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Enhancing the electrochemical activity of graphene holds great significance for expanding its
applications in various electrochemistry fields. In this study, we have demonstrated a facile and
guantitative approach for modulating the defect density of single-layer graphene (SLG) via an
electrochemically induced bromination process facilitated by cyclic voltammetry. This controlled
defect engineering directly impacts the heterogeneous electron transfer (HET) rate of SLG. By utilizing
Raman spectroscopy and scanning electrochemical microscopy (SECM), we have established
a correlation between the HET kinetics and both the defect density (np) and mean distance between
defects (Lp) of SLG. The variation of the HET rate (k°) with the defect density manifested a distinctive
three-stage behavior. Initially, k° increased slightly with the increasing np, and then it experienced
a rapid increase as np further increased. However, once the defect density surpassed a critical value
of about 1.8 x 10 cm™2 (Lp < 4.2 nm), k® decreased rapidly. Notably, the results revealed
a remarkable 35-fold enhancement of k° under the optimal defect density conditions compared to
pristine SLG. This research paves the way for controllable defect engineering as a powerful strategy to
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Introduction

Benefitting from its excellent physicochemical properties,
including high electron mobility," superior optical trans-
parency,” a zero-point band gap,® and flexibility, graphene has
attracted significant attention as a promising electrode material
for a wide range of applications, such as electrochemical
sensors,” electrocatalysis® and energy storage devices.® However,
despite these remarkable advantages, the electrochemical
activity of graphene still requires substantial improvement,
which currently limits its application in various electrochem-
istry fields. The primary problem arises from its highly delo-
calized m-conjugated structure, rendering graphene inert in
heterogeneous electron transfer (HET) reactions. Therefore,
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a wide range of electrochemical applications.

graphene is not yet considered an ideal electrode material for
these applications.

In contemporary research, it is widely acknowledged that the
introduction of defects into the crystalline lattice of graphene
represents an effective strategy for enhancing the HET activity
of this remarkable carbon allotrope.”® Although the precise
underlying mechanisms remain the subject of ongoing inves-
tigation, it is generally believed that defect engineering,
denoting the precise and quantitative regulation of defects, can
disrupt the highly delocalized m-conjugated system of gra-
phene. This disruption, in turn, results in an increase in the
localized electronic density of states (DOS) near the Fermi level,
thereby enhancing the reactivity of graphene in catalytic
processes.”™ One notable avenue in defect engineering entails
increasing the intrinsic defects within graphene, encompassing
edge sites, vacancies, holes, and topological defects. These
intrinsic defects have been recognized for their potential to
increase the density of active sites, consequently elevating the
HET activity of graphene."” To this end, various strategies have
been proposed, including fabricating graphene nanoribbons by
micro-nano machining’®* and ball-milling’® and chemical
syntheses of polycyclic aromatic hydrocarbons.'*™* Further-
more, the creation of vacancies or holes on the graphene lattice
has been achieved through methods such as electron beam
etching,* oxidation etching,* and plasma treatment,**> while
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topological defects have been introduced via thermal treat-
ment>® and twisting the graphene superlattice.*® Another
strategy involves the incorporation of heteroatoms into gra-
phene through processes such as thermal annealing, plasma
irradiation in controlled atmospheres,*** and chemical modi-
fications such as chemical vapor deposition (CVD),* solution-
phase synthesis,**** and electrochemical methods.***
Notably, chemical modification offers the advantage of intro-
ducing stable sp®-defects by forming covalent bonds between
functional groups and graphene. This approach exhibits high
stability, good versatility, and cost-effectiveness.** However, the
inherent chemical inertness of graphene poses a challenge in
designing suitable chemical reaction systems to introduce
stable covalent bonds. Radical reactions, particularly aryl dia-
zonium salt functionalization,®®** and cycloadditions, such as
Diels-Alder additions,*” have proven to be effective and widely
utilized methods. We have proposed a strategy to open the band
gap of single-layer graphene (SLG) by forming highly stable
brominated SLG through the brominating addition reaction,
which involved bromine radicals generated by electrochemical
oxidation from bromide anions.*®

In this study, we demonstrated a simple and controllable
method to regulate the HET activity of SLG by employing an
electrochemical bromination process using cyclic voltammetry
in an electrolyte solution containing bromide anions. By
combining scanning electrochemical microscopy (SECM) and
Raman spectroscopy, we were able to quantitatively investigate
the influence of sp® defects introduced by the formation of C-Br
bonds on the electrochemical activity of SLG. The electro-
chemical bromination process offers several advantages,
including its simplicity, environmental friendliness, and low
cost. These advantages make it a promising approach for
widespread applications in graphene-based electrochemical
devices.

