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Yanguang Li, Guosong Hong, Yi Cui,* and Hongjie Dai*

Olivine-type lithium transition-metal phosphates LiMPO,
(M =Fe, Mn, Co, or Ni) have been intensively investigated
as promising cathode materials for rechargeable lithium ion
batteries (LIBs) owing to their high capacity, excellent cycle
life, thermal stability, environmental benignity, and low
cost.!'""! However, the inherently low ionic and electrical
conductivities of LiMPO, seriously limit Li* insertion and
extraction and charge transport rates in these materials. In
recent years, these obstacles have been overcome for
LiFePO, by reducing the size of LiFePO, particles to the
nanoscale and applying conductive surface coatings such as
carbon, which leads to commercially viable LiFePO, cathode
materials.” !

Compared to LiFePO,, LiMnPOy is an attractive cathode
material owing to its higher Li* intercalation potential of
4.1 Vversus Li*/Li (3.4 V for LiFePOy), providing about 20 %
higher energy density than LiFePO, for LIBs."*"! Impor-
tantly, the 4.1V intercalation potential of LiMnPO, is
compatible with most of the currently used liquid electro-
lytes.l*) However, the electrical conductivity of LiMnPO, is
lower than the already insulating LiFePO, by five orders of
magnitude,'*"! making it challenging to achieve high
capacity at high rates for LIMnPO, using methods developed
for LiFePO,."*" Doping LiMnPO, with Fe has been pursued
to enhance conductivity and stability of the material in its
charged form.”*?! Recently, Martha etal. have obtained
improved capacity and rate performance for carbon-coated
LiMn,gFe,,PO, nanoparticles synthesized by a high-temper-
ature solid-state reaction.!

Graphene is an ideal substrate for growing and anchoring
insulating materials for energy storage applications because
of its high conductivity, light weight, high mechanical
strength, and structural flexibility.?** The electrochemical
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performance of various electrode materials can be signifi-
cantly boosted by rendering them conducting with graphene
sheets.”? Recent work has shown improved specific capaci-
ties and rate capabilities of simple oxide nanomaterials
(Mn;0,, Co;0,, and Fe;O,) grown on graphene as LIB
anode materials.*™*? However, it remains a challenge to grow
nanocrystals on graphene sheets in solution for materials with
more sophisticated compositions and structures, such as
LiMn,_,Fe PO,, which is a promising but extremely insulating
cathode material for LIBs.

Herein we present a two-step approach for synthesis of
LiMn,_,Fe PO, nanorods on reduced graphene oxide sheets
stably suspended in solution. Fe-doped Mn;O, nanoparticles
were first selectively grown onto graphene oxide by con-
trolled hydrolysis. The oxide nanoparticle precursors then
reacted solvothermally with Li and phosphate ions and were
transformed into LiMn,_,Fe PO, on the surface of reduced
graphene oxide sheets. With a total content of 26 wt%
conductive carbon, the resulting hybrid of nanorods and
graphene showed high specific capacity and unprecedentedly
high power rate for LiMn,_,Fe PO, type of cathode materials.
Stable capacities of 132mAhg™ and 107 mAhg™' were
obtained at high discharge rates of 20C and 50C, which is
85% and 70% of the capacity at C/2 (155mAhg™),
respectively. This affords LIBs with both high energy and
high power densities. This is also the first synthesis of
LiMn, ;sFe,,sPO, nanorods that have an ideal crystal shape
and morphology for fast Li* diffusion along the radial [010]
direction of the nanorods.

Figure 1 shows our two-step solution-phase reaction for
the synthesis LiMn,,sFe,,sPO, nanorods on reduced gra-
phene oxide (for experimental details, see the Supporting
Information). The first step was to selectively grow oxide
nanoparticles at 80°C on mildly oxidized graphene oxide
(mGO) stably suspended in a solution. Controlling the
hydrolysis rate of Mn(OAc), and Fe(NOj3); by adjusting the
H,O/N,N-dimethylformamide (DMF) solvent ratio and the
reaction temperature afforded selective and uniform coating
of circa 10 nm nanoparticles of Fe-doped Mn;0, (Supporting
Information, Figure Sla; X-ray diffraction data in Figure S1b)
on the mGO sheets without free growth of nanoparticles in
solution. Importantly, our mGO was made by a modified
Hummers method (Supporting Information), with which a
sixfold lower concentration of KMnO, oxidizer was used to
afford milder oxidation of graphite.”>*! The resulting mGO
sheets contained a lower oxygen content than Hummers’ GO
(ca. 15% vs. ca. 30% measured by X-ray photoelectron
spectroscopy (XPS) and Auger spectroscopy) and showed
higher electrical conductivity when chemically reduced than
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Figure 1. LiMn, ;sFe,,5PO, nanorod growth on rmGO. a) Ball-and-stick
representation (left) and SEM image (right) of mGO. b) Representa-
tion of the structure (left) and SEM image (right) of Fe-doped Mn;0O,
precursor nanoparticles grown on mGO after the first step of reaction
at 80°C. c) Representation of the structure (left) and SEM image
(right) of LiMny;sFeq,5PO, nanorods grown on rmGO after the second
step of solvothermal reaction at 180°C.

