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Highly ordered porous NisP film was successfully electrodeposited through a self-assembled monodis-
perse polystyrene sphere template on copper substrate after heat treatment. The spherical pores left in
the film after the removal of polystyrene spheres are well-ordered and close-packed. The diameter of
the pores arranged in the film is about 800 nm and the thickness of the wall connecting adjacent pores is
60 nm. As anode for lithium ion batteries, the nanostructured porous NisP film exhibits improved capa-
bility and reversibility over the dense one. After 50 cycles, the reversible capacity of the porous NiszP film

ﬁﬂéﬁﬁgspmde is 403 mAhg-! and 239 mAhg-! at 0.2 C and 2 C, maintaining 78.1% and 67.9% of the capacity in the 2nd
Porous film cycle, respectively. The enhanced electrochemical performance of the porous film is attributed to the
Electrodeposition better contact between Ni;P and electrolyte, which provides more sites for Li* accommodation, shortens
Anode the diffusion length of Li* and enhances the kinetics of electrode process. Moreover, the porous structure

Lithium ion battery

is stable and can sustain well even after 50 cycles.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

For the last decade, many efforts have been devoted to improv-
ing the conversion efficiency and cycling performance of anodes
for lithium ion batteries. A promising approach is reducing the
polarization and enhancing the kinetics of electrode process [1-8].
Among the various anode materials such as carbonaceous material,
intermetallic compounds, transition metal oxides and phosphides
(M-0 and M-P, where M=Fe, Co, Ni, Cu, etc.), transition metal
phosphides attract much attention due to their low polarization
and good cycling stability [9-14]. However, most metal phosphides
have to be obtained at high temperatures or under complex con-
ditions such as hydrothermal synthesis for a long time [15-20].
Recently, our group has successfully prepared NisP films by using
a simple electrodeposition method [21]. Though the as-deposited
film exhibits good electrochemical performance at a relative low
rate, it can hardly deliver satisfied high-rate properties due to the
dense structure. Hence, in the present work, we report a facile
synthesis of highly ordered porous Ni3P film by electrodeposition
through a self-assembled monodisperse polystyrene sphere tem-
plate after further heat treatment. The structure and morphology of
the porous film are characterized and the improved electrochemi-
cal performances are investigated.
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2. Experimental
2.1. Assembly of monolayer polystyrene sphere template

A small amount of polystyrene spheres with diameters of 800 nm were firstly
dispersed in a mixture of ethanol and deionized water (volume rate is 3:1). Then,
the suspension was dropped into deionized water prefilled in a Petri dish to form a
monolayer of polystyrene spheres on the surface of water. A few drops of 2% dodecyl-
sodiumsulfate solution were then added into the water, and the polystyrene spheres
suspended on the surface of water were pushed aside and became tight. Next, chem-
ical polished copper foil (99.9%) with a diameter of 12 mm was immersed into the
water through the clear area and lifted up horizontally through the polystyrene
sphere layer. Finally, a monodisperse polystyrene sphere layer was self-assembled
on the surface of the copper foil.

2.2. Preparation and characterization of porous Ni3P film

The porous Ni3P film was electrodeposited in a three-electrode system using the
copper substrate with polystyrene sphere template as the working electrode, a Pt
foil as the counter electrode and a saturated calomel electrode (SCE) as the reference
electrode. The bath consisted of 0.6 M NiSO4-6H,0, 0.2 M NiCl,-6H,0, 0.8 M H3BO3
and 0.6 M NaH;PO4-H;O0. The electrodepositing process was carried out at a current
density of 0.02 Acm~2 at 55 °C for 5 min. Afterwards, the sample was immersed into
toluene for 24 h to remove the polystyrene spheres. Finally, the as-prepared film
was heated at 500°C for 1 h under the flowing argon atmosphere and cooled with
furnace to room temperature. For comparison, a dense Ni3P film was also prepared
by electrodeposition following the above procedures using a copper foil without
template as the substrate.

The structure and morphology of the Ni3P films were characterized by X-ray
diffraction (XRD, Philips PC-APD with Cu Ka radiation) and field emission scanning
electron microscopy (FESEM, FEI SIRON and Hitachi S-4700), respectively.

