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Thermally reduced fluorographenes as efficient
electrode materials for supercapacitors+
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Rostislav Langer,” Miroslav Medved, 5° Piotr Btonski, 2 ® Josef Kaslik,
Vojtéch Kupka,® Michal Otyepka 2 ** and Radek Zbofil {2 °

There is an urgent need for a simple and up-scalable method for the preparation of supercapacitor elec-
trode materials due to increasing global energy consumption worldwide. We have discovered that fluoro-
graphene exhibits great potential for the development of new kinds of supercapacitors aimed at practical
applications. We have shown that time control of isothermal reduction of fluorographite at 450 °C under
a hydrogen atmosphere led to the fine-tuning of fluorine content and electronic properties of the result-
ing fluorographene derivatives. Charge transfer resistances (R.) of the thermally reduced fluorographenes
(TRFGs) were decreased with respect to the pristine fluorographene; however, the R vs. time-of-
reduction plot showed a v-shaped profile. The specific capacitance vs. time-of-reduction of TRFG fol-
lowed the v-shaped trend, which could be the result of the decreasing content of sp® carbons and
increasing content of structural defects. An optimized material exhibited values of specific capacitance up
to 539 F g~* recorded at a current density of 0.25 A g™+ and excellent cycling durability with 100% specific
capacitance retention after 1500 cycles in a three-electrode configuration and 96.7% of specific capaci-
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Introduction

Considering the significant increase in world population and
its reliance on energy-based devices, we assume that global
energy consumption will significantly rise. It has been esti-
mated that the demand for energy resources will have
increased by 100% by the year 2050."> When we take into
account that fossil fuel resources are strictly limited, it is
understandable that research focused on sustainable energy
resources coupled with suitable energy storage technologies
attracts intense interest. Supercapacitors belong to the group
of energy storage devices that display significant advantages
such as high-power density, long cycle life, and a small size
when compared to batteries or fuel cells.” They can store more
energy than classical conventional capacitors while preserving
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tance after 30 000 cycles in a two-electrode setup.

a similar cell construction. However, the energy stored in
supercapacitors (SCs) is about one order of magnitude lower
than that of batteries. As the energy density (E) is related to
capacitance (C) and voltage window (V) by the equation E =
1CV?, it can be concluded that E can be increased by increasing
one or both terms.” The voltage range can be enhanced by
employing organic electrolytes or ionic liquids instead of
aqueous electrolytes (due to the thermodynamic stability of
water beyond 1.23 V). However, both kinds of electrolytes
usually combine unfavourable properties such as low flash
point, high-volatility, low electrical conductivity or low ionic
conductivity at room temperature and, last but not least, tox-
icity and high cost. Moreover, a few ppm of water can signifi-
cantly decrease the voltage window,’® which imposes high
demands on cell construction. The energy density also
depends on the material used for the electrode. In general, all
materials can be sorted into two basic groups.” The first group
is represented by faradaic materials with redox active com-
ponents which store charge via a fast and reversible faradaic
reaction (pseudo-capacitive effect).® It has been reported
several times before that materials such as transition metal
oxides,”"* conductive polymers,">'* or their composites'’
rank among the typical examples. Conducting polymers
possess many advantages such as low cost, high-conductivity
in a doped state, and broad voltage window. However, swelling
and shrinking of polymers represent a major problem leading

