OH, C2H5OH) represented by resonant impuri-
ties (RIs), (2) vacancies (Vs), (3) charged adatoms (e.g. alkali and
the group III metals) represented by Gaussian impurities (GIs),
and (4) substitutional impurities represented by Gaussian hop-

pings (GHs). In calculations we use the FeðCNÞ3�=4�
6 redox couple

as an electrochemical probe.
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Fig. 1. Curves of the cathodic reaction rate for reduction of the FeðCNÞ3�6 at the
perfect graphene electrode subjected to uniaxial strain. In the insets, the calculated
DOS of perfect graphene under strain are shown. (a) Uniaxial strain along the
armchair direction. (b) Strain along the zigzag direction.
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2. Models

Electronic density of states (DOS) for graphene was calculated
using the standard p-orbital nearest-neighbor tight-binding Hamil-

tonian bH ¼ �c1
0

P
i;i0c

y
i ci0 þ

P
iV ic

y
i ci, where cyi (ci) was a standard

creation (annihilation) operator acting on a quasiparticle at the site
i [20]. The summation over i ran the entire honeycomb lattice,
while i0 was restricted to the sites next to i; c1

0 ¼ 2:78 eV was the
hopping integral for the nearest-neighbor graphene-lattice sites
at a distance a ¼ 0:142 nm (CAC bond length in graphene). Vi

was the on-site potential defining scattering strength on
graphene-lattice site i due to the point defect presence.

Following Refs. [14,21,22], where random strain was modeled
by the Gaussian function, it was assumed a dependence of the
bond lengths on the deformation tensor components. Hopping
parameters of the strained graphene, c, were related with hopping
of the unstrained lattice, c1

0, using the exponential decay
cðlÞ ¼ c1

0e
�bðl=a�1Þ, where l was a CAC bond length under the strain,

and b � 3:37 was a decay rate extracted from experiments [21,23].
Modeling of RIs was carried out with the Hamiltonian part pro-

posed by Huan et al. [20] bH imp ¼ vd

PNimp
i dy

i di þ V
PNimp

i ðdy
i ci þH:c:Þ,

where Nimp denoted number of the RI. Band parameters V � 2c1
0

and vd � �c1
0=16 were obtained from density-functional theory

calculations [24]. Vacancies were modeled as empty sites of gra-
phene lattice with hopping parameters to other sites being zero.

GIs were represented by Gaussian-like scattering potential

Vi ¼
PNV

imp
j¼1 Uj exp � ri � rj

�� ��2=ð2n2Þ� �
, where ri was the radius-

vector of the i site, rj defined position of the NV
imp impurity atoms,

n was interpreted as an effective potential radius. Potential height
Uj was uniformly random in the range �M;M½ � with M being the
maximum potential height [20]. In the calculations we considered
short-range GI (SRGI) with values of n ¼ 0:65a and M ¼ 3c1

0 and
long-range GI (LRGI) with n ¼ 5a, D ¼ c1

0.
GHs modified a distribution of the hopping integrals

ci;j ¼ cþPNc
hop

k¼1 U
c
k exp � ri þ rj � 2rk

�� ��2=ð8n2cÞ
� �

, [20]. Here, ri and rj

were radius-vectors of graphene sites, rk defined position of the
strain centers, Nc

hop defined their number, nc was considered as

an effective screening length, and hopping height Uc
k 2 ½�Mc;Mc�.

Effective screening length for short-range GH (SRGH) was assumed
to be nc ¼ 0:65a, maximal hopping height was Dc ¼ 1:5c1

0. For
long-range GH (LRGH), nc ¼ 5a and Dc ¼ 0:5c1

0.
Numerical calculation of DOS was based on a computation of

the first diagonal element of the Green’s function using continued
fraction technique and tridiagonalization procedure of the Hamil-
tonian matrix (see details in Appendix of Ref. [25]).

