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  1.     Introduction 

 The continuously increasing global energy 
consumption has led to a surge in energy 
production from renewable natural 
sources, such as solar, wind, hydro, and 
geothermal heat. [ 1 ]  However, these natural 
energy sources are sporadic and local-
ized, which need to be effi ciently stored 
and delivered on demand to meet require-
ments for specifi c applications, such as 
mobile electronic devices. Although a 
variety of energy conversion and storage 
devices, such as solar cells, fuel cells, 
hydrogen storages, lithium ion batteries 
(LIBs), and supercapacitors, [ 2 ]  have been 
developed, their commercial applica-
tions will not be fully realized if there is 
no large-scale capability for the low-cost 
development of stable materials with high 

performance for energy conversion and storage. 
 Carbon materials, such as fullerenes, carbon nanotubes, 

nanodiamonds, graphene, graphite, and amorphous carbon, 
have been playing a signifi cant role in the development of 
alternative clean and sustainable energy sources due to their 
unique and technically important properties. Specifi cally, gra-
phene, a one-atom-thick graphitic layer comprising sp 2  hybrid-
ized carbon atoms, [ 3 ]  has demonstrated many peculiar proper-
ties, including superior electrical conductivity, [ 4 ]  large surface 
area (≈2630 m 2  g −1 ), [ 5 ]  excellent mechanical property, [ 6 ]  and high 
thermal/chemical stability. [ 7 ]  These unusual properties make 
graphene as one of the promising electrocatalysts and electrode 
materials for electrochemical energy conversion and storage. 
In this regard, the oxidative corrosion (e.g., C + O 2  → CO 2 ) of 
carbon-based electrodes is one of the most critical drawbacks 
leading to a short lifetime of energy conversion and storage 
devices. [ 8,9 ]  The typical half lifetime (50% charge capacity reten-
sion) of mobile phone battary is less than one year, and also the 
common pitfall for the commerciallization of electric vehicle 
is short battary lifetime. Therefore, it is important to develop 
carbon-based electrode materials with strong chemical bonds 
and enhanced charge polarization to reduce the overpotentials 
for energy-related electrochemical reactions, [ 10 ]  and hence less 
susceptible to the oxidative corrosion (e.g., C + O 2  → CO 2 ). 
Fluorine ( χ  = 3.98) is the most electronegative element among 
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elements in the periodic table and the bond 
strength of C–F bond (488 kJ mol −1 ) is the 
strongest single covalent bond. Hence, 
fl uorination of graphene could provide the 
maximum charge polarization for enhanced 
electrochemical activity of energy-related 
reactions and excellent electrode stability. 
However, the fl uorination of carbon-based 
materials to form C–F bonds is very lim-
ited, because handling fl uorine (F 2 ) gas for 
direct formation of C–F bonds is too dan-
gerous for laboratory use. As an alternative 
approach, xenon difl uoride (XeF 2 ) has been 
used for fl uorination of graphene, [ 11 ]  though 
not as a general method because XeF 2  is 
very toxic and too expensive. Furthermore, 
the XeF 2  fl uorination occurs not only on the 
graphitic basal plane but also at its edges, 
scarifying the outstanding electronic and 
structural characteristics intrinsically associ-
ated with the graphene basal plane. Unlike 
the precedent approaches, we have devel-
oped a new effi cient approach to edge-selec-
tively functionalized graphene nanoplatelets 
(EFGnPs) with various functional groups 
and/or heteroatoms via the simple but effi -
cient ball-milling-induced mechanochemical 
reactions. [ 12–14 ]  

 In this study, we have, for the fi rst time, 
been able to introduce fl uorine at the edges 
of graphene nanoplatelets (GnPs) by the 
ball-milling process under well-optimized 
conditions. Since handling fl uorine requires 
extreme care (Caution!!! High concentration 
of fl uorine gas cannot be handled in ordinary laboratory condi-
tion), we optimized and performed the “direct” fl uorination by 
using diluted fl uorine gas (20 vol%) in argon to safely realize 
edge-fl uorination under the normal laboratory conditions. The 
resultant edge-selectively fl uorinated GnPs (FGnPs) were dem-
onstrated to display excellent electrocatalytic performance and 
electrode stability (or cycle life) in dye-sensitized solar cells 
(DSSCs) and LIBs. Therefore, the scalable and cost-effective 
ball-milling technology could lead to mass production of FGnPs 
at low cost to satisfy commercial needs for energy conversion 
and storage applications.  

  2.     Results and Discussion 

 As schematically represented in  Figure    1  a (the detailed mecha-
nism is proposed in Figure S1, Supporting Information), the 
larger grain size of graphite was fi rst mechanochemically 
crushed into the smaller grain size of edge-activated GnPs by 
ball-milling-induced unzipping the graphitic C–C bonds in 
graphite under argon atmosphere. Diluted fl uorine gas was 
then slowly injected into ball-mill container, in which one of 
the most reactive chemical species (mostly carboradicals at the 
broken edges) reacted with fl uorine to yield FGnPs (Experi-
mental in the Supporting Information). Scanning electron 

