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Abstract: In this study, an amorphous nickel-phosphide (Ni-P) thin film was produced by electroplat-
ing, and its possible use as the anode material of a secondary lithium battery was explored. First, by
changing the electroplating conditions, we created uniform and flat Ni-P thin films that contained
16–28 at% phosphorus. An evaluation of the manufactured thin film as anode material showed that
a thin film with more phosphorus content had a higher specific discharge capacity. In particular,
the initial gravimetric capacity of the electrode with the highest phosphorus content (28 at%) was
comparable to that of graphite, but it had three times the initial volumetric capacity. The cycling
stability improved with a higher phosphorus content. It was suggested that the adhesive strength
between the substrate and thin film had a greater impact on the cycling stability than the physical
damage caused by the volume changes during charging and discharging. To improve the specific
capacity, we formed globular electrodeposits on the surface of the thin film. As a result, a discharge
capacity comparable to the theoretical capacity of Ni-P was obtained, and the rate performance was
additionally improved, without reduction in the life cycle.

Keywords: electrodeposition; nickel phosphide; phosphorus content; lithium battery; anode

1. Introduction

Currently, secondary batteries are receiving significant attention as core energy
storage systems to realize a hyper-connected society in the 4th industrial revolution.
Especially, lithium secondary batteries are gaining a special attention as power sources
due to their high energy and power densities. In terms of the production cost and
performance of lithium secondary batteries, studies on the four major components, such
as the positive electrode, negative electrode, separator, and electrolyte, are mainly being
conducted. In particular, research studies on positive and negative active materials,
which have the most significant influence on the capacity and cycle life, are being most
actively carried out [1–5].

From the anode perspective, the goal is to obtain a next-generation high-capacity active
material that exceeds the specific capacity of graphite (372 mAh g−1), which is currently in
use [6]. For this purpose, various types of elements such as silicon, tin [7], sulfur [8,9], and
phosphorus [10] are being studied as promising candidates. They all have high specific
capacities, but there are critical disadvantages; they have low cycling stability because
the active materials are mechanically broken down as a result of a significant volume
change during charging and discharging. They also have inferior high-rate characteristics
due to their relatively low electronic conductivities. Various methods are being used to
figure out these issues, including mixing silicon with carbon materials or manipulating the
microstructure/morphology of silicon to enhance the cycling stability [11]. Some studies
have focused on compounds such as oxides, fluorides, sulfides, and phosphides to improve
the conductivity and cycle life [8,12–16].

Among the next-generation negative active materials, transition metal phosphides
(M-P, M = Ni [14], Fe [17], Co [18], Cu [19], etc.) are known to be combined with one
phosphorus atom and three lithium atoms through a conversion mechanism (MPy + 3yLi+
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+ 3ye− ↔ yLi3P + M0), and these have much higher theoretical specific capacities than that
of the graphite. In addition, the M-P bond can be broken relatively easily and can react with
lithium, and the degree of polarization is approximately 0.4 V in a typical charge–discharge
situation. These have an advantage because the reaction polarization is lower than those
of metal oxides (~0.9 V), metal fluorides (~1.1 V), and metal sulfides (~0.7 V) [20]. They
also react with lithium at a narrow range of low voltages, making them more suitable for
configuring high-voltage batteries [21,22].

Nickel phosphide (Ni-P) has high utilization among the transition metal phosphides
because it can form various stable phases [23]. In particular, NiP2 is known to react re-
versibly with lithium as a lithium battery anode [21,22,24,25]. Gillot et al. reported that their
NiP2 anode had an initial specific capacity of 1250 mAh g−1, which was close to the theoret-
ical capacity, and maintained a capacity of 800 mAh g−1 after ten cycles [21]. Boyanov et al.
also reported that a NiP2 anode reacted reversibly with five lithium atoms [22]. However,
Ni-P shows low coulombic efficiency due to significant capacity loss in the first cycle. In
addition, there is still an issue with the deterioration of the cycling stability caused by a
volume change, and its high-rate features are not as good as those of graphite [2,22,26,27].
To overcome this, particularly from the perspective of the nanostructure, studies related to
the Ni-P anode active material are being widely conducted [10,14,15,21,25,27–31].

