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ABSTRACT: Through an aqueous, protein-mediated layer-by-layer titania
deposition process, we have fabricated a protamine/titania composite layer on
nickel foam. The coating was composed of amorphous carbon and TiO2(B)/
anatase nanoparticles and formed upon organic pyrolysis under a reducing
atmosphere (5% H2−Ar mixture). X-ray diffraction analyses, Auger electron
spectroscopy, and high-resolution transmission electron microscopy revealed
that the obtained coatings contained fine monoclinic TiO2(B) and anatase
nanocrystals, along with amorphous carbon. Moreover, the coating can be used
as a binder-free negative electrode material for lithium-ion batteries and exhibits high reversible capacity and fast charge−
discharge properties; a reversible capacity of 245 mAh g−1 was obtained at a current density of 50 mA g−1, and capacities of 167
and 143 mAh g−1 were obtained at current densities of 1 and 2 A g−1, respectively.
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■ INTRODUCTION

Nature possesses the ability to produce biominerals with
exquisite nanostructures under inherently mild conditions of
low temperature, ambient pressure, and near-neutral pH.1

Mimicking biomineralization has great potential to control
inorganic structures and is fast becoming an important next-
generation inorganic synthesis method.2 Recent insight into the
molecular mechanisms of biomineralization has enabled
biomimetic approaches for the synthesis of non-natural but
technologically interesting materials under mild reaction
conditions.3−5 In particular, biomineralization of TiO2 has
attracted much attention, because of its many promising
applications in environmental and energy areas.6 Besides the
mild synthesis conditions, the bioinspired approach might
provide a new pathway to tailor the morphology, poly-
morphism, and elemental doping of titania with significant
advantages over traditional methods.7 For example, the anatase
phase usually forms first in all solution titania synthesis
pathways, and the phase transformation from anatase to rutile
usually occurs during a hydrothermal process under extremely
acidic conditions;8−10 however, a highly crystalline rutile phase
can be obtained at room temperature and neutral pH when
using recombinant silaffins as biomineralization agents.11 It is
well-known that the physicochemical properties of titania
strongly influence its application performance; thus, it is of
interest to synthesize titania with tailored properties through
biomineralization pathways in the context of green chemistry,
and for potential application in many technological devices.
Because of the advantages of low cost, low environmental

impact, safety, and rate capability, the various polymorphs of

TiO2 (anatase, rutile, and TiO2(B)) have been widely studied
and TiO2 is considered to be a good alternative to the carbon-
based anode materials in lithium-ion batteries.12 Compared
with the anatase and rutile phases, the TiO2(B) exhibits more
open channels in its lattice as well as characteristic pseudo-
capacitive behavior, resulting in easier Li-ion access to the
crystal structure and faster charge−discharge capability.13

However, the majority of approaches to prepare nanostructured
TiO2(B) involve the use of layered titanate, which is often
prepared from titania powder by alkaline hydrothermal
treatment (∼100−150 °C, 8−10 M NaOH or KOH).14−22

Recently reported hydrothermal or solvothermal treatments
avoid the use of a high concentration of alkali.23−26 Never-
theless, corrosive titanium precursors (TiCl3 or TiCl4) and
chemicals (NH3·H2O, H2O2, H2SO4) are required, which is
undesirable, from an environmental perspective. Therefore, it is
highly desirable but challenging to synthesize nanostructured
TiO2(B) as an electrode material through a facile and “green”
synthesis route.
In this paper, we demonstrate the use of an aqueous, protein-

enabled layer-by-layer (LbL) titania deposition process to
fabricate protein−titania composite coatings on nickel foams.
The coatings are composed of amorphous carbon and
TiO2(B)/anatase nanoparticles, and are obtained upon organic
pyrolysis at 500 °C under a reducing atmosphere (5% H2−Ar
mixture). The method is based on a recently developed LbL
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mineralization process that employs protamine, which is a
relatively inexpensive and readily-available arginine-rich protein
harvested from a variety of fish, as a biomimetic mineralization
agent for inducing the formation of a TiO2 coating from a
titanium(IV) bis(ammonium lactato) dihydroxide (Ti-
BALDH)-bearing solution.27 Prior work has involved deposi-
tion on diatom frustules,28 alumina templates,29 silica spheres,30

and poly(sodium-p-styrenesulfonate) (PSS)-doped CaCO3
spheres,31 and subsequent organic pyrolysis in air resulting in
the crystalline anatase titania coating.28,29,31

