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a b s t r a c t

Porous nickel phosphide films are fabricated by electrodeposition through self-assembled polystyrene
sphere multi-layers as template. After the removal of the template, well-ordered and close-packed spher-
ical pores are left in the films. The thin walls of the adjacent pores make up a three-dimensional network
nanostructure in the triple-layer porous Ni3P film. The as-prepared triple-layer porous film delivers sig-
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nificantly enhanced rate capability over the single- and double-layer ones. After 50 cycles, the capacity of
the triple-layer Ni3P porous film still sustains 557 mAh g−1 and 243 mAh g−1 at a charge–discharge rate
of 0.2 C and 5 C (1 C = 388 mA g−1), respectively. According to the analysis of electrochemical impedance
spectrum (EIS), the improved electrochemical performance of the triple-layer film can be attributed to
the fast migration of Li+ through surface-passivating layer and the facilitated charge transfer into Ni3P

rk na
node
ithium ion battery

three-dimensional netwo

. Introduction

In the last decade, many efforts were devoted to seeking for
ew materials as anodes for next-generation lithium ion batteries
LIBs), which can show higher capacity than graphite while exhibit
xcellent cyclability at the same time. One of the promising anode
aterials is the transition metal phosphide (M–P, where M = Fe,

o, Ni, Cu, etc.) for its high gravimetric and volumetric capacity
ssociated with the low electrode volume expansion [1–4]. The
lectrochemical conversion mechanism of M–P toward Li+ is com-
only considered as [5–7]:

Py + 3yLi+ + 3ye− ⇔ yLi3P + M0 (1)

However, the capacity retention of these phosphides is
omewhat disappointing for the limited electrode reaction kinet-
cs [2,8–10]. Construction of nanoarchitectures is an effective
pproach to enhance the cyclability of the transition metal phos-
hides for the sufficient contact of active material/electrolyte and
he short diffusion length of Li+ in the nanostructures. Therefore,
ollow Cu3P spheres [11,12], FeP nanocrystals [13], hollow Ni2P
anoparticles [14] have been synthesized in recent years.
Even though, in the normal LIBs, electrode is commonly pre-
ared by mixing active material with polymer binder, which
robably negates the favorable effects of the decreasing par-
icle size and introduces supplementary undesirable interfaces
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[15]. An alternative way to obviate this problem is fabricating
nanoarchitectured film directly on current collector. Thus, the
advantages of nanostructured material can be fully utilized. Among
the various approaches for preparing nanostructured films, elec-
trodeposition is considered as a competitive method for its facility
and well-controlling. Lately, porous Sn-based alloy films [16,17]
and hierarchical porous Co3O4 films [18] have been prepared
by electrodeposition through colloidal crystal as template. How-
ever, to our knowledge, there is few work on the synthesis of
porous transition metal phosphide film and its application as
anode for LIBs. Therefore, in the present work, we firstly report
the fabrication of multi-layered ordered porous nickel phosphide
film by electrodeposition through self-assembled monodisperse
polystyrene sphere template. The effect of layer number on elec-
trochemical performances of porous Ni3P electrodes is intensely
studied.

2. Experimental

2.1. Assembly of monodisperse polystyrene sphere multi-layers

Firstly, one layer of monodisperse polystyrene spheres was
assembled on a chemical polished copper foil (99.9%). The
diameter of the sphere used in this work was about 500 nm.

The detailed procedures were according to Ref. [18]. After
the monolayer was dried at room temperature, a second and
third polystyrene sphere layer was subsequently assembled
on the as-prepared monolayer by repeating the same pro-
cedures. At last, three layers of monodisperse polystyrene

dx.doi.org/10.1016/j.jpowsour.2010.06.068
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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films are almost the same. We suppose that each pore is 500 nm
in diameter and the wall is 50 nm in thickness. The electrode plate
is 12 mm in diameter. So, it is calculated that the apparent sur-
face area per unit mass of the three films are 2.01 × 103 cm2 g−1,
2.72 × 103 cm2 g−1 and 2.93 × 103 cm2 g−1; the apparent surface
80 J.Y. Xiang et al. / Journal of P

pheres were successfully fabricated on the copper sub-
trate.