View Article Online
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Results and discussion

The inferior activity of graphene as an electrode material for the
HET process has limited its application in electrochemistry. To
address this issue, we propose a method to enhance graphene's
electrochemical activity by grafting bromide to its basal plane
through the electrochemical brominating addition reaction.
This process interrupts the highly delocalized conjugated 7
system and thus improves its activity. Fig. 1a illustrates the
experimental setup for electrochemical bromination. A CVD-
grown SLG substrate with a series of square patterns (20 x 20
pum) is employed as the working electrode. The first pattern was
immersed into an electrolyte containing 10 mM KBr and 10 mM
H,SO, to initiate the electrochemically induced bromination
process by using cyclic voltammetry (CV). Fig. 1b presents
a typical CV curve of the SLG electrode in the electrolyte con-
taining bromide anions (Br™). As previously discussed, when
the potential of SLG exceeded 0.7 V, the bromide anions (Br™)
underwent electrochemical oxidation, leading to the formation
of highly reactive bromide radicals (Br’) at the SLG surface.
These Br’ radicals then undergo a brominating addition reac-
tion with SLG, resulting in the formation of C-Br bonds and the
transformation of the SLG's configuration from sp” into sp’.
Fig. 1c provides a schematic representation elucidating the
bromination mechanism. To obtain brominated SLG patterns
with varying degrees of bromination on a single workpiece, the
SLG substrate is incrementally moved downwards 50 pm after
every 20 cycles of CV. This design allows one to avoid the
influence of different fabrication and pretreatment procedures
on the surface properties of SLG and to characterize the degree
of bromination correlated electrochemical activity of SLG by
Raman spectroscopy and SECM.

XPS experiments were performed to identify the carbon-
bromine (C-Br) functionalization of the SLG surface (ESI
Fig. S11). The results demonstrate the occurrence of an
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(a) Schematic diagram of the electrochemically induced bromination process. (b) A typical curve of cyclic voltammograms when the SLG

substrate is employed as the working electrode in an aqueous solution with 10 mM KBr and 10 mM H,SOy; the scan rate was 100 mV s~ (c)

Schematics of the electrochemical bromination mechanism.
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electrochemically induced brominating addition reaction and
that SLG can be brominated to form brominated graphene
(SLGBr). To determine the degree of bromination, Raman
spectroscopy was performed to characterize the SLG samples
with varying durations of CV. The results are depicted in Fig. 2a,
showing good agreement with previous literature reports.****
For the sake of discussion, the SLG patterns were designated
from A to K. The Raman spectrum of pristine SLG (spectrum A)
represents a G peak at ~1580 cm ™', a 2D peak at ~2680 cm ™"
and a 2D’ peak at ~3247 cm™ ', The presence of a symmetric 2D
peak with much stronger intensity than that of the G peak
confirms the graphene's single-layer nature. Moreover, the
absence of the D peak (~1345 cm™ ') and D’ peak (~1620 cm %),
which appear only in defective graphene, confirms the high
quality of the graphene sample. As the bromination process
proceeds, the D and D’ peaks begin to emerge and vary from
pattern to pattern, indicating the introduction of sp*-C defects
into graphene due to the formation of C-Br bonds. The intensity
of the D peak increases from pattern B to G, followed by an
intensity decrease and spectral broadening from pattern H to K.
Consistent with our previous research, the structural defects
introduced by C-Br bonds are supposed to be initially separated
and independent, activating pristine graphene. The D peak gets
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stronger as the defects increase and then reaches a maximum
(stage 1, shown in Fig. S3 in the ESI}). Subsequently, the
“structurally disordered” areas induced by the coalescing
defects would dominate in the SLG sheet, leading to a decrease
in the D peak intensity (stage 2, Fig. S3 in the ESI}). The peak
intensity ratio (Ip/lg) is commonly utilized to characterize the
defect density of graphene, which means the ratio of the sp® to
sp” bonding character. The Raman Ip/I; mapping of the gra-
phene samples with different degrees of bromination is shown
in Fig. 2b, and the corresponding average values of Ip/I; are
listed in Table 1.

