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Coordinating capillary infiltration with anodic
oxidation: a multi-functional strategy for
electrochemical fabrication of graphenet

Pu Duan,}2" Siwei Yang,1?* Peng He,*2¢ Penglei Zhang,?* Xiaoming Xie®©
and Gugiao Ding { *a¢

Electrochemical exfoliation of graphite stands out as a promising alternative to the existing methods for
scalable graphene fabrication. However, factors governing the electrochemical process and the
underlying mechanism are complex and how to effectively control the exfoliation process is far from
completely clear despite many attempts in previous works. Herein, for the first time, capillary infiltration,
anodic oxidation and their dependence on temperature were found to be critical in determining the
electrolyte infiltration and the anodic oxidation process. On this basis, we achieved tuning of sheet
dimensions (both thickness and lateral size) and surface chemistry of graphene by facilely controlling the
(5-95 °Q).
dispersibility and large size can be selectively fabricated in the same electrolyte system at different

temperature Four kinds of graphene materials featuring small size, porosity, water
temperatures. Especially, low-temperature exfoliation results in high yields (99.5%) of small-sized
graphene, which is a new breakthrough for electrochemical methods. The finding and associated
mechanism of temperature’'s influence on both capillary infiltration and anodic oxidation not only
deepen our understanding of the electrochemical exfoliation, but also make electrochemistry a versatile
technique for graphene fabrication.

Introduction

Graphene is a unique 2D carbon exhibiting excellence in
mechanical properties,® optical transmittance,” thermal and
electronic transport abilities.® Scalable and low-cost production
of graphene is a pressing requirement to realize its large-scale
applications and commercialization.*® Various methods such
as mechanical exfoliation,® chemical vapor deposition (CVD),”
oxidative exfoliation® and liquid exfoliation® have been devel-
oped to prepare graphene. Nevertheless, these methods still
face challenges in increasing the cost-effectiveness and/or
environment acceptance though some of them have been
scaled up. For instance, CVD can grow high-quality graphene in
film form but suffers from complex process at high temperature
and high costs.' Oxidative exfoliation like the Hummer's
method can yield graphene oxide (GO) in large quantity with
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low costs. However, the oxidation process is generally accom-
panied by high pollution risk and results in hard-to-repair
structural defects in the products.™

In recent years, electrochemical exfoliation has attracted
great attentions due to its safety, environmental friendliness
and cost-effectiveness.””™** In this method, graphite often serves
as the electrode(s) and exfoliated under an electric potential in
a specific electrolyte. The whole exfoliation are considered to
mainly include intercalation of the charged species and
bubbling expansion of the graphite electrode(s). Besides, the
graphite precursor may also participate in some electro-
chemical reactions as reactant, which changes the surface
chemistry of the products.” Many factors that may affect these
processes have been investigated in an attempt to make clear
the underlying mechanism and better tune the parameters of
the resulting graphene. Among these factors, the applied
potential and electrolyte are the most studied and also the most
effective factors to control the crystalline quality of the prod-
ucts.'®'” For example, graphene materials produced by negative
potentials generally possess better quality than that by positive
potentials due to the anodic oxidation under positive poten-
tials.”® Electrolytes including chemicals such as (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO) and hydrogen peroxide
(H,0,) are necessary for high-quality graphene fabrication
under positive potentials that because these chemicals can
capture the in situ generated free radicals and inhibit the anodic

This journal is © The Royal Society of Chemistry 2020
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oxidation reactions.”*® To the contrary, intercalation in
concentrated sulfuric acid and then exfoliation in aqueous
sulfuric acid solution enable preparation of defective GO."
Despite of these progress, the existing understandings are far
from enough to make electrochemical exfoliation a powerful
technique for graphene preparation in terms of the efficiency,
lateral size, quality and the properties. For instance, electro-
chemically derived graphene sheets generally have wide size
distributions spanning sub-micron to several microns and
moderate yields in the 7-75% range.">*' Better controllability is
necessary to develop more desirable electrochemical methods.
The difficulty lies in fully considering the interacting processes
involved in the electrochemical exfoliation and all possible
factors influencing these processes.