This journal is © The Royal Society of Chemistry 2019
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to the mechanical degradation of materials, which results in
hindering the electrochemical performance during testing.’
Pseudo-capacitive materials such as MnO, enable to enhance
the specific capacitance over 1000 F g, but they usually suffer
from low electrical conductivity and compatibility with organic
electrolytes.’®'” Short cycling ability limited their practical
application as well. The other group is electro-chemical
double-layer capacitors (EDLCs) which store energy electro-
statically via a reversible ion absorption/desorption process at
the electrode/electrolyte interface. Conway reported that an
optimal material for an EDLC supercapacitor must have three
key parameters as follows: (1) high specific area, (2) good intra-
and interparticle conductivity in porous systems, and (3) good
electrolyte accessibility to the intrapore space.'® Generally,
carbon-based materials such as activated carbon,'®! carbon
nanotubes,”>*® carbon nanofibers,>***> templated porous
carbons,®®  carbon aerogels®’ ' and carbide-derived
carbons®*7* are able to meet these requirements. However, a
major part of these materials possess values of specific capaci-
tance only in the range of 75-175 F g~'.” Graphene, a two-
dimensional carbon material, exhibits prominent intrinsic
chemical and physical properties such as excellent electrical
and thermal conductivity, mechanical strength, and large
surface area.>® On the basis of these findings, it has been pro-
posed that graphene can be used as a competitive material for
SCs.*® Despite the above-mentioned qualities, graphene sheets
exhibit strong inertness to chemical reactions®” and are prone
to restacking, which reduces their usability it the field of
supercapacitors.®® Therefore, considerable scientific effort has
been devoted to strategies to overcome these limitations. This
may involve managed changes of morphology during the syn-
thesis of graphene sheets including for instance the creation
of different porous 3D structures.’®*' Different ways to boost
the capacitance include also the formation of various graphene
composites,”> doping of graphene with heteroatoms,** ™
application of metal oxides'***® or metal-organic
frameworks,*®>* and functionalization of graphene sheets
with different molecules through both covalent and non-
covalent interactions.>>™” Halogenation of graphite represents
an interesting approach to create few-layer graphene-like struc-
tures with extraordinary electrochemical properties.”® For
instance, the intercalation of bromine, chlorine and fluorine
atoms significantly improves the delamination process and
endows the materials with a significantly higher surface
area.>®"®! Beyond these benefits, it has been also reported that
the doping of halogen atoms highly affects the electronic pro-
perties such as conductivity.®>®> An et al. prepared an opti-
mized fluorinated graphene hydrogel with capacitance values
up to 227 F g~ " at a current density of 1 A g~ in 6 M KOH.®°
Kou et al. synthesized a graphene based material (OMG-Cl)
doped by chlorine giving the capacitance value of 250 F g™ " at
a current density of 0.5 A g~ in 1 M H,S0, and 220 F g" in
6 M KOH. The high capacitive performance was explained by an
additional fast faradaic reaction induced from Cl-doping
species.®® Kakaei et al. reported chlorine-doped reduced gra-
phene oxide nanosheets, which exhibited the capacitance
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value of 178.4 F g”" at a current density of 1 A g' in 1 M
H,S0,.%* Ye et al. described the fluffy reduced graphene oxide
film doped with iodine with the capacitance of 238 F g™ at a
current density of 0.5 A g~ " in 1 M H,S0,.®> Bulusheva et al.
analyzed the structure and supercapacitor performance of gra-
phene materials obtained from brominated and fluorinated
graphites and concluded that the capacitance of a material
doped with fluorine increased up to 158 F ¢~ at a scan rate of
2mvV s (in 1 M H,S0,).*”

Herein, we report a simple and up-scalable method for the
preparation of partially fluorinated graphene derivatives based
on thermal reduction of a fully fluorinated sample employing
a reducing hydrogen gas. We have shown that the capacitance
is influenced by the number of fluorine atoms as well as the
hydrogenation process. An optimized material exhibits values
of specific capacitance up to 539 F g~ ' recorded at a current
density of 0.25 A ¢~*. This capacitor system can be cycled rever-
sibly in the voltage range of 0.1-0.6 V and exhibits excellent
cycling durability, with 100% specific capacitance retention
after 1500 cycles in a three-electrode configuration and 96.7%
specific capacitance after 30000 cycles in a two-electrode
setup. Moreover, the evolution of structural changes and
related electronic properties is explained in detail using both
experimental and theoretical approaches. The environmentally
friendly nature of our derivatives (one-step synthesis without
any presence of heavy metals, neutral character of the electro-
Iyte) holds great potential in developing new kinds of super-
capacitors for practical applications.

Experimental
Microscopy techniques

A Hitachi SU6600 scanning electron microscope (SEM)
equipped with a field emission gun (FEG) and transmission
electron microscope JEOL JEM 2100 operating at 200 kV (TEM)
were used for morphology investigation. High-resolution TEM
images including STEM-HAADF (high-angle annular dark-field
imaging) analyses for elemental mapping of the products were
performed with an FEI Titan HRTEM (high-resolution TEM)
microscope operating at 200 kV. For these analyses, a droplet
of the dispersion of the material in DMF at a concentration of
~0.1 mg mL™" was deposited onto a carbon-coated copper grid
and dried. AFM images were obtained using the NTegra
Spectra instrument (NT-MDT, Russia) in the tapping mode
using NSG30 probes. In total, 5 pL of the ethanolic dispersion
(c =1 mg L") of the analyzed nanomaterial was deposited on
a SiO, wafer and left to dry for 30 minutes. The sample was
measured immediately after that.

Raman

Raman data were measured on a DXR Raman spectrometer
(Thermo Scientific, USA) with a laser operating at 633 nm. The
sample (0.1 mg) was deposited on a silicon wafer (1 x 1 cm)
and an excitation laser was focused on its surface. The laser
power on the sample was set to 2 mW, and the exposition time
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was 3s. Each measured Raman spectrum was an average of
512 experimental microscans. Raman spectra were processed
using control software (Omnic, version 8, Thermo Scientific,
USA).