The mean distance between structural defects in graphene
(Lp, nm) can be determined from the intensity ratio Ip/Ig
according to the quantitative formula expressed as follows:*

—‘TC)‘SZ —T:(rA —rsz)
elp’ —e Lp’ (1)

2 2
I 'A™ —Ts
— =Cp—————
IG rA2—2rsz

where rg (~1 nm) and r, (~3 nm) are regarded as the radii of the
“structurally disordered” area and the “activated” area around
the structural defects induced by the C-Br bonds, respectively.
C, is defined using the electron-phonon matrix elements, and
the value is taken as 4.2 at the green line excitation (532 nm)
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(a) Raman spectra (vertically aligned) and (b) Raman /p/Ig mapping of the brominated SLG patterns. (c) The probe approaching curves and

(d) SECM images obtained on the brominated SLG patterns. In the SECM experiments, the tip electrode was held at a potential of 0.4 V in the
electrolyte solution containing 1 mM FcMeOH and 0.1 M KCl, while the SLG substrate was kept unbiased. The tip—substrate distance was kept

constant at 2.2 um (d/a = 0.44).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Summary of Ip/lg and the corresponding Lp, np and Kk° of the
defective graphene patterns in Fig. 2 (labelled as 1A to 1K) and Fig. S7 in
the ESI (labelled as 2A to 2G)

In/ls Lp (nm) np (cm™?) K (ems™) Label
— — — 1.70 x 1072 1A
0.13 27.36 4.25 x 10" 2.20 x 102 1B
0.15 25.96 4.73 x 10*° 2.50 x 10° 2A
0.24 20.4 7.65 x 10'° 3.00 x 1073 2B
0.25 20.2 7.80 x 10™° 4.60 x 107° 1C
0.28 18.89 8.92 x 10 6.50 x 10 1D
0.51 13.85 1.66 x 10! 2.20 x 1072 1E
0.72 11.53 2.39 x 10" 3.00 x 1072 1F
1.34 7.95 5.03 x 10! 3.50 x 1072 2C
2.33 5.31 1.13 x 10 5.00 x 10> 2D
2.85 4.24 1.77 x 10*2 6.00 x 102 2E
3.08 3.58 2.48 x 10" 4.00 x 10~2 1G
3.07 2.96 3.64 x 10'* 2.50 x 102 2F
3.03 2.82 4.00 x 10** 1.40 x 1072 2G
2.94 2.67 4.47 x 10" 1.00 x 102 1H
2.79 2.48 5.18 x 10 3.00 x 10 11
2.65 2.34 5.81 x 10" 2.50 x 107° 1]
2.34 2.11 7.15 x 10** 2.20 x 107° 1K

which is explicated in ESI Section S2 and Fig. S2.1 The defect
density np, (em™?) is then given by the formula*!
1014
’TCLD2

np =

(2)

As shown in Fig. S2,T a specific value of I/I; can correspond
to two potential Ly, values. To accurately determine the true L,
value, the two-stage spectral changes presented in Fig. 2a are
taken into account. During stage 2, the width of the D, G, D’ and
2D peaks exhibits significant broadening (Fig. S31), which helps
in discriminating the correct Ly value associated with the
particular Ip/I; ratio. Eventually, both L, and np values are
provided in Table 1, taking into consideration the refined Ly
values obtained through the two-stage spectral analysis and
using the formula (eqn (1) and (2)) mentioned earlier for calcu-
lating the defect density (np) based on the updated Ly, value.

SECM was employed to investigate the electrochemical
activity of the SLG patterns with different durations of bromi-
nation. A Pt UME with a radius of 5 um () and an RG of 2 was
used as the tip electrode, while the brominated SLG was used as
the substrate. FcMeOH was used as the redox couple because
the outer-sphere reaction involves no specific surface interac-
tion between FcMeOH and graphene. During the SECM
measurements, the tip electrode was held at a potential of
0.45 V, while the substrate remained unbiased. The oxidized
species (FeMeOH") at the tip electrode underwent reduction to
the reduced species (FcMeOH) on the SLG substrate. Subse-
quently, the reduced species diffused to the tip electrode and
were further oxidized, forming positive feedback (see ESI
Section S3 and Fig. S47 for the scheme of SECM). The feedback
current of the tip is dependent on the kinetics of HET between
SLG and the redox (FcMeOH); the higher the feedback current,
the faster the local HET rate. The probe approaching curves and
SECM imaging of the feedback current on the brominated SLG

98 | Chem. Sci, 2024, 15, 95-101
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are presented in Fig. 2c and d, respectively, corresponding to
Fig. 2b depicting the Raman Ip/Ig mapping. It is evident that as
the bromination proceeds, the tip current first increases (from
pattern A to G) and then decreases (pattern H to K), mirroring
the variation in Ip/Is. This observation indicates a clear corre-
lation between the electrochemical activities of graphene and
its defect density.

