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ABSTRACT

Graphene has been the subject of widespread research during the last decade because of its
outstanding physical properties which make it an ideal nanoscale material to investigate
fundamental properties. Such unique characteristics promote graphene as a functional material
for the emergence of new disruptive technologies. Yet, to impact our daily-life products and
devices, high-quality graphene needs to be produced in large quantities, using an
environmentally-friendly protocol. In this context, the production of graphene which preserves

its outstanding electronic properties using a green chemistry approach remains a key challenge.



Herein, we demonstrate an efficient electrochemical approach to obtain water-dispersed high-
quality graphene nanosheets. High-frequency (terahertz) conductivity measurements of the
graphene nanosheets reveal high charge carrier mobility up to 1000 cm? V-! s'. The fine water
dispersibility enables versatile functionalization of graphene, as demonstrated by the
pseudocapacitive polydopamine coating of graphene nanosheets. Remarkably, the polydopamine
functionalization causes a modest, i.e. 20%, reduction of charge carrier mobility. Thin film
electrodes based on such hybrid materials for micro-supercapacitors exhibit excellent
electrochemical performance, namely high volumetric capacitance of 340 F cm™ and power
density of 1000 W cm?, thus outperforming most of the reported graphene-based micro-
supercapacitors. These results highlight the potential for water-dispersed, high-quality graphene

nanosheets as a novel materials platform for energy storage applications.

Introduction

To address the ever-increasing energy demands in diverse technologies to improve the quality of
our lives, the development of reliable and Eco-friendly approaches for energy storage systems
(ESSs) has become one of the major challenges for the society.' In particular, the next generation
of wearable electronics will require the use of light-weight, flexible, and highly-conductive
materials. Graphene, which is the ancestor of the growing family of two-dimensional atomic
crystals, is being regarded as a rising star material for ESSs, because it combines very high
mechanical robustness, excellent electrical and thermal conductivity, large specific surface area,
and high intrinsic areal capacitance.> Among current ESSs, micro-supercapacitors (MSCs) with
planar architectures have recently emerged as potential energy source for future generation of

on-chip miniaturized electronics in a flexible or even wearable form, since they are capable of



sustaining high power, fast charging/discharging and long cycling lives, without the safety

concerns as for batteries.?

In recent years, different strategies have been pursued to achieve interdigitated electrode arrays
utilizing graphene or graphene-based hybrid materials. These attempts have been based primarily
on employing graphene oxide (GO) as a precursor for fabricating graphene-based MSCs. This
trend can be explained by the fact that GO, rather than graphene itself, can be produced via low-
cost and scalable wet-chemical approaches, and perhaps even more importantly, once produced,
GO can be subsequently functionalized to combine pseudocapacitive materials such as metal
oxide nanoparticles or conducting polymers.*® Advanced techniques to subsequently convert GO
into graphene, include laser scribing, which directly converts GO into graphene,’!! selective
electrophoretic deposition of GO followed by chemical reduction,'? and methane plasma

treatments which can partially repair the defects of GO 3.

However, reduced graphene oxide (RGO) constitutes moderate-quality graphene, given the
presence of abundant defects (at both edges and surfaces of RGO nanosheets). As a result, RGO
does not exhibit graphene's exceptional electronic properties, which cannot indeed be fully
restored even after (electro)chemical/thermal reduction. Moreover, the re-stacking of RGO in
water is another fatal drawback, which can cause a severe decrease of the electrochemically
accessible surface area, which limits the overall performance of graphene-based MSCs.
Therefore, the production of solution-processable high-quality graphene nanosheets via a
scalable approach is highly desirable. Recent studies in electrochemical exfoliation of graphite
highlight the potential of such a method as an efficient wet chemical approach to produce high-
quality graphene in large quantities.'* Due to the fast exfoliation process, only minor oxidation

occurs at the graphite electrode. Notably, the absence of functional groups on the obtained



electrochemically exfoliated graphene (EG) surface makes them only dispersible in high boiling
point and often highly toxic organic solvents such as N-methyl-2-pyrrolidone (NMP) or N, N-
dimethylformamide (DMF). This issue limits the subsequent processing and functionalization of
EG, and the use of toxic organic solvents may raise both environmental and health concerns.
Thus, the fabrication of high-quality graphene via environmentally friendly approaches is highly

desirable.