microscopy (SEM) images show a large grain size (<150 μm, 
Figure  1 b) and the dramatically reduced grain size (<300 nm, 
Figure  1 c) for the pristine graphite and the resultant FGnPs, 
respectively. Field emission (FE)-SEM energy-dispersive X-ray 
spectroscopy (EDS) (Figure S2a, Supporting Information) and 
the corresponding element mapping (Figure S3, Supporting 
Information) show that FGnPs consist of carbon, oxygen, and 
fl uorine, while the pristine graphite has mostly carbon with 
trace of oxygen without fl uorine (Figure S3, Supporting Infor-
mation). The content of fl uorine in FGnPs by EDS is about 
3.4 at% (Table S1, Supporting Information). Furthermore, the 
typical bright fi eld (BF) and dark fi eld (DF) images of scanning 
transmission electron microscopy (STEM) with corresponding 
EDS spectrum show the presence of fl uorine together with 
carbon and oxygen (Figures S5a–e, Supporting Information). 
The EDS mappings further confi rm the presence of carbon, 
oxygen, and fl uorine in the FGnPs (Figures S5f–i, Supporting 
Information). The presence of oxygen is due to the termina-
tion of remnant carbon species with air/moisture (i.e., O 2 , CO 2 , 
and H 2 O) into oxygen-containing functional groups (e.g., –OH, 
–COOH) upon opening the ball-milling reactor (Figure S1, 
Supporting Information). As a control experiment, pristine 
graphite-diluted fl uorine gas was charged without stainless 
steel balls and agitated for 48 h, but there was no trace of fl uo-
rine detected, suggesting diluted fl uorine gas was not reactive 
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 Figure 1.    Preparation of edge-fl uorinated graphene nanoplatelets (FGnPs) and morphological 
change of before and after ball-milling: a) Schematic of the mechanochemically driven reaction 
between active carbon species at the edges of graphene and fl uorine gas (20 vol% in argon) 
to produce FGnPs. SEM images: b) before ball-milling, the pristine graphite with a large grain 
size (<150 µm); c) after ball-milling, FGnPs show a much smaller grain size (<300 nm). Scale 
bars are 1 µm. Compared to the pristine graphite, the dramatic grain size reduction of FGnPs 
implicates that the unzipping of graphitic C–C bonds generates active carbon species, which 
react with fl uorine gas for the formation of C–F bonds at the broken edges.
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enough for the fl uorination of graphitic framework. These 
results indicate that the occurrence of the cracking of graphitic 
C–C bonds and the subsequent edge-fl uorination were only 
induced by high speed ball-milling graphite in the presence of 
diluted fl uorine gas. The detected fl uorine must be from those 
C–F bonds at the edges of FGnPs as unreacted fl uorine, if any, 
has been spontaneously evacuated from the ball-mill container 
by opening the lid and work-up procedures (Experimental 
details in the Supporting Information).  

 X-ray photoelectron spectroscopy (XPS) was further uti-
lized for detecting element compositions of the samples. As 
expected, the pristine graphite shows a dominant C1s peak 
with a minor O1s band attributable to physically adsorbed 
oxygen onto the graphite surface ( Figure    2  a). [ 15 ]  FGnPs exhibit 
a unique F1s peak in addition to the C1s and O1s peaks. The 
content of fl uorine in FGnPs by XPS is about 3.0 at% (Table S1, 
Supporting Information), which is agreed well with the 
FE-SEM EDS result (3.4 at%). The high-resolution C1s peak of 
FGnPs could be deconvoluted into three components of C=C 
(284.2 eV), C–O (285.9 eV), and C=O (288.5 eV). The C=O 
peak is overlapped with C–F (Figure S6a, Supporting Informa-
tion), [ 16 ]  while the O1s peak is divided into two chemical bonds 
of C=O (531.9 eV) and C–O (533.3 eV) (Figure S6b, Supporting 
Information) arising from the termination of remnant active 
carbon species with air/moisture upon opening the lid for the 
work-up procedures (Experimental details in the Supporting 
Information). The F1s peak shows single sp 2  C–F component 

at 687.3 eV (Figure  2 b), confi rming that the edges of FGnPs 
consist of covalent C–F bonds. Furthermore, the  19 F magic 
angle spinning (MAS) nuclear magnetic resonance (NMR) 
spectrum of the FGnPs was acquired, which displayed a broad-
band centered at −167.5 ppm over −50 to −300 ppm (Figure  2 c) 
characteristic of the rigid fl uorinated carbon lattice. This peak is 
attributed to sp 2  C–F bonds [ 17 ]  and the line broadening is due to 
strong  19 F– 19 F homonuclear dipolar coupling [ 18,19 ]  of different 
C–F bonds at the FGnP edges, such as the armchair C–F and 
zigzag C–F (Figure S1, Supporting Information).  