To quantitatively investigate the HET rate, the probe
approaching curves were recorded. FEM modeling was
employed to fit the experimental approaching curves as a func-
tion of the HET rate constant (k°) through COMSOL Multi-
physics 5.5. The detailed description of the FEM modeling,
including solving equations, boundary conditions, initial
conditions and necessary parameters, can be found in ESI
Section S4.f As depicted in Fig. 2c, the experimental
approaching curves (solid lines) exhibited good agreement with
the simulated results (symbols), indicating that the parameters
used in the FEM modeling were reasonable and appropriate for
the system under investigation. The rate constant (k) of HET on
pristine SLG was calculated to be 1.7 x 10™® ecm s~ (sample A in
Fig. 2b), which is lower than that reported in previous
studies.”**** The difference may be attributed to the variation
in the processing technique of pristine CVD graphene. A perfect
graphene is expected to be uniform, smooth and non-defective,
thus exhibiting inert behavior in HET reactions due to its highly
delocalized conjugated 7 system. Therefore, the lower value of
k° implies the high quality of pristine graphene. Another set of
SLG patterns with different degrees of bromination was char-
acterized by Raman spectroscopy and SECM, and the results are
provided in ESI Section S5 and Fig. S7,1 which also show a good
correlation between them. All the obtained kinetic results (k°)
are summarized in Table 1 for further systematic analysis.

Fig. 3a shows that the Ip/I; value of the brominated SLG
initially increased with the continuation of the bromination
process and then decreased. The rate constant (k°) of HET on
the brominated SLG exhibited a similar trend to the I,/I; ratio.
It is essential to note that the horizontal ordinate in Fig. 3a
represents the relative degree of bromination and doesn't
strictly represent a proportional relationship between the
results. Furthermore, it can be observed that k° increased
slightly with Ip/Ig at the very beginning of the bromination
process and then increased to maximum rapidly, shown in
Fig. 3b. After that, k° decreased rapidly with the decrease in Ip/Ig
and then kept stable relatively.

The correlation between k° and the defect parameters,
including mean distance between defects (Lp) and defect
density (np), is shown in Fig. 3c and d, revealing a three-region
behavior. In the first region (light green in Fig. 3c), k° increased
slightly from 1.70 x 10> em s ' to 6.50 x 10> cm s~ * as Lp,
decreased to 18.89 nm. Simultaneously, np increased to 8.92 x
10'® em ™. In this variation region, the defect density of SLG is
relatively low, and its effect on the electrochemical activity of
SLG is limited. As more defects were introduced, a significant
enhancement of &° from 2.20 x 10~> cm s~ to 6.00 x 10~> cm
s~ ' was observed in a relatively high defect density range from
1.66 x 10'" em™? to 1.77 x 10" ecm™?, corresponding to Ly
values from ~14.00 to ~4.00 nm, respectively. With the defect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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density further increasing, the k° decreased dramatically from
6.00 x 10> cm s~ " t0 2.20 x 10~° cm s~ " at a defect density of
7.15 x 10> em ™ ? (Lp = 2.11 nm). The enhanced electrochemical
activity can be attributed to an increase in the density of states
(DOS) near the Dirac point in SLG introduced by the sp® C-Br
bond, as explained in detail in our previous work.”* The intro-
duction of defects into graphene could modulate the electronic
structure of graphene and consequently enhance the HET rate.

The obtained results demonstrate a clear correlation between
defect density introduced by bromination and electrochemical
activity of graphene. This implies that precise control of the
defect density can lead to the optimization of the electrochemical
performance of graphene. Interestingly, our findings follow
a similar trend of defect density dependence as observed in
previous studies where point vacancy defects were introduced by
Ar' irradiation. The differences in the absolute values of the
defect density (Lp, np) and k° could be derived from the differ-
ences in surface properties of the graphene sample, because the
chemical and physical properties of the graphene surface are
sensitive to the fabrication method and pretreatment procedures.
Nonetheless, compared to plasma irradiation techniques, the
electrochemical bromination process offers a simpler and gentler
approach for tailoring the defect density and consequently
enhancing the electrochemical performance of graphene, making
it more suitable for various electrochemical applications.

Experimental
Chemicals and materials

All chemicals used in the experiments are of analytical grade,
purchased from Sinopharm Group Co. Ltd (H,SO,, KBr, KCl,

© 2024 The Author(s). Published by the Royal Society of Chemistry

~2) and the mean distance between defects Lp (nm),

acetone) and Alfa Aesar (hydroxymethyl ferrocene (FcMeOH)). A
photoresist (S1805) was purchased from Merck Group. All
aqueous solutions were prepared with deionized water (18.2 MQ
cm, Milli-Q, Millipore Co.).

