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A B S T R A C T

Electrochemical activation of carbonaceous electrodes is a common step in the preparation of high-performance
electrochemical (bio-)sensors. The underlying mechanism has long been discussed but is, however, not yet fully
understood. Here, we propose that electrochemical activation can produce graphene derivatives that largely
enhance the electrochemical performance of carbonaceous electrodes using a carbon paste electrode or a carbon
rod electrode as samples. Based on morphological, chemical and electrochemical evidence, we conclude that in
the electrochemical activation of carbonaceous electrodes, graphene oxide or reduced graphene oxide could be
generated in situ, which is the main reason for the enhancement of the electrode performance. Moreover, che-
mical and biological sensors made from electrochemically activated carbonaceous electrodes resemble their
counterparts made from chemically prepared graphene-derivative-modified carbonaceous electrodes and even
exhibit better performance. These findings could enable us to establish an efficient and predictable solution for
graphene-related electrochemistry and surface chemistry.

1. Introduction

Electrochemical (bio)sensors show advantages in terms of se-
lectivity, sensitivity, reliability, cost-effectiveness, ease of fabrication
and so forth, for which carbonaceous electrode (CE) is a common and
paramount transducer (Hosseini et al., 2014; Zeinali et al., 2017; Bojdi
et al., 2014; Rahmani et al., 2018; Bagheri et al., 2015; Bojdi et al.,
2015). To improve electrochemical sensing capability, a number of CE
activation techniques were designed decades ago, such as mechanical
polishing (Miller et al., 1981; Zak and Kuwana, 1982), chemical treat-
ment (Taylor and Humffray, 1973), O2 plasma (Evans et al., 1977) or
laser treatment (Poon and McCreery, 1986), heating termination (Stutts
et al., 1983; Dan et al., 1985), and electrochemical pretreatment
(Blaedel and Jenkins, 1974; Engstrom and Strasser, 1984). Among
these, electrochemical pretreatment is frequently used because it is
more cost-effective and easier under mild processing conditions. In its
early stages, researchers found that electrochemically activated CEs
have better sensitivity (Hadi et al., 2006), reversibility (Falat and

Cheng, 1982), reproducibility, stability (Wang and Peng, 1986) and
reduced overpotential (Engstrom, 1982) compared with their pre-
cursors. After years of exploration, electrochemical pretreatment has
evolved from an electrode-modification method to an electrode-fabri-
cation technique (McCreery, 2008) and has been successfully used in
electrodes made of various forms of carbon precursors (Santhiago et al.,
2017; Wang et al., 1996; Xiang et al., 2014). The electrochemical ac-
tivation mechanism of CEs has always attracted the attention of the
electrochemical community. From a large amount of experimental
evidence, the mechanism of electrode activation can be summarized as
follows: i) introduction of electrochemically active oxygen-rich groups
such as hydroxyls, carbonyls, carboxyls, epoxyls, and quinoidals on the
electrode surface (Engstrom, 1982; Kepley and Bard, 1988; Cabaniss
et al., 1985; Gunasingham and Fleet, 1982), ii) nanostructure produced
on the electrode surface caused by an electrochemical etching effect
(Cabaniss et al., 1985) or iii) production of defects/edge plane sites
(Wang et al., 1996). Nevertheless, it is still daunting to quantitatively
control the CEs with precisely predictable performance through existing
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interpretations, primarily because the exact chemical nature of the CE
electro-activation is not yet well understood (Santhiago et al., 2015).

In recent decades, carbon nano-materials such as C60, carbon na-
notubes (CNTs), and graphenes have been introduced to produce high-
performance electrochemical sensors (Bai et al., 2017; Chen et al.,
2016; Lee et al., 2016). Graphene materials can be produced directly
from graphites by electrochemical treatment. Anodic activation of CEs
results in the formation of a porous graphite oxide layer (Kepley and
Bard, 1988), and electro-oxidized glassy carbon electrodes (GCEs) ex-
hibit an electrochemical response similar to graphene oxide (GO)
(Santhiago et al., 2015). Moreover, researchers have been trying to use
electricity as a driving force for obtaining scalable GO sheets from
graphite, although most processes require the help of oxidative acids,
alkalis, surfactants, ionic liquids, high voltages, etc. (Pei et al., 2018;
Matsumoto et al., 2015; Li et al., 2008) Inspired by this evidence, we
speculate that the electrochemical activation of CEs may produce GO
and reduced graphene oxide (rGO) on the electrode surface and that
this may be an inherent property of electro-activation.