Nickel foam is used here as an ideal electrode substrate,
because of its high electronic conductivity, low weight, and
three-dimensional (3D) cross-linked grid structure, providing
high porosity and surface area. However, unlike the negatively
charged surface of diatom frustules, silica spheres, alumina, and
PSS-doped CaCO3 particles, the surface of nickel foam is often
inert and hydrophobic, making it difficult to adsorb cationic
protamine. To overcome this problem, the nickel foam in our
experiment was modified with a hydrophilic polydopamine
(PDA) layer via the self-polymerization of dopamine simply by
dipping it into a dopamine solution at room temperature. As a
mimic of the specialized adhesive foot protein, PDA is known
to attach to almost all wet substrates,32 and the PDA layer has a
net negative charge at pH >7.33 Considering the higher
isoelectric point of protamine (>12), it is reasonable to assume
that the protamine successfully adsorbs to the PDA layer by
electrostatic interaction in a high pH environment (pH 8.5).
The PDA-coated nickel foams were subsequently exposed in a
repetitive alternating fashion to protamine and then to an
aqueous Ti-BALDH solution to build up the titania-containing
coating.
Interestingly, we observed, for the first time, the formation of

TiO2(B) nanoparticles when the organic pyrolysis was
performed under a reducing atmosphere (5% H2−Ar mixture).
Such a bio-inspired approach to forming TiO2(B) nanomateri-
als has many merits. First, except for organic pyrolysis, the
entire synthetic procedure is carried out at room temperature
and at neutral (or near neutral) pH in an aqueous system, and
no corrosive titanium precursors or chemicals are needed.
Second, the thickness of the coating can be easily tuned by
adjusting the number of LbL cycles. Finally, as a potential
electrode material, the carbon derived from the pyrolysis of
protamine can form a continuous 3D conductive network
among coatings, thereby improving its performance in lithium-
ion batteries.34 More interestingly, the obtained TiO2(B)/
anatase/carbon-coated nickel foam can be used as a binder-free
electrode in lithium-ion batteries and exhibits high reversible
capacity and fast charge−discharge properties. A high reversible
capacity of 240 mAh g−1 was obtained at a current density of 50
mA g−1, and the capacities of 163 and 147 mAh g−1 were
obtained at current densities of 1 A g−1 and 2 A g−1,
respectively.

■ EXPERIMENTAL SECTION
Preparation of TiO2(B)/Anatase/Carbon Coating on Nickel

Foam. Protamine (Sigma−Aldrich), Ti-BALDH solution (50% Alfa
Aesar), dopamine (Sigma−Aldrich), and nickel foam (Changsha
Liyuan Newmaterial Co.) were purchased commercially. A polydop-
amine (PDA) layer was fabricated on the nickel foam by soaking the
nickel foam in an alkaline dopamine solution (pH 8.5, 0.5 M) at room
temperature for 12 h. The PDA-functionalized nickel foams were then
exposed in alternating fashion to buffered aqueous solutions of
protamine (1 mg/mL) and the titania precursor solution, Ti-BALDH
(5 wt %) for one half hour, respectively. The pH of the first protamine

solutions was higher (pH 8.5) than that of the subsequent solutions
(pH 7.0) to ensure the successful adsorption of protamine on the PDA
layer. After ∼20−40 LbL cycles, the nickel-foam-coated protamine/
titania composite was annealed in a reducing atmosphere (5% H2−Ar)
at 500 °C for 3 h. Finally, a coating composed of carbon and TiO2(B)/
anatase was formed on the nickel foam.

