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We propose an electrochemical route that can prepare few-layered water-dispersible graphene (W-
Gr) <6 atomic layers in thickness and 1-50 pm in lateral size with a remarkably high yield (99%).
Simultaneously, high dispersibility (2.5 mg mL~1) and excellent stability (over 6 months) of the W-Gr
solution were achieved. All these are attributed to the rational design of electrolyte (NaOH + PTA) and
choosing of HOPG as the anode, which ensures enhanced anode oxidation and exfoliation of the large
size graphite precursor. This large size W-Gr was used to obtain surface enhanced Raman scattering
(SERS) for Rhodamine 6G (R6G) (108 M).

© 2018 Elsevier Ltd. All rights reserved.

Graphene dispersions are expected to provide electrically con-
ducting inks particularly suited for flexible electronics and highly
thermally conducting coatings [1]. As a 2D macromolecule, its
physical and chemical properties critically depend on its lateral
size and structural uniformity. The preparation of large size gra-
phene with effective and green dispersion has been a great chal-
lenge. Currently, pristine graphene can hardly disperse in water
and can only be dispersed in high boiling point organic solvents
such as NMP and DMF. However, these organic solvents have the
disadvantages of high toxicity and high price. Grafting specific hy-
drophilic functional groups such as carboxylic, hydroxyl and epoxy
groups [2] on graphene is an essential approach to realize W-Gr.
Electrochemical exfoliation which does not requires any strong
acid and oxidant has emerged as a promising method to produce
high-quality graphene for it is low cost, eco-friendly and highly effi-
cient [3]. Essentially, traditional electrochemical exfoliation in-
volves three stages: intercalation of anions/cations, expansion of
graphite layers and exfoliation. However, the obtained graphene
is generally hydrophobic, thick, and with low oxygen content
(<10 at. %) [4]. So, sonication is required as an auxiliary treatment
to further strip graphene which will inevitably lead to the decrease
of size (5 um [5]). Our previous work [8] demonstrated a novel
strategy for enhancing anodic oxidation through a p-phthalic acid
(PTA) coverage on the electrode (graphite foil) to prepare W-Gr.
However, the action of the sonication results in a small sheet area
of 1.0—~7.0 pm? (about 1-2.5 pm in lateral size). Hence, preparing
W-Gr with high yield, large lateral size and good water dispersibil-
ity is of great significance.

Herein, based on our previous work, we replace graphite foil
with HOPG to realize enhancing anodic oxidation and inhibiting
rapid exfoliation. PTA is rationally selected as electrolyte and plays
a very important role in the electrochemical exfoliation of HOPG.
PTA is a kind of weak acid that needs NaOH to favor its dissolution
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in water. When a DC voltage of +10 V is applied on the anode, PTA
molecules surrounding the anode precipitate out from NaOH due to
the locally reduced pH around the anode (4OH™ — 2H,0-+4e + 0,),
which partially cover the anode surface. The loss of effective anode
area as a consequence of PTA coverage means a smaller current
density indicating the suppression of anode reactions (mainly the
electrolysis of water to generate oxygen bubbles). More impor-
tantly, suppressed anode reactions mean slower bubble generation
and slower stripping process, which would allow prolonged oxida-
tion of the exposed anode surface to obtain enough water dispersi-
bility. Then the free radicals (HO® and O®) generated at anode would
selectively etch the anode edges without PTA coverage. Next, gas
eruption (Oy) exerts large shearing forces on the corroded edges,
leading to sheet exfoliation and gradual anode thinning.

Under the same electrolytic condition, the stripping rate of
HOPG is much lower than that of graphite foil, and it is calculated
to be 0.01429 g/h and 0.04181 g/h, respectively (Fig. S1). This can
be ascribed to that HOPG has a higher density (2.86 g/cm?) than
graphite foil (1.12 g/cm?) (Fig. S2). Without sonication, the present
work acquires huge breakthrough in the preparation of large size
and few-layered W-Gr. The layer can be controlled in 1-3 layers
(78.94%), and size range of 1-50 pm which is up to 10 times of
traditional electrochemical methods. The oxygen content of the
W-Gr is as high as 24.08 at. % with a C/O ratio of 3.15. The yield is
up to 99%, and the concentration is 2.5 mg mL~ ! over 6 months
without obvious aggregation. For fabrication of SERS substrate,
the W-Gr was deposited on the surface of the SiO»/Si substrate
and then soaked in R6G aqueous solutions. After soaking, the sam-
ples were washed with ethyl alcohol and then dried for the SERS
experiment.