In the current study, we treated CEs with the typical electrochemical
activation method. The change in the electrode surface was character-
ized both in situ and ex situ. We found the in situ formation of GO and
rGO along with carbonaceous fragments (CFs) after electrochemical
activation. The scheme and major findings are illustrated in Fig. 1.
These findings may fully explain why electrochemical treatment can
dramatically improve the performance of CEs and would stimulate the
development of novel fabrication techniques for electrochemical (bio-)
sensors and even batteries.

2. Materials and methods

All materials, reagents, experimental methods and instrumentations
used throughout this study are described in detail in the Supporting
information.

3. Results and discussion

3.1. Electrochemical treatment results for the production of GO and rGO-
like structures on the surface of the carbon paste electrode

We chose a graphite-based carbon paste electrode (CPE) and carbon
rod electrode (CRE) to verify our hypothesis. As shown in
Supplementary Fig. 1, after electrochemical oxidation by cyclic vol-
tammetry (CV) scanning (0–2.5 V), the CPE had a lustre similar to that
of an oil slick on its surface. By further reducing the CV (−1.5 to 0 V), it
was found that the lustre disappeared. In the comparison groups, the
lustre also appeared on the CPE modified by the chemically prepared
GO (cGO) but not on the CPE modified by chemically prepared reduced
graphene oxide (crGO).

The anodically and cathodically treated CPEs were first character-
ized in situ using scanning electron microscopy (SEM). Prior to elec-
trochemical treatment, the pristine graphite particles were readily ob-
served to be heterogeneously distributed (Fig. 2a). After
electrochemical oxidation, most of the graphite particles disappeared,
and the electrode surface structure was more uniform (Fig. 2b). How-
ever, in the enlarged views, the anodized CPE surface showed a rough
topography. This phenomenon was in good agreement with previous
reports using GCEs, graphitic carbon fibre, and graphite-based SPEs

Fig. 1. Schematic diagram of chemical changes during the electrochemical activation of CEs. The pristine CE typically exhibited very limited electrochemical
performances (such as sensitivity, stability, effective specific surface area, and reversibility). After proper anodization, the performances were significantly improved
due to the in situ generation of graphene oxide sheets and some electrochemically active CFs on the electrode surface. When the electrode was further cathodized, its
properties could be further altered or improved because of the in situ formation of the rGO layer, during which CFs were re-stacked and affected the performance. In
the processes, microstructure changes can also captured as an evidence of surface material conversion.
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(Heiduschka et al., 1994; Cheng et al., 2011; Shuhao et al., 2013),
which can be regarded as an indication of the dissociation of graphite
particles (Lotya et al., 2009). The dramatic changes in surface rough-
ness and the homogeneity of the electrodes were considered to be
caused by the electrochemical etching effect under extreme potentials
(Cheng et al., 2011).

After electrochemical oxidation, the reverse treatment, that is,
electrochemical reduction, was performed by CV scanning (−1.5 to
0 V). A large number of fluffy layered structures were found on the
electrode surface (Fig. 2c), indicating that the surface of the perma-
nently anodized CPE was forced to rearrange by electrochemical re-
duction. A similar layered structure was reported for the crGO sample
(Liu et al., 2011). We then characterized the structures by using
transmission electron microscopy (TEM), atomic force microscopy
(AFM), high-resolution transmission electron microscopy (HRTEM),
Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR),
X-ray photoelectron spectroscopy (XPS), and UV–vis spectroscopy,
which are usually necessary for the characterization of graphene deri-
vatives.

In the TEM characterization, the pristine CPEs were treated by brief
and weak ultrasonication and electrochemical treatment (Fig. 2d). As a
result, the ultrasonic processing promoted the detachment of graphite
particles from the electrode surface but had little effect on their dis-
sociation. In contrast, the electrochemical treatment produced a
monolayer or oligo-layer of material on the CPE surface (Fig. 2 e and f),
suggesting that the electrochemical treatment causes the in situ dis-
sociation of the bulky graphite particle into layered, graphene-like
derivatives.