Hummer’s GO. Our mGO still contained sufficient functional
groups, such as carboxyl, hydroxy, and epoxide groups for
nucleating and anchoring oxide nanoparticles on the sur-
face.””

The second step transformed the Fe-doped Mn;0, nano-
particles on mGO into LiMn, ;sFe,,sPO, nanorods (Figure 1),
by reacting with LiOH and H;PO, solvothermally at 180°C.
Ascorbic acid (C4HgOg) was added to reduce Fe™ to Fe™ and
also to reduce mGO.”¥! The reduction is highly effective
owing to the solvothermal conditions (oxygen content was
reduced to about 4% as revealed by XPS; Supporting
Information, Figure S2).°! This method afforded highly
conducting reduced mildly oxidized graphene oxide sheets
(rmGO) with the formation of LiMn,;sFe,,sPO, nanorods
atop. The electrical conductivity measured from pellets of
LiMn, ;sFe,,sPO,/rmGO hybrid was measured to be 0.1-
1Scm™, which is 10"*~10" times higher than pure LiMnPO,,.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) revealed selective growth of
single-crystalline LiMn,;sFe,sPO, nanorods on rmGO (Fig-
ure 2a,c), with a rod length of 50-100 nm and diameter of 20—
30 nm. High-resolution TEM showed the crystal lattice
fringes throughout the entire LiMng,sFe;,sPO, nanorod
formed on mmGO  (Figure 2d), indicating the
LiMn,,sFe,,sPO, nanorods were single crystals. The X-ray
diffraction peaks of the nanorods were slightly shifted to
larger 20 angles compared to pure LiMnPO, owing to Fe
doping (Figure 2b)?**! homogeneously in a solid solution
(Figure 2d). Energy-dispersive spectroscopy (EDS) showed
that the Mn/Fe ratio was about three in the nanorods
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Figure 2. LiMn,;sFe,,sPO, nanorods grown on rmGO. a) SEM image
of the LiMny;sFey,5PO,/rmGO hybrid. b) XRD spectrum of a packed
thick film of LiMng;sFey,sPO,/rmGO. ¢) TEM image of

LiMng ;5Feg,5sPO,/rmGO. d) High-resolution TEM image of an individ-
ual LiMng ;sFey,5PO, nanorod on rmGO (boxed area in (c)).

(Supporting Information, Figure S3). The amount of rmGO
in the hybrid was found to be about 20% by mass using
thermal analysis (Supporting Information).

After the first step, we observed uniform coating of Mn/Fe
oxide on mGO, a result of metal cation adsorption on the
functional groups on mGO and hydrolysis [Eq. (1)]:

Mn** 4+ Fe** + 0, + H,0 — (Mny;sFeq,s);0, + H' 1)

which afforded small oxide nanoparticles on mGO. The
reaction was carried out in an open system exposed to air. The
second step, the solvothermal reaction between the Mn/Fe
oxide nanoparticles with Li and phosphate ions, afforded
LiMn, ;sFe,,sPO, specifically on the surface of mGO accom-
panied by mGO reduction [Eq. (2)]:

(Mng5sFeq,s5);0, + Li* + PO,* + H' 4 C4HgO4(reduced) —
LiMn,;sFe(,sPO, + C¢H O, (oxidized) + H,O

By systematically varying the reaction time, we observed a
gradual transformation of precursor particles into phosphate
nanorods on rmGO (Supporting Information, Figures S4,S5).

In a control experiment, the same synthetic steps without
mGO added produced irregularly shaped LiMn,,sFe,,sPO,
particles without the desired nanorod morphology (Support-
ing Information, Figure S6). Thus, our results suggested that
mildly oxidized graphene sheets presented a unique substrate
for growing nanocrystals into well-defined morphologies,
such as nanoplates” and nanorods. While the functional
groups on mGO allow adsorption of cations and nanoparticle
nucleation to achieve uniform precursor coating in the first
step of reaction, the conjugated graphitic regions of rmGO
(formed by reduction of mGO under solvothermal condi-
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tions) interact with surface species weakly to promote the
formation of well-defined shapes of nanocrystals in the
second step of the reaction. The resulting nanorods could be
bonded to rmGO by Mn/Fe—O—C bonds at the remaining
oxygen sites and by van der Waals interactions with the
aromatic regions of rmGO.