 Thermogravimetric analysis (TGA) was used for the quanti-
fi cation of fl uorination. Since combustion of fl uorinated com-
pounds in the presence of oxygen (air) does not give reliable 
data, [ 20 ]  TGA measurements were conducted under nitrogen 
atmosphere. The char yields of the pristine graphite and FGnPs 
were found to be 99.1 and 89.2 wt% at 1000 °C, respectively 
(Figure S2b, Supporting Information). The observed high 
thermal stability of the pristine graphite could be attributed to 
its structural integrity and large grain size (<150 μm). However, 
FGnPs displayed gradual weight loss up to 600 °C, attributable 
to the loss of absorbed moisture and oxygenated groups. In addi-
tion, a sharp weight loss (3.5 wt%) occurred over 600–700 °C 
with the maximum slope at 677 °C; a typical temperature for 
C–F bond dissociation. [ 21 ]  This result is well accordance with 
the values obtained from XPS (3.0 at%) and EDS (3.4 at%) anal-
yses (Table S1, Supporting Information). The high dissociation 
temperature implies the high stability of C–F bonds. 
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 Figure 2.    Characterization of the pristine graphite and FGnPs: a) XPS survey spectra of the pristine graphite and the as-prepared FGnPs, indicating that 
the occurrence of fl uorination with a fl uorine content of 3.0 at%; b) high-resolution F1s peak of FGnPs, showing the formation of graphitic C–F; c)  19 F 
MAS NMR spectrum of FGnPs, displaying characteristic peak attributed to sp 2  C–F bonds; the line broadening is due to strong  19 F– 19 F homonuclear 
dipolar coupling of C–F bonds at the different edges, such as armchair C–F and zigzag C–F; d) nitrogen adsorption/desorption isotherms of the pristine 
graphite and FGnPs obtained at 77 K, exhibiting signifi cant increase in specifi c surface area for FGnPs.



FU
LL P

A
P
ER

1173wileyonlinelibrary.com© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

 The degree of delamination caused by ball-milling could be 
estimated by comparing the intensity of [002] peak from X-ray 
diffraction (XRD). As seen in Figure S2c, Supporting Informa-
tion, the pristine graphite shows a strong and sharp [002] peak 
at 26.5° corresponding to an interlayer  d -spacing (0.34 nm) 
of graphitic layers, [ 22 ]  whereas FGnPs show only about 0.27% 
intensity at 25.4° to the [002] peak of the graphite. These results 
implicated that the graphitic layers in the pristine graphite were 
exfoliated to a large extent into a few layers of FGnPs even in 
solid state, which should be a good precursor for further delam-
ination upon dispersion in appropriate solvents. In addition to 
XRD patterns (Figure S2c, Supporting Information), the degree 
of delamination of FGnPs could also be roughly estimated from 
surface area measurements. [ 23 ]  Specifi c surface area of FGnPs 
was thus compared with that of the pristine graphite using 
the Brunauer–Emmett–Teller (BET) measurement by nitrogen 
adsorption/desorption at 77 K (Figure  2 d). The pristine 
graphite has low specifi c surface area of 2.78 m 2  g −1  (Table S2, 
Supporting Information), due to its highly ordered multilayered 
structure with strong π–π stacking. The specifi c surface area 
of FGnPs was increased 48.5 times to 134.79 m 2  g −1  (Table S2, 
Supporting Information) compared with that of the pristine 
graphite. Large surface area of FGnPs is expected to bring 
positive effects on electrochemical and device performance. 
The sorption isotherm of FGnPs is a type IV, which is typi-
cally associated with mesopores. [ 24 ]  These results indicated that 
FGnPs were signifi cantly exfoliated into a few graphitic layers 
(2630/135 ≈ 20) by ball-milling and edge-fl uorination. Although 
the observed specifi c surface area of FGnPs in the solid state 
was much smaller than that of the edge-carboxylated GnPs [ 12 ]  
and other edge-halogenated GnPs (XGnPs, X = Cl, Br, I), [ 25 ]  the 
charge polarization at the edges of FGnPs must be stronger 
than that of other edge-functionalized GnPs due to the highest 
electronegativity of fl uorine atoms. Hence, FGnPs are expected 
to be a good precursor for further delamination upon disper-
sion in polar solvents for enhanced processability. 

 Since FGnPs contain not only fl uorine but also some oxy-
genated groups at their edges, they are dispersible well in polar 
solvents, such as water, ammonium hydroxide, methanol, eth-
anol, tetrahydrofuran (THF), acetone,  N , N -dimethylformamide 
(DMF),  N , N -dimethylacetamide (DMAc), and  N -methyl-2-pyrro-
lidone (NMP), and even some of nonpolar solvents, including 
toluene and xylene (Figures S7a,b, Supporting Information). 
The stability of dispersion could be determined by zeta-poten-
tial measurements. Various concentrations of FGnPs dispersed 
in NMP show the zeta-potential values in the range of −33.5 to 
−48.7 mV (Figure S7c and Table S4, Supporting Information). 
The absolute value higher than ±30 mV implicates a stable dis-
persion. [ 26,27 ]  Furthermore, the surface polarity of FGnPs was 
also determined by contact angle measurements. The average 
contact angle of a silicon wafer (as reference) and a FGnP fi lm 
solution-cast from NMP solution onto a silicon wafer was 48.3° 
and 79.8°, respectively (Figure S7d, Supporting Information). 
Despite the coexistence of oxygenated functional groups, the 
presence of fl uorine at the edges make FGnPs to be less hydro-
philic to facilitate dispersion in nonpolar solvents, providing 
additional options for solution processing. 

