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We report an ultrafast in-situ laser reduction process of graphene oxides (GO) in LiFePO, electrodes, where the
selective laser reduction of GO sheets is conducted after coating LiFePO,4 on current collector. This novel process
technique avoids the solvophobicity and agglomeration problems of graphene in 1-methyl-2-pyrrolidinone
(NMP) or other solvents for the electrode material slurry preparation because of GO's solvophilicity in various
solvents. Under the optimized laser reduction condition, a hierarchical structure of graphene conductive network
is formed without wrapping the LiFePO, surface, which can greatly improve the rate capability and cycle

performance. The battery capacity remains 84.5% after 1000 cycles and 72.9% when the charge/discharge
current density increases from 0.5C to 20C. The method developed in this work is also applicable for other
material systems to selectively reduce GO for performance enhancement.

1. Introduction

Lithium iron phosphate (LiFePO4) has been widely used as a
cathode material for the lithium ion batteries (LIBs) used in electrical
vehicles because of its low cost, ultralong lifetime, and safety [1-4].
However, LiFePO, has the olivine structure which has only 1D channels
for Li* transport, and this greatly limits its ionic conductivity. LiFePO,
also shows poor electronic conductivity of only 107°Sem ™! [4]. To
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overcome the ionic and electronic transport limitations, a variety of
efforts have been made, including nanosizing and carbon coating
[5-13]. Nanosizing is an effective way to shorten the ionic transpor-
tation path and carbon coating to increase the conductivity of single
LiFePO,4 particles, but the ohm contact resistance between adjacent
nanosized LiFePO, particles increases because of the decreased contact
area. Consequently, the LiFePO, electrode shows poor rate capability.
To conquer this problem, conductive additives such as 0D acetylene
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black nano particles, 1D carbon nanotubes and 2D graphene sheets are
always added into the LiFePO, slurry as conductive additives for elec-
trode preparation. Acetylene black has good electronic conductivity,
but it can hardly form an effective interconnected conductive network
for fast charge and discharge. 1D carbon nanotubes (CNT) and 2D
graphene sheets can form effective interconnected conductive networks
because of their intertexture properties. However, both CNT and gra-
phene are easily aggregated and sovlephobic, their dispersion problem
in LiFePO, slurry remains to be solved, especially for industry pro-
duction case where the LiFePO, slurry is highly concentrated. Reduced
graphene oxide (rGO) has better solvephilic property because of its
defects and residual functional groups [14]. However, when rGO is used
as the starting material, the rGO sheets will wrap the LiFePO, particles
and hinder the Li™ ion transport from electrolyte to the LiFePQO, sur-
face. In-situ reduction of graphene oxides (GO) after coating slurry on
the current collector is an alternative strategy for conductive additive
because of the solvophilic characteristic and cost effectiveness of GO.
Unfortunately, conventional reduction technologies such as wet che-
mical reduction and high-temperature H, reduction are not compatible
with LiFePO, electrode fabrication process which is strict to the water
content and intolerant to high temperatures because of organic binders.
Laser reduction is a recently developed technology for fast and direct
GO reduction which can yield expanded graphene with high con-
ductivity of 1738 Sm™! [15-17]. Here in this work, we are the first to
apply the laser reduction technology to in-situ reduction of GO additive
in LiFePO, electrode. Fully reduced, high-quality graphene is obtained,
without damaging the LiFePO, particles and other materials in the
electrode, through combining cautiously controlling the laser power
density and laser scan times. The reduced graphene constructed a
hierarchical structure which has the conductive network containing
large graphene films covering the top of the electrode and small gra-
phene pieces inserted into the space of LiFePO, particles. Both the large
graphene film and small graphene sheet are not wrapping on the
LiFePQy, surface. This special hierarchical conductive network can form
a high speed electronic channel without hindering the Li* ion trans-
port, which improves the rate performance of LiFePO, electrode. This
novel laser reduction technique developed in this work is also applic-
able for other material systems to selectively reduce GO, such as other
anode and cathode systems for lithium ion or other batteries and su-
percapacitors, or other energy-storage relevant materials where gra-
phene is needed for performance improvement.