Herein, for the first time, we demonstrated temperature as
a critical factor determining the dimensions (lateral size and
thickness) and structural defects (porosity and surface chem-
istry) of the electrochemically derived graphene. Temperature
variations were found to affect not only the anodic oxidation
process but also the electrolyte infiltration of graphite surface,
a physical process that is important for the intercalation but
never reported before. Intercalation and bubble exfoliation
should be based on the surface infiltration of graphite particles
by the electrolyte. In other words, the electrolyte must reach the
graphite surfaces and edges prior to the intercalation and
subsequent exfoliation. Capillary infiltration supplied power for
surface infiltration.**** In the range of 5-95 °C, low temperature
was revealed to favor the capillary infiltration by electrolyte due
to the temperature-sensitive surface tension of the electrolyte.
Whereas high temperature was confirmed to deepen the anodic
oxidation due to the changes in thermodynamic parameters of
the radical involved reactions. Based on this mechanism,
dimensions and structure defects of the graphene can be
controlled by facile temperature modulation. Four kinds of
products including small-sized graphene, porous graphene,
water-dispersible graphene and large-sized graphene are selec-
tively fabricated in one electrolyte system, enabling electro-
chemistry a multi-functional strategy for graphene preparation.

Experimental section
Chemical and materials

Graphite foil was purchased from Qingdao Huatai Graphite Co.,
Ltd. (Qingdao, China). Ammonium sulfate ((NH,),SO,,
=98.5%), ammonia solution (NH;-H,0, 28.0-30.0%), (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPO, 98%) and calcium
hydroxide (Ca(OH),, =95.0%) were purchased from Aladdin
Co., Ltd. (Shanghai, China). All chemicals were used as received
without further purification. The deionized water (DI water,
resistivity ~18.2 MQ cm at 25 °C) used throughout all experi-
ments was made by the Millipore Water Purification System.

Electrochemical fabrication of graphene

Graphite foil (10 x 40 x 1 mm) and Pt foil (10 x 40 x 0.1 mm)
were used as the working electrode and counter electrode in the
electrochemical system. The electrolyte was prepared by
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dissolving 1.32 g (NH,4),SO, and 3.3 mL NH;-H,0 (28-30%) in
100 mL deionized water. The distance between the graphite and
the Pt electrode remained ~2 cm throughout the electro-
chemical process. Electrochemical exfoliation was carried out
by applying a positive voltage (+10 V) on the graphite electrode.
After complete exfoliation, the products obtained at different
temperatures (5, 15, 25, 35, 45, 55, 65, 75, 85 and 95 °C) were
collected by vacuum filtration and repeatedly washed by
deionized water and complete desiccation to get the powder.
Finally, the powder was bath-sonicated into DMF or DI water to
get dispersion for further characterization.
The yield of graphene is calculated as shown in eqn (1):

Yield = Mgraphcne/Mprecursor (1)

where Mpoquce and Mprecursor are the mass of collected product
and exfoliated graphite, respectively.

Characterization

Transmission electron microscopy (TEM, Hitachi Tokyo Japan)
with an accelerating voltage of 80 kV was used to measure the
thickness of products. Scanning electron microscopy (SEM,
TESCAN MIRA3) was used to image the morphology of samples.
Raman spectroscopy techniques with an excitation laser of
532 nm and a laser spot size of 1 um was conducted by Rise,
WITec, Germany. The laser power on the sample was kept lower
than 1 mW to avoid damage and heat induced effects in Raman
spectroscopy analyses. Atomic force microscopy (AFM, Oxford
Instruments, Cypher S) was carried out under ambient condi-
tion. X-ray photoelectron spectroscopy (XPS) was conducted by
SPECS Surface Nano Analysis GmbH, Germany. Malvern Zeta-
sizer Nano-ZS90 was used to measure the zeta potential of
graphene dispersion. Two laser beams at 780 nm were irradi-
ated to measure the electrophoretic mobility of graphene
particles using the principles of dynamic light scattering. The
Zetasizer analyzer calculates the value of the zeta potential from
electrophoretic mobility using the Smoluchowski equation: £ =
unle, where £ is the zeta potential, u is the electrophoretic
mobility, 7 is the viscosity of the solution, and ¢ is the dielectric
constant of the solvent. Force tensiometer (Sigma 700 tensi-
ometer) is used to determine the surface tension of electrolyte at
different temperatures. The conductance of the films was
characterized by four point probe method using MCP-T370.
Measurements were taken in five different spots of the same
sample, and the conductivity was averaged.