.2. Preparation and characterization of porous Ni3P films

Porous Ni3P films were electrodeposited in a three-electrode
ystem with the as-prepared polystyrene sphere templates on
opper substrate as the working electrode, a Pt foil as the
ounter electrode and a saturated calomel electrode (SCE) as the
eference electrode. The compositions of the electrolyte were
.6 M NiSO4·6H2O, 0.2 M NiCl2·6H2O, 0.8 M H3BO3 and 0.6 M
aH2PO4·H2O. The electrodepositing process was carried out at a
urrent density of 0.02 A cm−2 at 55 ◦C for different times. After-
ards, the samples were immersed into toluene for 24 h to remove

he polystyrene sphere templates. Finally, the as-prepared films
ere heated at 500 ◦C for 1 h under the flowing argon atmosphere

nd cooled with furnace to room temperature.
The structure and surface morphology of the porous Ni3P films

ere characterized by X-ray diffraction (XRD, Rigaku D/max with
u K� radiation) and field emission scanning electron microscopy
FESEM, FEI SIRON and Hitachi S-4700), respectively.

.3. Electrochemical measurements

Electrochemical performances of the porous Ni3P films were
nvestigated in a coin-type cell (CR 2025), which was assem-
led following the procedures in Ref. [19]. The galvanostatic
harge–discharge tests were conducted on LAND battery test
ystem at different rates from 0.02 V to 3.0 V (versus Li/Li+) at
oom temperature (25 ± 1 ◦C). Cyclic voltammetry (CV) and electro-
hemical impedance spectrum (EIS) were performed on CHI660C
lectrochemical workstation. EIS tests were performed using a
hree-electrode cell with the prepared Ni3P films as the working
lectrode, metallic lithium foil as both the counter and reference
lectrodes.

. Results and discussion

Fig. 1 shows the morphology of the Ni3P film electrodeposited
hrough one layer of monodisperse polystyrene spheres for 5 min.
fter the removal of the template, the spherical pores left in the film
re close-packed and well-ordered (Fig. 1a). The diameter of the
pherical pore is about 500 nm, as same as that of the polystyrene
phere (Fig. 1b). On the side view (Fig. 1c), it is seen that the spheri-
al pores arranging in the film actually look like open bowls and the
alls of these “bowls” are only about 50–80 nm in thickness. When

he two layers of monodisperse polystyrene spheres are used as the
emplate, porous Ni3P film can also be obtained by electrodeposit-
ng for 10 min as shown in Fig. 2a and b. On the side view in Fig. 2c,
wo layers of spherical pores are arranged orderly in the film. The
iameter of these pores is also about 500 nm and the thickness of
he film is about 1 �m.

The SEM images of the Ni3P film electrodeposited through the
hree layers of polystyrene spheres for 15 min are given in Fig. 3.
he well-ordered and close-packed “open bowls” also appear in the
lm (Fig. 3a and b). On the side view in Fig. 3c, it is discovered that
he film consists of three layers of spherical pores, and the thin walls
onnecting the adjacent pores make up a three-dimensional net-
ork nanostructure. What is interesting is that the upper porous

ayer shifts from the lower layer by a distance exactly equal to the

ore diameter (Fig. 2c and 3c). It is believed that the stacking man-
er of the pores is mainly decided by the assembling manner of the
olystyrene sphere multi-layers (see the model in Fig. 3d). Bartlett
t al. [20] consider this stacking is similar to the packing sequence
f face-centered cubic (fcc) structure (ABCABC. . .sequence) with
ources 196 (2011) 379–385

(1 1 1) plane paralleling to the substrate. The total thickness of the
three-dimensional porous Ni3P film is about 1.5 �m.

