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 One of most unique and fascinating features of natural biom-
ineralization processes is the controlled growth and hierar-
chical organization of inorganic minerals along with organic 
materials. Such marvels of nature give excellent physico-
chemical properties to natural biomaterials [  1–3  ]  and provide 
inspiration for the synthesis of novel functional nanomate-
rials to chemists and materials scientists. [  4–9  ]  For example, 
natural bones with excellent mechanical properties are a kind 
of organic/inorganic hybrid materials with organic collagen 
nanofi brils and inorganic calcium phosphate nanocrystals 
hierarchically organized on a nanoscale. [  10  ]  Researchers have 
found that the hierarchical organization of organic and inor-
ganic components of natural biomaterials is due mainly to the 
repetitive display of acidic functional groups on the surface 
of organic materials [  2  ,  11  ]  that can act as a nucleation site for 
the growth of inorganic materials. In this regard, numerous 
efforts have been made to synthesize novel hybrid nanomate-
rials by mimicking biomineralization processes especially for 
biomedical applications. [  12–15  ]  For example, Hartgerink and col-
leagues reported on synthesis and mineralization of peptide-
amphiphile nanofi bers displaying phosphate groups on their 
surface for bone regeneration. [  13  ]  To date, however, the syn-
thesis of industrially important hybrid nanomaterials by mim-
icking biomineralization processes has been rarely reported 
despite many potential advantages of biomimetic approaches 
such as environmental compatibility and high controllability 
of shape and size. 

 On the other hand, interest is growing in the fabrication 
of functional nanomaterials by self-assembly of peptide-based 
building blocks because of functional fl exibility and environ-
mental compatibility. [  16  ,  17  ]  Among numerous self-assembling 
peptides reported to date, diphenylalanine (Phe-Phe, FF) and 
its derivatives [  18–30  ]  are simplest peptides exhibiting unique 
mechanical, [  19  ]  electrochemical, [  20  ]  and optical properties [  21  ]  as 
well as high thermal and chemical stabilities. [  23  ]  It has been 
reported that they can readily form various nanostructures, 
including nanotubes, [  18–22  ]  nanowires, [  23–27  ]  nanospheres, [  28  ]  
organogels, [  29  ]  and hydrogels [  30  ]  through a self-assembly 
process. Here, we fi rst report the synthesis of transition metal 
phosphate nanotubes for application as a cathode material 
for rechargeable lithium (Li) ion batteries by using a pep-
tide hydrogel self-assembled from fl uorenylmethoxycarbonyl 
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(Fmoc)-FF [  30  ]  as a template. The peptide hydrogel is composed 
of very thin nanofi bers (diameter about a few tens of nm) and 
displays numerous acidic and polar moieties on its surface 
(Figures S1 and S2 in the Supporting Information), which are 
highly benefi cial for the synthesis of novel organic/inorganic 
hybrid nanomaterials. 

 We synthesized peptide/transition metal phosphate core/
shell nanofi bers, as schematically illustrated in  Figure    1   a . Pep-
tide nanofi bers that could act as a mineralization template were 
prepared by the self-assembly of Fmoc-FF peptide (Figure  1 b) 
in an aqueous solution. Briefl y, a clear peptide solution was 
prepared by dissolving the peptide in 1,1,1,3,3,3-hexafl uoro-
2-propanol (100 mg mL  − 1 ) and then diluting with deionized 
water to a concentration of 2 mg mL  − 1  to form a transparent 
hydrogel composed of physically crosslinked peptide nanofi bers 
(Figures  1 c and d). According to scanning electron microscopy 
(SEM), peptide nanofi bers are 10–20 nm wide and several tens 
of  μ m long (Figure  1 c). The prepared peptide hydrogel was then 
mineralized with transition metal phosphate by sequentially 
treating with 10 m M  MCl  x   (M  =  Fe, Co, Cu, Ni, or Mn) solu-
tion in deionized water (pH  <  3.0) and 10 m M  NaH 2 PO 4  solu-
tion in 50 m M  Tris (pH 7.0) using a vacuum fi ltration apparatus 
(Figure  1 a). The mineralization process was repeated several 
times to completely coat the peptide nanofi bers with transition 
metal phosphate minerals.  