Herein, we report the efficient production of water-dispersed high-quality graphene nanosheets
by electrochemical exfoliation. The multiscale characterization of the physicochemical properties
of the obtained graphene nanosheets revealed a low oxygen content of 12 atom % as determined
by X-ray Photoelectron Spectroscopy (XPS), a low ratio between 2D band and G band as
evidenced by Raman spectroscopy, a high electrical conductivity of 340 S cm™! as measured by a
four-probe system, and a high charge carrier mobility up to 1000 cm2V-!s! as quantified by
Terahertz measurements. Such characteristics provide unambiguous evidence for the preserved
high-quality nature of obtained EG nanosheets. Morphology studies by atomic force microscopy
(AFM) and high-resolution transmission electron microscopy (HR-TEM) indicate that the
obtained EG are dominated by bi-layer flakes. In order to boost the overall MSC device
performance, the as-produced EG nanosheets were further functionalized by pseudocapacitive
polydopamine (PDA). After PDA functionalization, the intrinsic electrical transport properties of
EG studied by THz spectroscopy are found to be well preserved (with only a minor decrease of
conductivity of ~20%). PDA-EG based electrodes for MSCs exhibited high performance, with a
volumetric capacitance of 340 F cm™ and a high-power density of 1000 W cm?, which

outperformed most of the reported values of graphene-based MSCs. The MSC device also allows



ultrahigh speed operations up to 1000 V s™!, being three orders of magnitude higher than

conventional sandwich-structured electric double-layer capacitors.

Results and discussion

Figure 1 illustrates the general procedure employed towards water-dispersed electrochemically
exfoliated graphene (EG) nanosheets. A cryogenic pretreatment was first applied to graphite foil,
by soaking it alternatively in liquid nitrogen and absolute ethanol (Figure 1a), during which, both
the violent nitrogen evolution and the ethanol solidification process weakens the interlayer van
der Waals interactions between the graphene layers and result in the volume expansion by nearly
10 times. Meanwhile, a large number of small cracks are formed at the graphite intralayer grain
boundaries, due to the drastic volume change. The volume expansion, as well as the generated
cracks, provides certain pathways for capillary effects, which facilitate the subsequent
intercalation of anions within the graphite layers during electrochemical exfoliation.!>!” The
electrochemical exfoliation of graphite was conducted by a custom-made two electrode system,
where graphite foil was acting as anode and platinum foil was acting as a cathode (Figure 1b),
driven by direct current voltage (10 V). An aqueous solution of 0.1 M NaOH was employed as
an electrolyte, which is capable of exfoliating graphite into graphene after a long period (2h), as
witnessed by the gradual darkening of the solution. After washing and mild sonication, the
obtained graphene can be finely dispersed in water. Typically, a slow electrochemical exfoliation
is attributed to the insufficient anion intercalation within the graphite layers, and in general, the
obtained material exhibits increased levels of oxygen. To improve the exfoliation process and
obtain graphene nanosheets with lower oxygen content, we propose a mixed electrolyte
approach, as shown in Figure 1b. Although the overall mechanism for electrochemical

exfoliation of graphite is not fully unraveled, sulfate anions are commonly suggested to be



efficient for graphite intercalation under certain bias.'*'* Here, we propose a new approach, in
which small amount of sulfate anions is used to intercalate graphite foil and thus makes easier
access for hydroxyl anions, which subsequently exfoliate the material and ultimately graphene
nanosheets are obtained. An aqueous solution of 0.1 M Na,SO, was thus mixed with NaOH and
the ratio was carefully controlled to optimize the quality of exfoliated material. The optimal ratio
between NaOH and Na,SO, was determined to be 10:1, which allows the complete exfoliation of
graphite foil (thickness around 1.3 mm after pretreatment) within 30 minutes. When the Na,SO,
content is increased to, for example, 5:1, the exfoliation process is accelerated and finishes
within 12 minutes. However, the obtained EG cannot be well dispersed in water due to
insufficient oxygen content. On the other hand, when the amount of Na,SO,is reduced to, for
example, 25:1, the exfoliation is slowed down and takes 1 hour. Moreover, when NaOH alone is

employed as an electrolyte, the exfoliation duration was found to exceed 3 hours.

