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Experimental

Synthesis

Graphene oxide (GO) was synthesized from graphite (Aldrich, powder, <20nm,
synthetic) by Hummers method, the details of which have been described elsewhere. ' Pure
LiFePO4 was prepared via the hydrothermal route from raw materials FeSO4-7H,0, H3POs,,
and LiOH-H,O in a molar ratio of 1:1:3. First, LiOH aqueous solution was mixed with H;PO4
dopewise at vigorous agitation to form white suspension completely in 60 °C water bath for
40 min, and then agitate for 30 min at room temperature. A mixing solution of FeSO4-7H,0
and citric acid (0.1 % weight of FeSO4-7H,0) was added to the suspension. After stirring for

1 min, this suspension (~240 mL) was transferred into a stainless steel autoclave (inside
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volume 300 ml), and then reacted at 180 °C for 10 min in argon atmosphere. After reaction,
the resultant light-green precipitation was collected, washed by water and ethanol for several
times, and dried at 80 °C in vacuum. The obtained LiFePO, nanoparticles (0.4 g) were further
dispersed into ethanol (200 ml) wvia sonication. After 1 h, 2 ml of
aminopropyltrimethoxysilane (APS) was poured into the above solution and refluxed for 12 h
under argon gas to obtain APS-modified nanoparticles. Finally the resultant precipitation was
collected, washed by water several times. Graphene oxide encapsulated LiFePO4 (LFP@GO)
was fabricated via self-assemble to form peptide bonds between APS-modified LiFePO,4 and
graphene oxide in aqueous solution. In a typical process, 200 ml APS-modified LiFePO4

dispersion (2.0 mg-ml") was added into a 40 ml aqueous graphene oxide suspension (~0.5

mg-ml™) under mild magnetic stirring 2 hours with pH 6.0. The LFP@GO was obtained after
centrifugation and washing with water. Then, the obtained brown powder was dried at 60 °C
for 10 h in a vacuum oven, followed by sintering at 600 °C for 3 h under Ar/H, (95:5,v/v)
atmosphere to yield the graphene encapsulated LiFePO4 (LFP@G). As a reference, the
hydrothermally as-prepared LiFePO, was mixed with glucose, dried and treated at 600 °C for
3 h under Ar/H, atmosphere to yield carbon coated LiFePO4 (LFP@C). Scheme 1 shows the
synthesis process of materials. Micro- or nano-particles are firmly encapsulated with
graphene oxide with peptide bonds.

Characterization

The phase purity and the structural characterization were analyzed by X-ray powder
diffraction (GBC MMA) equipped with Cu Ka radiation that was operated over a 20 range of
5~80° in a continuous scan mode with a scan rate of 2° min". The particle size and

morphology of the samples were examined using field emission scanning electron
microscope (FE-SEM; JEOL JSM-7500). Transmission electron microscopy (TEM)

investigations were performed using a 200 kV JEOL 2011. Raman spectra were performed
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using a Raman spectrometer (Jobin Yvon HR800) employing a 10 mW/neon laser at 632.8
nm. FTIR spectra were performed using a FTIR Prestige-21 (Shimadzu). X-ray photoelectron
spectroscopy (XPS) experiments were carried out on a VG Scientific ESCALAB 2201XL
instrument using aluminium Ka X-ray radiation during XPS analysis. XPS spectra analysis
was done using XPS Peak-fit software. The amount of carbon and graphene in the samples
was estimated using a Mettler-Toledo thermogravimetric analysis/differential scanning
calorimetry (TGA/DSC) Stare System from 50-800 °C at 10 °C min in air flux.
Electrochemical measurement

Electrochemical experiments were performed using CR2032 type coin cells. For preparing
working electrodes, a mixture of the as-synthesized hybrid materials, carbon black, and
poly(vinyl difluoride) (PVDF) at a weight ratio of 80:10:10, using 1-methyl-2-pyrrolidinone
(NMP) as the solvent, was pasted on pure Al foil. Typical loadings of cathode powder with