 After successively treating with transition metal cations and 
phosphate anions, we found signifi cant changes in the prop-
erties and morphologies of peptide nanofi bers (see Figure S3 
in the Supporting Information). After the treatment, peptide 
nanofi bers exhibited unique colors depending on the type of 
metal ions treated (Figure S1a). For example, the color of dried 
peptide nanofi bers changed from white to brown after treat-
ment with Fe 3 +   and PO 4  3 −   ions. In addition, peptide nanofi bers 
no longer showed characteristics of a hydrogel after the treat-
ment, e.g., a reduced capacity for water absorption, which we 
attribute to the burial of hydrophilic residues by the formation 
of transition metal phosphate minerals on the surface of peptide 
nanofi bers. SEM and transmission electron microscopy (TEM) 
confi rmed the formation of inorganic materials along the pep-
tide nanofi bers (Figures  1 c–f and Figure S3 in the Supporting 
Information). The surface of peptide nanofi bers was initially 
smooth but became very rugged after the treatment irrespective 
of metal ions used (Figures S3b–f). High-magnifi cation TEM 
and SEM analysis showed that the rugged surface was caused 
by the formation of inorganic nanoparticles along the peptide 
nanofi bers (Figures  1 c–f). Selected-area electron diffraction 
(SAED) analysis and elemental analysis by energy dispersive 
X-ray spectroscopy (EDS) revealed that inorganic nanoparticles 
were amorphous transition metal phosphate (Figures  1 f inset 
and  1 g). 
5537bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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      Figure  1 .     Fabrication of nanostructured transition metal phosphates by biomimetic mineralization of peptide nanofi bers. a) Sequential treatment of 
peptide nanofi bers, which are formed by self-assembly of Fmoc-diphenylalanine (b), with aqueous solutions containing transition metal cations and 
phosphate anions led to the formation of peptide/transition metal phosphate core/shell nanofi bers. For example, peptide nanofi bers (c,d) are readily 
coated with irregularly shaped amorphous FePO 4  (e,f) after successive treatment with Fe 3 +   and PO 4  3 −   ions as evidenced by SEM (c,e) and TEM (d,f) 
observations,SAED inset), and EDS analysis (g). Note that the appearance of diffuse rings in the SAED pattern indicates the formation of amorphous 
FePO 4 .  
 Mineralized peptide nanofi bers were further investigated 
with differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), and Fourier transform infrared (FT-IR) 
spectroscopy. We focused particularly on the mineralization of 
peptide nanofi bers with FePO 4  that has diverse applications 
in energy storage [  9  ,  31–34  ]  and catalysis. [  35  ,  36  ]  DSC (Figure S4 in 
the Supporting Information) and TGA (Figure S5 in the Sup-
porting Information) analysis suggested that minerals that 
had formed along the peptide nanofi bers were amorphous, 
hydrated FePO 4  (i.e., FePO 4  ⋅ nH 2 O). Both pristine and miner-
alized peptide nanofi bers exhibited an endothermic DSC peak 
and a slight weight decrease at around 90  ° C, which should 
originate from the evaporation of water molecules adsorbed on 
the surface of nanofi bers. For mineralized nanofi bers, several 
additional peaks appeared at around 140 and 430  ° C, which 
can be attributed to the dehydration of amorphous hydrated 
FePO 4  (FePO 4  ⋅ nH 2 O  →  FePO 4 ) and to the phase transforma-
tion of FePO 4  from amorphous (a-FePO 4 ) to hexagonal crystal-
line phase, respectively. [  33  ]  From TGA thermograms of peptide 
nanofi bers, we were able to calculate the relative amounts of 
peptide nanofi bers and FePO 4  minerals. Compared with pris-
tine peptide nanofi bers, FePO 4 -coated peptide nanofi bers 
© 2010 WILEY-VCH Verlag Gwileyonlinelibrary.com
(prepared by repeating the mineralization process six times) 
additionally lost 10% of weight in the temperature range from 
room temperature to 200  ° C. Considering that FePO 4  normally 
has a dihydrate form (i.e., FePO 4  ⋅ 2H 2 O) when synthesized in 
aqueous solution at room temperature [  37  ]  and the theoretical 
weight loss upon dehydration of pure FePO 4  ⋅ 2H 2 O is 19.2%, 
the FePO 4  ⋅ 2H 2 O mineral component accounts for about 52% of 
the total weight of mineralized peptide nanofi bers (weight ratio 
of FePO 4  ⋅ 2H 2 O/peptide  ≈  1.08). When we further studied the 
effect of the number of repeated mineralization processes on the 
amount of mineral components, we found it was saturated after 
about six replications of mineralization processes (Figure S6 
in the Supporting Information), implying that functional 
groups displayed on the surface of peptide nanofi bers in a reg-
ular repetitive pattern have a critical role in the mineralization 
of the nanofi bers. This also indicates that the thickness of the 
inorganic sheath can be controlled. 