Result and discussion

Capillary infiltration of the anode and its dependence on
temperature

As shown in Fig. 1a, graphite foil and Pt foil were respectively
employed as anode and cathode (with a distance of 2 cm).
Specially, the mixed aqueous solution of (NH,4),SO, (0.1 M) and
NH;-H,0 (0.5 M) was employed as electrolyte. Aqueous solution
of (NH,),S0, is a commonly used electrolyte to electrochemi-
cally intercalate and exfoliate the graphite under positive
potentials.'? Specifically, SO,>~ possesses a similar dimension
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Fig. 1 (a) Schematic diagram for electrochemical exfoliation of
graphite. Photographs show the cross section and surface
morphology of graphite foil (b) before electrochemical treatment and
(c) after 45 min electrochemical exfoliation and the schematic diagram
of infiltrated electrode. SEM images of surface (d) and cross section (e)
of the original graphite foil, respectively. SEM images of surface (f) and
cross section (g) of the graphite foil after 45 min electrochemical
treatment, respectively.

(0.46 nm) to the interlayer spacing of graphite (0.34 nm) and
thus tends to intercalate into the gallery of graphite. Moreover,
SO4>” can be reduced to produce SO, in the interlayers of
graphite gas under a relatively low reduction potential (+0.20 V),
leading to high exfoliation efficiency compared with other
anions.” However, the electrochemical exfoliation in pure
(NH,4),SO, solution is too fast (generally several seconds) to be
well controlled. Therefore, we chose (NH,4),SO,4 but introduced
NH;-H,0 to slow down the electrochemical process, which we
think may help to probe the mechanism and increase the
controllability. Comparative studies show that the electro-
chemical exfoliation time was elongated from 99 min in
aqueous solution of (NH,),SO, to 190 min in the mixed aqueous
electrolyte of (NH,),SO, and NH;-H,O (Fig. S17). After 45 min of
bias voltage application (+10 V) at 25 °C, obvious expansion took
place on the graphite foil at both bottom and edge areas (Fig. 1b
and c). In addition to volume change, the expansion area shows
deeper color than the unexpanded area and obvious electrolyte
infiltration of the graphite foil. The color difference can be used
to quantify the infiltration. As labeled in Fig. 1c the character-
istic size of the totally infiltrated bottom was defined as infil-
tration depth (H) and the total size of anode under liquid level
was defined as effective exfoliation length (Z). It can be observed
that the bottom area undergone faster infiltration (larger H) and
expansion than the edge areas.

Interestingly, the infiltration and expansion were also
observed above the liquid level (Fig. 1c). This finding indicates
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the presence of capillary infiltration and good wettability of the
electrolyte to graphite at room temperature. Further structure
characterization and experiments suggested that capillary force
drives the electrolyte infiltration. Typical SEM images (Fig. 1d
and e) revealed that the starting electrode has a smooth surface
(Fig. 1d) and a relatively dense cross section (Fig. le). This
microstructure explains the facts that the graphite foil does not
show any infiltration when immersed in the electrolyte. After
45 min of electrochemical treatment, a porous network was
clearly identified (Fig. 1f) on the surface of the infiltrated area.
Simultaneously, numerous pores of approximately 50-100 um
in size appeared on the cross section. This structure evolution
can be ascribed to the continuous gas evolution during elec-
trochemical treatment.'>** Considering the size distribution of
the in situ formed pores, we think the electrolyte infiltration of
the graphite anode is induced mainly by capillary force.® This
induction can be confirmed by freeze-drying the infiltrated anodes
and then probe their behavior when re-submerged in electrolyte.
Results (Fig. S21) shows that the freeze-dried anode restored to the
infiltration state before drying when only the anode tip was
allowed to contact the electrolyte solution surface. So capillary
force should be responsible for the infiltration of the anode during
electrochemical exfoliation since the anode undergone neglectable
structure change during freeze-drying.