The nanoscale sizes (length 50-100 nm, width 20-30 nm)
of the LiMn,,sFe;,sPO, nanorods were desirable owing to
decreased transport length for Li ions and electrons.® 313
High-resolution TEM analysis revealed that the long axes of
the nanorods grown on rmGO were along the [001] axis of the
LiMn,,sFe,sPO, crystal structure (Figure 3c,d, interplanar
distance of (001) was ca. 0.47 nm). More importantly, the
[010] axis, which is the Li* diffusion channel direction in

@ Li
® Mn/Fe
®P
e O

Figure 3. High-resolution TEM analysis of an individual

LiMng ;5Feq,5sPO, nanorod grown on rmGO. a) Representation of the
crystal structure of LiMng ;sFeq,5PO,. The lithium diffusion channels
are clearly shown to be along the [010] direction (perpendicular to the
figure plane). b) TEM image of a LiMn,;sFeq,sPO, nanorod grown on
rmGO. Inset: aberration-corrected TEM lattice image of an rmGO
sheet. ¢) High-resolution TEM image of the LiMn, ;sFe,,sPO, nanorod
on rmGO (boxed area in (b)). d) Fast Fourier transform of the lattice
structure in (c). The growth direction of the LiMny ;sFeq,5PO, nanorod
is [001], and the lithium diffusion channel [010] is one of the short
axes of the nanorods (perpendicular to the figure plane).

olivine type of crystals (Figure 3a),"*!1" was along one of
the short axes of the nanorods (Figure 3c,d, interplanar
distance of (100) was ca. 1.04 nm). This short diffusion length
could be ideal for fast Li* insertion and extraction with the
LiMn, ,sFe,,sPO, nanorods/rmGO hybrid as the cathode of a
lithium ion battery. Small diameters of the LiMn,;sFe,,sPO,
nanorods result in large surface areas and thus facilitate fast
Liion transport at the interface between the LiMn, ;sFe ,sPO,
nanorods and the electrolyte. The Li* channels along the
radial direction of the nanorods also favor rapid Li ion
diffusion within the nanorods.
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Coin cells were made to test the electrochemical perfor-
mance of our LiMng;sFe),sPO, nanorods/rmGO hybrid
material (after annealing at 600°C for 1h) as the cathode
(at a loading of ca. 3 mgcm2) and with a Li foil as the anode.
Figure 4 a showed the typical charge and discharge curves of
our material at a rate of C/2 (all C rates based on the

a) 45r b)
4.0
= =
S3.5F g
2 2
o30r ®
@
%2-5 | —charge g .
> —discharge ]
20f 2 S2.
0 50 100 150 0 30 60 90 120 150
Specific Capacity/mAhg™ Discharge Capacity/mAhg™’
c)= 160} d)- 160
-
21N 2
e =
Eq20t £120
g 50 \ 8 80
= o
o o
e a0} 2 a0
H g
@ 0 w0

E.B 4.ll S.D H.ﬂ 1 ;ID

0 20 40 60 80 100

Discharge Rate/C Cycle Number
e)- . LiMngy ocFeq POy, 2.7V, this work

@901 &, . 0.75F20.25F 04, 2.7V,
= o —e— LiMng gFeq 5PO,, 2.7V, ref 23
£ i\ s LiMng gFeq ,PO,, 2.6V, ref 24
> %N R " iMng gFeg aP0y4, 2.6V, re
s 904 . 4
E N —v- LiMng 7Feq 3P0y, 2.75V, ref 20
3 604 > LiMng gFeq 4PO4, 2.5V, ref 21
€ 5l - LiMng gFeq sPO,, 2.5V, ref 22
i ~ LiMng 5Feq gPO,4, 2V, ref 25
w 0

0 5 10 15 20

Discharge Rate/C
Figure 4. Electrochemical characterizations of the LiMn;sFey,5PO,
nanorod cathode grown on rmGO. a) Representative charge and
discharge curves of LiMny;sFe;,5PO, nanorods grown on rmGO at a
rate of C/2. b) Discharge curves of LiMn, ;sFe; ,5PO, nanorods on
rmGO at various C rates. c) Specific discharge capacities of
LiMng ;5Feq,5sPO, nanorods on rmGO at various C rates. The discharge
cut-off voltage was 2.0 V vs Li*/Li. d) Capacity retention of
LiMng ;sFeq,5PO, nanorods on rmGO at the rate of C/2. e) Comparison
of rate capability of LiMn, ;5Fe,,sPO, nanorods grown on rmGO with
other Fe-doped LiMnPO, cathode materials. The discharge cut-off
voltages are listed in the legend on the right.

theoretical specific capacity of LiMn,;sFe,,sPO,4, where a 1C
rate corresponds to a current density of 170 mAg™'). The
charge curve has two voltage plateaus at about 3.6 V and
about 4.2 V, corresponding to the oxidation from Fe' to Fe™
and from Mn" to Mn"", respectively.”** The capacity of the
3.6 V plateau was about one-third of that of the 4.2 V plateau,
consistent with the Fe/Mn ratio of the LiMn,,sFe,,sPO,
nanorods. The discharge curve also showed two voltage
plateaus at about 4.0 V and about 3.5 V owing to reduction
from Mn™ to Mn" and from Fe™ to Fe", respectively.