 We further confi rmed the formation of FePO 4  minerals on 
the surface of peptide nanofi bers by using FT-IR spectroscopy 
(Figure S7 in the Supporting Information). Both pristine and 
mineralized peptide nanofi bers exhibited absorption peaks at 
around 1658 and 1696 cm  − 1 , indicating that the peptide adopts 
Adv. Mater. 2010, 22, 5537–5541mbH & Co. KGaA, Weinheim
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a   β  -sheet conformation. [  30  ]  For mineralized peptide nanofi bers, 
an additional peak originating from Fe–O–P vibration was 
observed at around 1043 cm  − 1 . [  38  ,  39  ]  It is noted that results of 
FT-IR spectroscopic analysis (see also Figures S1 and F2 in 
the Supporting Information) were consistent with a recent 
report by Smith et al. [  30  ]  suggesting that Fmoc-FF forms pep-
tide nanofi bers adopting   β  -sheet conformation through self-
assembly driven by   π  –  π   stacking interactions. According to the 
report, the molecular arrangement in the Fmoc-FF nanofi bers 
refl ects polar and acidic moieties, such as carboxyl and amide 
      Figure  2 .     Synthesis of FePO 4  nanotubes by heat treatment of peptide/FePO 4  hybrid nanofi bers. 
a) Peptide nanofi bers mineralized with FePO 4  were treated at 350  ° C to carbonize the peptide 
core and thus to fabricate hollow FePO 4  nanotubes with inner walls coated with a thin layer 
of conductive carbon. Tubular structures are clearly visible in SEM (b–c) and TEM (d) micro-
graphs. e) FT-IR spectroscopy confi rmed carbonization of the peptide core. Note that a peak at 
approximately 1620 cm  − 1  is attributed to vibrations of sp 2  carbon, indicating the formation of 
amorphous graphitic carbon. Arrows indicate the openings of FePO 4  nanotubes.  
groups, exposed on the surface of peptide 
nanofi bers in a regular repetitive pattern. 
Considering that a number of biological 
molecules and artifi cial biomaterials known 
to possess biomineralization activity com-
monly have acidic moieties (e.g., phosphate, 
sulfate, and carboxylate) displayed on their 
surface in a regular pattern, [  2  ,  11  ,  13  ]  we specu-
late that the surface-exposed acidic and polar 
groups are responsible for the formation 
and growth of transition metal phosphate 
minerals along the peptide nanofi bers in the 
present study. 