Based on the aforementioned facts, we assumed that the electro-
chemically produced graphene oxide (eGO) was synthesized in situ on
the CE surface after anodizing and that the eGO was converted to
electrochemically reduced graphene oxide (erGO) in a subsequent

cathodic treatment.
Unexpectedly, when we traced the changes in the electrolyte solu-

tion by TEM, some small laminar structures were also found, which
were not present before anodization and cathodization treatments
(Fig. 2 g-i). They exhibited a distinct difference in the lateral size (on
the order of tens of nanometres) compared with the ultrasonically
stripped products of electrochemically treated CPE (on the order of
microns). This feature made them very similar to the reported CFs with
a graphenic structure and electrocatalytic activity (Rourke et al., 2011;
Gusmão et al., 2016).

3.2. Characterization of the electrochemically treated CPE surface indicates
the production of GO or rGO

We next verified the chemical nature of the electrochemically
treated CPE surfaces, their stripped products, and CF-like structures.
The Raman spectrum of the pristine CPE (Fig. 3) revealed a prominent
G peak (1580 cm−1) and a weak D peak (1323 cm−1), which were
mainly due to the in-plane vibrations of sp2-bonded carbons and in-
trinsic structural defects36, respectively. After electrochemical treat-
ment, the ID/IG ratio, a well-recognized index associated with defect
content (Ambrosi et al., 2014), increased significantly, indicating that
both the anodized CPE and cathodically treated CPE after anodization
(which we denoted as eGO-CPE and erGO-CPE) contain more edge
plane sites/defects on their surfaces. These data were fully consistent
with the SEM characterization results and a previous report
(Thiruppathi et al., 2016). As shown in Fig. 3, the CPE anodized
through 10 CV cycles showed a higher ID/IG ratio than that of the CPE
that only experienced 5 CV cycles, implying that the surface properties
of CEs can be controlled by the degree of electrochemical treatment. In
addition, a 2D band (∼2700 cm−1) was found in all three types of
samples and showed a significant red-shift compared to that found in

Fig. 2. SEM and TEM images of the pristine CPE, anodized CPE, and anodized-cathodized CPE. a-c, SEM images of pristine CPE composed of graphite particles and
paraffin binder (a), CPE treated by electrochemical oxidation (b), and CPE further treated by electrochemical reduction (c). The insets show the magnified SEM views.
d-e, TEM images of the transient ultrasonic stripping products from the samples in a-c, respectively. g-i, TEM images of the electrolyte solutions from the samples in
a-c, respectively.
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the> 10-layer graphite (∼2720 cm−1) (Buzaglo et al., 2016), sug-
gesting that our samples obtained by the electrochemical treatment
consisted mainly of mono- or few-layered graphene structures. The
peak was attenuated after anodization, indicating the formation of
defects during eGO production. However, the peak intensity increased
and showed better symmetry after cathodization, implying recovery of
the sp2-bonded structures and removal of the defect sites (Thiruppathi
et al., 2016; Yu et al., 2016). It was also found that a D + G band
(∼2910 cm−1) was observed only after electrochemical treatment. The
peak can be interpreted as the formation of CF or “nanographene”,
which is an important functional byproduct typically found in chemi-
cally generated graphenes (Gusmão et al., 2016; Thiruppathi et al.,
2016).

To obtain a sufficient amount of nanostructures of small lateral di-
mensions present in the electrolyte, we separated them using a protocol
associated with anodized CREs (Rourke et al., 2011). The TEM char-
acterization results of this product (Supplementary Fig. 2) were in good
agreement with the nanostructures found in the electrolyte solution,
indicating an analogy between the two materials. We used this sample
for the following characterization to investigate whether CFs function
on the electrochemically treated CE surface. Moreover, the Raman
spectral characterization of the purified CFs suggests their graphite
properties (Supplementary Fig. 3).

We then used XPS analysis to obtain detailed information on the
elemental and structural composition of the structures acquired from
the electrochemical treatment. Based on the XPS survey scan results
(Fig. 4a), significant changes between the pristine CPE, eGO-CPE, and
erGO-CPE were concentrated in the C1s and O1s bands. The O1s spectra
(Fig. 4b) showed an increase in oxygen abundance in eGO-CPE and a
decrease in erGO-CPE. The deconvoluted XPS C1s spectra of the pristine
CPE (Fig. 4c) showed a strong C]C peak (284.6 eV) and a C–C peak
(285.2 eV) (Buzaglo et al., 2016; Yang et al., 2015; Parvez et al., 2016).
After electrochemical oxidation, the intensity of the C]C peak de-
creased as the C–C peak increased, indicating an increase in sp3 carbon
and a decrease in sp2 carbon. In addition, significant increases in
carbon-bonded oxygen groups were observed, including the C–OH/
C–O–C peak (286.5 eV) (Buzaglo et al., 2016; Yu et al., 2016) and C]O
peak for carbonyl groups (287.9 eV), which indicates the introduction
of oxygen-containing groups and the formation of eGO (Fig. 4d) (Parvez
et al., 2016). After electrochemical reduction, sp3 carbons were re-
duced, and sp2 carbons were increased, implying the removal of de-
fects/edge plane sites. These oxygen-carbon peaks declined sharply,
indicating the removal of the oxygen-containing groups, as concluded