2. Experimental section
2.1. Electrode preparation and laser reduction condition optimization

Carbon coated LiFePO, (BTR China Co., Ltd.) and Super P C45 (SP)
(Shenzhen MTIL Co., Ltd.) powders were first mixed by a vortex mixer
(IKA VORTEX 1). The mixture was then slowly added into PVDF-NMP
solution. The final weight ratio of LiFePO,, Super P and PVDF is
85:10:5. The mixture was then slowly stirred for 2h to form LiFePO,
slurry. The slurry was then slide coated onto an aluminum foil and
dried at 80 °C for another 2 h and finally the LiFePO,/SP electrode was
obtained. The LiFePO,/GO electrode was obtained by the same
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approach. The final slurry containing LiFePO,4, GO and PVDF with a
weight ratio of 75:20:5.

The LiFePO,4/GO electrode was reduced with a pulse fiber laser. The
wavelength of the laser is 1064 nm. The output laser has 100 ns pulse
width and 20 kHz repetition rate. The output laser power is 3.11 Walt
which is measured by a laser power meter. We adjust the laser power
density through changing the distance between the focal lens and the
surface of the sample, which changes the laser spot size on the sample
surface. When the distance between the focal length and the surface of
the sample is 7.5 cm, the laser beam is focused on the sample surface,
and this gives the smallest laser spot, which is 32um in diameter
measured by SEM (Fig. S1), and the highest laser power density, which
is 387 kW/cm?. However, this laser power density is too high, and the
electrode will be totally destroyed. Hence, we reduce the laser power
density by defocusing, which gives larger laser spot size, or smaller
laser power density. We found that when the distance between the focal
lens and the surface of the sample is 6 cm, we can selectively reduce GO
without damaging the electrode. At this position, the laser spot size is
460 um and the laser power density is 1.87 kW/cm? (Table S1).

While with this laser power condition we can reduce GO without
damaging the electrode, the performance of the device is not optimized.
We believe this is because the GO in the electrode is not totally reduced
with a single laser. Hence, we use multiple scan times to get more GO
reduced. As shown in the paper, 2 times scanning gives the best overall
performance of the devices.

It is worth to point out that the LiFePO,/GO electrode was irra-
diated by laser scanning with a fast line speed of 2 m/s. Therefore, even
for the electrode with 3cm X 3 cm size, it only takes 3s to finish one
scan.

2.2. Battery assembly and electrochemical measurement

The final electrodes were then punched into pellets with a diameter
of 12mm. The pellets were finally assembled into 2025 coin cells to-
gether with Celgard 3501 separator and Lithium anode. 12 wt% LiPFq
and 1 wt% VC were dissolved into EC-EMC-DMC (1: 1: 1 by weight) as
electrolyte. The electrochemical tests were conducted using a battery
test channels system (LAND-CT2001A).

2.3. Sample characterization

Scanning electron microscopy (SEM) analysis was carried out with a
TESCAN SEM. X-ray diffraction (XRD) measurements were performed
on a Shimadzu thin film diffractometer equipped with Copper Ka ra-
diation (A = 1.540598 i\) (Bruker D8 Advance ECO). The Raman
Spectra were obtained using a Horiba Raman Spectrometer with
632.8 nm laser excitation.

3. Results and discussion
Scheme 1 shows the schematic illustration of in-situ laser reduction
process. In a typically process, the electrode slurry was first prepared

containing LiFePO,4, GO and Polyvinylidene Fluoride (PVDF). Then the
slurry was coated on an aluminum substrate and dried and finally laser
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Scheme 1. Schematic illustration of in-situ laser reduction process.
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Fig. 1. (a) XRD and (b) Raman results of LiFePO, electrodes with different
conductive additives.