 We could readily fabricate FePO 4  nano-
tubes coated with residual conductive carbon 
layers by treating the peptide/FePO 4  core/
shell nanofi bers at moderately high tempera-
ture. FePO 4  minerals remained amorphous 
with dehydration when incubated at 350 °C 
(Figure S8 in the Supporting Information), 
whereas Fmoc-FF transformed into amor-
phous carbon layers by thermal decompo-
sition ( Figure    2   a ). According to previous 
reports, trigonal [  39  ]  and hexagonal [  33  ]  FePO 4  
phases are electrochemically inactive, but 
dehydrated amorphous FePO 4  has a higher 
theoretical capacity [  40  ]  and better cycla-
bility than hydrated FePO 4  as a Li ion bat-
tery cathode. [  33  ]  In addition, the amorphous 
nature of FePO 4  nanotubes can be benefi cial 
for ensuring more reliable electrochemical 
performance because amorphous phase is 
conceptually free of stress originating from 
lattice mismatch that is frequently observed 
at the phase boundary of crystalline materials 
during charge and discharge processes. After 
carbonization of the peptide core, a color 
change was observed from brown to black. 
A hollow tubular structure with an average 
diameter of 20 nm and wall thickness of 5 nm 
was clearly visible in electron micrographs 
(Figure  2 b–d). The FePO 4  nanotubes were 
interconnected forming a three-dimensional 
network structure, which is benefi cial for 
electrode performance because it improves 
electronic conductivity and structural integ-
rity. [  41  ]  Further analysis by FT-IR spectroscopy 
(Figure  2 e) confi rmed that FePO 4  nanotubes 
were coated with carbon layers. A sp 2  carbon 
Adv. Mater. 2010, 22, 5537–5541 © 2010 WILEY-VCH Verlag Gm
peak located around 1620 cm  − 1  can be attributed to the forma-
tion of amorphous graphitic carbon layers.  

 Based on the results, we attempted to apply the carbon-
coated FePO 4  nanotubes in Li ion battery applications. Recently, 
bulk FePO 4  has been extensively investigated as a next-genera-
tion cathode material in Li ion batteries, but critical problems 
have been revealed such as low electronic conductivity and slow 
insertion/extraction rate of Li ion. [  42  ]  The use of nanostructured 
FePO 4  coated with conductive materials has been suggested to 
solve such intrinsic problems; [  9  ,  31  ]  however, only a few reports 
5539bH & Co. KGaA, Weinheim wileyonlinelibrary.com
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have been published on the synthesis and characterization of
nanostructured FePO 4 , mostly in the form of nanoparticles,
because of diffi culties in synthesis. Here, we tested the electro-
chemical performance of carbon-coated FePO 4  nanotubes as
a positive electrode for Li ion batteries by examining charge/
discharge behavior. It is expected that the electrochemical per-
formance could be improved because carbon layers can offer
enhanced electronic conduction and adhesion for FePO 4  nanoc-
rystallites and nanotubes. We constructed a Swagelok-type test
cell by using Li metal and FePO 4  nanotubes as a counter and
working electrode, respectively, separated by a porous polymer
membrane fi lled with a liquid electrolyte of 1  M  LiPF 6  in a
1:1 mixture of ethylene carbonate and dimethyl carbonate.
Figure S9 (in the Supporting Information) shows a cyclic vol-
tammogram of the nanotubular FePO 4 . The voltammogram
exhibits a pair of anodic and cathodic peaks near 3 V versus Li  +  /
Li, corresponding to a Fe 3 +  /Fe 2 +   redox couple, which is associ-
ated with insertion and extraction of Li  +   ions. [  33  ]   Figure    3   shows
© 2010 WILEY-VCH Verlag Gmwileyonlinelibrary.com