Figure 1c shows the photograph of a stable water dispersion of the as produced EG ink. In order
to confirm the colloidal nature of the dispersion, we performed the Tyndall effect and salt effect,
as well as the Zeta potential measurements, which are typically conducted for colloidal
dispersions. As shown in Figure 1d, a diluted EG dispersion exhibits significant Tyndall effect,
where a laser beam leaves a clear distinguishable light track due to scattering. Adding salt (NaCl
solution) to the EG water dispersion leads to fast aggregations of EG flakes (Figure le). The
obtained Zeta potential values based on these three conditions are all lower than -35 mV (Fig. S1
in the Supporting Information), suggesting sufficient electrostatic repulsion which explains the

high stability of the EG aqueous dispersion.?

Such strong electrostatic repulsions can be attributed to the ionization of the oxygen-containing

groups on EG surface, which is studied by X-ray photoelectron spectroscopy (XPS) as shown in



Figure 2a. Similarly to the case of graphene oxide (GO) with well-known bonds composition,
the EG surface exhibits minor oxidized species, i.e., carboxylic and hydroxyl groups, introduced
during the electrochemical exfoliation process. However, the total oxygen content of EG is only
12%, being comparatively lower than that of GO and thermally reduced graphene oxide
(TRGO), which exhibit an oxygen content of 31% and 14%, respectively (Fig. S2 and S3). Here
the comparison of oxygen content is confined to water-dispersible derivatives of graphene, rather
than EG obtained via fast electrochemical exfoliation exhibiting lower oxygen content, which
can only be dispersed in high-boiling point organic solvents. This comparison suggests that the
obtained water-dispersed EG should exhibit largely preserved electronic properties, which, based
on the oxygen content, are expected to outperform TRGO. Moreover, the thermal reduction
treatment of our EG (500°C under vacuum) removes the hydroxyl groups significantly and
results in very low oxygen content of only 4.8%, being even lower than the theoretical limit for
RGO after 1500 K annealing.?!*? Such direct comparison suggests the enormous potential of our
water-dispersible EG in replacing RGO as solution-processed high-quality graphene for future

perspectives.

Raman spectroscopy is subsequently employed to identify the quality of EG further, as shown in
Figure 2b. A dispersion containing EG nanosheets is drop-cast on SiO,/Si substrate. The narrow
G band at 1584 cm! corresponds to the first-order scattering of the E,, vibrations of the graphene
lattice. An intense and symmetric 2D band at around 2710 cm! suggests the nature of few-layer
graphene (2—4 layers), which could be due to the reaggregation during sample preparation.
Surprisingly, the intensity ratio between the 2D and G bands (I,p/Ig) amounts to 0.7, being
comparable to that of microwave reduced GO, and is larger than chemically/thermally reduced

GO, liquid phase exfoliated graphene, and HOPG, indicating the high quality of our EG.*!



Meanwhile, a pronounced D band at 1354 cm™! is observed, which can be ascribed to the
presence of defects, such as edges and unavoidable oxidation during the deliberately prolonged
electrochemical exfoliation process. The intensity ratio between D band and G band (Ip/I)
amounts to 1.3, being comparable to the typically reported electrochemical exfoliation with
sulfuric acid as electrolyte?, and even smaller than some salt based electrolyte case?*> and

TRGO*.

The results of the statistical analysis of EG thickness distribution carried out by AFM are
portrayed in Figure 2¢ and d. It reveals a predominance of sheets exhibiting a thickness of 1.60
nm, concluded to be bilayer graphene in accordance with the thickness of freshly cleaved single-
layer graphene measured on SiO, substrates (0.6-0.8 nm).?” A cross-sectional analysis of 60 EG
nanosheets suggests that most of the obtained EG flakes are thinner than 3 nm, among which
about 60% of the sampled graphene sheets has a thickness between 1 and 2 nm. Thus, our
obtained EG nanosheets are mainly composed of bilayer graphene. Scanning electron
microscopy (SEM) reveals the prevalent lateral-size of EG nanosheets is 2-4 um (Figure 2g).
Transmission electron microscopy (TEM) revealed certain overlapping between the EG
nanosheets (Figure 2h), which originates from the drying process during sample preparation. The
high-resolution TEM further confirmed the bilayer nature of EG (Figure 2¢). The selected-area
electron diffraction (SAED) pattern of EG exhibits a typical 6-fold symmetry (Figure 2f),
characterized by stronger diffraction from the (1-210) diffraction spot than (0-110),
demonstrating the high crystallinity nature of bilayer graphene. The electrical conductivity
measurement shows a significant conductivity of 340 S cm™! based on EG films (Fig. S4),