XPS

The XPS measurements were carried out with the PHI 5000
VersaProbe II XPS system (Physical Electronics) with a mono-
chromatic Al-K, source (15 kV, 50 W) and photon energy of
1486.7 eV. All spectra were recorded in a vacuum of 1.2 x 1077
Pa at a room temperature of 20 °C. The analyzed area of the
sample was a spot of 200 pm in diameter. The survey spectra
were recorded at a pass energy of 187.850 eV with an electron-
volt step of 0.8 eV; the high-resolution spectra were recorded at
a pass energy of 23.500 eV with an electronvolt step of 0.2 eV.
Dual beam charge compensation was used for all measure-
ments. The spectra were evaluated with the MultiPak (Ulvac -
PHI, Inc.) software. All binding energy (BE) values were refer-
enced to the carbon peak C 1s at 284.80 eV.

BET

The surface area and pore size analysis of GF powders was per-
formed by means of N, adsorption/desorption measurements
at 77 K on a volumetric gas adsorption analyzer (3Flex,
Micromeritics, USA) up to 0.965 P/P,. Prior to the analysis, the
samples were degassed under high vacuum (10~* Pa) at 130 °C
for 12 hours while high purity (99.999%) N, and He gases were
used for the measurements. The Brunauer-Emmett-Teller
area (BET) was determined with respect to Rouquerol criteria
for BET determination®® assuming a molecular cross-sectional
area of 16.2 A* for N, (77 K). Pore size distribution was ana-
lyzed by the N,-DFT slit pore kernel.

Electrochemical methods

The electrochemical analyzer PGSTAT 128N (Eco-Chemie, The
Netherlands) using software package NOVA 1.11.2 was used for
performing electrochemical experiments including cyclic vol-
tammetry, galvanostatic charge-discharge characteristics, and
electrochemical impedance spectroscopy. A three-electrode
system was used as a proof-of-concept in order to collect all
information about the electrochemical performance of the
fluorographene samples. Following this set-up, a glassy carbon
electrode (GCE) was used as a working electrode, a platinum
electrode served as the counter electrode, and a Ag/AgCl elec-
trode was used as the reference electrode, respectively. The
GCE electrodes were modified with the samples applying a
drop-coating technique as follows: a 10 pL drop of a powder
suspension (0.2 ¢ L") was coated onto the surface of the GCE
electrode and allowed to dry at ambient temperature to form a
thin film. Electrochemical impedance spectroscopy (EIS)
measurements were performed by applying an AC voltage with
a 5 mV amplitude over a frequency range 0.1 Hz to 10 kHz at
the open circuit potential (OCP). All the obtained data were
fitted using a modified Randles circuit. Sodium sulphate
(Na,SO4; ¢ = 1 mol L") was used as the electrolyte in all experi-
ments. The gravimetric capacitance for the three-electrode
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system was calculated both from cyclic voltammograms and
galvanostatic charge/discharge curves as follows:

J,/idv

T UX AV xm

_ IxAt
T mx AV

m

where C,, is the gravimetric capacitance of the electrode
(F g"), [idV is the voltammetric charge obtained by the inte-
gration of the area under the reverse peak of the cyclic voltam-
mogram, v is the scan rate (V s™'), AV is the potential window,
m is the mass of the material deposited on the working electrode,
Iis the discharge current (A), and ¢ is the discharge time (s).

A symmetrical supercapacitor device (EL-CELL, GmbH,
Germany) was used to test the cycling stability of the FG-20H
sample. Briefly, an active material without any additives (for
instance binders, carbon black etc.) was dispersed in ultrapure
water (~4 mg ml™') and sonicated for 1 hour. Then, 400 pl of
dispersion was drop-coated on the surface of the gold disc
electrode and dried under an infra lamp to achieve a mass
loading of at least 2 mg cm™>. For the assembly of the super-
capacitor device, two gold disc electrodes with the same
loading of the active material were placed in a plastic sleeve
(El-Cell sleeves with the Whatman® glass microfiber mem-
brane). The separator membrane was soaked with 100 pl of the
electrolyte. Stainless steel plungers were used to press the elec-
trodes and the whole device was tightened and connected.

Computational methods

The first-principles calculations were performed by applying
the spin-polarized density functional theory (SDFT) with the
Perdew, Burke, and Ernzerhof (PBE)* exchange and corre-
lation functional and projected augmented wave potentials
(PAW), as implemented in the Vienna ab initio simulation
package (VASP).”°””® The wave functions were expanded in the
plane-wave basis set with a minimum cutoff of 400 eV. The
Brillouin zone integrations were performed with 6 x 6 x 1
(structure and cell optimization) I'-centered Monkhorst-Pack
k-point mesh’* per conventional 3 x 3 triclinic cell containing
18 carbon atoms, with the larger 6 x 6 triclinic cell containing
72 carbon atoms and the orthorhombic cell containing 48 ad-
atoms. All optimized structures were converged to forces of
less than 1072 eV A™", with a criterion 107° eV for each SCF
cycle.