In the present work, we define the as-deposited Ni3P films in
Figs. 1–3 as single-, double- and triple-layer films, respectively. The
loading weights of the three films on copper foils are 0.65 mg cm−2,
1.43 mg cm−2 and 2.21 mg cm−2, respectively, which are calculated
by comparing the weights of the copper substrates before and after
electrodeposition. Moreover, the apparent surface area (contact
area between Ni3P and electrolyte) can also be approximatively
calculated since the size and arrangement of the pores in the three
Fig. 1. SEM images of the porous Ni3P film electrodeposited through one layer of
polystyrene spheres for 5 min.
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The cyclability of these porous Ni3P films at different
discharge–charge rates is shown in Fig. 5a. The first capacities of
the single-, double- and triple-layer Ni3P films are 700 mAh g−1,
739 mAh g−1, and 794 mAh g−1 at a rate of 0.2 C (1 C = 388 mA g−1),
J.Y. Xiang et al. / Journal of P

rea per unit electrode area are 1.30, 3.89, and 6.49, respectively. As
an be seen, the value of apparent surface area per unit mass of the
hree films is closed to each other, while the apparent surface area
er unit electrode area is quite different. The triple-layer Ni3P film
xhibits the largest contact area with electrolyte per unit electrode
rea.

Fig. 4 presents the XRD pattern of the single-layer film after
reated at 500 ◦C for 1 h. Ni3P is the main phase in the film with

tetragonal structure (I4 space group, JCPDS 34-0501). Besides,
etallic Ni with a cubic structure (Fm3m space group, JCPDS 04-
850) is also detected as a side product. Although the as-deposited
i3P film is not a pure one, the side product nickel will play a posi-

ive role (facilitate the decomposition of Li3P and make the charge
eaction 3Ni + Li3P ⇔ Ni3P + 3Li+ + 3e− proceed to a higher extent)

ig. 2. SEM images of the porous Ni3P film electrodeposited through two layers of
olystyrene spheres for 10 min.
ources 196 (2011) 379–385 381

when the film is used as anode for LIBs. It has been discussed inten-
sively in our previous work [7]. The XRD patterns of the double- and
triple-layer porous films are similar to the pattern in Fig. 4.
Fig. 3. (a)–(c) SEM images of the porous Ni3P film electrodeposited through three
layers of polystyrene spheres for 15 min and (d) schematic illustration for the stack-
ing manner of pores in the film.
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of the triple-layer porous film is lower than those of the other two
films. The exchange current density determines the actual rate of
the electrode reaction [22]. Therefore, at a same discharge–charge
rate, the exchange of lithium ions on Ni3P/electrolyte interfaces of
the triple-layer film is more sufficient than those of the single- and
ig. 4. XRD pattern of the porous Ni3P film electrodeposited through one layer of
olystyrene spheres.

espectively. The high initial capacities indicate large areas of solid
lectrolyte interfaces (SEI) are formed in the porous structures
uring the initial discharge process. After 50 cycles, all the three
orous Ni3P electrodes exhibit high reversible capacities which
re higher than 500 mAh g−1, as shown in Fig. 5b. It is ascribed to
he porous nanostructure which provides sufficient contact area
f active material/electrolyte and shortens the diffusion length of
i+ (50–80 nm). However, as the rate increases, the three porous
i3P electrodes show different capacity retentions. The capacity

ading of the triple-layer film is much slower than that of the
ther two ones, especially at high rate. In Fig. 5b, it is seen that
he reversible capacity of the triple-layer porous film still main-
ains 243 mAh g−1 at a discharge–charge rate of 5 C. The reversible
apacity sustains 44% as the discharge–charge rate even rises 25
imes. For the single- and double-layer films, the reversible capac-
ties are only 124 mAh g−1 and 190 mAh g−1 at 5 C, respectively. In
ddition, the dependence of coulombic efficiency on cycle num-
er of the porous Ni3P electrodes at a discharge–charge rate of
C is provided in Fig. 5c. In the first five cycles, the triple-layer
orous film exhibits significantly enhanced coulombic efficiency
omparing with the other two ones. And in the subsequent cycles,
he coulombic efficiency of the triple-layer porous film stays near
9%, which is still higher and more stable than that of the other
wo porous films (inset of Fig. 5c). The different rate capability and
eversibility of the three porous electrodes indicate the different
lectrode reaction kinetics in the single-, double- and triple-layer
lms. The mechanism will be discussed later in the text.