suggesting the preserved electronic properties.



The fine dispersibility and preserved properties make our EG a promising material for energy
storage-related devices, especially to fabricate MSCs based on graphene inks. Highly
concentrated EG dispersions (10 mg ml"! in isopropanol) can be employed as printable inks to
achieve large area in-plane MSCs on paper substrates, by spray-coating through a shadow mask
(Fig. S5a). The printed patterns of EG shows a significant low resistance of 7 € [! (~3 pum thick
film), which is superior to that of state-of-the-art carbon nanotube-based conductive papers (10
Q[ based on several um thick film)?*. The low resistance of EG patterns makes the use of
metal (typically gold) current collectors unnecessary, which simultaneously reduces the cost of
the device and demonstrates the possibility of future scalable production of flexible/wearable
MSC:s arrays based on EG. However, being only capable of electrical-double-layer capacitance
without exhibiting pseudocapacitance behavior, EG’s electrochemical performance in MSCs is
limited (Fig. S5 b-d). A maximum volumetric capacitance of 53 F cm™ is delivered at a low scan
rate of 1 mV s, decreasing significantly when the scan rate is increased to 100 mV s, which is

far from satisfactory.

Quinones have been already studied as stable and highly capacitive electrode materials for
aqueous rechargeable batteries, due to the presence of fast and reversible redox reactions.?-2!
Inspired by such promising results, we decided to further functionalize our EG nanosheets with
polydopamine coatings to enhance the performance of EG-based MSCs. Dopamine is added into
the EG dispersion at pH 8.5, and the polymerization is completed within 24 hours. After the
polydopamine coating, PDA-EG shows a significant increase in the nitrogen and oxygen content,
as expected from the presence of PDA (Fig. S6). The AFM reveals an average thickness of ~6
nm of PDA-EG, demonstrating the uniform distribution of PDA coating, which can also be

observed by HR-TEM of the PDA-EG single flake (Fig. S7). The SEM study shows the average



lateral size of PDA-EG is 2-4 um, inheriting from the EG flake size distribution. The SAED
pattern of PDA-EG displays the strong diffraction being nearly identical to the neat EG, thereby
suggesting that the PDA coating does not influence the high crystallinity of EG and its associated

electronic properties.

To investigate the charge transport properties and the influence of PDA coating on the electronic
properties of the electrochemically exfoliated graphene, optical pump-Terahertz (THz) probe
(OPTP) spectroscopy is employed. As a purely optical approach, THz spectroscopy can provide
quantitative insight into the intrinsic charge transport properties (e.g., charge mobility, carrier
density, efc.) in the materials of interests in a contact-free fashion,”-33 which is particularly
powerful for accessing the electrical properties of low-dimensional materials where electrical
contacts are often challenging to deposit for conventional electrical studies. In a typical OPTP
measurement, the EGs deposited on the fused silica (using the Langmuir-Blodgett method) are
photoexcited by a short femtosecond (~50 fs) laser pulse with a photon energy of ~3.1 eV (400
nm) to generate charge carriers. Subsequently, a single-cycle, freely propagating pulse at THz
frequencies (of ~1 ps duration) interacts with the charge carriers and reports back on their
photoconductivity in the THz frequency range (as shown in Figure 3(a)). The strength of THz
spectroscopy is that it records the time-dependent field E(#) of the THz pulse, rather than only its
intensity, at different times after the photoexcitation pulse. It can be shown that the pump-
induced change of the THz field AE(¢) normalized to the transmitted THz field before excitation
E is directly proportional to the real part of the THz photoconductivity o: 0 ~ -AE/E. THz
spectroscopy has been intensively used to characterize charge transport in graphene.?*-3!-3* Figure
3b shows the short-lived (picosecond) photoconductivity dynamics of EG and PDA-EG films.