Electrochemical bromination of SLG

SLG was prepared by chemical vapor deposition (CVD, First-
Nano, ET2000) on pieces of copper foil and transferred to the
SiO,/Si substrate subsequently. A 500-nm-thick photoresist film
(S1805) was spin-coated onto SLG and then patterned by using
a laser direct writing photolithography system (Microtech
LW405D, Italy) following the drying process. As a result, the
exposed SLG patterns with a series of square arrays (20 pm x 20
um) and a period of 1000 pm were obtained after exposure and
development procedures. To serve as current terminals, a 10-
nm-thick chrome (Cr) film and a 40-nm-thick gold (Au) film
were sequentially deposited at one end of the SLG sheet
sequentially by photolithography and magnetron sputtering, as
depicted in Fig. la. For defect engineering purposes, the
patterned SLG substrate, acting as the working electrode, was
immersed in an aqueous electrolyte containing 10 mM KBr and
10 mM H,SO, to perform electrochemically induced bromina-
tion by cyclic voltammetry. The potential ranged from —0.5 V to
1.4V (vs. MSE) with a scan rate of 100 mV s~ *. According to our
previous study, brominated SLG would be formed due to the
occurrence of an electrochemically induced brominating addi-
tion reaction, leading to an increase in defects on SLG.

To mitigate errors arising from variations in pretreatment
procedures and to enable reliable characterization of electro-
chemical activity correlated to defect density through imaging

Chem. Sci., 2024, 15, 95-101 | 99
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measurement, a series of SLG patterns with varying bromina-
tion degrees were prepared. Specifically, the initial pattern
located at the end of the SLG substrate, far away from the
current terminal, was immersed into the aqueous electrolyte.
Subsequently, the substrate was incrementally moved down-
wards a specific distance after a certain number of CV cycles,
allowing the subsequent square pattern to be exposed to the
electrolyte for bromination. This process was repeated until the
final pattern was brominated. Finally, the SLG patterns with
different well-defined defect densities on a single piece were
obtained.

Raman characterization of graphene defects

Raman measurements were performed to characterize the
defects of SLG patterns on an Xplora (Horiba Jobin Yvon,
France) with 532 nm laser excitation. The Raman spectra were
recorded with 1200 lines per mm grating, while the laser power
was kept at 5 mW with an acquisition time of 2 s.

SECM characterization

All of the electrochemical measurements were performed on
a CHI 920c workstation (CH Instruments Inc.). A 5-um radius (7)
Pt UME (RG = 2) was used as the SECM tip, and the as-prepared
SLG substrate was used as the substrate electrode. A Pt wire and
an Ag/AgCl electrode were used as the counter electrode (CE)
and reference electrode (RE), respectively. The Pt UME was
polished using nanoscale polishing cloth and ultrasonically
cleaned in ultrapure water (Milli-Q) before experiments. The
electrolyte was a solution containing 1 mM hydrox-
ymethylferrocene (FcMeOH) and 0.1 M KCl. The probe
approaching curves were recorded in feedback mode, where the
tip electrode was held at 0.45 V, and the SLG substrate was
unbiased. The tip-substrate distance was determined using the
positive approach curves obtained with the substrate biased at
0V (purely diffusion-controlled conditions). The SECM imaging
was performed with the unbiased SLG substrate, and the tip-
substrate distance was kept at 2.2 um (L = d/a = 0.44).

Finite element method (FEM) modeling

The heterogeneous electron transfer (HET) kinetics of SLG with
different defect densities were derived by the finite element
method (FEM) through a COMSOL Multiphysics 5.5 (COMSOL
AB, Sweden) software package. The details including mass
transport equations, the 2D symmetric geometry, and the
boundary conditions are provided in ESI Section S4.f

Conclusions

In conclusion, we have successfully developed a straightforward
and controllable chemical modification method to optimize the
electrochemical activity of graphene. By controllably intro-
ducing different sp*-defect densities through electrochemical
bromination, we were able to enhance the electrochemical
activity of SLG. Raman spectroscopy and scanning electro-
chemical microscopy were utilized to investigate the correlation
between the HET rate and sp>-defect density of SLG. The results
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indicate that the electrochemical activity of SLG is improved at
a moderate defect density and then decreases at high defect
density. The research demonstrates that the electrochemical
activity of SLG can be precisely tuned by introducing different
sp®>-defect densities through electrochemical bromination
under ambient conditions. This approach offers a controllable,
effective, and environmentally friendly method to optimize the
electrochemical activity of graphene, making it more suitable
for a wide range of electrochemical applications.
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