Electron transfer rate for cathodic reaction, kc, was calculated
using the Gerischer-Marcus model [26] applied to the sp2 carbon
systems [7,27]. Cathodic reaction rate, kc, was calculated using
the integral kcðEÞ /

R
f ð�� eEÞqð�� eEÞWOxð�Þd�,in which distri-

butions of the filled states of graphene electrode,
f ð�� eEÞqð�� eEÞ, and the unoccupied states of the oxidized form
in the solution, WOxð�Þ, were considered. Here, f ð�� eEÞ was the
Fermi-Dirac distribution at a specified electrode potential E. Distri-
bution of electron states of the oxidized form in the solution was

defined by WOxð�Þ ¼ ð4pkkBTÞ�1=2 exp �ð�� �F;redox � kÞ2=4kkBT
h i

,

where kB was the Boltzmann constant, T was the absolute temper-
ature, �F;redox was the Fermi level of the redox couple with respect
to the graphene charge neutrality level, k was the reorganization

energy. We performed simulations for reduction of the FeðCNÞ3�6 ,
for which k ¼ 0:7 eV [28] and �F;redox ¼ �1:27 eV [27]. To estimate
the standard rate constant for the FeðCNÞ3�=4�
6 redox couple, we

assumed the standard electrode potential of 0.29 V vs. Ag/AgCl
obtained from half-wave potential in cyclic voltammetry
experiments.

3. Results and discussion

Calculations carried out for perfect graphene lattice indicate a
strong dependence of DOS on the strain direction. In the inset of
Fig. 1(a) an evolution of DOS under the armchair uniaxial strain
is presented. Linear dependence of DOS on energy is preserved
near the charge neutrality level. The slope of DOS increases with
the increasing armchair strain and an extra pair of the van Hove
singularities appears. The singularities shift towards charge neu-
trality level with increasing strain.

Cathodic reaction rate for reduction of the FeðCNÞ3�6 at graphene
is not a monotonically increasing function of the electrode poten-
tial. Due to the low DOS near the charge neutrality level, we
observe in the plots a valley above the local maximum. As we show
in Fig. 1a, the armchair strain boosts the heterogeneous electron
transfer kinetics – the hump increases with increasing strain.
Under the strain of 25% another hump emerges at 0.15 eV, which
results from the electrode states from the van Hove singularities
approaching to the charge neutrality level.



Fig. 2. (a–c) DOS of graphene under the zigzag strain of 20% with different point defects at the fixed concentration of 0.1%. In the insets of the a–c panels, the DOS near the
charge neutrality point is shown. (d–f) Corresponding plots of the cathodic reaction rate for reduction of the FeðCNÞ3�6 .

Fig. 3. (a) Calculated standard electron transfer rate constants for the FeðCNÞ3�=4�
6

redox couple at the perfect graphene electrode under the strain. (b) Comparison of
the standard rate constants at graphene electrode under the zigzag strain of 20%
with different types of point defects at fixed concentration of 0.1%.
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When we apply the uniaxial strain along the zigzag direction,
the van Hove singularity-like peaks appear in DOS as well (inset
of Fig. 1(b)). But they shift fast into the charge neutrality level with
increasing strain and finally disappear. Under the zigzag strain, the
DOS spectrum loses its linear dependence near the charge neutral-
ity level. Higher strain induces the band gap opening. Width of the
band gap increases with increasing strain and achieves a value of
0.35 eV under the strain of 25%. The moderate zigzag strain facili-
tates the heterogeneous electron transfer better than the armchair
strain. As we see in Fig. 1(b), the hump in the curve of the cathodic
reaction rate builds up faster than under the armchair strain.
However at higher values of strain (P 20%), electrode reaction rate
declines due to the band gap.