The photoexcitation causes injection of charge carriers into the conduction band in the multilayer

10



EG sheets, which recombine quickly. The measured conductivity is determined by the injected
charge carrier density N,..,, charge mobility y, and elemental charge e: 0= N,,,,,*e*pu. To allow
for a direct comparison of charge transport properties between EG and PDA-EG, THz
conductivities of both samples have been normalized to the absorbed photon density Ny, which,
assuming that the quantum efficiency is identical for the two samples, is proportional to N,,,,. In
this manner, the relative change in conductivities directly reflects the change in charge mobility
in EG by PDA treatment. As clearly shown in Figure 3b, the electronic properties of the EG
samples after PDA coating are well-preserved with at most a ~20% decrease in THz conductivity

for PDA-EG compared to that of EG.

To quantify the electrical transport of photogenerated carrier in EG and PDA-EG, we have
determined the complex THz photoconductivity spectra of the samples ~600 fs after excitation
(details see SI). As shown in Figure 3 (c-d), the measured conductivity is characterized by
positive real photoconductivity and negative imaginary conductivity, both increasing in absolute
magnitude with increasing frequency. This type of response is characteristic of charge carriers in
low-dimensional systems and can be described by the Drude—Smith (DS) model (lines in Figure
3 (c-d)). The DS model is a phenomenological model which has been successfully applied to
describe transport in low-dimensional, confined systems.?>-* As shown in Figure 3c and 3d, the
experimental data can be adequately fitted by Drude-Smith model, which reveals the scattering

time 7, of ~18 fs and ~14 fs for EG and PDA-EG, respectively. The plasma frequencies w,

normalized to the absorbed photon density are found to be nearly identical (with a)g ¢ =187.1
THz for absorbed phtodensity of 7.2%10'> cm? and wj?4~E¢ = 230.7 THz for absorbed photon

density of 8.9%¥10'2 cm?), which is in agreement with our previous assumption of the same

quantum yields of free carrier generation in both samples by photo-excitation. Furthermore,
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employing the effective electron mass m* of ~0.03 m, reported in the literature for bilayer

ex*xT

graphene, the mobility (L = —=) in EG can reach up to 1100 and 860 cm?V-'s"! for EG and

ms
PDA-EG, respectively. These high mobilities in graphene produced by our electrochemical
exfoliation method, illustrate the high quality of the EG flakes. Additionally, the inferred
mobility in PDA-EG is concluded to be 22% lower that of EG sample, in a perfect agreement
with the dynamic terahertz scans (Figure 3(a)) that revealed a ~20% reduction of conductivity in

EG after PDA coating treatment.

Although in general, the functionalization of graphene and other two-dimensional materials with
organic or inorganic molecules typically leads to the slight decrease of the electronic properties
(e.g., decrease of the conductivity) of 2D nanosheets due to the formation of in-plane voids and
cavities, such behavior is not considered as a drawback. In fact, many reports have suggested that
the presence of structural and chemical defects improves the overall electrochemical
performance of 2D nanosheets.’” In order to highlight the electrochemical properties of PDA-EG
as a supercapacitor electrode material, we fabricated on-chip in-plane MSCs based on thin PDA-
EG films on paper substrates with channels much shorter than those of spray-coated EG (Fig.
S5a), the scheme being shown in Figure 4a. Briefly, the as-synthesized PDA-EG was washed
repeatedly to remove the tris buffer and unreacted dopamine molecules. Upon subsequent gentle
sonication, the PDA-EG flakes were finely dispersed in isopropanol (IPA). Uniform PDA-EG
films can be readily obtained on a filter membrane by vacuum filtration of the PDA-EG
dispersions. Finally, the PDA-EG films were pressed against target substrates (precleaned
Si0,/Si) and kept for 2 hours with the applied pressure. Such “dry transfer” technique provides a
uniform and clean approach to obtain PDA-EG films with controlled thickness. The MSC