Material Characterization. X-ray diffraction (XRD) was carried
out on a Bruker D8 Advance diffractometer using the Cu Kα lines (40
kV, 40 mA), and data were acquired from in 2θ range of 10°−80° at a
rate of 0.02° s−1. Transmission electron microscopy (TEM) images
were taken using a Tecnai F20 microscope on powder samples
deposited onto a copper microgrid coated with carbon at an
accelerating voltage of 200 kV. Thermogravimetric analysis (TGA)
was conducted on a Seiko Instruments 6300 TG-DTA device with the
sample heated from 20−800 °C in air at a rate of 5 °C min−1. For
XRD, TEM, and TGA characterization, samples were pretreated with 3
M HCl at 80 H for 3 h to remove the substrate (nickel foam), and the
obtained powder was washed with distilled water several times and
dried in a vacuum oven overnight at 100 °C. The prepared powder was
then used for XRD, TEM, and TGA characterization. For high-
resolution transmission electron microscopy (HRTEM) character-
ization of the TiO2(B)/anatase/carbon coating, the obtained powder
was further embedded in resin, followed by ion milling. Zeta potential
measurements were conducted on an Anton Paar SurPASS instru-
ment. Scanning electron microscopy (SEM) images were obtained
from a Hitachi Model S-4300 instrument operated in high vacuum
mode. A PHI-700 (ULVAC-PHI) instrument was used for Auger
electron spectroscopy (AES) analysis. An Axis Ultra (Kratos
Analytical, Ltd.) instrument with monochromatized Al Kα radiation
and an energy resolution of 0.48 eV was used for X-ray photoelectron
spectroscopy (XPS), and the shift of the binding energy was corrected
using the C 1s level at 284.8 eV.

Electrochemical Measurement. The obtained TiO2(B)/anatase/
carbon-coated nickel foams were vacuum dried overnight at 100 °C
and cut off as binder-free electrodes with a TiO2 loading of ∼1.5−2.0
mg. The model cell was the 2032 coin cell. The amount of active
material (TiO2) on the foam was characterized by inductively coupled
plasma−atomic emission spectrometry (ICP-AES) (IRIS Intrepid ER/
S), pretreatments includes the removal of carbon by calcination, and
the subsequent dissolution of metal and oxides by a mixture of aqua
regia and hydrofluoric acid solution. Glass fiber (GF/D) from
Whatman was used as a separator. Pure lithium foil (Aldrich) was
used as the counter electrode, and the electrolyte used was 1 M LiPF6
in a 50:50 w/w mixture of ethylene carbonate and diethyl carbonate.
Cell assembly was conducted in a re-circulating argon glove box, where
both the moisture and oxygen contents were <0.1 ppm. Galvostatic
electrochemical experiments were carried out with a Neware battery
tester (Shenzhen, China), and the discharge−charge experiments were
tested at different current densities in a voltage range of 1.0−3.0 V.
Cyclic voltammetry (CV) measurements of the electrodes were
performed on an electrochemical workstation (VMP3).

■ RESULTS AND DISCUSSION
The presence of a PDA layer can be deduced from the presence
of the N and C species, determined by XPS (Figure 1). The N/
C molar ratio for the PDA layer is 0.115, which is close to the
theoretical value of pure dopamine (0.125) and the same as
pH-induced PDA layers reported for other substrates.35