      Figure  3 .     Electrochemical performance of FePO 4  nanotubes as a cathode 
material for rechargeable Li ion batteries. Plots showing discharge-charge 
curves of 1–5 cycles (a) and capacity retention of FePO 4  nanotubes with 
a current rate of 10 mA g  − 1  (b).  
discharge–charge curves of carbon-coated FePO 4  nanotubes 
upon cycling. The FePO 4  nanotubes exhibited a specifi c 
capacity of approximately 170 mAh g  − 1  in the fi rst cycle, close 
to its maximum theoretical capacity (178 mAh g  − 1 ), [  40  ]  and a 
highly reversible capacity of about 150 mAh g  − 1  after the second 
cycle with a coulombic effi ciency near 100%. Upon discharge, 
monotonic decrease of voltage occurred, a characteristic of 
amorphous FePO 4 . This monotonic decrease of voltage should 
be benefi cial for monitoring the state of charge of Li ion batteries 
without a plateau region. [  33  ,  37  ]  In order to support our hypoth-
esis that the carbonization of peptide core improves the electro-
chemical performance, we observed the fi rst discharge capacity 
of hydrogel-FePO 4  composite in comparison with that of FePO 4  
nanotubes having carbon layers. As shown in Figure S10 (in the 
Supporting Information), FePO 4  nanotubes with carbon layers 
showed much higher capacity, which indicates that amorphous 
carbon layers effectively enhanced the electrochemical perform-
ance of FePO 4 -based electrode material.  

 Compared with previously reported FePO 4  nanostructures, 
we found that our FePO 4  nanotubes performed very well as a 
cathode material for rechargeable Li ion batteries in terms of 
specifi c capacity and capacity retention. We believe the ani-
sotropic structure of FePO 4  nanotubes as well as their small 
dimension and carbon coating are partly responsible for their 
excellent electrochemical performance. Bruce et al. recently 
argued in their review article [  41  ]  that anisotropic nanomate-
rials are more attractive than isotropic nanoparticles because 
one long dimension and two short dimensions simultane-
ously ensure good electronic transport and fast Li ion diffusion, 
respectively. The three-dimensional network structures of nan-
otubes are also believed to provide an additional advantage of 
the structural stability of FePO 4  cathode during cycles, ensuring 
stable capacity retention. Furthermore, compared with con-
ventional methods used in the synthesis of transition metal 
phosphate nanostructures, our approach utilizing the biomi-
metic mineralization of peptide nanofi bers is environmentally 
friendly as it requires no additional chemicals such as urea or 
hydrofl uoric acid. For example, Chen et al. recently reported 
the synthesis of colloidal particles of various transition metal 
phosphates without template materials by controlling precipita-
tion reactions between transition metal cations and phosphate 
anions with urea, which is hydrolyzed into toxic ammonium 
ions. [  43  ]  It may be possible to avoid the use of urea by using 
porous template materials such as mesoporous silica, porous 
aluminum oxide, and polymer membrane, but the removal of 
electrochemically inactive template materials still requires the 
use of strong acids (e.g., hydrofl uoric acid) or toxic organic 
solvents. In contrast, our approach requires only precursor 
chemicals, such as metal chloride salts and sodium phosphate, 
dissolved in aqueous solution for the synthesis of anisotropic 
transition metal phosphate nanostructures. The advantages of 
our approach become more evident considering that the pep-
tide core can be readily removed and converted into a conduc-
tive carbon layer by heat treatment, 

 In summary, we synthesized nanostructured transition metal 
phosphate via biomimetic mineralization of peptide nanofi bers. 
Fmoc-FF peptides self-assembled into nanofi bers displaying 
numerous acidic and polar moieties on their surface and readily 
mineralized with transition metal phosphate by sequential 
Adv. Mater. 2010, 22, 5537–5541bH & Co. KGaA, Weinheim
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treatment with aqueous solutions containing transition metal 
cations and phosphate anions. For Li ion battery applications, 
we focused on the synthesis of FePO 4  nanostructures; FePO 4 -
mineralized peptide nanofi bers were treated at 350  ° C to fabri-
cate FePO 4  nanotubes with inner walls coated with a thin layer 
of conductive carbon by carbonization of the peptide core. The 
carbon-coated FePO 4  nanotubes were found to be a promising 
cathode material for rechargeable Li ion batteries with a high 
reversible capacity and good capacity retention during cycling.  

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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