from the O1s spectra (Fig. 4e). Interestingly, no significant change in
carboxyl groups was detected throughout the electrochemical treat-
ment, in contrast to widely reported synthesis of GO. This may be due to
a low degree of electrochemical oxidation and, on the other hand, the
absence of any strong acid and/or oxidant. The FTIR spectra
(Supplementary Fig. 4 and Supplementary Note 1) also showed similar
changes in the functional groups of CEs before and after electro-
chemical treatment. In addition, UV–vis spectroscopy of the ultrasonic
products from eGO-CPEs showed similar UV–vis spectral behaviour
compared with that of the cGO suspensions shown in Supplementary
Fig. 5 and Supplementary Note 2.

We then used AFM and HRTEM to obtain more data confirming the
chemical properties of the briefly ultrasonically exfoliated nanos-
tructures. The AFM measurements of the ultrasonic stripping products
from eGO-CPE and erGO-CPE (Fig. 4f and g) showed lateral dimensions
similar to the TEM results described above. Moreover, the corre-
sponding height measurements demonstrated that most ultrasonic ex-
foliated products were only approximately 1 nm thick, similar to a
single layer of graphene derivative (Parvez et al., 2016). HRTEM
images of the short ultrasonic stripping products from eGO-CPE and
erGO-CPE (Fig. 4h–i) clearly presented ordered graphitic lattices. The
SAED pattern obtained from the corresponding sample exhibited six
typical reflection spots (inserts in Fig. 4j–k), demonstrating the well-
ordered high crystallinity of single- and few-layer graphene sheets. We
also identified the CF and found that the nanosized structure showed a
lateral dimension and shape similar to what we observed in the elec-
trolyte described above (Fig. 4l). A similar SAED dot matrix shown in
Fig. 4j and k implies its graphenic trait. In addition, nothing was found
in the HRTEM view of the sample from the identically treated CRE
without electrochemical treatment. These data indicate that CFs are
produced during the electrochemical oxidation of CEs. Fig. 4m shows
the optimal structure of the CFs in this study. Theses CFs could be
produced from two main routes. One is from the dissociation of gra-
phite lattice, due to the inherent heterogeneity of the graphite lattice,
some of the infinitesimal graphenic fragments would be exposed to the
external environment in company with the dissociation process. The
other is from the “cutting effect” of electricity, by which graphene
layers could be lacerated into smaller flakes especially under oxidative
electro-processing.

The data presented here clearly support the production of graphene
derivatives from the electrochemically treated CE surface, which could
be a very simple CE functionalization method.

Fig. 3. In situ Raman spectral characteristics of pristine CPE, eGO-CPE, and erGO-CPE. a, CPEs before and after 5 cycles of oxidative CV scanning (0–2.5 V). b, CPEs
before and after 10 cycles of oxidative CV scanning (0–2.5 V).
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3.3. Electrochemically treated CEs exhibit comparable electrochemical
performance to graphene-modified CEs

It is necessary to investigate the electrochemical behaviours of
electro-activated CPEs in both electrochemically inert and active elec-
trolyte environments to thus compare them with their counterparts
modified by chemically prepared graphene derivatives. As shown in
Fig. 5a, the response current of the CPEs was very weak before anodi-
zation but dramatically increased after anodization. Two possibilities
might account for this observation. First, production of GO/rGO and
CFs during the electrochemical treatment led to an increase in the ca-
pacitance of the CE surface, as observed in previous studies (Lotya
et al., 2009; Thiruppathi et al., 2016). The much higher amplified
charging current obtained in our study also supports the notion that the
graphene derivatives produced in situ are ideal super-capacitive mate-
rials (Shao et al., 2015). The significant capacitive effect may also result
from the highly oxygenated CF particles described above, which were

previously reported while studying the electrochemical properties of
CFs collected from cGO sheets (Yang et al., 2013). Second, the dis-
sociation of graphite particles (the etching effect) on the electrode
surface led to an increase in the electrochemically active surface area
(EASA) of the CE, as evidenced by our SEM results. We found that the
difference in the response currents between cGO-CPE and pristine CPE
was very limited (Fig. 5b) because graphene oxide itself was a com-
paratively insulating material (Liu et al., 2010). In contrast, eGO-CPE
exhibited a greatly improved conductivity, which should not be caused
by the in situ production of eGO, but for the etching effect of the ano-
dization that had led to an increase in EASA.