Most Ni-P crystalline materials are synthesized using the hot injection [28] and phos-
phorization methods [29]. However, these synthesis methods require a high-temperature
environment of 300 ◦C or more, as well as complicated devices, and it is difficult to control
the particle size distribution of Ni-P powder [32]. On the other hand, the device required for
the electroplating method is relatively inexpensive [33–35], and it is possible to synthesize
an anode in the form of a thin film [32,36,37]. In addition, because the composition and
microstructure can be easily controlled by adjusting the plating conditions [38–40], it is
viable to synthesize Ni-P with suitable characteristics for the application.

When synthesizing Ni-P using electroplating, as the phosphorus content increases,
more phosphorus penetrates the nickel lattice, making the Ni-P deviate from the crystalline
structure. When the phosphorus content is above a certain value (14–20 at%), it becomes an
amorphous crystal structure [23,41]. As reported [17,42–46], amorphous structures exhibit
a faster conversion–reaction rate than the corresponding crystalline structures. Gue et al.
reported that the cycling stability of an amorphous MnOx anode was improved because it
had less deformation than a crystalline anode when it reacted with lithium, suggesting that
amorphous materials could enhance the structural stability [42].

In this work, Ni-P amorphous thin films with different phosphorus contents were
synthesized using electrolytic plating and tested as negative active materials for secondary
lithium batteries. In particular, uniform Ni-P thin films containing 16–28 at% phosphorus
were obtained at different plating conditions. To explore the possible use of amorphous
Ni-P as an anode for a secondary battery, the initial characteristics (charge and discharge
capacities, coulombic efficiency) and cycling stability were analyzed. In addition, the effect
of surface morphology on the electrode performance was exploited by creating the globular
electrodeposits on the surface of the thin film with a high phosphorus content.

2. Experimental Procedure
2.1. Preparation of Ni-P Thin Films Using Electroplating

Ni-P is known to be electroplated through the below indirect mechanism [47].

H2PO2
− + 5H+ + 4e− → PH3 + 2H2O (1)

2PH3 + 3Ni3+ → 3Ni + 2P + 6H+ (2)

Ni2+ + 2e− → Ni (3)

2H+ + 2e− → H2 (4)

That is, Ni-P (Equations (1) and (2)) is concurrently coated with pure Ni (Equation (3)),
and at the same time, H2 evolution occurs (Equation (4)). In this study, Ni-P thin films were
electrolytically plated using a three-electrode electrochemical cell. A copper foil (99.8%; Alfa
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aesar, Haverhill, MA, USA) with a thickness of 20 µm was selected as a substrate and masked
so that its exposed area was 1 cm2, and this was used as a working electrode. To remove the
native oxide layer from the surface of the copper substrate, it was pretreated in 2.5 M H2SO4
(98%; Daejeong, Siheung-si, Gyeonggi-do, Korea) for 10 s and then washed with distilled
water. A 6 cm2 platinum metal plate was used as the counter electrode, and a saturated
calomel electrode (SCE) was used as the reference electrode. To form the plating solution, 0.6
M NiSO4·6H2O (Cryst./Certified ACS; Fisher chemical), 0.2 M NiCl2·6H2O (Cryst./Certified;
Fisher chemical), 0.1–1.8 M H3PO3 (98+%; Alfa aesar, Haverhill, MA, USA), and 0.6 M H3PO4
(85%; Junsei chemical, Tokyo, Japan) were used. Then, 3 M NaOH (97%; Junsei chemical,
Tokyo, Japan) or ammonia water (35%; Alfa aesar, Haverhill, MA, USA) was added to adjust
the acidity of the plating solution. All the electrolytic plating was performed at 60 ◦C. With
stirring, the hydrogen gas generated during plating was removed from the electrode surface.
The reduction current density was 40–100 mA cm−2, and the thickness of all the plating
layers was adjusted to be approximately 100 nm by controlling the plating time. In particular,
the phosphorus content of the Ni-P thin film was determined by the H3PO3 concentration,
reduction current density, and plating solution acidity [48]. Table 1 lists the plating conditions
used in this study, along with the designations of the specimens.

Table 1. Preparation conditions of nickel phosphide thin films.

Sample Number pH Adjuster Denomination Concentration of P Source (M) pH Current Density (mA cm−2) Electrodeposition Time (s)

1
Ammonium
hydroxide

P16 0.1 2.0 −100 5

2 P21 0.2 2.0 −80 10

3 P28 0.6 2.0 −40 30

4 3M NaOH P28_S 1.8 1.5 −40 50

This work tried to indirectly confirm the adhesive strength by observing whether
the film on the substrate maintained its structural integrity when the thin film was bent.
The bending test was carried out by manually wrapping a structural body of copper with
a 80 µm diameter cylindrical edge with the Ni-P thin film sample. After bending and
straightening, the morphology of the part of the thin film that was bent was observed with
an electron microscope. Bending speed was about one cycle per second.