Figure 4b showed the discharge curves at various rates for
our LiMn,;sFe,sPO, nanorods/rmGO cathode material (see
the Supporting Information, Figure S7 for another data set
from a different batch of LiMn,sFe;,sPO, nanorods/rmGO
hybrid material). Charging was done at a C/2 constant current
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to 4.25 V followed by a constant voltage charging at 425V
with a cut-off current of C/20. At a C/2 discharge rate and
2.0 V cut-off voltage, our material showed a specific capacity
of 155 mAhg' based on the mass of the active material
LiMn, ;sFe,sPO, (Figure 4¢), which is 91 % of the theoretical
capacity. The capacity remained high at 153 mAhg! at a
discharge rate of 2C. At a high discharge rate of 20C, the
capacity was still as high as 132 mAhg™'. For even higher
discharge rates, we obtained a capacity of 107mAhg™' at
50C, and 65 mAhg™" at 100C (corresponding to a discharge
time of 36s for theoretical capacity). A cut-off voltage of
2.0 V was used for all the discharge rates above (Figure 4b).

Our nanorod/graphene hybrid material exhibited the
highest rate performance measured by similar voltage cut-
off conditions among all pure and doped LiMnPO, cathode
materials (see Figure 4 e for comparison, we used a 2.7 V cut-
off voltage in this case). Notably, the rate performance of our
LiMn, ;sFe,,sPO, nanorods/rmGO hybrid was also compara-
ble to some of the best reported cathode materials (including
LiFePO,, LiCo0O,, and LiMn,0,) with ultrahigh rate capa-
bilities (Supporting Information, Figure S8).['*12311 More-
over, the content of conductive carbon in our work was only
26 % including both rmGO and carbon black, which was
much lower than that used previously for discharging rates
>100 C (45% carbon or higher).l%¥#*l Further, our material
exhibited good cycle life, showing little capacity decay (ca.
1.9%) for 90 cycles from the 11th to the 100th cycle
(Figure 4d). The Coulombic efficiency (CE) was typically
higher than 99.0%. After 50 cycles, the CE was higher than
99.5 %, suggesting little side chemical reaction or stable solid
electrolyte interphase (SEI) formation between electrolyte
and LiMn,;sFe,,sPO, nanorods/rmGO hybrid."

The outstanding electrochemical performance of our
LiMn,;sFe(,sPO/rmGO hybrid material for lithium ion
batteries was attributed to the intimate interactions between
the nanorods and the underlying reduced graphene oxide
sheets, and the small size and ideal nanorod morphology and
crystallographic orientation of the LiMn,;sFe,,sPO, nano-
crystals. In a control experiment, a physical mixture of
LiMn,,sFe,,sPO, nanoparticles and rmGO sheets showed
much lower specific capacities even at low rates (75 mAhg™
at C/10 and 44 mAhg ! at 1C rate; Supporting Information,
Figure S9a, S9b). The capacity of the mixture further
decreased to less than 2 mAhg™' at a discharge rate of 50 C,
clearly showing that the capacity contribution of rmGO at
high rate is negligible (Supporting Information, Figure S9c).
Electrochemical impedance spectroscopy (EIS) provided
strong evidence of significantly improved charge transport
in the cathode made of LiMn,,sFe(,sPO, nanorods directly
grown on rmGO over the simple physical mixture (Support-
ing Information, Figure S10). Cyclic voltammetry (CV)
measurements also showed much better charge and discharge
kinetics of LiMn,,sFe,,sPO, nanorods directly grown on
rmGO compared to the physical mixture of LiMn,;sFe,,sPO,
and rmGO (Supporting Information, Figure S11).

In summary, we have developed the first synthesis of
complex single-crystalline nanomaterials on highly conduct-
ing mildly oxidized graphene sheets with desired size and
morphology. The resulting high electrical conductivity and
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low ionic resistance led to excellent rate performance for the
otherwise extremely insulating LiMn,,sFe(,sPO, cathode
material. This work opens the door to complex hybrid
materials design and engineering with graphene for advanced
energy storage.
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