3. Electrochemical measurements

The galvanostatic charge-discharge tests of the Ni3P films were
investigated in a coin-type cell (CR 2025), which was assembled
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Fig. 1. XRD patterns of the electrodeposited films after heat treatment: (a) with and
(b) without using polystyrene sphere template.

following the procedures in Ref. [22] and conducted on LAND bat-
tery program-control test system at different rates from 0.02V
to 3.0V (versus Li/Li*) at room temperature (25+1°C). Electro-
chemical impedance spectrum (EIS) was performed on CHI660C
electrochemical workstation. The test cell was a particular three-
electrode glass cell using the as-prepared Ni3P film as working
electrode, and lithium foils as both the counter and reference elec-
trodes. The EIS measurement was carried out in the frequency range
from 100 kHz to 10 mHz under AC stimulus with 5 mV of amplitude
and no applied voltage bias.

4. Results and discussion

The XRD patterns of the electrodeposited films after heat treat-
ment are shown in Fig. 1. Tetragonal NisP (I4 space group, JCPDS
34-0501) is the main phase in both the films prepared with
and without polystyrene sphere template. Besides, metallic Ni is
detected as a side product. Although the as-deposited Ni3P film
is not a pure one, the side product nickel will play a positive role
(facilitate the decomposition of Li3P and make the charge reaction
3Ni+Li3P < NizP+3Li* +3e~ proceed to a higher extent) when the
film is used as anode for lithium ion batteries. It has been discussed
intensively in our previous work [21].

Fig. 2a presents the SEM image of the Ni3P film electrodeposited
through the polystyrene sphere template. It is shown that the
spherical pores left in the film after the removal of polystyrene
spheres are well-ordered, close-packed and with the same diam-
eter as the polystyrene spheres (about 800 nm). The thickness of
the wall connecting adjacent pores is about 60 nm. From the cross-
sectional view (inset of Fig. 2a), it is observed that the ordered
pores arranged in the film look like open bowls and the thin walls
of these bowls make up a three-dimensional network nanostruc-
ture. Moreover, the thickness of the porous Ni3P film is also about
800 nm. It is thus concluded that the morphology of the porous
film is greatly influenced by the polystyrene sphere template. If
polystyrene spheres with smaller diameter are used as the tem-
plate, porous film with more tiny nanostructure will be obtained.
The Ni3P film electrodeposited without using template is quite
dense and the thickness of the film is about 1 pm (Fig. 2b). The load-
ing weights of the porous and dense Ni3P film are 0.65 mg cm~2 and
1.08 mg cm~2, respectively.

The first discharge-charge curves for the porous and dense Ni3P
films at a rate of 0.2C (1C=388mAg-!) from 0.02V to 3.0V are
given in Fig. 3. The electrochemical behaviors toward Li* are a lit-
tle different between the two electrodes. For the porous Ni3P film,
the discharge plateau that corresponds to the electrode reaction

Fig. 2. SEM images of the electrodeposited NisP films after heat treatment: (a) with
and (b) without using polystyrene sphere template.
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Fig. 3. The first discharge-charge curves of (a) porous and (b) dense NisP film in the
voltage range of 0.02-3.0V (versus Li/Li*) at 0.2 C.
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Fig. 4. (a) Cycling performances of the NisP films at rates of 0.2 C and 2 C (from the
2nd to the 50th cycle), (b) SEM image of the porous NisP film after 50 cycles at a rate
of 0.2C.

NisP+3Li+3e~ « LisP+3Ni is flat and locates at 0.7 V. However,
for the dense film, except for the plateau at 0.7-0.5V, another long
inclined plateau appears at 1.9-1.2V in the first discharge curve,
which does not appear in the curve of porous Ni3P. According to Ref.
[21], this plateau should be ascribed to the formation of an interme-
diate compound Ni;;Ps. Thus, it is considered that the porous Ni3P
exhibits a one-step electrode reaction process in the first discharge
process, while the dense film delivers a two-step reaction process,
including the formation of intermediate compound Ni;;P5 and the
further transformation to LisP and Ni.

In the subsequent cycles, the discharge plateau of porous NisP
film shifts to a higher voltage (about 1.2V) and becomes a little
inclined. But for the dense Ni3P film, the discharge plateaus in
the first and subsequent cycles are almost at the same location.
The interval between the discharge and charge plateaus indicates
the polarization of the electrode. Since the discharge and charge
plateaus are inclined, it is hard to point out what voltages are
exactly corresponding to the plateaus. Hence, midpoint voltages
(the battery voltage at the midpoint charge-discharge capacity) are
used to investigate the polarization of the electrode. Obviously, the
interval between the discharge and charge midpoint voltages of
the porous Ni3P film (AV=0.78V) is much smaller than that of the
dense one (AV=1.14V), which indicates the weaker polarization
of the porous Ni3P electrode. One of the main causes for the elec-
trode polarization is the transferring delay of electrons and lithium
ions on active material/electrolyte interfaces [23]. Therefore, it is
considered that the electrons and lithium ions can transfer more
actively in the nanostructured porous film due to the better contact
between Ni3P and electrolyte.