Fig. 6 a–c show the cyclic voltammetry curves for the porous
i3P films from the 2nd to 4th cycle at scanning rates of
.1 mV s−1, 0.5 mV s−1 and 1.0 mV s−1, respectively. The electro-
hemical behaviors of these electrodes are similar to each other.
he cathodic and anodic peaks in the curves are indexed to
he discharge reaction Ni3P + 3Li+ + 3e− ⇔ Li3P + 3Ni and the corre-
ponding charge reaction, respectively. As the scanning rate rises,
he cathodic peak shifts to a lower potential and the anodic peak
hifts to a higher potential. Besides, the peak current also increases
ccordingly, which is related to the Li+ diffusion within the active
aterial [21]. Among the three electrodes, the triple-layer Ni3P film

hows the smallest separation between the cathodic and anodic

eaks, especially as the scanning rate rises. The comparison is
learly presented in Fig. 6d. As is known to all, the separation
etween the cathodic and anodic peaks has a close relationship
ith the polarization of the electrode. Smaller separation indicates

ower polarization. Therefore, the polarization of the triple-layer
ources 196 (2011) 379–385

porous Ni3P film is the smallest, which means the charge-transfer
delay on Ni3P/electrolyte interfaces of the triple-layer film is not
dramatic with the increasing rate. It is greatly attributed to the
largest active surface area taken as the contact area between elec-
trode and electrolyte of the triple-layer film. When a same current is
applied, the actual exchange current density on the active interfaces
Fig. 5. (a) Cycling performances; (b) reversible capacities of the porous Ni3P films
at different rates and (c) coulombic efficiencies of the porous Ni3P films at rate of
1 C.
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ig. 6. Cyclic voltammetry curves for the (a) single-layer, (b) double-layer and (c)
etween the cathodic and anodic peaks of the Ni3P electrodes at different scanning

ouble-layer ones, which results in the decreasing polarization of
he triple-layer porous electrode.

Electrochemical impedance spectrum (EIS) is used to under-
tand the electrode reaction kinetics of these porous Ni3P
lectrodes. The measurement was conducted in the frequency
ange from 0.01 Hz to 100 kHz after discharging the electrodes to
.02 V (versus Li/Li+) at 0.2 C in the 10th cycle. Theoretically speak-

ng, regardless of the number of layers, the active surface condition
f these porous films should be similar with each other since the
lms are prepared by the same polystyrene sphere template. How-
ver, the high-mediate frequency semicircle in the Nyquist plots,
hich indexed to the impedance of Li+ migration through surface

urface-passivating layer and further transfer into active material
23], is quite different among the three electrodes as presented in
ig. 7a and b. The triple-layer film exhibits the smaller high-mediate
requency semicircle than the single- and double-layer ones.

In order to clearly illustrate the different impedance responses
f these porous electrodes, schematic models of a dense electrode
ith a flat surface and a porous electrode are provided in Fig. 7c and
, respectively. Re indicates the electrolyte resistance; Zs, Zc and Zw

tand for the surface-passivating layer impedance, charge-transfer
mpedance and semi-infinite Li+ diffusion impedance, respectively.
t one certain site on active material/electrolyte interface, the
lectrical transport along each phase and the exchange of charge
hrough solid/liquid interface are similar in the dense and porous
lectrodes. However, in a large scale, the electrical transportation
nd charge-transfer processes will be different. In porous struc-

ure, due to the large specific surface area, the electrical current
an spread in various directions and the lithium ions can trans-
er at more sites on solid/liquid interfaces (Fig. 7d). Therefore, it
an be simplified that the equivalent circuit model of a porous
-layer Ni3P films at different scanning rates from 0 V to 3.0 V; (d) The separation

electrode is composed of several parallel-connected circuits of the
dense electrodes.

According to this assumption, an equivalent circuit for the
porous Ni3P electrode is given in Fig. 7e. It is a two-parallel
diffusion paths model accounting for Li+ migration through surface-
passivating layer and further transfer into active material. Similar
analogue is also used to explain the impedance of porous com-
posite electrodes [24]. Rel indicates the solution resistance; Rsl(i)
and Csl(i) stand for the migration of lithium ions and capacity of the
surface-passivating layer, respectively; Rct(i) and Cdl(i) designate the
related charge-transfer resistance and double-layer capacitance,
respectively; ZW(i) represents the diffusion-controlled Warburg
impedance (i = 1, 2). Fig. 7f presents the excellent fitness between
the simulated curves and the experimental Nyquist plots, which
indicates the accuracy of the simulated model.

