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Moreover, synthesis of electrode materials by ALD has been 
achieved for binary (such as SnO 2 , [ 23 ]  V 2 O 5 , [ 24 ]  etc.) and ternary 
(LiCoO 2 , [ 25 ]  LiMn 2 O 4 , [ 26 ]  Li 4 Ti 5 O 12  [ 27,28 ] ) systems, demonstrating 
tremendous potential use in conventional and 3D all-solid-state 
batteries. [ 21–23,26 ]  However, to the best of our knowledge, there 
are still no reports on using the ALD technique to produce 
LiMPO 4  in the literature up to now. It has become more chal-
lenging to deposit quaternary materials rather than binary or 
ternary ones by ALD because of the more-complicated surface 
chemistry involved. [ 29 ]  

 Herein, for the fi rst time, we develop an ALD approach 
to grow LiFePO 4 , as a typical example of quaternary LiMPO 4  
cathode materials, by carefully tailoring the surface reactions 
that occur. Distinguished from solid-state reactions and solu-
tion chemistries, the ALD approach employs self-limiting, 
vapor-based surface reactions to deposit LiFePO 4  in a layer-by-
layer manner (Fe 2 O 3 , PO  x  , and Li 2 O subcycles). In this way, the 
ALD approach permits precise control over the thickness and 
fi lm composition of LiFePO 4  at the atomic level. This unprec-
edented accuracy promises a versatile design of nanostruc-
tured LiFePO 4  on various types of substrates (in particular with 
high aspect ratio), and extends the employment of LiFePO 4  
to a broader range of applications, especially in 3D all-solid 
state microbatteries for autonomous micro-devices. Moreover, 
LiFePO 4  is deposited on carbon nanotubes (CNTs) by ALD 
to form LiFePO 4 /CNT nanocomposite, aiming at breaking 
through the rate-capability bottleneck typically for pristine 
LiFePO 4 . Excitingly, the LiFePO 4 /CNT electrode exhibits excel-
lent rate capability, high power density, and ultra-long cycling 
lifetime, which are desirable properties for vehicular LIBs. 
Our work provides a new method for well-defi ned fabrication 
of high-powered cathode materials for rechargeable lithium 
batteries. 

 The ALD growth of LiFePO 4  is fi rstly verifi ed on a Si (100) 
substrate.  Scheme    1   illustrates the ALD process employed in 
the deposition of amorphous LiFePO 4  at 300 °C with the use 
of ferrocene (FeCp 2 ), ozone (O 3 ), trimethylphosphate (TMPO), 
water (H 2 O), and lithium  t -butoxide (LiO  t  Bu) as precursors. The 
pulse times for FeCp 2 , O 3 , or TMPO are optimized in Fe 2 O 3  or 
(Fe 2 O 3  + PO  x  ) system to achieve saturated growth (Figure S1, 
Supporting Information). One ALD cycle of LiFePO 4  consists of 
5 subcycles of (Fe 2 O 3  + PO  x  ) and 1 subcycle of Li 2 O, and is exe-
cuted by the following sequence of 5 × [FeCp 2  (1 s pulse/10 s 
purge) + O 3  (1 s pulse/10 s purge) + TMPO (2 s pulse/10 s 
purge) + H 2 O (1 s pulse/10 s purge)] + 1 × [LiO  t  Bu (1 s pulse/
10 s purge) + H 2 O (1 s pulse/10 s purge)]. Amorphous LiFePO 4  
is obtained by repeating the above ALD cycle. The fi lm thick-
ness of amorphous LiFePO 4  on Si (100) substrate is linearly 