The thermodynamic stability of graphene-based structures
expressed as the averaged binding energy was calculated as:

1
EP = - (Ecx — Ec — 2Ex)

where Ecx is the energy of the optimized functionalized gra-
phene model, Ec is the energy of optimized graphene, Ex is the
energy of single fluorine or hydrogen ad-atoms, and z is the
number of fluorine or hydrogen ad-atoms.

To evaluate the possibility of the formation of a specific
arrangement on graphene, we calculated the Boltzmann

This journal is © The Royal Society of Chemistry 2019
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probability at 450 K of fifteen lowest-in-energy structures as
follows:

where the partition function Q is expressed as:
T
-
Q=) e
J

where p; is the probability of the i-th configuration, E! is its
total energy per computational cell (the summation runs over
all considered configurations), kg is the Boltzmann constant,
and T is the thermodynamic temperature.

Reagents

Fluorinated graphite polymer (>61 wt% F) and sodium sulfate
(Na,SO,, 99% purity) were purchased from Sigma-Aldrich
(Czech Republic). Milli-Q Water (MQ water, 18.3 MQ, Millipore
Corp., Milford, MA, USA) was used for the preparation of all
electrolyte solutions.

Synthesis of fluorographene derivatives

Defluorination was performed by isothermal annealing of
approximately 25 mg of the precursor (fluorinated graphite
polymer (>61 wt% F)) at a temperature of 450 °C (heating ramp
15 °C min~') under continuous flushing of the reaction
chamber XRK 900 mounted to an X-ray diffractometer XPert
PRO MPD with pure hydrogen gas (6.0) with flow rate 40 mL
min~" and relative overpressure 1 bar for a time period
ranging from 12 to 24 hours. The temperature of 450 °C was
selected as the most suitable temperature for the continuous
defluorination process.

Results and discussion

Complex characterization of the prepared samples was per-
formed in order to understand the electrochemical properties
of fluorographene derivatives in detail. The morphology of the
precursor and the samples labelled as FG-20H and FG-20Ham
was evaluated by both SEM and TEM. The SEM image of the
precursor (Fig. 1a) shows a typical graphite-like structure as
expected. On the other hand the material thermally treated
under a hydrogen atmosphere for 20 hours (FG-20H sample)
consisted of thin and almost transparent flakes with a lateral
size up to 2 pm as shown in Fig. 1b. Interestingly, a similar
few-layer structure was also observed for the sample collected
after the cycling stability measurement (Fig. 1c; FG-20Ham).
The TEM images perfectly reflect the results obtained by the
SEM measurement. The selected area electron diffraction
(SAED) patterns confirmed the amorphous nature of all
samples. Moreover, the occurrence of the same sharp rings for
both FG-20H and FG-20Ham samples confirms the fact that
the sample does not undergo any significant changes during
the stability measurement (insets of Fig. 1le and f). High-
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Fig.1 (a—c) SEM and (d—f) TEM images of the FG sample, FG-20H and
FG-20Ham samples (FG-20Ham: sample collected after the cycling
stability measurement; inset: SAED patterns of the abovementioned
samples). (g, h) HRTEM micrographs of the FG-20H sample. (i) Darkfield
HRTEM image used for EDS chemical mapping. (j) EDS chemical
mapping of carbon, nitrogen, oxygen, and fluorine; (k) EDAX spectrum
of the FG-20H sample. () AFM image of the FG-20H sample; inset:
height profile of the FG-20H sample. All scale-bars were unified from a
graphical point-of-view in order to provide better visibility.

resolution TEM (HRTEM) confirmed a thin layer structure of
the FG-20H sample with the same size as previously described
by SEM imaging (Fig. 1g-i). Moreover, EDS elemental mapping
revealed that the elements such as oxygen, nitrogen, carbon,
and fluorine were homogeneously distributed over the surface
(Fig. 1j). It is worth noting that the presence of hydrogen ad-
atoms cannot be excluded because of the reducing reaction
conditions. The EDAX spectrum of the FG-20H sample is
shown in Fig. 1k. All the obtained microscopy data suggested
that the thickness of the FG-20 sample was in units of nm. The
AFM image (Fig. 11) and the corresponding height-profile
(inset of Fig. 11) scan showed that the thickness of the flakes
ranged from 1.0 to 1.9 nm, indicating only few-layer structures.