 Raman spectroscopy was also utilized for the structural 
assessments of samples. As expected, the pristine graphite 

exhibits a sharp G band at 1585 cm −1  without detectable D band 
(Figure S2d, Supporting Information) due to highly ordered 
nature of the pristine graphite. As a result of the delamina-
tion and edge-fl uorination of graphitic layers, however, the G 
band of FGnPs appeared at a higher frequency (centered at 
1587 cm −1 ) than the pristine graphite (1585 cm −1 ) (Figure S2d, 
Supporting Information) due to the merging of G and G′ 
bands caused by the defects, transformation from graphite to 
a few layer graphene sheets, and resonation of isolated double 
bonds. [ 28 ]  Furthermore, FGnPs show a strong and broad D band 
at 1359 cm −1  with a high  I  D / I  G  ratio of 0.92 due to the edge 
defects from the grain size reduction (<300 nm, see Figure  1 c) 
and edge-fl uorination. 

 In view of the well-defi ned structure and properties from the 
edge-fl uorination, we further evaluated electrochemical perfor-
mances of FGnPs for potential applications in DSSCs. For the 
use as counter electrodes (CEs) in DSSCs, thin fi lms of FGnPs 
on fl uorine-doped SnO 2  (FTO)/glass were prepared by using 
an electrostatic spray (e-spray) technique. [ 29 ]  Edge-hydrogenated 
GnPs (HGnPs) [ 13 ]  and Pt-coated FTO were also fabricated as the 
reference electrodes, and their fabrication details were described 
in the Supporting Information. Top and cross-sectional SEM 
images of the FTO glass plates with and without the HGnPs and 
FGnPs coatings are shown in Figure S8, Supporting Informa-
tion. So far, there has only been one report on fl uorine-function-
alized graphene (F-graphene) as a CE in a DSSC based on an I − /
I 3  −  redox couple. [ 30 ]  Meanwhile, that the utilization of FGnPs as 
a CE for DSSCs in conjunction with a Co(bpy) 3  2+/3+  redox couple 
(bpy = 2′,2′-bipyridine) exhibited a higher open circuit voltage 
( V  oc ) than the I − /I 3  −  redox couple has not been investigated. 
Electrocatalytic activities of the resultant electrodes were tested 
with symmetrical dummy cells by using two identical electrodes 
(Figure S9a, Supporting Information). Cyclic voltammetry (CV) 
was performed for all the symmetric dummy cells from −0.65 V 
to 0.65 V at a scan rate of 50 mV s −1  at room temperature, and 
the voltammogram characteristics are shown in Figure S9b, 
Supporting Information, which implies that HGnPs have poor 
interfacial charge-transfer activity toward the Co(bpy) 3  3+  ions 
since there are fewer active edges in its crystal lattice. The cur-
rent–voltage response of a dummy cell should be simply the 
Ohmic-like straight line if the interfacial charge transfer and 
the mass transport in the electrolyte solution are suffi ciently fast 
(Figure S9b, Supporting Information). [ 31 ]  The inverse slope of 
the linear part near 0 V is the overall cell resistance ( R  CV ) related 
to the interface between an electrolyte and a CE, which also 
characterizes the electrocatalytic activity of the CE materials. [ 31 ]  
The  R  CV  for the FGnPs (7.1 Ω cm 2 ) was much lower than those 
of Pt–CE (11.5 Ω cm 2 ) and HGnP–CE (183.5 Ω cm 2 ), indicating 
a faster kinetics for reduction of Co(bpy) 3  3+  at the FGnP/electro-
lyte interface than other CE/electrolyte interfaces. 

 The current density is representative of the ionic carriers 
in the electrolytes solution between two electrodes of the sym-
metrical dummy cells. Here, the diffusion coeffi cient is propor-
tional to  J  lim  as expressed in Equation  ( 1)   [ 32 ] 

    
2 /lim Co(bpy)3

3J nFC D δ= +
  (1) 

 where,  δ  is the inter-electrode distance,  n  is 1, the number 
of electron contributing to the charge transfer,  F  is Faraday’s 
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constant, and  C  is concentration of transport limited species 
(Co(bpy) 3  3+ ) per unit volume, respectively.  Figure    3  a shows 
the Tafel-polarization curves of the symmetrical dummy cells 
confi gured with different electrodes. As clearly observed in 
the Tafel plots, the slopes of both cathodic and anodic parts 
are increased for FGnPs in comparison to those of Pt. This 
is because the more electronegative fl uorine ( χ  = 3.98) than 
carbon ( χ  = 2.55) leads to the formation of polar covalent C–F 
bonds at the edges of FGnPs to impart higher electrochemical 
activities and better in-plane charge transfer properties than 
HGnPs. Due to the enhancement from edge-fl uorination, the 
calculated diffusion coeffi cient of Co(bpy) 3  3+  for the FGnP elec-
trode was 8.6 × 10 −6  cm 2  s −1 , which is higher than that of the Pt 
electrode (5.8 × 10 −6  cm 2  s −1 ). Therefore, the result further sup-
ports the fact that the edges of graphene display more catalytic 
effects than the basal areas. [ 30,33,34 ]  The mass transport can also 
be characterized by a potential-step chronoamperometry (CA, 
Figure S10, Supporting Information).  