As shown in Supplementary Fig. 6 and Supplementary Note 3, the
electron transfer resistance (Rct) elements of the pristine CPE and its
counterparts were analysed. The results undoubtedly indicate the pro-
duction of eGO and erGO upon eGO-CPE and erGO-CPE and the pre-
sence of the electro-etching effect upon eGO-CPE. For CPE, eGO-CPE,
and erGO-CPE, the EASA values of the electrodes were estimated to be

Fig. 4. XPS (a–e) and atomic-resolution microscopy (f–m) characterization of eGO-CPE, erGO-CPE, and CFs. a, XPS survey scan. b, XPS O1s spectra. c-e, XPS high-
resolution C1s spectra of pristine CPE (c), eGO-CPE (d), and erGO-CPE (e). f-g, AFM images and height measurements of the ultrasonic stripping products from eGO-
CPE (f) and erGO-CPE (g). h-k, HRTEM images (h, i) and corresponding selected area diffraction (SAED) patterns (j, k) of the ultrasonic stripping products from eGO-
CPE (h, j) and erGO-CPE (i, k). l-m, HRTEM images of the base-washed product from eGO-CRE: l) a full view with an SAED pattern and m) a high-resolution view
showing the crystallinity of the particles.

Fig. 5. Electrochemical characterization of the CPEs before and after electrochemical activation. a, CV responses in 0.1M PBS (pH 7.0). The insets present pho-
tographs of the corresponding surface morphology captured by SEM (also please refer to Fig. 2a–c). b, CV responses of the CPEs modified by 0.1 mg/mL cGO
suspension in 0.1M PBS (pH 7.0). c, CV responses of the CPEs in 0.025mM [Fe(CN)6]−3-[Fe(CN)6]−4 solution. d, CV responses of the CPEs in 1.0 mM H2O2 with
0.1M PBS (pH 7.0). e, Bar graphs of sensitivity comparison based on the results from d and e. f, Amperometric responses of the GOx modified CPEs in 0.1M PBS (pH
7.0) with and without 1.0 mM glucose.
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0.073 ± 0.0006 cm2, 0.125 ± 0.0010 cm2, and 0.131 ± 0.0010 cm2,
respectively (Supplementary Fig. 7 and Supplementary Note 4). Com-
pared to the pristine CPE, eGO-CPE and erGO-CPE increased by ∼71%
and ∼79%, respectively, indicating that the electrochemical activation
processes contribute to the EASA of the electrode and that anodization
is the predominant reason. The further increase in current after sub-
sequent cathodization was due to the in situ conversion of eGO to erGO
on the electrode to promote conductivity. As a comparison, we calcu-
lated the EASA values of cGO-CPE, and crGO-CPE to be
0.0137 ± 0.0020 cm2 and 0.169 ± 0.0010 cm2.

Then, we used the commonly used probes to illustrate the electro-
chemical performance of the electro-activated CPE and compare its
performance with that of cGO-CPE and crGO-CPE. CV responses to the
[FeⅡ/Ⅲ(CN)6] probe (Fig. 5c) revealed that the pristine CPE showed
both oxidative and reductive responses prior to any treatment. How-
ever, the electrode was irreversible as the peak potential difference (ΔE)
value was too large (> 500mV). When the electrode was anodized, a
pair of distinct redox peaks appeared, indicating the increases in both
reversibility (ΔE≈ 120mV) and sensitivity. After subsequent cath-
odization, the erGO-CPE exhibited further-increased peak intensity and
acquired a pair of well-defined redox peaks (ΔE≈ 80mV). To verify the
existence of CFs and their roles in the electrochemical performance of
the CEs, we performed CV experiments with CREs. A similarity between
CFs and graphenes in electrochemical activity was observed
(Supplementary Fig. 8). Moreover, CFs were produced during anodi-
zation, which greatly increased the sensitivity of the electro-activated
CE (Supplementary Fig. 9 and Supplementary Note 5). These results
were all in good accordance with the aforementioned analyses. Fur-
thermore, the dramatic changes in the peak shapes of the CV curves of
the tested electrodes imply that the hindrance to electron transfer
changes greatly after the electrochemical treatment. This may be pri-
marily due to the microstructure brought about by the in situ formed
eGO or erGO layer, which would create an ideal microenvironment that
promotes the diffusion of the analyte (Wang et al., 2017). To further
investigate the electrochemical performance of the electro-activated
CE, we analysed the normalized data obtained with the above men-
tioned species, in Supplementary Fig. 11 and Supplementary Note 7.