While microscopy techniques can be regarded as very local
evaluation methods, Raman scattering can be used to estimate
an average number of layers in graphene-based materials as
well as the number and origin of defects.”>”® The D peak is
related to the presence of atomic scale defects including the
sp® carbon atoms; the G peak is connected to the first order
scattering of the stretching vibration mode E,,, which is
typical of the sp> carbon domains.”” The ratio of D to G bands
(Ip/Ig) can serve as a tool for the characterization of defects in
graphene-based materials.”® While the FG-12H sample exhibits
a Ip/Ig ratio of 1.14, the FG-20H sample gives the I/l value of

Nanoscale, 2019, 11, 21364-21375 | 21367
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0.87, indicating an increased content of sp> hybridized carbon
atoms (Fig. 2a and b). Conversely, the FG-24H sample exhibits
the ratio of Ip/Ig around 1.05, indicating an increasing number
of atomic scale defects accompanied by the disruption of
n-conjugated domains (Fig. 2c). A small upshift of the D band
from 1363 cm™" to 1332 cm ™" for FG-20H can be ascribed to
the rearrangement or cleavage of C-ad-atom bonds. The non-
monotonous evolution of the I/I; ratio indicates the complex-
ity of structural changes in the material that is also reflected
in the time of reaction of its electrochemical properties
(vide infra).

X-ray photoelectron spectroscopy (XPS) was conducted to
provide a better insight into the composition of the TRFG
samples. Table 1 shows that the content of fluorine drops sig-
nificantly during the first 12 hours of the isothermal
reduction. Then, roughly reaching constant values of 0.9%
between 14 and 18 hours. It decreases again to 0.5% after
24 hours of reduction. Conversely, the relative content of
carbon atoms exhibits an increasing trend. This phenomenon
can be related to the rearrangement or cleavage of C-ad-atom
bonds during the thermal decomposition of the FG samples. A
similar trend was observed for the FG samples prepared at
different temperatures’>®® and also for the FG samples pre-

G
o D
5
5
>
a
[
E
é (@) FG-20H Ip/lg = 0.87
]
o
) FG-12H S0 Ip/lg =114
© FG-24H AN I/l =1.03
500 1000 1500 2000 2500

Raman shift [cm™]

Fig. 2 Raman spectra of (a) FG-20H, (b) FG-12H, (c) and FG-24H
samples and the corresponding intensity ratios Ip//g.

Table 1 Elemental composition of FG samples derived from XPS
analyses

Time of synthesis C1s O 1s F1s
(hours) (atomic %)

Precursor 45.78 0.21 54.01
FG-2H 74.84 2.23 22.94
FG-12H 95.01 3.62 1.37
FG-14H 95.29 3.85 0.86
FG-16H 95.62 3.51 0.87
FG-18H 95.75 3.38 0.87
FG-20H 95.83 3.34 0.83
FG-22H 95.92 3.35 0.73
FG-24H 96.00 3.48 0.52

21368 | Nanoscale, 2019, 11, 21364-21375
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pared at a constant temperature but different pressures, as
reported previously.®!

Fig. 3a shows a survey spectrum of the FG-20H sample and
its elemental composition (inset of Fig. 3a). The presence of
the N 1s peak in the spectrum may be attributed to the pres-
ence of dimethylformamide, which was used as a solvent. The
C 1s spectra were further fitted using a Gaussian function with
a Shirley background correction. The deconvoluted C 1s XPS
spectra of the FG-20H sample (Fig. 3b) show seven symmetric
component peaks, corresponding to carbon atoms in different
functional groups. The two first peaks located at 284.63 eV and
284.94 €V can be assigned to the sp> C—=C bond and sp® C-C
bond, respectively. It is possible to recognize that the peak
intensity of the C=C bond in sp* hybridization is higher with
respect to the peak intensity of the C—=C bond in sp® hybridiz-
ation. These findings along with the C 1s HR-XPS spectra for
the FG-12H and the FG-24H samples (see Fig. S3t) are fully in
line with the time evolution of the Ip/I; ratio in Raman
spectra. The peaks located at 286.01, 287.35, 290.36, and
291.74 eV were ascribed to C-C-F/C-O, C=0, C-F, and C-F,
covalent bonds, respectively. The peak placed at 288.44 eV in
the C 1s spectrum reflects partial transformation of the
covalent C-F bond to the corresponding semi-ionic C-F
bond.®? This phenomenon can be related to the shift in the
electron cloud of the covalent C-F bonds induced by the for-
mation of H-bonds.** The BET measurement was used to
evaluate the specific surface area (SSA) of different TRFG
samples. Fig. Slaf depicts the N, adsorption-desorption iso-
therms recorded at 77 K as well as the density functional
theory (DFT) calculations of the pore size distribution of the
TRFG samples. According to IUPAC conventions, the shape of
all isotherms can be assigned to the combination of type I and
IV, which is typical of microporous and mesoporous structures,
respectively. The presence of a narrow hysteresis loop indicates
an open porous structure, where there is no significant delay
in the capillary evaporation of nitrogen. The FG-12H sample
exhibits a SSA of 308 m> g~', while the FG-20H and FG-24H
samples show a similar SSA of 335 m* g~". A small increase in
the BET surface area (at around 8%) can be related to the
thermal decomposition of the samples prepared with a longer
period of synthesis. The hierarchical pore distribution of all
FG samples (Fig. S1bt) indicates the presence of micropores
with the size of <1 nm and mesopores with the size ranging
from 2 to 10 nm. While the content of the larger pores does
not change significantly, the micropores become notably more
abundant at the final phase of the reaction (24H), suggesting
that the material undergoes severe structural changes such as
the release of fragments and formation of vacancies.