 The CE in a liquid-junction DSSC serves for reduction of 
the oxidized state of redox mediators, which is created by the 
reaction with oxidized dye near the photoanode. The rate of 
the reduction at the CE should be comparable to the rate of 
dye regeneration at the photoanode, which can be expressed by 
the photocurrent density ( J  sc ). Hence, to avoid electron losses at 
the CE, the  J  sc  should be comparable to the exchange current 
density ( J  0 ) at the CE, as shown in Equation  ( 2)   [ 35 ] 

   / ( )0 0 ox
1

redJ RT nFR Fk C Cct= = ⋅α α−

  (2) 

 where  R  is the gas constant,  T  is the temperature,  F  is the 
Faraday’s constant, and  n  is the number of electrons involved 
in the electrochemical reduction of redox couple at the CE. The 
 k  0  is the rate constant of the electrode reaction at steady-state 
condition,  C  ox  and  C  red  are the concentrations of oxidized and 
reduced mediators, respectively, and  α  is 0.5 as the charge-
transfer coeffi cient in symmetrical electrode kinetics. The  J  0  
is a kinetic component that arises due to the charge transfer 
from the CE to the oxidized mediator ions at the CE/electro-
lyte interface. Therefore, the cathodic electrocatalytic activity is 
assessed by  R  ct ,  J  0 , and/or  k  0 . To gain more insights into the 
electrocatalytic activity of the sample electrodes, electrochem-
ical impedance spectroscopic (EIS) measurements were made 
on the symmetrical dummy cells. Figure  3 b shows the Nyquist 
plots of the EIS spectra and the corresponding equivalent cir-
cuit (EC) model [ 31 ]  for fi tting the EIS spectra (inset, Figure  3 b). 
In this model, the  R  ct  is directly related to a reaction barrier in 
the reduction of the redox couple at the CE surface, and hence 
it should be considered as an important parameter to evaluate 
the electrocatalytic activities of the catalysts. The double-layer 
capacitance ( C  dl ), the corresponding capacitance from constant 
phase element (CPE), stems from the charge accumulation at 
the CE/electrolyte interface and depends on the effective sur-
face area of the interface. [ 31 ]  The Nernst diffusion impedance 
( Z  W ) describes the diffusion of the redox couple between two 
electrodes. As shown in Figure  3 b, EIS spectra exhibited two 
distinct semicircles offset from the origin in the Nyquist plots, 
which correspond to the charge transfer impedance ( R  ct  and  C  dl ) 
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 Figure 3.    DSSC performance of the platinum (Pt) and FGnP electrodes: a) Tafel-polarization curves; b) Nyquist plots of the Pt and FGnP dummy 
cells with Co(bpy) 3  2+/3+  in acetonitrile measured at 0 V from 10 6  to 0.1 Hz. The inset is the equivalent circuit for fi tting the EIS spectra; c) Arrhenius 
plot of  R  ct  and  J  0  versus temperature; d) cyclic voltammograms (CV) obtained at a scan rate of 50 mV s −1  for oxidation/reduction of the Co(bpy) 3  2+/3+  
redox couple using Pt and FGnP electrodes as the working electrodes, a Pt wire as the CE, Ag/Ag +  as the reference electrode, and 0.1  M  LiClO 4  as the 
supporting electrolyte.
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and diffusion impedance ( Z  W ), respectively. The estimated EIS 
values were listed in Table S5, Supporting Information. The  R  ct  
of the HGnP electrode (121.03 Ω cm 2 , Figure S9c, Supporting 
Information) was signifi cantly reduced by edge-fl uorine doping 
in FGnPs (0.29 Ω cm 2 ), whose value is much lower than that 
of the conventional Pt electrode (0.93 Ω cm 2 ). These results are 
well accordance with the aforementioned values obtained from 
the CV measurements. Furthermore, the temperature depend-
ences of the  R  ct  of Pt and FGnPs are shown as Nyquist plots 
in Figure S11, Supporting Information. These results indicate 
that the  J  0  of the Pt and FGnP electrodes show a temperature 
dependence (Figure  3 c, right ordinate), following the Arrhenius 
Equation  ( 3)   [ 36 ] 

   0 0
( / )J I e E RTa= −

  (3) 

 where  E  a  is the activation energy and  I  0  is the exchange cur-
rent density at  T  = infi nite. The results illustrate that the  R  ct  
decreases as exchange-current density increases with increasing 
temperature. Likewise, decreases in charge-transfer resistance 
are also associated with the increase in the exchange-current 
density  J  0  calculated using Equation  ( 3)   at the CE/electro-
lyte interface. As explained earlier, the creation of active sites 
by charge polarization at the edges of FGnPs contributes to 
enhancement of the catalytic activity of the graphene layers for 
Co(bpy) 3  3+  reduction. 

 Figure  3 d shows the cyclic voltammograms of the 
Co(bpy) 3  2+/3+  redox couple on Pt and FGnP electrodes, respec-
tively. A typical pair of oxidation and reduction peaks revealed 
in the voltage range of −0.3 to 0.5 V (vs Ag/Ag + ). The peak-
to-peak separation ( E  pp ) for a pair peak and the peak currents 
are two important parameters for comparing catalytic activi-
ties of different CEs. A smaller  E  pp  and larger peak currents 
indicate higher catalytic performance. The  E  pp  is almost the 
same between Pt and FGnP electrodes, whereas the cathodic 
peak currents for the reduction of Co(bpy) 3  3+  are 0.41 and 
0.49 mA cm −2  for Pt and FGnP electrodes, respectively. This 
indicates that the reduction rate of Co(bpy) 3  3+  to Co(bpy) 3  2+  on 
the FGnP electrode surface is faster than that on the Pt coun-
terpart. Furthermore, oxygens in FGnPs are also relatively high 
charge polarization, which might also be good affi nity with the 
positively charged Co-complex redox couple. [ 37 ]  