  Lithium transition metal phosphates (LiMPO 4 , M = Fe, Mn, Co, 
Ni) [ 1 ]  are enabling a new generation of high-power lithium-ion 
batteries (LIBs) that are instrumental in the worldwide effort 
to develop hybrid and plug-in hybrid electric vehicles. In par-
ticular, LiFePO 4  stands out as one of the most promising 
cathode materials, due to its high theoretical specifi c capacity 
(170 mA h g −1 ), low cost, environmental friendliness, and 
intrinsic thermal stability. [ 2–4 ]  However, pristine LiFePO 4  gener-
ally suffers from poor rate performance as a result of its slug-
gish mass- and charge-transport kinetics. [ 2–4 ]  Tremendous effort 
over the past decade has shown that nanostructuring, along 
with coating/admixing with carbon and heteroatom doping, 
is an effective strategy toward overcoming the electronic- and 
ionic-conductivity limitations inherent to LiFePO 4 , resulting 
in drastic improvements in its rate capability. [ 2–5 ]  In these 
approaches, good control over the physical and chemical prop-
erties of nanostructured LiFePO 4  (such as morphology, size, 
composition, etc., [ 6–8 ] ) is critical in achieving optimal electro-
chemical performance. Accordingly, various methods have been 
developed to produce nanosized LiFePO 4 , including solid-state 
reactions and solution chemistry (e.g., sol-gel, hydrothermal, 
spray pyrolysis, co-precipitation). [ 9–13 ]  

 Recently, atomic layer deposition (ALD) has emerged as 
an ideal technique toward engineering of nanostructures for 
a wide variety of applications, such as energy conversion and 
storage, microelectronics, sensing, etc. [ 14–16 ]  ALD is a fi lm-
deposition technique based on the sequential use of self-ter-
minating gas-solid surface reactions. [ 17,18 ]  Due to the unique 
reaction-controlled deposition process utilized by ALD, it has 
the exceptional advantage of depositing uniform and conformal 
thin fi lms on substrates with high-aspect-ratio topography, 
and provides high fl exibility for tuning the size, thickness, 
and composition of target materials at the atomic scale. [ 14–16 ]  
Up to now, ALD has been widely adopted in LIBs to decorate 
the surface of active electrode materials with nanocoatings, 
thus improving their stability, capacity, and safety, etc.  [ 19–22 ]  

Adv. Mater. 2014, 26, 6472–6477

www.advmat.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adma.201401805


6473wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

dependent with ALD cycle number, yielding a growth rate of ca. 
0.94 nm/cycle ( Figure    1  ). This linear relation between the fi lm 
thickness and ALD cycle number indicates the self-limiting 
growth of LiFePO 4 , a typical ALD-type deposition behavior. [ 17,18 ]    

 LiFePO 4  is then grown on CNTs using 140 ALD cycles to get 
LiFePO 4 /CNT nanocomposite for structural and electrochemical 
characterizations.  Figure    2   demonstrates the morphology of the 
as-deposited and the annealed LiFePO 4 /CNTs. Compared with 
the surface of pristine CNTs (Figure S2, Supporting Informa-
tion), the exterior surface of CNTs is uniformly covered with 
LiFePO 4  after the ALD process (Figure  2 a). Scanning trans-
mission electron microscopy (STEM) imaging (Figure  2 c) 
confi rms the uniformity of the as-deposited LiFePO 4  layer with 
thickness of about 33 nm on the CNTs. After annealing in Ar 
gas for 5 h, the LiFePO 4  layer still coats the majority of the CNT 
surface. However, small portions of the underlying CNT surface 
are exposed, indicated by arrows in Figure  2 b. The fi lm thick-
ness of the annealed LiFePO 4  layer on CNTs is measured to be 
around 20 nm in STEM image in Figure  2 d. The reduced fi lm 
thickness could result from the increase in fi lm density, and the 
loss of fi lm components, such as Li 2 O [ 30 ]  and possible residual 
ligands from ALD reactions, [ 27 ]  during the annealing process. 
As-deposited LiFePO 4  on CNTs shows an amorphous phase in 

nature, as revealed by the diffusive rings in the selected area elec-
tron diffraction (SAED) pattern (inset in Figure  2 c) and by the 
disordered structure observed in high resolution transmission 
electron microscopy (HRTEM) image (Figure S3, Supporting 
Information). On the contrary, annealed LiFePO 4  on CNTs 
displays distinct diffraction rings in its SAED pattern (inset 
in Figure  2 d), suggesting a polycrystalline structure for the 
annealed LiFePO 4 . Furthermore, HRTEM image of the annealed 
LiFePO 4  (Figure  2 e) exhibits clear crystal planes with a d-spacing 
of 0.39 nm, corresponding to the (210) planes of orthorhombic 
LiFePO 4 . Fe/P atomic ratio for the annealed LiFePO 4  is meas-
ured to be ca. 0.9 by energy dispersive spectroscopy (EDS) 
equipped with HRTEM (Figure S4, Supporting Information).  