Based on the parallel diffusion paths model, it is considered
that the model of the triple-layer electrode should contain more
parallel branches than those of the single- and double-layer elec-
trodes, since the triple-layer porous Ni3P film exhibits the largest
apparent surface area per unit electrode area than the other two
ones. More parallel branches in the circuit will no doubt result
in lower equivalent impedance. Therefore, the triple-layer porous
film shows a lower impedance of Li+ migration through surface-
passivating layer and further transfer into active material, which
reflects the decreasing diameter of high-mediate frequency semi-
circle in the Nyquist plots in Fig. 7a and b.

Additionally, the Warburg diffusion in the very low frequency

is also investigated. The Warburg impedance Zw can be expressed
as the following formula [25]:

Zw = �(1 − j)
1√
ω

(2)
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away from the current collector [15,26]. In this work, the thick-
ness of the as-prepared triple-layer film is less than 2 �m, thus the
decreasing electrical contact between active material and current
ig. 7. (a) and (b) Nyquist plots of the porous Ni3P electrodes in the frequency ran
cheme of (c) a compact electrode with a flat surface and (d) a porous electrode; (e

here � is the Warburg coefficient and ω is the angular frequency.
he � can be obtained from the real resistance (Z′) versus the
nverse square root of the angular frequency (ω−1/2). The slopes
f the straight lines in Fig. 8 are indexed to the Warburg coeffi-
ient of the three porous Ni3P electrodes. It is obvious that the
ingle-layer film shows the smallest Warburg coefficient while
he triple-layer film exhibits the largest one. It is known to all
hat the larger value of � indicates the smaller value of diffusion
oefficient of Li+ (DLi). Thus, the impedance of lithium-ion dif-
usion within the triple-layer porous film is a little higher than
hat in the other two films. Even though, the effect of Warburg
iffusion on the electrochemical performances could not be signif-

cant for the very short diffusion length of Li+ in the as-prepared
orous films (50–80 nm). Therefore, in this work, it is considered
hat the kinetics of Li+ migration and charge transfer on active

aterial/electrolyte interfaces is the key point to influence the elec-
rochemical performances of the as-prepared porous Ni3P films.
he fast Li+ migration through surface-passivating layer and the
acilitated charge transfer on solid/liquid interfaces lead to the
ecreasing polarization and significantly enhanced capacity reten-

ion of the triple-layer film electrode.

It is worth mentioning that the nanoarchitectured film elec-
rode cannot be blindly applied to such materials with thickness
f several micrometers due to the significant decreasing kinetics
uring the electrochemical process with the increasing distance
m 0.01 Hz to 100 kHz after discharging the electrodes to 0.02 V in the 10th cycle;
alent circuit model for porous Ni3P film electrode.
Fig. 8. The plots of the real resistance as a function of the inverse square root of
angular frequency for the fully discharged porous Ni3P electrodes in the frequency
range from 0.01–0.1 Hz. (Data obtained from Fig. 7a).
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ollector with the increasing film thickness is so little that can be
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. Conclusions

Different porous Ni3P films are prepared by electrodeposi-
ion through self-assembled polystyrene sphere multi-layers. The
riple-layer film with a three-dimensional network nanostructure
hows a significant improvement of electrochemical performances,
specially the rate capability. The reversible capacity of the triple-
ayer Ni3P film is 557 mAh g−1 and 243 mAh g−1 after 50 cycles at a
harge–discharge rate of 0.2 C and 5 C, respectively. The reversible
apacity still sustains 44% as the discharge–charge rate rises even
5 times. It is much higher than those of the single- and double-

ayer ones. The enhanced rate capability of the triple-layer porous
lm is ascribed to the decreasing impedance of Li+ migration
hrough surface-passivating layer and further transfer into Ni3P
hree-dimensional network nanostructure. The carbon-free, three-
imensional porous Ni3P film offers new opportunity for producing
he next-generation LIBs.
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