Nevertheless, a trace amount of nickel was observed in the
full spectrum, indicating either that the thickness of the PDA
layer was very small or that the coverage was not uniform. A
high-resolution XPS analysis of the nickel species is provided in
Figure S1 in the Supporting Information; the binding energy
was determined to be 855.7 eV, corresponding to Ni(OH)2,
which might be attributed to a thin nickel oxide layer on the
nickel foam. The PDA-coated nickel foams were then exposed
in alternating fashion to buffered aqueous solutions of
protamine and the titania precursor, Ti-BALDH, as illustrated
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in Scheme 1. The LbL mineralization process was monitored by
zeta potential measurements taken at every step during the first
10 cycles of TiO deposition; an oscillation in the measured zeta
potential was detected after each alternating exposure to the
buffered protamine and Ti-BALDH solutions (see Figure S2 in
the Supporting Information), which is consistent with the
presence of an external layer of positively charged protamine
molecules or of negatively charged Ti-BALDH/titania,
respectively.
SEM images of a protamine/TiO-bearing composite coating

on nickel foam after 20 protamine/TiBALDH deposition cycles
are shown in Figure 2a. A continuous, conformal coating was
observed on the foam. AES was further used to verify the
elemental composition of the surface and inside of the coating
layer. The existence of C, Ti, O, and small amount of Ni species
on the surface of the coating layer is demonstrated in Figure 3a.
After sputtering for 5.6 min (the sputter rate was 37 nm min−1

for thermal oxidation of the SiO2/Si substrate), only Ni was
observed in the spectrum (see Figure S3 in the Supporting
Information). The atomic content of C, Ti, O, and Ni with

sputtering time is given in Figure 3b; the content of C remains
stable at 23% and the content of Ti remains stable at 17%,
suggesting that the obtained protamine/TiO layer is uniform.
Furthermore, we have observed that the content of Ti species
begins to decrease after 2.6 min of sputtering, allowing us to
deduce that the thickness of protamine/TiO layer is ∼96 nm
(2.6 min × 37 nm min−1). Although there is some uncertainty
in the estimated coating thickness value of 96 nm due to the
different etching rates for the 20 deposition cycles, the result
agrees well with previously reported data.29 The protamine/
TiO-coated nickel foam was further characterized by XPS,
which demonstrated the existence of Ti, O, N, and C species
(see Figure S4 in the Supporting Information). The N 1s
spectrum showed a band at 400.01 eV attributed to the amide
group from protamine (Figure S4 in the Supporting
Information), and the O 1s spectrum comprised three bands
at 529.97, 531.38, and 532.60 eV, which can be assigned to
TiO−Ti, OC, and C−O bonds, respectively; the latter two
species might also be from protamine27,31 (see Figure S4 in the
Supporting Information).
The coated foams were then heated at a rate of 5 °C min−1

from room temperature to 500 °C in a 5% H2−Ar mixture, and
held at this temperature for 3 h to allow for water removal,
organic pyrolysis, and titania crystallization. The SEM image of

Figure 1. XPS analysis revealing the presence of C, O, N, and the trace
amount of Ni on the surfaces of the polydopamine-coated nickel foam.

Scheme 1. Illustration of the Protein-Mediated Layer-by-Layer Deposition Assisted the Synthesis of a TiO2(B)/Anatase/Carbon
Coating on Nickel Foam

Figure 2. Scanning electron microscopy (SEM) image of protamine/
Ti−O-coated nickel foam (exposure to 20 protamine/TiBALDH
cycles) (a) before and (b) after organic pyrolysis. Bar = 100 μm.
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the annealed sample revealed a continuous, conformal layer on
the nickel foam, similar to that of the as-prepared protamine/
TiO layer (see Figure 2b). AES analysis revealed that the
atomic content of carbon decreased from 23% to 8% after
organic pyrolysis, while the content of titanium slightly
increased from 17% to 20% (see Figure 3c). Figure S5a in
the Supporting Information shows the C 1s spectra of the
coating material before organic pyrolysis. The C 1s spectrum
has four main peaks, corresponding to the following bonds:
aliphatic C*H−CH (284.8 eV), which may have originated
from adventitious carbon (the respective carbon species are
marked by an asterisk), and the peaks at 285.8 eV, 286.6 eV and
288.3 eV might be attributed to −C*−NH2, amidic N−C*H−
CO, and amidic N−CH−C*O, respectively, which was
believed to have come from protamine. Besides the
aforementioned four peaks, a new peak was observed at
284.3 eV after pyrolysis (see Figure S5b in the Supporting