 Further analysis was conducted on the as-deposited and the 
annealed LiFePO 4 /CNTs by X-ray diffraction (XRD) and X-ray 
absorption spectroscopy (XAS). As demonstrated in  Figure    3  a, 
the as-deposited LiFePO 4 /CNTs displays only three XRD peaks, 
all of which can be attributed to CNTs (JCPDS No. 65–6212), with 
no indication of LiFePO 4 , confi rming that the as-deposited fi lm is 
amorphous. In contrast, strong, sharp peaks, besides those from 
the CNTs, appear in the XRD pattern for the annealed LiFePO 4 /
CNTs, and can be well indexed as orthorhombic LiFePO 4  (JCPDS 
No. 83–2092) belonging to a  Pnma  space group. Interestingly, a 
few weak XRD peaks correlating to an Fe 3 P impurity are detected 
in the annealed LiFePO 4 /CNTs (Figure  3 a). This iron phosphide 
impurity might be a result of carbothermal reduction of the 
LiFePO 4  phase by carbon or/and residual organic ligands in as-
deposited LiFePO 4 /CNTs during annealing, and had been proved 
to be benefi cial to the battery performance of LiFePO 4  due to its 
high electronic conductivity. [ 31,32 ]  The local electronic structure 
of LiFePO 4  is examined by X-ray absorption near-edge structure 
(XANES) analysis at the Fe K-edge, Fe L 2,3 -edge, Li K-edge, and 
P L 2,3 -edge. The Fe K-edge XANES spectrum of the annealed 
LiFePO 4  shows main edge and pre-edge peaks located at 7128 eV 
and around 7112 eV respectively, which correlate well with the 
peaks for standard crystalline LiFePO 4  (Figure  3 b). The Fe pre-
edge peak around 7112 eV represents the 1s → 3d transition, [ 33,34 ]  
indicating that Fe 2+  predominates in the annealed LiFePO 4 . For 
the as-deposited LiFePO 4 , sharp Fe pre-edge peak located at about 
7114 eV is evidence of Fe 3+  in tetrahedral coordination. [ 33,34 ]  
The apparent shift toward lower energies in the main edge for 
the annealed LiFePO 4  is a result of a change in iron oxidation 
state from Fe 3+  in as-deposited LiFePO 4  to Fe 2+  in annealed 
LiFePO 4  (confi rmed by Fe L 2,3 -edge XANES result in Figure S5, 
Supporting Information). The Li K-edge XANES spectrum 
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 Scheme 1.    Atomic layer deposition of amorphous LiFePO 4  at 300 °C using ferrocene (FeCp 2 ) ozone (O 3 ), trimethylphosphate (TMPO), water (H 2 O), 
and lithium  t -butoxide (LiO  t  Bu). a) Sequential pulse of FeCp 2  and O 3  leading to the growth of a Fe 2 O 3  layer (red); b) sequential pulse of TMPO and H 2 O 
leading to deposition of a PO  x   layer (green); c) steps (a) and (b) are repeated for 5 times; d) sequential pulse of LiO  t  Bu and H 2 O leading to formation 
of Li 2 O layer (blue). One ALD cycle for the growth of amorphous LiFePO 4  consists of steps (a)–(d). 

 Figure 1.    Linearity of amorphous LiFePO 4  fi lm thickness vs. ALD cycle 
number, with a growth rate of (0.94 ± 0.08) nm/cycle.
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of the annealed LiFePO 4  exhibits all seven feature peaks as 
observed in reference crystalline LiFePO 4 , albeit relatively weak 
intensities in peak C and D for the annealed LiFePO 4 . It should 
be noted that the three peaks A′ (57.3 eV), B′ (54.9 eV), and C′ 
(52.1 eV) at lower energy are from Fe M 3,2 -edges (3p-3d, 4s tran-
sitions). [ 35 ]  Turning to the P L 2,3 -edge, a typical doublet resonance 
(labelled as A and B in Figure  3 d) is identifi ed in the annealed 
LiFePO 4  and reference crystalline LiFePO 4 . These two peaks are 
assigned to transitions from a spin-orbit split 2p electron into the 
fi rst unoccupied 2s-like antibonding state. [ 35 ]  In addition, a broad 
peak (peak C in Figure  3 d) appears at ca. 2 eV higher photon 
energy in both samples. For the as-deposited LiFePO 4 , a broad-
ened white-line and extended features can be found in all the 
examined spectra (see Figure  3 b,c,d and Figure S5, Supporting 
Information), indicating the as-deposited fi lm is highly disor-
dered, an observation consistent with HRTEM and XRD results. 
Similar spectroscopic features are observed in reference amor-
phous LiFePO 4  (see Figure S6, Supporting Information).  