devices were fabricated using well-established lithography techniques. The interdigitated
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microelectrode patterns were deposited onto the PDA-EG films through a home-made shadow
mask, with gold as current collectors (see Fig. S8 for the detailed device geometry). Oxygen
plasma was applied to etch away the unprotected part of the film to achieve the desired patterns.
A polymer gel electrolyte based on H,SO./polyvinyl alcohol (H,SO./PV A) was subsequently
drop-cast onto the interdigitated microelectrodes and solidified overnight. The use of gel
electrolyte avoids leakage and additional packaging issues of liquid electrolytes. Thus, all solid-

state MSCs based on PDA-EG with an in-plane device geometry were realized.

To evaluate the electrochemical performance of PDA-EG based MSCs, cyclic voltammetry (CV)
was performed at different scan rates (Figure 4b-g). Noteworthy, such microdevices demonstrate
ultrafast charging/discharging capability and can be operated at ultrahigh speed up to 1000 V s,
being three orders of magnitude greater than conventional sandwiched-structured
supercapacitors.®® Compared with the aforementioned MSCs based on pristine EG, PDA-EG
based MSCs (PDA-EG-MSC) show significantly enhanced electrochemical performance. The
CV curves are nearly rectangular shaped between the voltage potential of O and 1 V, even at a
high scan rate of 100 V s''. This indicates the fine combination of both large electrical-double-
layer capacitance from EG and pronounced pseudocapacitance from PDA. Real applicable
devices thus prove the undisrupted crystal structures and preserved electronic properties of EG
after PDA coating. Remarkably, a maximum areal and volumetric capacitance as high as 2.04
mF cm? and 340 F cm? are delivered at 10 mV s! based on 60 nm thick PDA-EG electrode,
which compares favorably to state-of-the-art MSCs/ supercapacitor performances based on
graphene or other carbon materials, e.g. 212 F cm™ based on holey graphene framework,* 180 F
cm?and 410 F cm? based on carbide-derived carbon,*#!' 1.3 F cm™ based on onion-like carbon *?

~3 F cm*?based on laser reduced GO,!*!! 376 F cm™ based on high temperature annealing (1000
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°C) of graphene hydrogel,” 359 F cm based on selective electrophoretic deposited RGO, 261 F
cm? based on liquid-mediated densely packed RGO ,* ~500 F cm based on nitrogen-doped
mesoporous carbon,” 135 F cm™ based on fluorine modified graphene,* and 17.9 F cm based

on methane plasma treated GO .3

The evolution of volumetric capacitance of PDA-EG-MSC-60 nm with consecutive scan rates is
plotted in Figure Sa (CV curves of PDA-EG-MSC-120 nm shown in Fig. S9). Interestingly, the
PDA-EG-MSC-60 nm exhibits an excellent rate capability with capacitance retention of 30%,
when the scan rate increases four orders of magnitude from 10 to 105 mV s'. Such rate capability
guarantees a promising power density of the MSC under high operating speeds. As expected, the
volumetric capacitance decreases with increasing film thickness, which can be partially
attributed to the limited interlayer conductivity of the PDA-EG films. Moreover, in Figure 5b,
the logarithmic discharge current exhibits a nearly linear dependence upon scan rates from 10 to
10° mV s, suggesting the ultrahigh power delivery of PDA-EG-MSC. The Ragone plot in
Figure Sc lists the volumetric energy/power densities of our PDA-EG-MSC together with those
of commercially available high-energy lithium thin-film battery (4 V/500 uAh), and high-power
aluminum electrolytic capacitor (3 V/300 uF). The PDA-EG-MSC-60 nm provides energy
densities of 2.78-9.44 mWh cm?, which are competitive with that of lithium thin-film battery (1-
10 mWh cm~). Furthermore, a maximum power density of 1000 W cm= is also delivered by the
same device, which is two orders of magnitude higher than that of conventional sandwiched-
structured supercapacitors and one order of magnitude higher than that of an aluminum
electrolytic capacitor.'® Such direct comparisons demonstrate the great potential of PDA-EG
based reliable and powerful ESSs. In addition, Figure 5d shows the cycling stability of PDA-EG-

MSC-60 nm, revealing a capacitance loss identified after 10000 cycles as low as 5%.
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Conclusion