 For evaluation of electrochemical stability of the sample 
electrodes, freshly assembled symmetrical dummy cells were 
fi rst measured with CV at room temperature. Then, they were 
subjected to EIS (Figure S12, Supporting Information) and fol-
lowed by CV measurements again. Despite cycling potentials, 
the semicircles in the low-frequency range exhibited a sim-
ilar shape in the Nyquist plots of the Pt and FGnP electrodes 
(Figure S12, Supporting Information). These similar curves 
between the two electrodes indicate that the Co(bpy) 3  2+/3+  redox 
couple is invariant with the surface conditions at the electrodes. 
However, the  R  ct  of the Pt electrode signifi cantly increased 
compared to that of the FGnP electrode as the cycling poten-
tial was repeated. Figure S12c, Supporting Information, shows 
the electrochemical stability of symmetrical dummy cells with 
Pt and FGnP electrodes as function of  R  ct  versus EIS scanning 
number under cumulative potential-cycling with Co(bpy) 3  2+/3+  
in acetonitrile. The  R  ct  for the Pt electrode was 6.72 Ω cm 2  in 

the fi rst cycle (e.g., after 100 CV cycles), but it was remark-
ably increased up to 50.38 Ω cm 2  in the fi nal cycle (e.g., after 
1000 CV cycles). On the other hand, the FGnP electrode exhib-
ited a  R  ct  of 0.83 and 1.08 Ω cm 2  in the fi rst and fi nal cycles, 
respectively. Electrocatalytic performance of the FGnP electrode 
was maintained by ≈80% after 1000 cycling potentials, whereas 
the  R  ct  of Pt electrode decreased below 20% in the fi nal cycle. 
On basis of the above results, we can conclude that the FGnP 
electrode had better electrocatalytic activity and electrochemical 
stability than those of the Pt electrode in Co(bpy) 3  3+/2+  medium. 

 The catalytic activity of the sample electrodes as CEs in 
actual DSSCs was evaluated in a Co(bpy) 3  2+/3+  redox couple 
with an organic sensitizer (JK-306) [ 38 ]  and a multifunctional 
coadsorbent of HC-A (SGT-301, see the Supporting Informa-
tion). [ 39,40 ]   Figure    4  a shows the current–voltage ( J–V ) curves and 
their photovoltaic parameters were summarized in Table S6, 
Supporting Information. The DSSC based on the FGnP–CE 
displayed a higher photovoltaic performance (FF,  J  sc , and PCE: 
71.5%, 14.44 mA cm −2 , and 10.01%, respectively) than that with 
the Pt–CE (69.8%, 14.28 mA cm −2 , and 9.61%) and HGnP–CE 
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 Figure 4.    a) Current–voltage curves of the DSSCs with the Pt, HGnP, 
and FGnP CEs on Co(bpy) 3  2+/3+  redox couple under one sun illumination 
(AM 1.5 G). The TiO 2  fi lm thickness and active area are 8 (5 + 3) µm 
and 0.16 cm 2  with a black metal mask, respectively. (b) Nyquist plots in 
full-frequency region of DSSCs with different CEs at an applied bias of 
−0.92 V under dark conditions. The inset shows Nyquist plots in high-
frequency region of same DSSCs.
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(45.8%, 14.05 mA cm −2 , and 5.96%). Moreover, the different 
performance of the DSSCs with different CEs was confi rmed 
by EIS measurements under dark conditions (Figure  4 b). The 
 R  s  and  R  ct  at the CEs/electrolyte interface calculated with an 
EC (Figure S13, Supporting Information) of the DSSC with a 
FGnP–CE are 2.24 and 0.47 Ω cm 2 , respectively, whereas the 
corresponding values of the DSSCs are 2.27 and 1.87 Ω cm 2  
for the Pt–CE and 3.1 and 122.9 Ω cm 2  for the HGnP–CE. 
The lower  R  ct  value for the FGnPs suggests high electrocata-
lytic activity for the reduction of Co(bpy) 3  3+  ions, which could 
enhance the DSSC performance, in particular, FF and  J  sc  
(Table S6, Supporting Information).  

 Apart from the DSSC study described above, we further 
found that FGnPs are also ideal electrode materials for LIBs. 
Over the past decades, to enhance the electrochemical perfor-
mance and the operating safety of lithium ion batteries, many 
efforts have been devoted to develop fl uorinated electrode 

materials (especially, fl uorinated cathode materials), as well 
as fl uorinated salts for electrolytes and fl uorinated binders. [ 41 ]  
Hence, we also investigated FGnPs as an anode material for 
energy storage in LIBs. 