The capillary infiltration process (reflected by H-¢ curve in
Fig. 2a) is closely related to the exfoliation process (reflected by
L-t curve in Fig. 2a and I-t curve in Fig. 2b) during the elec-
trochemical treatment at 25 °C. In the first 45 min, the almost
unchanged L value indicate a very slow exfoliation at the
beginning (Fig. S31), which is consistent with the observation.
Whereas I and H show evident increase in this period. This
suggest a process dominated by gradual increase of contact area
between graphite and electrolyte (the effective electrolysis area)
as a results of the electrolyte infiltration into the anode. Only
after the pre-infiltration process, the exfoliation started in the
infiltrated bottom area. In the next 150 min, lots of products
were observed to detach from the anode bottom (Fig. S37),
leading to the gradual decrease of L to 0 mm. Consequently, I
decreased gradually over time with the similar trend of change
to L. During this period, however, H undergone a long fluctua-
tion period around 4.30 mm before the rapid decrease to 0 mm.
This indicated the limit of the capillary infiltration subjected by
the surface tension of electrolyte and a maximum of H remain
about 4.3 mm during the electrochemical exfoliation. There
must be a dynamic equilibrium between the infiltration and
exfoliation: when L reduced as a result of detached products
from the anode, the electrolyte would infiltrated forward and
reached the limit again (about 4.30 mm). We defined H in the
dynamic equilibrium as the equilibrium infiltration depth
(denoted by Hequa, Fig. 2a). During this dynamic equilibrium,
the bottom area below the H.qu, level of graphite anode was
infiltrated completely by the electrolyte and exfoliation was
found to take place mainly in this area. So, larger Hequa corre-
sponded to better electrolyte infiltration state and potentially
better exfoliation of the graphite anode.

Previous reports demonstrated that the electrochemical
exfoliation starting by intercalation of charged species into

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Typical change of L (black curve) and H (red curve) of graphite foil and corresponding current—time curve (b) during the electro-

chemical treatment with 10 V at 25 °C. (c) Schematic diagram for the dynamic equilibrium process of graphite foil during the preparation at 25°C
and 10 V. (d) The Heuga as a function of exfoliation voltage at 25 °C. (e) Experimental values of Heuqa and the surface tension (y) of electrolyte at
different temperature. (f) Photograph of graphite foils when the infiltration reached dynamic equilibrium at different temperature.

graphite interlayers upon the application of electric poten-
tials.”»** Then, the intercalants were electrochemically oxidized
and produce gaseous species such as CO,, CO and O, with
bubble evolution.””** Finally, these bubbles expand and exert
large force in graphite galleries, separating weakly bonded gra-
phene layers from one another.” However, a fact neglected by
previous reports is that intercalation and bubble exfoliation should
be based on the surface infiltration of graphite particles by the
electrolyte. In other words, the electrolyte must reach the graphite
surfaces and edges prior to the intercalation and subsequent
exfoliation. It is not difficult to understand that good infiltration of
the electrode would promote the electrochemical exfoliation. In
most cases and our study, the graphite electrodes are composed of
densely and randomly stacked graphite flakes. So, good infiltration
of every flakes before electrochemical exfoliation is expected to
increase the yield of graphene. We think that the electrolyte infil-
tration is a neglected process should be given priority when further
optimizing the electrochemical exfoliation. To confirm this, it is
critical to control the capillary infiltration process.

Theoretically, the infiltration capability of liquids driven by
capillary force is determined by the capillary structure and

surface tension. This can be described by equation
2y cos 0 . .
Hequa = 77, where the capillary structure is represented
p.

by the capillary tube size (r) and Heyqa reflexes the infiltration
capability. For a porous structure, r is the effective pore radius, y
is the surface tension of electrolyte, # is the contact angle
between graphite and electrolyte, p is the density of electrolyte
and g refers to the acceleration of gravity.*>*' The capillary
structure is in situ formed during the electrochemical treatment
as discussed above. So, surface tension would be a variable with
better controllability than the capillary structure to modulate