In addition, the first irreversible capacities of the porous and
dense NisP electrodes are 184mAhg-! and 158 mAhg~1, respec-
tively. The initial capacity loss commonly reflects the formation of
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Fig. 5. Nyquist plots of the Ni3P electrodes in the frequency range from 0.01 Hz to
100 kHz after discharging the electrodes to 0.02 V in the 5th cycle.

large-scale SEI during the discharging process and the incomplete
decomposition in the subsequent charging process [1,24-27]. The
capacity loss of porous NizP film during the first cycle is a little
larger than that of the dense one. It is explained that the electrode
reaction is significantly enhanced owing to the larger contact area
of NizP and electrolyte in the nanostructured porous structure. Even
though, in the 2nd cycle, the discharge capacity of the porous film
is about 500 mAh g~1, which is still much higher than that of the
dense one.

The cycling performances of the porous and dense Ni3P films
at rate of 0.2 C and 2 C are shown in Fig. 4a. The porous NizP film
exhibits much better cyclability than the dense one, especially at
high rate. At 0.2 C, the reversible capacities of the porous and dense
Ni;P films are 403 mAh g~! and 296 mAh g~ after 50 cycles, keep-
ing 78.1% and 68.2% of those in the 2nd cycle, respectively. As the
discharge-charge rate increases to 2 C, the reversible capacity of
the porous Ni3P film is 239 mAh g1, still keeping 67.9% of that in
the 2nd cycle. However, for the dense Ni3P film, the capacity is only
84mAhg-1, keeping 34.6% of that in the 2nd cycle. The improved
capability and high-rate properties of the porous Ni3 P film is greatly
attributed to the ordered porous nanostructure, which provides
large contact area of active material and electrolyte. Therefore, the
sites for Li* accommodation are increased, the diffusion length of
Li* is shortened, and the electrode process kinetics is enhanced [ 28].
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Fig. 4b presents the SEM image of the porous NizP film after
50 cycles at 0.2 C. The porous structure sustains well though the
pore wall becomes thicker and the surface is not as smooth as that
before cycling. The stable porous nanostructure also indicates the
excellent capacity retention of the porous Ni3P film.

To further understand the mechanism for the improved cycla-
bility of the porous Ni3P film, EIS measurements were conducted
in the frequency range from 0.01 Hz to 100 kHz after discharging
the electrodes to 0.02V (versus Li/Li*) at 0.2 C in the 5th cycle. As
is known to all, the high frequency region in the Nyquist plots is
indexed to the migration impedance of lithium ions through the
surface layer, the medium frequency region corresponds to the
charge-transfer impedance in the film-solution interface, and the
low frequency region reflects the solid-state diffusion impedance
of lithium ions in the active material [29]. However, the Nyquist
plots of both the porous and dense Ni3P electrodes exhibit only
a depressed semicircle in high-medium frequency region and a
following 45° line in low frequency (as shown in Fig. 5). It is sup-
posed that the high-frequency semicircle ascribed to the migration
of Li* through the surface layer is too small to be detected and the
depressed high-medium frequency semicircle in the Nyquist plots
of the Ni3P electrodes is mainly indexed to the charge-transfer
resistance. As can be seen, the porous NisP electrode shows a
smaller high-medium frequency semicircle than the dense one,
which indicates the lithium ions and electrons can transfer more
easily on Ni3P/electrolyte interfaces in the porous structure rather
than in the dense one. The decreasing charge-transfer resistance
results in the enhanced electrode process kinetics and improved
electrochemical performance of the porous Ni3P film, especially at
high rate.

5. Conclusions

Highly ordered porous Ni3P film was prepared by electrodepo-
sition through a self-assembled monodisperse polystyrene sphere
template. By comparison with the dense film, the porous Ni3P
film exhibits higher reversible capacity, lower polarization and
enhanced electrode process kinetics. After 50 cycles, the reversible
capacity of the porous NisP film maintains 403 mAhg-! and
239mAhg-! at 0.2C and 2C, respectively. The excellent electro-
chemical performance is attributed to the porous nanostructure,
which provides sufficient contact of NizP/electrolyte and shortens
the diffusion length of lithium ions. In addition, this simple and

low-cost method provides a promising approach for fabricating
other nanoporous transition metal phosphide films as anodes for
next-generation lithium ion batteries.
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