150pum thickness were ~2 mg cm 2. Microporous polypropylene separator (Celegard 2400)

was used as a separator. The electrolyte consisted of a solution of 1 M LiPF¢ in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1, in volume) obtained from Novolyte
Chemical Co. Ltd. Pure lithium foil was used as a counter electrode. The cells were
assembled in an argon-filled glove-box (Mbraun, Germany). Galvanostatic charge-discharge
cycles were tested by LAND CT 2001A multi-channel battery testers at various current
densities from 1 to 50 C (1C = 170 mAh.g™) between 4.2 and 2.0 V vs. Li*/Li at room
temperature. Measurements were repeated at least three times to ensure reliability, and EIS
tests (Princeton Applied Research PARSTAT 2273) were conducted at a 3.41 V state of
discharge with an AC amplitude of 10 mV in the frequency range 100 kHz to 10 mHz. The
EIS data were collected from coin cells with lithium foil serving as both the counter and
reference electrodes. EIS tests at different temperature including 20, 40, 50, and 60 °C were

used to evaluate cell impedance and apparent activation energies. Cyclic voltammeter (CV)
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was conducted by using Princeton Applied Research PARSTAT 2273 at different scanning
rate of 0.1, 0.2 , 0.5, 1, and 2 mV-s" between 2.0 and 4.2 V to evaluate Lithium ion

diffusion coefficient (Dy;").
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Figure S1. XRD patterns of the (a) GO, Pure LFP and LFP@GO composite; (b) LFP@C and LFP@G;
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Figure S2. FT-IR results of Pure LFP and surface modified LFP
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Figure S$3.Raman spectra of GO, LFP@GO and LFP@G; the bands in the range of 1200-1460 cm’'
and 1470-1730 cm™' are attributed to the D-band (K-point phonons of A, ¢ symmetry) and G-band ( Ey,
phonons of Cyy,, atoms)
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Figure S4. EDS mapping of LFP@G composites.
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Figure S5. TGA curves of LFP@C and LFP@G composites.

Figure S6. HRTEM images of LFP@G
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Electrochemical Characterization
The impedance curves show one condensed semicircle in the medium-frequency region,
which could be assigned to the reaction resistance, and an inclined line in the low-frequency
range, which could be considered to be Warburg impedance. Rs is the effective resistance due
to electrolyte impedance and electrical contacts, and is obtained from the intercept of the
semicircle at high frequency with the x-axis. W is the Warburg impedance seen as a sloping
line in the low frequency regime, which is associated with Li* ion diffusion in the bulk of the
electrode. The mid-frequency semicircle is fitted with two depressed semicircles,
corresponding to (R¢ || CPE1) and (R || CPE2), where CPE1 and CPE2 are constant phase
elements, which can be attributed to the complex charge transfer processes from the
electrolyte to the electrode material. It is suggested that R refers to the charge transfer
resistance, while Ry is an elevated resistance in the high frequency region associated with the
Li* ion transfer process at the electrode/electrolyte interface. The exchange current (io) and
the apparent activation energy (E;) for the lithium intercalated into the active materials can be

calculated from Eq. (1) 2and the Arrhenius equation, Eq. 2 2, respectively.

i, = RT /nFR, 0

I, =Aexp(—E,/RT) @)

where A is a temperature-independent coefficient, R is the gas constant, T (K) is the absolute

temperature, n is the number of transferred electrons, and F is the Faraday constant.
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Figure S6. Nyquist plots of LFP@C and LFP@G at a cathodic potential of 4.41 V vs. Li/Li" at
different temperatures. The insets show the equivalent circuit.

The EIS can also be used to calculate the lithium diffusion coefficient using the following

Equation (3) °.

D=R’T?/2An"F*C’c” (3)

where R is the gas constant, T is the absolute temperature, A is the surface area of the cathode,
n is the number of electrons transferred in the half-reaction for the redox couple, which is
equal to 1, F is the Faraday constant, C is the concentration of Li ions in the solid (4.37 x 107
mol cm™®), D is the diffusion coefficient (cm? s™), and O is the Warburg factor, which is

relative to Z,.. © can be obtained from the slope of the lines in Fig. S7.

Z.=R,+R; +R, +aw™?* (4
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Figure S7. Real parts of the complex impedance versus ™ at different temperature at a cathodic
potential of 4.41 V (vs. Li/Li")
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Figure S8. Log D versus 1/T plot during lithium insertion at a cathodic potential of 4.41 V (vs.
Li/Li")
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