This journal is © The Royal Society of Chemistry 2020

the infiltration capability in this case.’** In an electrochemical
system, the surface tension of the electrolyte can be altered by
the voltages applied on the electrodes, which is known as the
electric capillary effect.**** However, we found that Hc,q. at
different voltages shows no obvious change (Fig. 2d) below 20 V
at 25 °C. The Heyqa Was 4.14, 4.32, 4.31,4.26 and 4.40 mm at 5, 7,
10, 15 and 20 V, respectively. This may be ascribed to the much
higher biases than the electrode potential because electric
capillary effect are reported to take place generally in the bias
range around the electrode potential. Then we turned to
temperature, another parameter that may change the surface
tension. As shown in Fig. 2e and f, both surface tension and
Heyqa show significant negative correlation with temperature in
the 5-95 °C range. The Heyqa values at 5, 15, 25, 35, 45, 55, 65,
75, 85 and 95 °C were 4.67, 4.54, 4.30, 4.15, 3.97, 3.46, 2.91, 2.31,
1.37 and 0.27 mm, respectively. This confirmed that Heyqa was
strongly related to temperature. Temperature as a factor to
affect the resulting products of electrochemical exfoliation is
also expected through capillary infiltration modulation.

Anodic oxidation and its dependence on temperature

Graphite as the anode tends to be electrochemically oxidized
and change the surface chemistry of the products by partici-
pating the anodic oxidation reactions. No previous work re-
ported the influence of temperature on anodic oxidation. But it
should be considered when temperature is used to modulate
the intercalation and exfoliation processes. Combustion
elemental analysis (Fig. 3a) was conducted to analyze the oxygen
content of products prepared at different temperatures. The
oxygen content of products increased as the temperature raised
from 5 to 65 °C but decreased rapidly as the temperature raised

RSC Adv, 2020, 10, 43324-43333 | 43327
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(a) Oxygen content of the obtained products at different temperature. (b) C 1s spectrum of the obtained products at 65 °C. (c) Constitute

of oxygen-containing functional groups (O-C=0, C=0, C-0) of the obtained products at different temperature (5, 35, 65 and 95 °C). (d) The
mass change of CO, during the electrochemical exfoliation process at different temperature (5, 35, 65 and 95 °C). Inset: schematic diagram of
the gas collecting system. Raman spectra (e) and Ip/Is (f) of the products obtained at different temperature. (g) The generation rate of CO, during
electrochemical exfoliation without (black curve) and with TEMPO (red curve) addition. The temperature and voltage are 95 °C and 10 V,
respectively. (h) The A,G,, of anodic oxidation reactions under different temperature.

from 65 to 95 °C. Fig. 3b shows the typical high-resolution C 1s
spectrum of product obtained at 65 °C. The XPS spectra were
calibrated to the position of the C-C peaks of 284.5 £ 0.2 eV.
The four peaks at 290.4 eV, 288.8 €V, 286.8 €V and 284.7 eV can
be assigned to O-C=0, C=0, C-O groups and C=C/C-C bond,
respectively.** The deconvolution analysis of the C 1s XPS
spectra revealed that the content of C-O group barely changed
(75.8 at% =+ 0.7 at%) when the temperature raised (Fig. 3¢) from
5t0 95 °C (Fig. S471). However, obvious content change from 17.8
at% to 23.5 at% for C=0 and from 5.5 at% to 1.1 at% for
O-C=0 was detected (Fig. 3c). Importantly, the content of
O-C=0 group decreased tardily from 5.5 at% to 4.0 at% when
the temperature raised from 5 to 65 °C but decreased evidently
from 4.0 at% to 1.1 at% when the temperature raised from 65 to
95 °C (Fig. 3c¢). This indicated more significant oxidation at
elevated temperature range (between 65 and 95 °C).

43328 | RSC Adv, 2020, 10, 43324-43333

In addition to the oxygen-containing functional groups, CO,
is also a product of the anodic oxidation that should not be
neglected especially in deep oxidation of graphite.”> The
amount of CO, can be measured by collecting the released gas
with Ca(OH), solution and weighing the mass change (Fig. 3d
inset). As shown in Fig. 3d, higher temperatures lead to a larger
production rates of CO,, which indicated fast and deep oxidation
process of graphite into CO, at high temperatures.*~** Combining
the XPS results, it can be induced that more oxygen-containing
functional groups were further oxidized to CO, at high tempera-
ture, causing the decreasing oxygen content of products at high
temperature. The above results also suggest that the products of
anodic oxidation are dominated by oxygen-containing functional
groups in 5-65 °C range and by CO, in 65-95 °C range.