In summary, we demonstrated an efficient green chemistry approach to produce water-dispersed
high-quality graphene nanosheets, via electrochemical exfoliation of graphite. The optimized
exfoliation process guarantees the presence of sufficient oxygen-containing groups on the
graphene surface, resulting in stable water dispersions, and thus opening up the possibilities for
further functionalization in aqueous condition. Meanwhile, the electronic properties of graphene
are maintained, as evidenced by XPS, Raman, conductivity, and Terahertz studies, and are
remarkably better than RGO and highly comparable to the reported electrochemically exfoliated
graphene via fast exfoliation. Our EG is likely to replace the dominant position of GO/RGO
regarded as the water-dispersible form of graphene, highlighting the potential impact of EG,
which to date has been limited by the lack dispersibility and thus processability. MSCs based on
graphene flakes functionalized by homogenous PDA coating delivered a remarkable volumetric
capacitance of 340 F cm? and excellent power density of 1000 W cm, which outperformed
most of the reported MSCs based on graphene and highly comparable to the dominant
commercially available high energy/power devices. Therefore, our EG combines all the desired
characteristics which have been pursued during the last decade in RGO. Further optimizations of
the electrochemical exfoliation process may improve both the electronic properties and
processabilities of this novel EG, and by using concepts well-established for the in situ
functionalization of RGO, various multifunctional composite materials such as conducting
polymers-EG, nanoparticles-EG, for energy conversion and storage, optoelectronics, bio-sensing,

etc, may be developed.
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Figure 1. Electrochemical exfoliation of graphite and the obtained graphene dispersions in

water. a) Schematic illustration of the electrochemical exfoliation process employed towards

water-dispersed graphene and subsequent functionalization with polydopamine. b) Experimental

setup for electrochemical exfoliation of graphite. ¢) Photographs of graphene dispersion in water.

d) Tyndall effect of graphene water dispersion. e) Salt effect of graphene water dispersion, which

suggests by the addition of sodium chloride, the stabilization of the graphene water dispersion is

severely disrupted.
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Figure 2. Spectroscopy and morphological characterizations of obtained graphene flakes. a)
High-resolution XPS of the C s spectrum of EG. b) Raman spectra (excited by 532 nm laser) of
a bilayer-flake of EG. ¢) AFM image of EG on SiO2 substrates. d) Statistical study of the
thickness distribution of EG by AFM. e) HR-TEM images of EG, inset shows the selected flake
with a large field of view. f) SAED pattern of the corresponding EG fragment. g) SEM image h)

Typical TEM image of the specimen deposited on a TEM grid, with a large field of view.
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Figure 3. THz studies on the ultrafast charge carrier dynamics in graphene and polydopamine-
graphene. a) illustrates the optical-pump THz probe spectroscopy. b) compares the ultrafast THz
conductivity in both samples. The THz conductivity is normalized to the absorbed photon
densities to allow for a quantitative comparison. The inset shows the fluence dependent THz
conductivities. c-d) show the frequency conductivity of photogenerated -carriers and
corresponding Drude-Smith model calculations, from which the charge carrier scattering time,

and corresponding mobility is inferred.
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Figure 4. Polydopamine-graphene based micro-supercapacitor device fabrication and
characterization. a) Schematic illustration of the device fabrication of MSCs based on PDA-EG
electrodes on silicon wafer. b-g) CV curves of PDA-EG-MSC-60 nm performed at different scan

rates ranging from 10 mV s-1 to 1000 V s-1, with potential window from O to 1 V.
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Figure 5. Summary of electrochemical performance of polydopamine-graphene micro-
supercapacitors. a) Evolution of the volumetric capacitance versus scan rate based on two
different PDA-EG film thicknesses. b) Discharge current as a function of scan rate based on
PDA-EG-MSC-60 nm device. c) Ragone plot of commercial Li thin-film battery, Electrolytic
capacitor, and PDA-EG-MSC based on two different PDA-EG film thickness. d) cycling stability
of PDA-EG-MSC-60 nm device over 10000 cycles, at scan rate 20 V s!. Inset shows the CV

curves of the 1%t and 10000 cycle.
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