Plots in Fig. 2(a)–(c) shows the influenceof differentpoint defects
at a fixed concentration of 0.1% onDOS of graphene under the zigzag
strain of 20%. Both the RIs and Vs induce additional electronic states
which formnarrowpeaks near the charge neutrality level (Fig. 2(a)).
However, Vs modify DOS more markedly than RIs. The V-induced
states form two clearly distinguishable peaks. The stronger peak
has intensity, which is nearly five times higher than intensity of
the peak formed by the RI states. GIs (charged adatoms) and GHs
(interstitial atoms) create smooth, quasi-continuous spectrum of
states between the van Hove-like peaks induced by strain (Fig. 2
(b) and (c)). However DOS near the charge neutrality level is decay-
ing drastically with decreasing of the (effective) screening length of
defects. When the n (nc) value is lower than the CAC bond length, a,
GIs and GHs contribute poorly to DOS.

Corresponding plots of the cathodic reaction rate are shown in
Fig. 2(d)–(f). The defect states induced near the Fermi level lead
to the shallowing of valleys above the humps in the curves. RIs
in the zigzag strained graphene give slight contribution to the
electrode reaction rate as compared with vacancies. Vacancies con-
tribute not only to the decrease of the local minimum above the
hump but also give rise to emerging another hump at 0.7 V vs
Ag/AgCl (Fig. 2(d)). The best kinetics of the cathodic reaction
ensures the strain combined with GIs and GHs, provided that the
screening length is enough, i.e. n and nc ¼ 5a (Fig. 2(e) and (f)).
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We would like to point out that LRGHs are slightly more effective
in the increasing of the reaction rate than the LRGIs.

Calculated relative standard electron transfer rate constants, ks,
at the perfect graphene electrode under the uniaxial strain for the

FeðCNÞ3�=4�
6 redox couple are compared in Fig. 3. When the strain is

applied along the armchair direction, we observe monotonic
increase of the standard rate constant up to the strain of 25%.
The value of ks at graphene electrode stretched by 25% is more than
three times higher than in the unstrained graphene. For moderate
strain (<20%), deformation along the zigzag direction causes a fas-
ter increase of the ks compared to the armchair strain. Standard
rate constant increases by half at the zigzag strain of 10%. Under
higher strain, band gap hinders a fast growth of the ks.

The values of ks for the FeðCNÞ3�=4�
6 redox couple at the zigzag

strained graphene electrode with different point defects are
compared in Fig. 3(b). We see very limited impact of defects on

electrocatalytic performacne towards FeðCNÞ3�=4�
6 redox reaction,

at least at the considered defect concentration of 0.1%. Introduction
of the LRGI and LRGH into the strained graphene lattice causes,
respectively, a 2.2% and 3.4% increase in the electron transfer rate
constant. RIs and Vs do not improve the ks value, but rather some-
what diminish it by less than 0.1%. Such difference is due to the
character of the defect induced electron DOS spectrum. In general,
narrow peaks created by RIs and Vs in DOS do not facilitate
electrochemical performance. An advantage of introduction of
substitutional impurities represented by LRGHs over covalent
functionalization (RIs) is already confirmed in experiments with
graphene doped with nitrogen [29] and boron [30]. However, in
that experiments the effect of strain is not considered.
4. Conclusions

We show that the uniaxial strain has a strong impact on the
heterogeneous electron transfer kinetics between the graphene

electrode and the FeðCNÞ3�=4�
6 redox couple. For moderate

deformations (<20%), the perfect graphene under the zigzag strain
exhibits better electrocatalytic activity than the armchair strained
graphene. Stretching of graphene electrode by 10% along zigzag
direction results in 50% increase of the electron transfer standard
rate constant.

On the other hand, we see rather limited impact of defects
introduced into the strained graphene on the electrocatalytic

performance towards the FeðCNÞ3�=4�
6 redox reaction. Although

the defect states result in the shallowing of valleys above the
humps in the curves of the cathodic reaction rate, the standard rate
constant rises poorly. The most promising defects, i.e. GIs (charged
adatoms) and GHs (substitutional impurities) with large enough
screening length of several CAC bond lengths and concentration
of 0.1%, induce the increase in the standard rate constant by 2.2%
and 3.4%, respectively. Vacancies and RIs at the same concentra-
tions do not make any contribution to the electrocatalytic perfor-

mance towards the FeðCNÞ3�=4�
6 redox reaction.
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