Raman data gave the similar results. Peaks centering at
1580 cm ™' and 1350 cm ™' in Raman spectra of graphene can be

This journal is © The Royal Society of Chemistry 2020
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assigned to the G and D bands, respectively. The G band
corresponds to the vibration of sp> bonded carbon atoms in
a two-dimensional hexagonal lattice, whereas the D band is
resulted either from the vibration of carbon atoms with dangling
bonds in crystal lattice plane terminations of disordered graphite,
or from the defects in graphene sheets.*™** The relative peak
intensity of D band to G band, Iy/Ig, is considered as a crucial
index of the defect concentration on the graphene. In our study,
the I/l values of the products were 0.21, 0.48, 0.71, 0.94, 1.13,
1.46, 1.40, 0.64, 0.55 and 0.51 when the reaction temperatures were
5,15, 25, 35,45, 55, 65, 75, 85 and 95 °C, respectively (Fig. 3e and f).
The obvious decrease of Ip/I; at temperature higher than 65 °C
revealed the decrease of structure defect, which can be ascribed to
the further oxidation of oxygen-containing functional groups (C-O,
C=0, O-C=0) into CO, at high temperatures.
Thermodynamics of the oxidation reactions was analyzed to
explain the influence of temperature. In dilute or moderately
concentrated salt aqueous solutions, water splitting takes place
at potentials around 1.23 V and generates mainly oxygen gas at
the anode. Nevertheless, the high anodic over potential (e.g., 10
V) discharges water into active intermediates including hydroxyl
radicals ("OH) at the anode following the reaction below.'*'***

H,O0 - H " +e¢ + ‘OH

To confirm this, we introduced (2,2,6,6-tetramethylpiperidin-1-
ylJoxyl (TEMPO) as a free radical trapping agent to suppress the
formation of ‘OH in the electrolyte solution. The mass of CO,
decreased obviously by almost 7 times with the presence of TEMPO
(Fig. 3e). The results illustrated the “OH was the main oxidant in
the electrochemical process. The pathway that ‘OH oxidize the
graphite electrode into oxygen-containing functional groups and
further into CO, can be described by reaction (2)-(5).***>

C+'OH — C-OH (2)
C-OH + 'OH - C=0 + H,0 3)
C=0 + 'OH — HO-C=0 (4)
HO-C=0 + 'OH — CO, + H,O (5)

The Gibbs free energy (A,Gn,) of reaction (2)-(5) at different
temperatures was calculated (Fig. 3f). Above 71.6 °C, reaction (5)
is more thermodynamically favorable than reaction (2)-(4), due
to its large negative change of the Gibbs free energy.*® Thus,
oxygen-containing functional groups were more likely to be
further oxidized into CO, at this temperature range. This well
explained the dramatical decrease of oxygen content when the
temperature raised from 65 to 95 °C.

Temperature enabling fabrication of different graphene
materials by coordinating capillary infiltration with anodic
oxidation

As discussed above, temperature change simultaneously affect
two process, namely the capillary infiltration of electrolyte and

This journal is © The Royal Society of Chemistry 2020
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the anodic oxidation of graphite. The latter leads to the change
of surface chemistry. However, the influence of the
temperature-sensitive capillary infiltration is not clear.
Considering the significance of infiltration for exfoliation,
parameters of the product including lateral size and thickness
as well as the yield are possibly to be affected by temperature.

Typical SEM images (Fig. 4a-d) present the lateral sizes of
the different products prepared at different temperatures. The
average lateral sizes increased from 1.01 & 0.15 to 5.79 £ 0.25 as
the temperature raised from 5 to 95 °C (Fig. 4e, f and S57).
Similarly, TEM data (Fig. S6 and S7t) from more than 50 sheets
shows that the thickness of the products increased monoto-
nously from 3.5 + 0.2 to 8.2 &+ 0.3 as the temperature increase
from 5 to 95 °C (Fig. 4g and h). Remarkably, at 5 °C, more than
75% sheets in the products were not thicker than 3 atomic
layers. At 35, 65 and 95 °C, the thickness distributed mainly in
4-6 layers (53%), 5-7 layers (48%) and 9-12 layers (51%),
respectively. The typical AFM images (Fig. S9t1) shows the
irregular shape of the graphene sheets obtained at different
temperature, which is consistent with TEM results. Further,
Gaussian fitting curves (Fig. S10t) suggested smaller FWHM
value and more uniform thickness distribution of graphene
sheets at 5 °C.