Electrochemical performance of fluorographene derivatives

For testing the electrochemical performance of fluorographene
derivatives at the electrode|electrolyte interface, both potential
and current should be monitored. Hence, a three-electrode
system using a reference electrode was selected as a more suit-
able system compared to the 2-electrode cell. An aqueous solu-
tion of 1 M sodium sulphate was used as an electrolyte. We

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) XPS survey and elemental analysis (inset) of the FG-20H sample. (b) HR-XPS spectra of C 1s from the FG-20H sample.

chose this neutral electrolyte because of its easy application
involving work under open-air conditions, non-corrosive char-
acter, and environmentally friendly as well as relatively easily
explainable charge-storage mechanism. Fig. 4a displays a
scheme of fluorographene synthesis in a hydrogen-reducing
atmosphere at a constant temperature of 450 °C. Fig. 4b shows
a voltammetric response of the TRFG samples within the
potential range of 0.1 to 0.6 V (scan rate of 50 mV s ). The
potential window between 0.1 and 0.6 V was selected as a
stable region where no faradaic reaction occurred and where
the contribution from the evolution of oxygen was negligible.
As it is clearly evident, the process of defluorination signifi-
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(a) Scheme of fluorographene synthesis. (b) CVs of GCEs modified with fluorographene samples recorded at a constant scan rate of 50 mV s

cantly enhances the current response (capacitance) of the
TRFG derivatives as the time changes. We have observed that
the maximum capacitance can be reached within 20 hours.
After that, the electrochemical performance drops down to an
almost constant value (Fig. 4c). We have also found that the
shapes of all CV curves were approximately rectangular and
exhibited a good symmetry, even at a high scan rate, which
proves the excellent capacitive behaviour and rate perform-
ance, as shown in Fig. 4d. It is worth noting that the fully
fluorinated graphene with one fluorine atom per carbon acts
as a high-quality insulating material with a resistance higher
than 10" Q.%* Partially fluorinated systems behave like semi-
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conductors, whose bandgaps are highly dependent on the
extent of fluorination.®® Therefore, a decreasing capacitive per-
formance after 20 hours of synthesis can be explained in terms
of elemental composition as well as defect changes. When the
FG sample undergoes thermal treatment at 450 °C in a
reduction atmosphere of hydrogen gas, the ratio of F/C
changes from 1.44 to 0.54, as it is evident from the XPS ana-
lysis. Once the amount of fluorine atoms decreases, the resis-
tivity decreases as well, to the point (20 hours of the synthesis)
when another defluorination process has no significant effect
on lowering the resistivity. A further increase in the resistivity
could be related to the increasing C—C vs. C—F ratio, which
changes the type of defect responsible for the conductivity.
Data describing the resistivity are further discussed in the
section of impedance spectroscopy. While single-layer gra-
phene exhibits an enhanced electron transfer because of its
sp> hybridized carbon atoms forming a mn-conjugated system,
fluorographene loses the conductivity with every carbon atom
in sp’ hybridization. It can be hypothesized that the contents
of fluorine atoms as well as the number and type of defect play
an important role in fluorographene chemistry. In order to
understand the charge storage mechanism in detail, the elec-
trode kinetic was studied. The total amount of charge stored
in the electrode material is given by the combination of capaci-
tive and intercalation effects. Apart from this, the capacitive
process is composed of two different mechanisms: redox reac-
tion and electric double-layer formation between the electrode/
electrolyte interface (ion adsorption/desorption). According to
the power law, the dependence of the scan rate on the current
can be expressed by the following equation:
i=a’

where a and b are the adjustable parameters and v is the scan
rate (V s7').%® When logi is plotted against logv at a fixed
potential, the value of b can be obtained from the slope of a
linear fit. In general, the b-factor has two states like b = 0.5
referring to the diffusion-controlled intercalation process of
ions into the electrode material (when the system satisfies
Cottrell’s equation, then: i = azﬁ) or b = 1 for surface capacitive
contribution or non-diffusive processes (i = av).’” Fig. S27 rep-
resents plot logi vs. logv at different potentials, and Fig. 4e
shows that the obtained b-factor is close to 1 at particular
potentials. This evidences that the capacitive contribution pre-
vails throughout the intercalation process.