Information), which was believed to have come from carbon;
and the peak (at 285.8, 286.6, and 288.3 eV ) areas decreased
dramatically, indicating that most of the protamine was
pyrolyzed to carbon. In addition, the binding energy of Ti
2p3/2 is 458.8 eV (Figure S6 in the Supporting Information),
indicating the presence of Ti4+ species; there was no evidence
of Ti3+ species in the XPS spectrum.
Thermogravimetric analysis (TGA) was used to define the

exact amount of amorphous carbon in the materials (see Figure
S7 in the Supporting Information). The minor weight loss
(∼3.9%) before 150 °C might be due to the removal of
adsorbed water, and the major weight loss (∼16.2%) between
150 °C and 650 °C might be due to the decomposition of
carbon. The XRD pattern of the coating before and after
organic pyrolysis is shown in Figure 4. Although the as-

prepared protamine/titania composite has an amorphous
structure, the diffraction peaks at 14.7°, 28.8°, and 44.0° can
be clearly indexed to the (001), (002), and (003) planes of the
monoclinic TiO2(B) phase (corresponding to JCPDS File Card
No. 74-1940) in the coating annealed in the 5% H2−Ar
mixture. Some minor peaks can be identified as the tetragonal
anatase phase, and the major diffraction peak at 25.4° could be
either TiO2(B) (110) or the anatase (101) plane. Only the
anatase phase was obtained in samples that were calcined in air
and argon (see Figure S8 in the Supporting Information). The
formation of the TiO2(B) phase is interesting: it is reasonable
to assume that the reducing atmosphere plays a pivotal role in
the formation of the TiO2(B) phase; however, a comprehensive
investigation into this is outside of the scope of the present
work.
In the TEM image of the calcined sample shown in Figure

5a, a large amount of nanoparticles are observed to be
embedded in the amorphous matrix. Confirmation that the
nanoparticles are TiO2(B) phase is also obtained from the
HRTEM image (Figures 5b and 5c); lattice spacings of 0.357
and 0.201 nm can be attributed to the (110) and (003)
reflections from the TiO2(B) structure, and the corresponding
fast Fourier transform (FFT) in Figure S9 in the Supporting
Information reveals lattice planes of (001), (110), (310), (003),

Figure 3. (a) Auger electron spectroscopy (AES) analysis indicated
the presence of Ti, C, O and the trace amount of nickel on the surfaces
of the protamine/titania composite layer coated on nickel foam. The
change of atomic content of C, O, Ti and Ni with sputtered time for
protamine/Ti−O-coated nickel foam (b) before and (c) after organic
pyrolysis.

Figure 4. XRD pattern of as prepared protamine/titania composite
coating on nickel foam before organic pyrolysis (bottom spectrum)
and after organic pyrolysis (top spectrum).
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and (020) that exactly correspond to the monoclinic structure
of the TiO2(B) phase. An amorphous layer was observed on the
crystalline TiO2(B) nanoparticles (Figure 5c), which could be
either carbon or amorphous titania; such a layer was not found
in the sample annealed in air (see Figure S10 in the Supporting
Information).
The electrochemical performance of this material was

evaluated in lithium half-cells. Cyclic voltammetry (CV) curves
obtained at a scan rate of 0.1 mV s−1 are shown in Figure 6a.
There are three pairs of peaks in the CV. The observation of a
pair of peaks located between 1.9 and 1.7 V (denoted as peak
A) is the typical response expected for solid-state diffusion of
lithium intercalation in the anatase phase. The other two pairs
of peaks located at ∼1.6 V and ∼1.5 V (denoted as peak S)
reflect the characteristic pseudo-capacitive behavior of lithium
storage in TiO2(B);