 The initial discharge/charge profi les of HGnPs and FGnPs 
at 0.1 C in the voltage range of 0.02–3 V are shown in  Figure    5  a, 
which are in accordance with the CV analysis. Figure S14, Sup-
porting Information, shows the initial fi ve cycles of CV pro-
fi les for HGnPs and FGnPs at a scan rate of 0.1 mV s −1  in the 
voltage range of 0.02–3 V. The fi rst cathodic peak ( C  a ) centered 
at around 0.6 V in the 1 st  cycle and then disappeared in the 
following cycles indicates a dense solid electrolyte interphase 
(SEI) layer formation on the surfaces of HGnPs and FGnPs in 
the fi rst cycle. The second cathodic peak ( C  b ) centered at 0.05 V 
is ascribed to lithium ions insertion into HGnPs and FGnPs. [ 42 ]  
Such electrochemical behavior is typical for carbonaceous 
materials as anodes in LIBs. [ 43 ]  To compare the rate capability 
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 Figure 5.    LIB performance of HGnP and FGnP anodes: a) Initial discharge/charge curves at 0.1 C; b) rate performance (Inset: Charge capacity reten-
tion at various current densities); c) cycling performance and coulombic effi ciency at 0.5 C of HGnPs and FGnPs in the voltage range of 0.02–3 V.
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of HGnPs and FGnPs, the cells were tested for 60 cycles at cur-
rent densities varying from 0.1 to 10 C in the voltage ranges 
of 0.02–3 V. As shown in Figure  5 a,b, the FGnPs and HGnPs 
delivered the initial discharge capacities of 1778.1 (FGnPs) 
and 1666.9 mAh g −1  (HGnPs) at 0.1 C with charge capacities 
of 1176.3 (FGnPs) and 807.4 mAh g −1  (HGnPs), respectively, 
indicating the higher initial coulombic effi ciency of 66.2% for 
FGnPs than 48.4% for HGnPs. Furthermore, as shown in the 
inset of Figure  5 b, FGnPs also showed the higher rate capa-
bility than HGnP at >0.5 C.  

 In Figure  5 c, the relatively long-term cycling performance 
and the coulombic effi ciency for HGnPs and FGnPs are com-
pared at 0.5 C in the voltage range of 0.02–3 V. FGnPs elec-
trode could deliver an initial charge capacity of 650.3 mAh g −1  
at 0.5 C in the voltage of 0.02–3 V, which are higher than that of 
the conventional graphite-based electrode (a theoretical capacity 
of 373 mA g −1 ) [ 44 ]  and the reference HGnPs with 511.3 mAh g −1  
(Figure  5 c). Even, after 500 cycles, FGnP can still maintain 
higher capacity of 498.2 mAh g −1  with a capacity retention 
of 76.6% than HGnPs (208.5 mAh g −1 , 40.8%), further indi-
cating better cycling performance for FGnPs than that of 
HGnPs. Compared with ≈100% coulombic effi ciency in the 
following cycles (Figure  5 c), it should be noted that the lower 
initial coulombic effi ciency not only for HGnPs but also for 
FGnPs (Figure  5 a,c) is most likely resulted from the interaction 
between lithium ions and the residual oxygenated functional 
groups within HGnPs and FGnPs, such as carboxylic acid, 
hydroxyl groups, and oxyfl uorides. [ 45 ]  The rich residual oxygen 
functional groups of electrode material could decrease the ini-
tial coulombic effi ciency of cell. However, the cycling stability 
of the cell can be signifi cantly improved over the cycles due to 
a dense SEI formation in the initial cycle. The formation of a 
dense SEI is related to the surface defects, the strength bond 
of C–F at the edges (488 kJ mol −1 ) and oxygen containing func-
tional groups of the electrode materials and it, once formed, can 
serve as important factors to affect the electrochemical process, 
such as electronic/ionic conductivity. As shown in Figure S14, 
Supporting Information, the higher intensity ratio of ( I  Ca / I  Cb ) 
in the fi rst cycle supports that FGnPs form a denser SEI fi lm 
than HGnPs. Apart from the strong SEI formation, the excel-
lent rate capability and cycling performance of FGnPs are also 
attributed to the higher electronegativity of fl uorine ( χ  = 3.98) 
at the edges of FGnPs creating net positive charge on adjacent 
carbon atoms ( χ  = 2.55) to facilitate lithium extraction from/
insertion into the electrode during cycling. 

 Electrochemical impedance spectroscopy [ 46 ]  was widely used 
to investigate the kinetics of the electrode materials for LIBs. 
Figures S15a,b, Supporting Information, show the Nyquist plots 
of the HGnP and FGnP electrodes at the discharged state of 1.0 
V (vs Li + /Li) at different temperatures after discharge/charge 
for fi ve cycles. All the impedance curves of HGnPs and FGnPs 
show a semicircle in the medium frequency region, which 
could be assigned to the lithium ion diffusion through the SEI 
fi lm ( R  s ) and the charge transfer resistance ( R  ct ), respectively. 
A clear ≈45° inclined line in the low-frequency range could be 
considered to be a Warburg impedance (W). The  R  ct  is calcu-
lated using the equivalent circuit as shown in Figure S16, Sup-
porting Information, which also includes electrolyte resistance 
( R  e ), a constant phase element (CPE-1), and a nonideal constant 

phase element (CPE-2). The values of  R  e ,  R  s , and  R  ct  obtained 
from a nonlinear least squares fi tting are summarized in 
Figure S18 and Table S7, Supporting Information. As can be 
seen, FGnPs showed smaller  R  e ,  R  s , and  R  ct  values than those 
of HGnPs at different temperatures, indicating, once again, the 
higher electrolyte/electrode saturation, easier SEI formation, 
and enhanced kinetics for FGnPs than those of HGnPs. The 
kinetics of the charge-transfer reaction for HGnPs and FGnPs 
was further investigated by the apparent activation energy. [ 47 ]  
The exchange current ( i  0 ) and the apparent activation energy 
( E  a ) for HGnPs and FGnPs electrodes can be calculated from 
the Arrhenius equation: i.e., Equations  ( 4)   and  ( 5)  , respectively