The capacitive performance was further investigated using a
galvanostatic charge/discharge (GCD) technique, as shown in
Fig. 5a. It is worth noting that GCD can illustrate either EDLC
or pseudo-capacitive behaviour as well as the internal resis-
tance of the tested materials. Its application has then para-
mount importance for the testing of supercapacitors. As can
be seen, the GCD profiles of the FG samples exhibit an almost
symmetrical charge-discharge shape without obvious redox
waves, indicating good capacitive performance. Linear GCD
profiles also confirm that the TRFG samples could be regarded
as EDLC. Fig. 5b displays the trend of specific capacitance
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(Csp) evolution in time for the synthesis of the TRFG samples
(the data were recorded at a constant current density of
1 A g '). Evidently, the maximum of specific capacity was
reached after 20 hours of synthesis, giving the value of Ci,
300 F g~'. Then, the Cy, dropped down up to 150 F g~'. This
trend reflects the results obtained by means of cyclic voltam-
metry and could be attributed to the variation of sp®/sp® carbon,
as described previously. Subsequently, the sample labelled
FG-20H was selected as the best candidate for further evalu-
ation. Fig. 5¢ demonstrates the GCD curves of GCEs modified
with the FG-20H sample recorded at different current densities
ranging from 0.25 A g~' to 5 A g . As is evident, all spectra
remain almost symmetrical even at low current densities,
implying a good capacitive behaviour. Fig. 5d shows the corres-
ponding trend of Cg, evolution in time for the sample labelled
FG-20H. It is obvious that the maximum of Cy, (539 F g') was
reached at the current density of 0.25 A g~'. Such a value is
higher than those previously reported for other carbon-based
electrode materials measured under the same conditions.**°
Subsequently, it is possible to recognize a typical decrease in
capacitance, giving the value of Cy, 230 F g~" at 5 A g~'. Fig. 5e
depicts a contour plot as a function of Cy, (F g~') for all the
synthesized samples at current densities ranging from 0.25 to
5 A g~'. The maximum of C, perfectly reflects all the results
mentioned above. The life-time (cycling stability) of the
FG-20H sample was also evaluated, as depicted in Fig. 5f. We
found that Cy, remains perfectly stable for 1500 cycles in a
three electrode setup, indicating that the FG-20H sample can
be used as a suitable candidate for supercapacitor fabrication.
We have also employed a two-electrode cell in order to prove
the statement about the practical applicability of the FG-20H
sample. Fig. S4at shows that the tested sample was stable for
30000 charging/discharging cycles with a capacitance reten-
tion of 96.7%. As shown in Fig. S4b-d,f two cells connected in
series were also able to continuously power a red LED diode
without obvious fading.

In order to gain a better insight into the electrochemical
performance of fluorographene derivatives, we used the
method of electrochemical impedance spectroscopy (EIS). The
recorded spectra in the form of Nyquist plots (Fig. 6a) were
analyzed using an equivalent circuit, as shown in Fig. 6b. As
can be seen, in a high-frequency region (f < 1.2 kHz), none of
the spectra exhibit a semicircle responsible for the charge-
transfer resistance, R., indicating the good conductivity of the
tested samples. It is well known that a microporous structure
enables a fast ion exchange which can cause a decrease in
R..°"°? Furthermore, the presence of the semi-ionic C-F bond
can also positively influence the electronic conductivity, as pre-
viously published.®® Apart from this, the presence of the semi-
circle is also connected with the faradaic reaction taking place
at the electrode|electrolyte interface. On the basis of this evi-
dence, we can conclude that all the tested materials can be
considered EDLC supercapacitors. Furthermore, all the impe-
dance spectra reveal a vertical line in the low-frequency region,
which signifies a good diffusive behaviour of the electrolyte
ions in the system. The slope of the ~45° line (medium fre-

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Galvanostatic charge—discharge (GCD) profiles of GCEs modified with fluorographene samples prepared at a constant temperature of

450 °C at different times. (b) The trend of specific capacitance evolution in time during the FG sample synthesis. (c) The GCD curves of the FG-20H
sample at different current densities ranging from 0.25 to 5 A g%, (d) the change of specific capacitance of the FG-20H sample with increasing
current density, (e) the contour plot of specific capacitance evolution in time of the FG sample recorded at different current densities. (f) Cycling
stability of the FG-20H sample. All measurements were performed in 1 M Na,SO,4 aqueous electrolyte.