These results indicate that graphene with smaller lateral size
and lower thickness can be obtained at lower temperature.
However, previous reports demonstrated that strong anodic
oxidation at high temperature favor small size and low thick-
ness.” The obvious contradictions suggested that the capillary
infiltration plays an important role at low temperature in
decreasing the lateral size and thickness of graphene. As dis-
cussed above, large surface tension of electrolyte enabled good
infiltration of the electrode to promote the intercalation of
anions into graphite layers. Therefore, more adequate interca-
lation and exfoliation would result in low thickness and small
lateral size after subsequent ultrasonication. In contrast, poor
infiltration at high temperature as indicated by the H.qu, causes
inadequate intercalation and exfoliation of the graphitic parti-
cles. Thus, the products prepared at higher temperature possess
larger lateral size and higher thickness.

Results in Fig. 3 and 4 jointly demonstrated that tuning
surface chemistry and sheet dimension (thickness and lateral
size) can be achieved via capillary infiltration, anodic oxidation
and their dependence on temperature. Therefore, graphene
with specific characters can be obtained in the proposed elec-
trolyte system at different temperatures.

At 5 °C, small-sized graphene (average lateral size: 1.01 um)
can be prepared with remarkably high yields (99.5%) compared
with previously reported works (Fig. 5a). Small-sized graphene
is preferred by most printing techniques because of the possible
nozzle block by large graphene.*® It should be noted that the
electrochemically derived graphene sheets generally have wide
size distributions (1.5-50 pm) and moderate yields in the 7-75%
range (Fig. 5a).

At 35 °C, porous graphene was prepared with yields of about
69.5%. Graphene with a porous structure is useful due to its
open ions channels at nano scale on the basal planes and edge
activity.*® High-resolution TEM (HRTEM) image shows many

RSC Adv, 2020, 10, 43324-43333 | 43329
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(a—d) SEM images of graphene with different lateral size. The graphene was prepared at (a) 5 °C, (b) 35 °C, (c) 65 °C and (d) 95 °C,

respectively. The inset is the typical TEM images of graphene prepared at different temperature. (e) Lateral size histogram of graphene prepared
at 5, 35, 65 and 95 °C. (f) Average lateral size change of graphene under different temperature. (g) Number of layers histogram of graphene
prepared at 5, 35, 65 and 95 °C. (h) Average number of layers change of graphene under different temperature.

pores penetrated through the thicknesses of the graphene layers
with diameters ranging from 5 to 60 nm (Fig. 5b inset). Statistic
data from HRTEM images (Fig. S117) of porous graphene sheets
indicated that the pores have an average diameter of 24.7 nm
with a pore density*® of 10.6 um ™2 (Fig. 5b). The generation of
pores can be ascribed to the anodic oxidation. The strong
oxidative "OH radicals attack the carbon atoms of the graphene
layers to form COy, thereby leaving pores on the surface of
graphene.®* Pores can also be observed in the graphene ob-
tained at 65 °C (Fig. S12t) but with a much lower density (3.1
um™?). The increased thickness as temperature increased
should be responsible for the decrease of the penetrated pores
because we found many unpenetrated pores on the sheet
prepared at 65 °C.