  Figure    4   shows the electrochemical performance for the 
annealed LiFePO 4 /CNT electrode for LIBs. As displayed in 
Figure  4 a, a couple of redox peaks are observed at ca. 3.5 V and 
3.3 V (vs Li/Li + ) in the cyclic voltammetry (CV) curve meas-
ured using a scan rate of 0.5 mV s −1 . These peaks correspond 
to the extraction and insertion of Li +  in LiFePO 4 . [ 36,37 ]  These 
peaks are still clearly present in the voltage range of 2.5–4.2 V 
with increasing scan rate up to 20 mV s −1 , indicating the excel-
lent electronic conductivity in the LiFePO 4 /CNT electrode (as 
also revealed by the low charge-transfer resistance in the imped-
ance spectrum in Figure S7 in the Supporting Information). The 

CNT network in the electrode is believed to be responsible for 
the good conductance. [ 38,39 ]  The LiFePO 4 /CNT electrode exhibits 
a discharge capacity of 150 mA h g −1  at 0.1 C (1 C = 170 mA g −1 ) 
after several cycles, and can maintain high capacities at elevated 
current densities (Figure  4 b). For example, it can still deliver a 
discharge capacity of 71 mA h g −1  at 60 C (10 200 mA g −1 , i.e. 
1 min for each fully charging or discharging of the theoretical 
capacity), indicating its potential for high power output (Figure 
 4 b). More importantly, the discharge capacity of the LiFePO 4 /
CNTs can be retrieved after cycling from 0.1 to 60 C (Figure  4 c). 
The LiFePO 4 /CNTs maintains almost the same rate performance 
when cycled from 0.1 to 60 C again (Figure S8, Supporting 
Information), demonstrating its excellent rate capability. The 
rate performance of LiFePO 4 /CNTs prepared by ALD is compa-
rable to that of high-rate LiFePO 4  composites prepared by other 
methods, [ 40–45 ]  in particular at high rates of 30 C and 60 C (Figure 
S9, Supporting Information). Furthermore, the LiFePO 4 /CNTs 
shows a stabilized discharge capacity as high as ca. 167 mA h 
g −1  (close to the theoretical capacity 170 mA h g −1  of LiFePO 4 ) 
after 100 cycles under a current density of 0.1 C (see inset in 
Figure  4 d and Figure S8, Supporting Information). Moreover, the 
LiFePO 4 /CNTs can maintain a discharge capacity of ca. 120 mA 
h g −1  after 2000 cycles at 1 C (170 mA g −1 ), showing its extraordi-
nary cyclic life. Overall, the remarkable performance of ALD-fab-
ricated LiFePO 4 /CNT cathode material could be ascribed to the 
following reasons: i) the unique and uniform nanostructure of 
LiFePO 4 /CNTs synthesized by ALD enabling rapid Li +  insertion 
and extraction; ii) improved electronic transfer between LiFePO 4  
and CNTs; iii) fast ionic diffusion in the well-crystallized LiFePO 4 ; 
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 Figure 2.    SEM images of: a) as-deposited LiFePO 4 /CNTs and b) annealed LiFePO 4 /CNTs; scanning transmission electron microscopy (STEM) images 
of: c) as-deposited LiFePO 4 /CNTs and d) annealed LiFePO 4 /CNTs (the insets in (c) and (d) are their corresponding selected area electron diffraction 
(SAED) patterns); e) high-resolution transmission electron microscopy (HRTEM) image of the annealed LiFePO 4 /CNTs.
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and iv) possibly enhanced electronic conductivity of the LiFePO 4 /
CNTs contributed from the conductive Fe 3 P impurity. [ 31,32 ]   