reduced for different times. Fig. 1a shows the X-Ray Diffraction (XRD)
results of LiFePO, electrodes with different conductive additives.
LiFePO,4/Super P (SP) electrode (abbreviated as SP) shows olivine
crystal structure. Diffraction peaks of LiFePO,/GO electrode (denoted
as GO) do not change obviously except for the existence of GO peak
near 10°. The LiFePO,4/GO electrodes which are laser reduced for 1, 2, 3
and 4 times (denoted as 1L-GO, 2L-GO, 3L-GO and 4L-GO, respectively)
show the same diffraction spectra as the unreduced ones, indicating
that laser reduction did not change the crystal structure of LiFePO,. The
GO peak near 10° disappears for all the laser reduced electrodes, re-
vealing that GO has been successfully reduced. The bare GO film was
laser reduced as well and the XRD and XPS results are shown in Fig. S2.
The results in Fig. S2 reveal that both the GO relevant peaks in XRD
pattern and XPS spectrum disappear after laser reduction, indicating
the fully reduction of GO. It can be seen from the Raman spectra shown
in Fig. 1b that 2D peaks appear around 2700 nm ™! for the laser reduced
electrodes, indicating that graphene was obtained by laser irradiating
LiFePO4/GO electrodes. Since no LiFePO, peaks were found in the
Raman spectra, the laser reduction process did not damage the carbon
coatings on LiFePO, surface.

Fig. 2 shows the SEM images of LiFePO, electrodes with conductive
additives of SP, GO, 1L-GO, 2L-GO, 3L-GO and 4L-GO, respectively.
Fig. 2a shows that Super P nano particles are not uniformly distributed
among LiFePO, particles. Plenty of LiFePO, particles are isolated from
the conductive highway formed by SP nano particles. Hence, poor
electronic conductivity was resulted by this fragmentary conductive
network when charged/discharged with high current density. It can be
seen from Fig. 2b that LiFePO, particles can be fully wrapped by GO
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films with sufficient contact area, which means GO films will be the
ideal highway for electron transportation if only GO is conductive.
Unfortunately, GO is almost insulative. In-situ laser is an effecitive way
to keep this ideal highway structure and converts the insulative GO into
conductive graphene. The morphology of bare GO film will change
considerably by laser reduction which is shown in Fig. S3. Interestingly,
the morphology of laser reduced LiFePO,/GO electrodes does not
change much as shown in Fig. 2c—f, which means the conductive
highway can be successfully remained.

Fig. 3a shows the schematic structure of laser reduced LiFePO4/GO
electrodes where larger reduced GO films work as electronic super
highway and smaller fragmental reduced GO sheets work as electronic
“bridges” connecting adjacent LiFePO, particles. Fig. 3b shows the
corresponding SEM image of a typical hierarchical structure of the
conductive network of 2L-GO electrode. The enlarged magnification of
rectangular area c and area d noted in Fig. 3b are shown in Fig. 3c and
d, respectively. It shows that the large continuous laser reduced GO
films which work as electronic conductive highway covering the ma-
jority of the electrode surface and the fragmental reduced GO sheets
which work as the conductive bridge connecting the adjacent LiFePO,
particles. This unique structure ensures the effective electron trans-
portation to every single LiFePO, particle and thus high rate capability
can be expected.

Fig. 4a shows the rate capability of different LiFePO, electrodes. The
corresponding charge/discharge curves are shown in Fig. S5. When
charged/discharged at 0.5C, LiFePO,/SP electrode shows the highest
capacity. However, it drops rapidly when the charge/discharge current
density increases. This result can be ascribed to the incomplete con-
ductive network formed by Super P particles which is displayed in SEM
images in Fig. 2a. LiFePO,4/GO electrode shows the worst performance
because GO is almost insulative material and hinders the electronic and
ion transport. All the laser reduced LiFePO,/GO electrodes show im-
proved capacities at high current density of 20C. The 2L-GO electrode
shows the best rate performance and 73% of its initial capacity remains
when the current density increases from 0.5C to 20C. The capacities of
all the electrodes are restored when the current density drops back from
20C to 2GC, revealing the excellent reversibility of LiFePO, electrodes.
The rate performance of 2L-GO is even better than the electrode with
25% super P as conductive additive, showing a structural advantage of
the graphene conductive network (Fig. S8). Fig. 4b shows the cou-
lombic efficiency at the switch point from low current density to higher
current density. The coulombic efficiency is almost the same for 2L-GO,
3L-GO, 4L-GO and SP electrodes at the current switch points of
0.5C-1C, 1C-2C and 2C-5C. However, when the current density in-
creased from 5C to 10C, and 10C-20C, the coulombic efficiency of 2L-
GO remained the highest value, which contributes greatly to the high
rate performance. The high rate capability and coulombic efficiency of
2L-GO can be ascribed to the hierarchical structure of graphene con-
ductive network induced by the in-situ laser reduction. The charge/
discharge curves of 2L-GO electrode at 10C shows the smallest charge/
discharge plateau difference, indicating the lowest inner resistance. The
performance of the laser reduced LiFePO,/GO electrodes strongly de-
pends on the quality of reduction and the amount of reduced con-
ductive products. The reduction quality means the degree of reduction
thoroughness which is obviously depend on the laser power density.
Higher laser power density brings higher conductivity of reduced GO.
But if the laser power density is too high, the LiFePO, particles will be
re-sintered and grow to larger ones, as shown in Fig. S4, which will
decrease the rate capability of the electrode. Therefore, the laser power
density in this work is lowered to selectively reduce GO without da-
maging the LiFePO, particles. However, the lowered laser power den-
sity may not be the perfect power to get the GO sheets fully reduced,
which is proved by the XPS results shown in Figs. S9 and S10. This
could be the reason why the performance of 1L-GO electrode is not so
good as that of 2L-GO electrode. On the other hand, when bare GO film
or GO in LiFePO4 electrodes is reduced by laser, the reduced products
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Fig. 3. (a) Schematic illustration and (b) SEM of the hierarchical structure of 2L-GO graphene conductive network, (c) smaller fragmental reduced GO sheets work as
electronic “bridges” connecting adjacent LiFePO, particles, and (d) larger reduced GO films work as electronic super highway.