Fig. 1a shows a SEM image of W-Gr sheets. It is observed that the
W-Gr sheets have a wide size distribution (1-50 pm) (Fig. 1b,
Fig. S5). In this work, we have acquired ultra -high yield and large
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Fig. 1. (a) SEM image and (b) size distribution histograms of W-Gr sheets (c) comparison of yields and lateral size of graphene using HOPG (black spots) [6,9,10] and graphite foil
(blue spots) [8,11,12] as anodes (d) AFM image and height profiles (e) HRTEM image and (f) layers with the Gaussian fitting curve of W-Gr sheets. (A colour version of this figure can

be viewed online.)

average lateral size, as summarized in Fig. 1c. The typical AFM im-
age (Fig. 1d, Fig. S7) shows the irregular shape of the obtained W-Gr
sheets with the lateral size over 30 pm. The thickness is 1.8 nm and
2.2 nm (Fig. 1d) calculated from the topographic height difference
between the graphene and the substrate, suggesting approximately
2—3 atomic layers in thickness [6]. High-resolution transmission
electron microscopic (HRTEM) images further disclose that the
W-Gr sheets range from a single layer to six layers (Fig. 1e and f),
mainly 2 layers (Fig. S6). Remarkably, more than 78.94% of W-Gr
sheets comprise few-layered graphene (<3 layers) with an average
of 2.3 layers (Fig. 1f). Compared to our previous work [8], this work
replaces graphite foil with HOPG and is no need of sonication. As
can be seen in Fig. S3, the stripping product of HOPG is large size
graphene which indicates that graphene sheets are peeled off layer
by layer. However, products of graphite foil contain both thick
graphite flakes and small size graphene due to its loose structure
and rapid detachment from anode (Fig. S4). And the following 1h
sonication required to reduce the thickness results in smaller lateral
size (average size: 2 um) and still lower yield (87.3%) [8]. Due to
much denser structure of HOPG that allow complete electrochem-
ical exfoliation (require no post-sonication) and adequate oxida-
tion, we acquire much higher yield (99%) and larger size (1-50
um) of W-Gr. Considering the lower stripping rate of HOPG which
indicates the more efficient electrochemical process, the large
lateral size and ultra-high yield can be attributed to the HOPG
which has denser structure and much larger composing graphene
sheets than graphite foil.

Raman spectrum of both W-Gr and HOPG is shown in Fig. 2a.
Compared with HOPG, W-Gr has obvious D peak for a large num-
ber of functional groups are grifted to it. The XRD patterns of
HOPG and W-Gr powder are shown in Fig. 2b. The sharp peak
at 20 =27.0° of the raw HOPG corresponds to the (002) planes
with an interlayer space of 0.33 nm. Whereas for W-Gr, the
intensive peak disappears and is replaced with a broadened
graphite diffraction hump ranging in 15—37°. This indicates the
lack of the long-range order between graphene sheets. The
intense crystalline peak of W-Gr occurs at 20 =10.8°. This is

the characteristic peak of GO with a d spacing of 0.818 nm. It in-
dicates that graphene sheets have been grifted with abundant
oxygen functional groups which can play an essential part in
increasing the layer-spacing.

FTIR spectra (Fig. 2c) shows O-H stretching vibration (3221
cm™ '), C=C skeletal vibration (1620 cm™!), C-OH stretching vi-
bration (1374 cm~') and C-O vibration (1043 cm™~!) which from
another side proved the oxidation process during the anodiza-
tion. The relatively weak peak at 1740 cm~! may correspond
to stretching vibrations of C=0 groups [15]. This result is in
accordance with the XPS spectrum of C 1s (Fig. 2f) of W-Gr,
in which the content of carboxyl/carbonyl groups is relatively
low. TGA and DSC provide further evidence for high oxygen de-
gree of W-Gr (Fig. 2d). As can be seen in TG, the total weight
loss between RT and 700°C is 40%. Between RT and 140°C
mainly H,O (13 wt.%) is released, followed by CO, and CO
(13wt.%) which come from decomposition of oxygen-
containing functional groups in the temperature range of
140—220°C where CO, dominates. A further weight loss of
11 wt.% that originates from CO and CO; occurs between 220
and 475°C where CO dominates. At higher temperatures
(475—700°C) the weight loss is caused by CO formation
(3wt.%) [14]. The DSC data reveals exothermic events occurring
between RT and 700 °C. It reaches a peak at 175 °C as indicated
by the intense exothermic process. And this intense exothermic
process is accompanied by a sharp weight loss which corre-
sponds to the TG sharp decline between 140 and 220 °C. There
is also an obvious decline in TG between 220 and 475 °C but
with no obvious DSC peak. This is because that the exothermic
process is relatively smooth and steady. As is shown in Fig. 2e,
an obvious O 1s peak was detected in the XPS spectrum of W-
Gr. The peaks at 285.0 eV and 533.0 eV are attributed to the C
1s and O 1s peak, respectively. The oxygen content is as high as
24.08 at. % with a C/O ratio of 3.15. In this paper, graphene
aerogel with three-dimensional architecture by freezing drying
the W-Gr dispersions and the corresponding SEM characteriza-
tion were conducted (Fig. S9). This is a convincing evidence for
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Fig. 2. (a) Raman and (b) XRD of both HOPG and W-Gr (c) FT-IR spectrum (d) TGA and DSC spectra (e) XPS survey spectra and (f) XPS C 1s spectrum of W-Gr. (A colour version of this

figure can be viewed online.)