 In summary, a LiFePO 4 /CNT nanocomposite has been suc-
cessfully synthesized using the ALD technique by a combina-
tion of Fe 2 O 3 , PO  x  , and Li 2 O subcycles. The annealed LiFePO 4 /
CNTs exhibited exceptional battery performance as a cathode 
material, including excellent rate capability, high power den-
sity, and long lifetime. These advantages make the LiFePO 4 /
CNT nanocomposite a competitive cathode material for the 
next generation of high-powered LIBs. Successful develop-
ment of ALD process for LiFePO 4  promises it tremendous 
potential in 3D all-solid-state batteries. [ 25,26,46,47 ]  Moreover, this 
ALD process allows coating of an ultrathin layer of LiFePO 4  on 
LiMnPO 4  to improve the carbon coating on the latter by taking 
advantage of the catalytic reaction of Fe with C, thus enhancing 
its battery performance. [ 48 ]  In addition, this work establishes 
an suitable technique to customize LiFePO 4  model samples 
for fundamental studies, [ 16 ]  owing to its excellent controlla-
bility over the crystallinity, thickness, composition, and mor-
phology of LiFePO 4 . The ALD strategy reported herein could 
also be extended to fabricate the other members of LiMPO 4  
(M = Mn, Co, Ni), and thus paves a new way to synthesize 
complex cathode materials in a highly controllable fashion for 
rechargeable lithium batteries.  

  Experimental Section 
 Lithium iron phosphate (LiFePO 4 ) was grown at 300 °C in a Savannah 
100 ALD system (Cambridge Nanotech.), by using ferrocene (FeCp 2 ) 
(98%, Sigma Aldrich), trimethylphosphate (TMPO) (97%, Strem 
Chemicals), lithium  t -butoxide (LiO  t  Bu) (98%, Strem Chemicals), 
ozone (O 3 ) (ca. 9.8 wt%), and distilled water (H 2 O) as precursors. All 
the chemicals were used as received. O 3  was generated in an OL80F 
generator from oxygen (O 2 ) (99.999%). The source temperatures for 
FeCp 2 , TMPO, and LiO  t  Bu were 130 °C, 75 °C, and 180 °C, respectively. 
O 3  and H 2 O were kept at room temperature (RT). One ALD cycle 
of LiFePO 4  was executed following the sequence of 5 × [FeCp 2  (1 s 
pulse/10 s purge) + O 3  (1 s pulse/10 s purge) + TMPO (2 s pulse/10 s 
purge) + H 2 O (1 s pulse/10 s purge)] + 1 × [LiO  t

  Bu (1 s pulse/10 s 
purge) + H 2 O (1 s pulse/10 s purge)]. The pulse times for FeCp 2 , O 3 , 
and TMPO were optimized in Fe 2 O 3  and (Fe 2 O 3  + PO  x  ) systems, in 
order to achieve saturated growth of each layer (Figure S1, Supporting 
Information). The recipe for the Li 2 O subcycle [LiO  t  Bu (1 s pulse/10 s 
purge) + H 2 O (1 s pulse/10 s purge)] was taken from our previous 
work. [ 49 ]  Carbon nanotubes (CNTs) (Shenzhen Nanotech.) and Si (100) 
wafer were used as the substrates for LiFePO 4 . Before ALD growth, the 
CNTs were refl uxed in nitric acid (HNO 3 ) (70%) for 3 h at 120 °C, in 
order to functionalize the surface of the CNTs and to remove residual 
Ni catalyst used for the growth of CNTs. The purifi ed CNTs were well-
dispersed in ethanol, and the mixture solution was dropped onto 
aluminum foil. Evaporation of ethanol resulted in a porous CNT network 
on the aluminum foil. In this way, the CNTs had maximum exposure to 
the precursors during the following ALD process, and therefore uniform 
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 Figure 3.    a) XRD patterns of as-deposited LiFePO 4 /CNTs (i) and annealed LiFePO 4 /CNTs (ii): (�) LiFePO 4 , JCPDS No. 83–2092; (♦) Fe 3 P, JCPDS No. 
65–1606; (♥) graphite, JCPDS No. 65–6212; b) Fe K-edge, c) Li K-edge, and d) P L 3,2 -edge X-ray absorption near-edge structure (XANES) spectra for 
as-deposited LiFePO 4 /CNTs (i), annealed LiFePO 4 /CNTs (ii), and reference crystalline LiFePO 4  (iii).