   /( )0 cti RT nFR=   (4)  

    exp( / )0 ai A E RT= −   (5) 

 where  A  is a temperature-independent coeffi cient,  R  is the gas 
constant,  T  (K) is the absolute temperature,  n  is the number 
of transferred electrons,  F  is the Faraday constant, and  E  a  is 
apparent activation energy. Figure S15c, Supporting Informa-
tion, shows Arrhenius plots of log 10  i  0  as a function of 1/ T . 
The apparent activation energies ( E  a  = − Rk ln10, where  k  = the 
slope of the fi tting line in Figure S15c, Supporting Informa-
tion) of HGnPs and FGnPs were calculated to be 38.7 and 
35.5 kJ mol −1 , respectively. Compared to HGnPs, FGnPs with 
lower apparent activation energy indicate the easier extraction/
insertion of lithium ions from the stable host structures and 
thus further support its better electrochemical performance 
than that of HGnPs, as shown in Figure  5  and Figure S17, Sup-
porting Information.  

  3.     Conclusion 

 In summary, we have, for the fi rst time, prepared edge-fl uori-
nated graphene nanoplatelets by using simple but effi cient 
mechanochemical ball-milling method, which is considered 
to be a new general approach for mass production of edge-
functionalized GnPs at low cost. The fl uorination at the edges 
of GnPs was confi rmed by using various analytical techniques, 
including EA, XPS, Raman, XRD, TGA, EDS, BET, SEM, STEM, 
and  19 F-NMR. The resultant FGnPs show a good dispersibility, 
allowing for device fabrications using all-solution processing. 
Due to the highest electronegativity of fl uorine atom ( χ  = 3.98) 
and the strongest single covalent bond (C–F, 488 kJ mol −1 ) at 
the edges, FGnPs were demonstrated to show the signifi cantly 
enhanced electrochemical performance in DSSCs and LIBs with 
excellent cycling stability. These results indicate that FGnPs can 
be a killer material to solve current issues related to conven-
tional electrode materials for energy conversion and storage.  

  4.     Experimental Section 
  Materials : Graphite was obtained from Alfa Aesar (Natural, 

−100 mesh, 99.9995% metals basis, #14735) and used as received. 
F 2 /Ar (20 vol%) gas was purchased from RIGAS, Inc. (Daejeon 
Metropolitan City, Korea) and used as received. All other solvents were 
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supplied by Aldrich Chemical, Inc., and used without further purifi cation, 
unless otherwise specifi ed. 

  Syntheses of FGnPs : FGnPs were prepared by a simple ball-milling 
graphite in a planetary ball-mill capsule. Graphite (5.0 g) was placed 
into a stainless steel capsule containing stainless steel balls (500 g, 
diameter 5 mm). After fi ve cycles of charging argon gas (10 bar) and 
discharging under reduced pressure (0.05 mmHg), the capsule was then 
fi xed in the planetary ball-mill machine and agitated with 500 rpm for 
48 h. Argon gas was removed and diluted fl uorine (20 vol% in Ar) gas 
was slowly charged (5 bar). After standing for 24 h, the resultant product 
was Soxhlet extracted with 1  M  aq. HCl solution to get rid of remaining 
metallic impurities, if any. Final product was then freeze-dried at −120 °C 
under a reduced pressure (0.05 mmHg) for 48 h to yield 5.15 g of dark 
black FGnP powder (contained at least 0.15 g of fl uorine: ≈3.0 wt%). 

  Instrumentation : Elemental analysis (EA) was conducted with Thermo 
Scientifi c Flash 2000. The FE-SEM was performed on FEI Nanonova 
230. STEM images were acquired on a probe-corrected JEOL ARM200F 
operated at 200 kV equipped with a cold fi eld emission gun, a high 
resolution pole-piece, and a Centurio EDS detector with a collection solid 
angle of ≈1 Sr. Images and EDS maps were acquired at a probe current 
of 90 pA. The elemental mapping was carried out by EDS using the 
JSM-7500FA. The surface area was measured by nitrogen adsorption–
desorption isotherms using the BET method on Micromeritics 
ASAP 2504N. XPS were recorded on a Thermo Fisher K-alpha XPS 
spectrometer. TGA was conducted on a TA Q200 (TA Instrument) under 
nitrogen at a heating rate of 10 °C min −1 . Micro-Raman measurements 
were made with a WiTec Alpha300S system with 532 nm wavelength 
laser light and a 50× objective. XRD patterns were recorded on a Rigaku 
D/MAZX 2500V/PC with Cu–Kα radiation (35 kV, 20 mA,  λ  = 1.5418 Å). 
Zeta-potential values were determined using Malvern Zetasizer (Nano 
ZS, Malvern Instruments). Solid-state  19 F MAS NMR spectroscopic 
measurements were performed on a Varian Unitylnova 600 (600 MHz) 
spectrometer. Contact angle measurements were conducted on a Krüss 
DSA 100 contact angle analyzer. Sample solutions were coated on a 
silicon (Si) wafer, dried, and measured using water drop.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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