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Graphene wrapping is used to experimentally understand how a carbon coating works in
improving the electrochemical performance of the LiFePO, cathode for a lithium ion bat-
tery. A full wrapping of LiFePO, by graphene is realized by a self-assembly driven by the
electrostatic interaction in a graphene oxide suspension. Results indicate that a partial

graphene wrapping provides a balance between increased electron transport and fast ion
diffusion while full graphene wrapping isolates LiFePO, from the electrolyte and retards
ion diffusion. This indicates that steric hindrance for ion diffusion should be considered

together with electron transport in constructing a carbon coating layer.

© 2013 Elsevier Ltd. All rights reserved.

Carbon coating is an efficient approach for improving elec-
trochemical performance of the cathode in a lithium ion bat-
tery (LIB) by notable electronic conductivity improvement,
and a highly graphitic carbon coating is desirable for its excel-
lent electronic conductivity [1]. However, a most recent report
indicates that Li* diffusion through a defect-free perfect gra-
phitic plane is rather limited [2], and that is, leaving an unim-
peded ion diffusion pathway should be considered together
with the electronic conductivity improvement when con-
structing a carbon coating layer around the cathode materi-
als. The rise of graphene [3] gives us an opportunity to
understand the graphitic carbon coating layer in-depth since
the flexible graphene may act as a very thin graphitic carbon
coating on cathode materials like LiFePO, (LFP). Our group has
proved that graphene nanosheets (GNs), as the conducting
additives, may largely improve the conductivity of LFP
through forming an effective “plane-to-point” conductive

network [4], but show a steric hindrance effect for the Li* dif-
fusion due to the planar structure of graphene [5]. Herein,
with less defected graphitic structure, flexible graphene is
used as a model structure to construct graphitic wrapping
layers, and probe how carbon coating works in improving
the electrochemical performance of LFP. Two typical graphitic
carbon coatings, which are respectively formed through par-
tial and full wrapping of graphene around LFP, show entirely
different electrochemical performance. LFP/GN (partial wrap-
ping) shows a capacity as high as 150 mAh g, while LFP@GN
(full wrapping) exhibits a much lower capacity of 40 mAh g*.
The results indicate that although with improved electronic
conductivity, a full and tight coating of highly graphitic car-
bon is not favorable for cathode materials due to the steric
hindrance effect for Li* diffusion and therefore, an ideal coat-
ing structure should provide a balance between increased
electron transport and fast ion diffusion.
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Fig. 1 - Scheme of fabrication and electrochemistry reaction
of LFP@GN, LFP@TC and LFP/GN.

The overall preparation procedure of LFP@GN, LFP@TC and
LFP/GN are schematically represented in Fig. 1. In order to
form a full wrapping structure, we developed a self-assembly
process driven by the electrostatic interaction. Firstly, the sur-
face of LFP nanoparticles (LFP NPs) was positively charged by
the adsorption of hexadecyl trimethyl ammonium bromide
(CTAB) under sonication in an aqueous solution. After the
pH value was adjusted to <7 using hydrochloric acid, the pos-
itively charged LFP NPs were mixed and tightly wrapped by the
negatively charged graphene oxide nanosheets (GONs) by the
electrostatic interaction. GONs were then reduced to GNs by
hydrazine, and the residual surfactant was removed by wash-
ing and thermal decomposition at 600 °C for 2 h, finally result-
ing in LFP@GN. Note that the encapsulation process can be
realized only at pH <7, where LFP NPs and GONs are oppo-
sitely charged. Perfect wrapping structure cannot be obtained
in the similar preparation free from CTAB (other conditions
are exactly the same) where there is no efficient driving force
to promote the full wrapping, and LFP/GN is obtained. Mean-
while sucrose-derived amorphous carbon coated LFP
(LFP@TC) is also investigated for reference and LFP@TC was
obtained by carbonization of sucrose on the LFP NPs.

Asshownin Fig. 2a and b, the scanning electron microscope
(SEM) and transmission electron microscope (TEM) images of
LFP@GN reveal that the LFP NPs are fully wrapped by the crin-
kled, thin and flexible GNs. The morphology and microstruc-
ture of LFP@TC are shown in Fig. 2c and d, from which we can
clearly identify that the LFP NPs are coated by a thin layer amor-
phous carbon, which is derived from the sucrose carboniza-
tion. The SEM and TEM images of the LFP/GN (Fig. 2e and f)
indicate that the LFP NPs are partially wrapped by the GNs (at-
tached on GNs). Compared with the case of LFP@GN shown in
Fig. 2b, the boundary between LFP NP and GN in the LFP/GN
sample is clear and distinguishable, showing a partial wrap-
ping structure. A simple resistance measurement confirms
the difference between LFP@GN and LFP/GN, and with full
wrapped structure, the former possesses the resistivity much
lower than the latter and close to the GNs prepared by the same
method as that for GN coatingin LFP@GN (see the details in ESI).