6476 wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

coverage of LiFePO 4  on their surface. LiFePO 4 /CNT nanocomposite was 
prepared by applying 140 ALD cycles of LiFePO 4  on the CNTs prepared 
as above. After ALD growth, the as-deposited LiFePO 4 /CNTs were 
scratched from the aluminum foil, and subjected to annealing at 700 °C 
for 5 h under argon gas (99.999%) in order to obtain crystalline LiFePO 4 . 
Annealed LiFePO 4 /CNTs were used for electrochemical measurements. 
Si (100) wafer was cleaned with acetone three times, rinsed with ethanol, 
and subsequently blown dry with compressed air. 

 The morphology and structure of the as-deposited and annealed 
LiFePO 4 /CNTs were characterized by using fi eld-emission scanning 
electron microscopy (FESEM) (Hitachi S4800), high-resolution 
transmission electron microscopy (HRTEM) (JEOL 2010 FEG) equipped 
with energy dispersive spectroscopy (EDS), and an X-ray diffraction 
system (XRD) (Bruker D8 Advance, Cu K α  X-ray source), and X-ray 
absorption spectroscopy (XAS). XAS measurements were performed 
at the Canadian Light Source (CLS) on the Variable Line Spacing Plane 
Grating Monochromator (VLS PGM) beamline for Li-K edge and P L 2,3 -
edge spectra, the Spherical Grating Monochromator (SGM) beamline 
for the Fe L 2,3 -edge spectra, and the Soft-X-ray Microcharacterization 
(SXRM) beamline for the Fe K-edge spectra. The loading of LiFePO 4  
in the annealed LiFePO 4 /CNT nanocomposite was measured by using 
thermogravimetric analysis (TGA) (SDT Q600) from RT to 800 °C in air 
at a heating rate of 10 °C min −1 . Si (100) substrates coated with LiFePO 4  
using different ALD cycles were cut into small pieces to obtain fresh 
cross-section samples for thickness measurement under SEM. 

 Electrochemical performance of annealed LiFePO 4 /CNTs was evaluated 
in coin-type half cells. To prepare the electrode, the annealed LiFePO 4 /
CNTs and poly(vinylidene fl uoride) (PVDF) with a weight ratio of 90:10 
were mixed thoroughly, and then the slurry was pasted onto an aluminum 
foil. The electrode was dried under vacuum at 100 °C overnight. The coin-
type half cells were assembled in an argon-fi lled glove box ([O 2 ] <1 ppm, 

[H 2 O] < 1 ppm), using the electrode prepared as above, polypropylene 
separator (Celgard 2400), and lithium foil as the counter electrode. 
The electrolyte was 1 M LiPF 6  solution in ethylene carbonate:diethyl 
carbonate:ethyl methyl carbonate (EC:DEC:EMC) with a volume ratio of 
1:1:1. The electrochemical testing of the coin-type half cells was performed 
in an Arbin BT-2000 battery test system. The loading amount of LiFePO 4 /
CNTs on the electrode was ca. 1.5 mg. To show the effi ciency of ALD-
grown LiFePO 4 , the specifi c capacity in this work was calculated based 
on the weight of only LiFePO 4 , which was measured to be 18 wt% in the 
annealed LiFePO 4 /CNTs by TGA (Figure S10, Supporting Information).  
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 Figure 4.    a) Cyclic voltammetry (CV) curves of annealed LiFePO 4 /CNTs at scan rates of 0.5, 1, 2, 5, 10, and 20 mV s −1 ; b) charge/discharge profi les and 
c) rate capability of the annealed LiFePO 4 /CNTs at current densities of 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, and 60 C; d) cycling stability of annealed LiFePO 4 /
CNTs measured at 1 C and 0.1 C.
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