Finally, we illustrated the applicability of electrochemical activation
in fabricating high-performance electrochemical (bio-)sensors. As
shown in Fig. 5c–d, the response currents of both eGO-CPE and erGO-
CPE to H2O2 and [FeⅡ/Ⅲ(CN)6] were significantly increased compared
to that of the pristine CPE. The response current intensities of eGO-CPE
and erGO-CPE to [FeⅡ/Ⅲ(CN)6] increased by factors of ∼66–247, re-
spectively, and the responses to H2O2 increased by a factor of ∼871
and even as much as three orders of magnitude, respectively, for eGO-
CPE and erGO-CPE (Fig. 5e). It is noteworthy that the signal enhance-
ment abilities of [FeⅡ/Ⅲ(CN)6] and H2O2 were obviously distinct, lar-
gely resulting from the inherent distinction between the two electro-
chemical analytes, namely, [FeⅡ/Ⅲ(CN)6] are negatively charged ions in
a neutral buffer environment, while unconcentrated H2O2 is mainly
present in a near neutral form. Graphene oxides are negatively charged
materials in H2O, which would reduce the accessibility of the [FeⅡ/
Ⅲ(CN)6] ions. However, when the erGO layer was formed in situ after
cathodization, the accessibility was significantly improved. In contrast,
H2O2, a neutral species, was less pronounced in both activated CPE
forms. Moreover, Supplementary Note 6, Supplementary Fig. 10, and
Fig. 5 clearly show the differences and similarities in the responses to
[FeⅡ/Ⅲ(CN)6] and H2O2 between the chemically prepared graphene-
derivative-modified CPEs and their electrochemically activated coun-
terparts. Enzyme electrodes prepared with eGO-CPE and erGO-CPE also
showed comparable or even superior performance to those of cGO-CPE
and crGO-CPE, taking the glucose oxidase (GOx) electrode as an ex-
ample (Fig. 5f and Supplementary Fig. 10d). These phenomena can il-
lustrate the significant difference in chemical properties between the
two forms of electro-activated CPEs, suggesting the great potential for
controllable in situ production of GO or rGO on CEs to achieve precise

manipulation of the electrode surface chemistry.

4. Conclusions

In this study, we proposed that significant improvement in the
performance of the electrochemically activated CEs resulted from the in
situ formation of GO or rGO on the electrode surface. Morphological,
spectral, atomic-resolution microscopy and electrochemical character-
ization of the microstructures produced on CEs during electrochemical
activation confirmed their chemical nature as GO or rGO. Herein, we
summarize the findings as the following points. i) GO was produced in
situ during the anodization of CE, and GO can be further reduced to rGO
after cathodization. ii) The anodization process would result in etching
of the CE surface, which was very helpful in enhancing the electrode
performance. In some cases, this effect could be utilized to remedy the
low conductance of the in situ generated GO layer. iii) Nanosized CFs
were produced on the electrode surface during anodization. Together,
they exerted a significant impact on the electrochemical performance of
CEs. iv) The in situ modified graphene derivative layer, comparing to its
ex situ and chemically modified version, present better electrochemical
sensing performances, largely resulted from the beneficial effects
brought by the electrochemical etching effect involved in the former.

By utilizing the basic principles we have proposed, a general tech-
nology for graphene-functionalized carbon electrodes can be devel-
oped. Mainly due to its high controllability for surface chemistry, this
technology has obvious advantages compared to existing methods, such
as easy fabrication, good homogeneity of modified surfaces, good re-
producibility, sensitivity and stability, weak constraints of electrode
form and size, and cost effectiveness. To achieve this goal, efforts are
still required to illuminate the quantitative relationship between the
basic parameters of GO, rGO, and CFs generated in situ.
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