Besides, we realized successful fabrication of water-
dispersible graphene (W-Gr) with 28.3% yields at 65 °C.
Dispersion of W-Gr with a concentration of ~0.78 g L' main-
tained stable for up to 3 weeks without apparent agglomeration
(Fig. S131). Distinct Tyndall effect (Fig. 5c inset) intuitively

43330 | RSC Adv, 2020, 10, 43324-43333

showed that the laser can clearly pass through above W-Gr
aqueous solution, indicating the uniform dispersing state of
W-Gr in water. Dispersing of graphene in water with good
stability is desirable in numerous fields due to its good proc-
essability, acceptable electric conductivity and environmental
friendly usages.® A high zeta potential of —40.8 mV (Fig. 5c)
reveals the origin of this stability from the repulsive interactions
of negatively charged surface. So the stability can be ascribed to
the grafted oxygen-containing groups, which tend to ionize in
aqueous system to produce negatively charged surface.*” As
shown in Fig. S14,} the WCA (water contact angle) of graphene
film obtained at 5, 35, 65, 95 °C were 67.2°, 59.8°, 58.8°, 74.2°. At
65 °C, the WCA of graphene was lower than other temperatures,
indicating the better hydrophilicity than others. This results
agrees well with the results that graphene prepared at 65 °C has
the best dispersibility in water. Surface oxygen-containing
groups provide polar centers to attract water molecules and
enhance the surface hydrophilicity, thus lowering the WCA
values.* Simultaneously, oxygen-containing group on graphene

This journal is © The Royal Society of Chemistry 2020
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surface provides the electrostatic repulsions required to stabi-
lize the graphene colloidal dispersions in water. Our results
have demonstrated that the oxygen content of graphene
prepared at 65 °C was higher than that of graphene obtained at
other temperatures. So, it is not strange to obtain graphene with
good water dispersibility at 65 °C. Moreover, large-sized gra-
phene (5.79 um on average) with low oxygen-content (~2.36
at%) was prepared at 95 °C. However, the yields were only about
11.5%, highlighting the importance of adequate infiltration for
deep exfoliation.

Fig. 5d summarized the graphene related materials prepared
at different temperatures. We also evaluated the processability
and electrical conductivity of these products. Free-standing
graphene films can be assembled from all the four kinds of
graphene materials by vacuum filtration and subsequent
drying. Fig. S15f shows that the electrical conductivities of
these graphene films are 3.2 x 10%, 2.5 x 10%, 1.4 x 10* and 2.7
x 10* S m~* when the preparation temperature were 5, 35, 65
and 95 °C, respectively. But for graphene with perfect structure,
the electrical conductivity decreases as the thickness of gra-
phene increased because of the stacking of graphene sheet.®
Our results contradicting with the literature highlights the
influence of defect and oxygen contents on the electrical
conductivity. Defect and high oxygen content weaken the elec-
tronic transmission and increase the resistivity.*>** As shown in
Fig. S16,1 the thickness of graphene prepared at 95 °C is higher,
but it possesses lower defect (smaller Ip/I) and oxygen contents
compared to 35 and 65 °C, leading to better electrical conduc-
tivity of the sample prepared at 95 °C than at 35 and 65 °C.

This journal is © The Royal Society of Chemistry 2020

Notably, the graphene film prepared at 5 °C have excellent
electrical conductivity of 3.2 x 10 S m™". This value is higher
than that of the films assembled from other electrochemical
exfoliated graphene and reduced graphene oxide but lower than
that of CVD-graphene films owing to the presence of defects in
our electrochemically derived graphene (Table S1 and
Fig. S177). So the electrical conductivity results is consistent
with the XPS and Raman analysis and reflex the negative effect
of surface functionalization on crystal structure of graphene.

Conclusions

In summary, we demonstrated that temperature plays a crucial
role in determining the electrolyte infiltration and the anodic
oxidation process by influencing capillary infiltration and
anodic oxidation. Hence, tuning of sheet dimension (lateral size
and thickness) and surface chemistry of graphene was achieved
by facile temperature modulation. Small-sized graphene with
remarkable high yields (99.5%), porous graphene with an
average pore size of 24.7 nm, W-Gr with excellent dispersibility
in water and large-sized graphene with fewer structural defects
can be respectively prepared at 5, 35, 65 and 95 °C. These
products fabricated in one electrolyte system prove a multi-
functional strategy for electrochemical preparation of gra-
phene. Our finding of temperature as the main factor to coor-
dinate capillary infiltration and anodic oxidation provides
deeper understanding of electrochemical exfoliation and a new
strategy for large-scale preparation of various graphene-related
materials.
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