Such different wrapping structures have also been con-
firmed by the thermal analyses. Thermogravimetric differen-
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Fig. 2 - Structure and microscopic characterization of
different carbon coating structures. (a) SEM and (b) TEM
images of LFP@GN; (c) SEM and (d) TEM images of LFP@TC;
(e) SEM and (f) TEM images of LFP/GN. The insets of (b), (d)
and (f) show the schematic diagram of the corresponding
carbon coating structure.

tial scanning calorimetry (DSC) results are presented in Fig. 3a
and two oxidation-derived exothermal peaks of LFP are ob-
served for all four samples in the range of 380-560 °C [6]. For
uncoated LFP, two typical exothermal peaks appear at ~400
and ~520°C, and LFP@TC possesses almost unshifted two
peaks. This indicates that LFP NPs in the two cases show
the similar oxidation reaction activity and the amorphous
carbon coating with concentrated defects does not hinder
the oxygen diffusion onto the LFP surface. In a sharp contrast,
as compared to the uncoated LFP case, both exothermal peaks
in the cases of LFP/GN and LFP@GN upshift to a higher tem-
perature and LFP@GN demonstrates much larger shifts. That
is, graphene coating retards oxygen diffusion to the inside
LFP surface, and increases the oxidation temperature of LFP.
Furthermore, full and tight coating of graphene in LFP@GN
suppresses the oxidation reaction of the inside LFP to a larger
extent than the case of LFP/GN, since full carbon coating to-
tally isolates LFP from the atmospheric oxygen and cuts off
the mass transport pathway towards the inside LFP while par-
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Fig. 3 - Thermal and electrochemical properties of various carbon coating structures: (a) DSGC curves; (b) Charge/discharge
profiles; (c) Rate performances; (d) Cyclic voltammograms; (e) EIS presented as Nyquist plots, and the inset shows the plots in
the high frequency region. The weight fractions of LFP in all cases of LFP@GN, LFP@TC and LFP/GN are in the range of 95-97%

according to the TG measurements.

tial coating leave LFP exposure to the atmospheric oxygen to
some extent.

The above DSC results indicate the cut-off effect of full
graphene wrapping where GNs retard mass transport into
the inside LFP. Herein, the electrochemical measurements
are performed to experimentally probe whether Li* can go
through the graphene coating. Their capacity performance
(Fig. 3b) is obtained at the current density of 0.05C, which is
low enough to ensure Li* diffusion from the bulk electrolyte
to the material surfaces. The discharge capacity of LFP/GN
is up to ~150 mAh g, while the capacity is only ~40 mAh g~*
for LFP@GN (even much lower than the uncoated LFP), which
indicates that partial or full wrapping results in entirely dif-
ferent electrochemical behaviors, and the first Columbic effi-
ciencies of LFP/GN and LFP@GN are 90.7% and 96.1%,

respectively. Note that the specific capacity is based on the
mass of LFP contained in the active materials (95.5 wt.% for
LFP/GN, 95.9 wt.% for LFP@GN). The capacity of LFP@TC is
145 mAh g%, which is slightly lower than the LFP/GN case.
It can be clearly seen the typical voltage plateau along 3.4V
(us. Li*/Li) which is associated with the redox processes of
LFP/GN and LFP@TC, while the voltage plateau of LFP@GN al-
most disappears, where the redox process of Fe**/Fe>* may
not occur sufficiently since the GNs act as a barrier to cut
off the Li* diffusion pathway. In the case of LFP/GN, partial
wrapping leaves pathway for the Li* diffusion and the GNs
provide effective conducting network, inducing better electro-
chemical performance. For LFP@TC, the coating layer is the
amorphous carbon, which possesses concentrated defects
and can absorb the electrolyte, guaranteeing the smooth ion
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transport together with acceptable electronic conductivity. As
shown in Fig. 3c, LFP/GN demonstrates acceptable rate perfor-
mances though partial graphene wrapping limits the ion dif-
fusion to inside LFP to some extent. Fig. 3d shows the cyclic
voltammetry curves of LFP@GN and LFP/GN (scanning rate:
0.1mVs~?%). The lower and weaker redox peaks of LFP@GN
than the LFP/GN cases indicate a lower electrochemical reac-
tivity of LFP@GN which is resulted from the shower Li* diffu-
sion, which is in accordance with the DSC results. Based on
the electrochemical impedance spectroscopy (EIS) profiles
(Fig. 3e), it is found that the charge-transfer resistance of
LFP@GN is much larger than that of LFP/GN, which is related
to the Li* extraction and insertion reactions. This result fur-
ther suggest that partial graphene wrapping is beneficial to
the performance of LFP, while the full and tight graphene
wrapping is resistive to the Li" transport, resulting in the large
charge transfer resistance.

In this study, we use graphene as an ideal model to probe
how carbon coating works in the enhancement of the electro-
chemical performance of LIB. The results indicate that a partial
graphene coating provides a balance between increased elec-
tron transport and fast ion diffusion which shows an improved
electrochemical performance, while full and tight graphene
wrapping totally isolates active materials from the electrolyte
and retards ion diffusion. Generally, an ideal carbon coating for
LIB cathode should be characterized by highly graphitic struc-
ture guaranteeing excellent electron transport property to-
gether with the unimpeded path for fast ion diffusion.
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We present the results of measurements of electronic transport in an activated carbon fiber
performed over a wide temperature range. The fiber had been subjected to the adsorption
of various molecules, one type at a time. The presence of guest molecules inside the fiber’s
pores causes significant changes in the electronic transport which has been observed to

depend on the molecules’ dipole moment. Results show the possibility of controlling the
charge carrier transport through the fiber by using specific adsorbents.
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