can be partially brought out of the electrode by the gas by-products as
black smokes are observed during the reduction process. With more
laser scan times, there will be more loss of the reduced products, which
could decrease the rate performance of LiFePO, electrodes. This may be
the reason why the performance of the 3L-GO and 4L-GO electrode is
also not so good as that of 2L-GO electrode. Fig. S7 directly shows the
amount difference of reduced products where graphene area (dark
area) decreases obviously with laser reduction times. Table 2S also
shows that there is continuous mass loss of the electrode material with
more laser scan times. It is believed that 2 times' laser reduction gives
an optimized balance between reduction degree and residual amount of
rGO. As Fig. S10 shows, the P, C and O contents calculated from the XPS
results vary significantly with the laser reduction time. The P content
increases with the laser reduction time, indicating the removal of GO
and XPS signal approaches more LFP particle surfaces (Fig. S10b). The
increase in P content brings a rise in O content for 3L-GO and 4L-GO.
The O content in 2L-GO decreases compared to 1L-GO, indicating the
removal of O in the 2nd laser process overwhelms the O increase (Fig.
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S$10c). The C content shows a highest value at 2L-GO, showing a direct
reason for the high rate performance of 2L-GO (Fig. S10d). As XPS re-
sults only reflects the content relationship in a very small area and
several nanometer range in depth, the C content and C/O atomic ratio
variations with laser reduction times from EDS results are also showed
in Fig. S11. As shown in Figure S11f, S11g, the C atomic content also
shows a maximum for 2L-GO. The C/O atomic ratio also reaches the
highest value when laser reduced for 2 times, indicating that 2 times’
laser reduction gives an optimized balance between reduction degree
and residual amount of rGO.

The 2L-GO electrode also shows the best cyclic stability when cycled
at a current density of 2C, and 84.5% of its initial capacity is remained
after 1000 cycles, as given in Fig. 4c. The capacity of SP electrode de-
creases rapidly and can only work for less than 200 times. The excellent
cycling performance of 2L-GO electrode is expected but the mechanism
of the cycling performance improvement remains to be further ex-
plored.
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Fig. 4. (a) Rate capability curves of LiFePO, electrodes with different conductivity at different charge/discharge current densities, (b) coulombic efficiency at the
switch point from low current density to higher current density, (c) cycle performance.

4. Conclusions

In-situ laser reduction is an effective approach to reduce GO in
LiFePO,4/GO electrodes. Laser power density is the key point to selec-
tively reduce the GO in LiFePO,/GO electrodes without damaging other
materials. Optimized repeated laser scan pulses is a knack for better
device performance with decreased laser power density. This unique
reduction process yields a hierarchical structure of graphene conductive
network, which can greatly improve the rate capability and cycle per-
formance of LiFePO, electrodes. This novel laser reduction process is
fast, facile, low cost and environmental friendly, showing great appli-
cation potential in battery manufacturing for high performance lithium
ion batteries.
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