36 theoretical studies have shown that this
pseudo-capacitive behavior originates from the unique sites and
energetics of lithium absorption and diffusion in the TiO2(B)
structure.37−39 Note the peak current of peak A is much smaller
than that of peak S at a slow scan rate (0.1 mV s−1). This could
be due to the small-sized anatase nanoparticles encapsulated in
the carbon, resulting in a large decrease in lithium intercalation
and increase in interfacial lithium storage.40 It is also possible
that the small peak A value reflects the small amount of anatase
phase in the coating.21 Because the pseudocapacitive current
scales with the first power of scan rate and the diffusion current
scales with the square root of the scan rate, we suppose that fast
pseudocapacitive lithium transport dominates the lithium
storage process at high currents, thus, resulting in the fast
charge−discharge properties.
Galvanostatic discharge−charge measurements were carried

out over a voltage range from 1.0 to 3.0 V to evaluate the
electrochemical performance of the TiO2(B)/anatase/carbon-
coated nickel foam. In Figure 6b, potential−capacity profiles of

coatings at a current density of 50 mA g−1 in the initial 10
discharge−charge cycles are shown. A high initial discharge
capacity (350 mAh g−1) was obtained, which reduced to 161
mAh g−1 in the following charge process, and thereafter slowly
increased to 247 mAh g−1 after 10 cycles. A large capacity loss
in the first cycle with nanostructured titania is common and
may be due to surface reactions with the electrolyte on

Figure 5. (a) Transmission electron microscopy (TEM) image of 5%
H2−Ar annealed coatings. (b) High-resolution transmission electron
microscopy (HRTEM) image of 5% H2−Ar annealed coatings. (c)
Partial enlarged view of panel b (selected area); the lattice spacings of
0.357 nm and 0.201 nm were attributed to the (110) and (003)
reflections from the TiO2(B) structure.

Figure 6. (a) cCyclic voltammograms of TiO2(B)/anatase/carbon
coating at the scan rate of 0.1 mV/s. (b) Galvanostatic discharge
(lithium-insertion)/charge (lithium-extraction) curves vs. Li/Li+ for
TiO2(B)/anatase/carbon coating at a current density of 50 mA/g. (c)
Rate performance for TiO2(B)/anatase/carbon coating.
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reduction. Unlike other reported TiO2(B) nanomaterials, there
is no obvious plateau at 1.70 or 1.50 V in the potential−
capacity profiles; only a sloped discharge curve is observed,
which agrees well with the aforementioned CV results.
The performance of the coatings is shown in Figure 6c at

discharge current densities between 50 and 2000 mA g−1. The
cell was first cycled at 50 mA g−1, where the specific capacity
was 245 mAh g−1. After 20 cycles at 50 mA g−1, the current
density increased gradually to 2000 mA g−1. The reversible
capacities were ∼230, 212, 190, 167, and 143 mAh g−1 at
current densities of 100, 200, 500, 1000, and 2000 mA g−1,
respectively. This performance is good among the reported
data;14−26 and more importantly, the unique electrode structure
is free from binder additives and conductive agents, which are
often used for powder samples. The high electrochemical
performance is likely attributed to its unique electrode structure
(3D porous conductive support and nanocarbon coating).
These results open up the possibility to synthesize titania
coatings for important device applications using a bioinspired
route.

■ CONCLUSION

We have fabricated a protamine/titania composite layer on
nickel foam through biomimetic layer-by-layer (LbL) titania
mineralization. The coating was composed of amorphous
carbon, TiO2(B), and anatase titania nanoparticles, and the
coating was formed upon organic pyrolysis under a reducing
atmosphere. Most importantly, we formed the TiO2(B) phase
under mild conditions, which is usually prepared under harsh
reaction conditions. Moreover, the obtained TiO2(B)/anatase/
carbon-coated nickel foam can be used as a binder-free
electrode in lithium-ion batteries and exhibits high reversible
capacity and fast charge−discharge properties. This suggests
that such a benign and energy-efficient bioinspired route can be
developed into a general pathway to synthesize titania coatings
for various applications.
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