strong interaction force between W-Gr sheets which comes
from high oxygen degree of W-Gr. According to the high-
resolution spectrum of C 1s (Fig. 2f), four different peaks
located at 290.4 eV, 288.8 eV, 286.8 eV and 284.7 eV were
attributed to C=0-0, C=0, C-O (hydroxyl and epoxy) groups
and C=C/C-C bonds, respectively. As expected, the XPS result
confirms the successful grafting of oxygen functional groups
on the obtained W-Gr sheets during the electrochemical
process.

The UV—Vis spectrum of W-Gr presents a strong peak at 264 nm
(m-m* transition of the conjugation domains) and a weak peak at
310 nm (n-w* transition of the carbonyl groups) (Fig. 3a). Distinct
Tyndall effect is observed in W-Gr aqueous solution (the inset).
This reveals the excellent dispersibility and stability of W-Gr in
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water. The high Zeta potential of —43.5 mV (Fig. 3b) can also explain
the stabilization of W-Gr aqueous solution. The whole characteriza-
tion above confirms that stable few-layered W-Gr was realized
through this electrochemical approach with a lateral size of several
tens of micrometers.

The W-Gr of large size (1-50 um) is exceptionally suitable for
the practical use as SERS substrate [7]. For comparison, we prepared
R6G-soaked GO and R6G-soaked W-Gr and obtained a Raman spec-
trum on them (Fig. 4a). For GO, only D peak and G peak are
observed, no R6G characteristic peaks at all. On the contrast, there
are distinct R6G characteristic peaks in the W-Gr Raman spectrum,
and this is vital for identification of molecules. Obviously, the W-Gr
studied here is a much better SERS substrate.

Fig. 4b shows a series of Raman spectra of R6G on the surface of
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Fig. 3. (a) UV—Vis spectrum of W-Gr aqueous solution and the inset shows the Tyndall Effect (b) Zeta potential of W-Gr dispersion. (A colour version of this figure can be viewed

online.)
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Fig. 4. (a) Raman spectrum of R6G on W-Gr (red line) compared with that on GO (black line). 10~® M R6G aqueous solution was used to load the fluorescent molecule on both W-Gr
and GO. (b) Raman spectra of R6G on the W-Gr. A series of soaking concentrations: 10-6 M (blue line), 10~7 M (black line), and 108 M (red line). The inset corresponds to 108

MR6G on W-Gr. (A colour version of this figure can be viewed online.)

W-Gr, which can be identified definitely by the main peaks of the
vibration modes at 613, 775, 1189, 1310, 1509 and 1648 cm .. The
signals were found to monotonically diminish with the decreased
concentration. It shows that the Raman signals can still be clearly
detected even at a very low concentration of R6G (10~ M). This
low detection level is comparable to that of CVD N-doped graphene
[13]. It should be stressed that R6G is a dye molecule with an inten-
sive fluorescence background and is difficult to detect through con-
ventional Raman at such low concentrations. However, the
vibration fingerprints of R6G can be clearly observed on W-Gr
despite the low soaking concentration. As is shown in Fig. S8, the
Raman signals of R6G on W-Gr are found to decrease with the
increasing number of W-Gr layers. The simple and low-cost electro-
chemical stripping process makes W-Gr easy to realize industrial
production.

As for the mechanism of SERS, the results mentioned above indi-
cate that the difference in the Raman enhancement should be
attributed to the intrinsic nature of the substrate and its interaction
with the probe molecule. According to the high-resolution spec-
trum of C 1s (Fig. 2f), three oxygen-containing groups C=0-0,
C=0 and C-0O groups are favorable for the Raman enhancement. It
is understandable because the related oxygen-containing groups
possess a strong local dipole moment that can induce a consider-
able local electric field under the laser excitation [7]. Such an
enhanced electric field could naturally result in the enhancement
of the Raman signals.

In conclusion, the problem of thick layer caused by fast tradi-
tional electrochemical stripping is solved through enhanced slow
anodic oxidation and inhibited rapid incomplete exfoliation.
Without sonication, the layer can be controlled in 1-3 layers
(78.94%), and size range of 1-50 um which is up to 10 times of
traditional electrochemical method. The oxygen content is as
high as 24.08 at. % with a C/O ratio of 3.15. The yield is 99%,
and the concentration is 2.5 mg mL~ . This large size W-Gr
can be used to obtain surface enhanced Raman scattering for
R6G (1078 M).
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