quency region; f < 1.32 Hz) describes the diffusion of ions
from the electrolyte into the electrode interface, corresponding
to the Warburg impedance.’®®* An almost linear vertical line
in the Nyquist plot (low-frequency region, f < 0.5 Hz) indicates
a good capacitive behaviour. Since the vertical line of the
sample FG-20H is more parallel to the y-axis, it can be con-
cluded that the capacitance of this sample should be higher
with respect to the others. The fitted data exhibit R.. values
with a decreasing trend ranging from 47.1 Q (FG-12H) to 4.7 Q
(FG-20H), indicating an enhanced electron transfer.
Furthermore, it is possible to observe an increase in the
charge-transfer resistivity for the materials labelled FG-22H
(24.9 Q) and FG-24H (40.1 Q), as shown in Fig. 6¢c. The trend of
increasing resistivity could be related to the increase in the
carbon atom content during the thermal decomposition of the
fluorographene samples, which changes the type of defect
responsible for the conductivity, as mentioned previously in a
discussion concerning Raman spectroscopy. We also employed
the Bode analysis in order to extract more details from the

This journal is © The Royal Society of Chemistry 2019

impedance spectra of the FG-20H sample. As can be seen in
Fig. 6d, the phase angle is close to the zero at high frequencies
(orange region), indicating mostly resistive properties. When
the frequency decreases, the phase angle reflects a more
capacitive behaviour (blue region; phase angle —45°) until
reaching fully capacitive response in the mHz region (green
region, phase angle —76°). It is worth noting that this value is
close to —90°, which is typical of an ideal capacitor.”® The fre-
quency at —45° should be also regarded as a point where the
resistive and capacitive contribution is equal. The time con-
stant (taken at the —45° phase angle) is the time necessary for
discharging the tested material with an efficiency of 63%, and
can be expressed as follows:*°

Using this formula, the time constant was calculated to be
11.4 ms. This value is very promising compared to previously

Nanoscale, 2019, 11, 21364-21375 | 21371
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published results for carbon derivatives such as carbon
onions.””*® These results strongly suggest that fluorographene
holds great potential as a material for supercapacitors.

Computational insights into the reaction mechanism and
structure-property relationships

To rationalize experimental observations occurring during the
reaction, the following mechanism can be proposed
(Scheme 1). In the first phase (0-12H), defluorination under
the hydrogen atmosphere is accompanied by the binding of
the atomic hydrogen (produced by a side reaction of released
fluorine atoms with hydrogen molecules) to the lattice. The
presence of hydrogen ad-atoms is in line with a relatively high
proportion of sp* carbon atoms in the FG-12H sample. During
the second phase (12-20H), the material is stabilized by a
thermodynamically favourable release of hydrogen, which
increases the number of sp” carbon atoms on the lattice.
Fig. S5-S71 show that this process leads to the decrease in the
band gaps in agreement with the increase of the specific
capacitance and decrease of the charge transfer resistance.
The final phase (20-24H) is apparently connected with the dis-
ruption of the material by releasing hydrogenated/fluorinated
molecular fragments reflected in the increased porosity of the
material. Feasibility of the fragmentation in the final phase is
demonstrated by negative reaction energies for the release of
CeHg and C¢H,, fragments (Fig. S87). The evolution of electro-
chemical properties might also be related to a decrease in the
fluorine concentration during the second and third phase of
the reaction (Table 1). To address this issue, we analyzed the
band structure of various heavily defluorinated structures (see
the ESIf). We found that the migration of F ad-atoms over the
lattice was feasible (the energy barrier is ca. 0.87-1.05 eV) and
the topology of ad-atoms can indeed significantly affect the
band structure of the material (Fig. S9 and S10t). However,
this mechanism on its own does not satisfactorily explain the
relatively high ratio of sp®/sp> carbon atoms in heavily defluori-
nated samples and its variations in the second phase of the
reaction. To sum up, although the changes in the content and
topology of F ad-atoms can contribute to altering the electric
behavior of the samples, our calculations strongly support the
above-described mechanism as the main reaction pathway,
which is consistent with the experimental observations.

Conclusions

In summary, a new way of synthesis of fluorographene deriva-
tives was developed employing a method of thermal decompo-
sition of a fully fluorinated sample in the presence of a redu-
cing hydrogen atmosphere. Our results demonstrate that the
number of fluorine atoms attached to the surface of graphene
can be easily controlled by changing time at a constant temp-
erature of 450 °C. We have shown that the capacitance is influ-
enced by both the number of fluorine atoms and the hydro-
genation process. An optimized material exhibits values of
specific capacitance up to 539 F g recorded at a current

This journal is © The Royal Society of Chemistry 2019
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density of 0.25 A g~'. The optimized material can be cycled
reversibly in the voltage range of 0.1-0.6 V and exhibits excel-
lent cycling durability, with 100% specific capacitance reten-
tion after 1500 cycles in a three-electrode configuration and
96.7% specific capacitance after 30000 cycles in a two-elec-
trode setup. Moreover, a mechanism for charge storage was
explained in detail using both experimental and theoretical
approaches. The environmentally friendly nature of our deriva-
tives (one-step synthesis without any presence of heavy metals,
neutral character of the electrolyte) holds great potential in
developing new kinds of supercapacitors for practical
applications.
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