The electroplating of the Ni-P thin films was conducted using an Iviumstat (Ivium
technologies, The Netherland). The morphology of the electroplated Ni-P thin films was
analyzed using field-emission scanning electron microscopy (FE-SEM; MIRA3; TESCAN,
Brno, Czech Republic), and the composition was verified using an energy-dispersive X-
ray spectrometer (EDS; 51-XMZ1004; Oxford instruments, Abingdon, UK). The crystal
structure of the thin film was identified using an X-ray diffractometer (XRD; Ultima-IV,
Rigaku, Tokyo, Japan).

2.2. Evaluation of Electrochemical Properties as Negative Electrodes for Secondary
Lithium Batteries

A two-electrode half cell was built to evaluate the electrochemical characteristics of
the Ni-P electrodes synthesized under four different plating conditions. The half cell was
fabricated in a glove box (Glove box; Mbraun-Unilab, Garching, Germany) in a high-purity
Ar atmosphere. The oxygen and moisture concentrations were maintained below 0.1 ppm
during cell fabrication and evaluation. A Ni-P electrode was used as a working electrode,
and 16Φ lithium foil was used as a counter electrode. A polypropylene separator (Celgard
2400) with a thickness of 25 µm was used by cutting it at 23Φ, and 1 M LiPF6 in ethylene
carbonate: ethyl methyl carbonate at a 3:7 (vol%) ratio was used as the electrolyte. After
fabricating the two-electrode half cell, a 3 h rest was provided for electrode soaking and
interfacial stabilization. Then, the electrochemical properties were evaluated.

To verify the specific capacity, coulombic efficiency, and cycle characteristics of
the Ni-P electrode as the negative electrode for a lithium-ion battery, it was charged
and discharged at a 0.2 C rate at the potential range of 0.02–3 V vs. Li+/Li (here, n C
rate means that the charge/discharge current fully charges/discharges the electrode in



Appl. Sci. 2022, 12, 5951 4 of 14

1/n h). To calculate the specific capacity of the electrode, the mass of the plated Ni-P
thin film was obtained by subtracting the mass of the substrate before plating from the
mass of the electrode after plating. When evaluating the high-rate characteristics, first,
the effect of the irreversible capacity was excluded by charging and discharging twice
at a 0.2 C rate; then, the rate performance tests were performed three times each while
increasing the charge and discharge rates in the order of 0.2, 0.5, and 1 C rates. Finally,
the test was performed three times at the initial 0.2 C rate. The capacity retention was
calculated using the specific discharge capacity. The experiment was conducted using a
VMP3 system (Biologic Co., Seyssinet-Pariset, France).

3. Results and Discussion
3.1. Morphology, Structure, and Composition of Ni-P Thin Films

Figure 1 shows the FE-SEM images of the Ni-P thin films (P16, P21, and P28) presented
in Table 1. The P16, P21, and P28 thin films contained phosphorus at 16, 21, and 28 at%,
respectively, as shown in the composition analysis results (Figure 2a–c). A flat and uniform
Ni-P thin film was formed on the substrate in all three cases. From the inset figure of
Figure 1, representing the inclined view of the thin film, it was confirmed that all the thin
films had a thickness of approximately 100 nm. It is noted that no interfacial cracks between
the thin film and substrate were observed in the P28 thin film, while interfacial cracking
became more severe as the phosphorus content decreased (see the cracks indicated by the
arrow in the inset of Figure 1a,b). The plating metal (Ni) and substrate metal (Cu) have high
crystallographic similarities, and plating proceeded at a relatively high temperature (60 ◦C).
Therefore, the consistency and adhesion between the thin film and substrate were expected
to be superior [49]. However, a higher reduction current density applied when a thin film
with a lower phosphorus content was created resulted in more hydrogen being generated
at the substrate surface. As this hydrogen was adsorbed, more voids were likely to form
between the substrate and thin film [50]. These interface voids and contact inferiority could
decrease the adhesion between the substrate and thin film.
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Figure 1. Scanning electron micrographs of the nickel phosphide thin films with different phosphorus
(P) contents: (a) sample P16 (16 at% P), (b) sample P21 (21 at% P), and (c) sample P28 (28 at% P) in
Table 1. Inset figures are the magnified inclined images. (d) represents the magnified image and
composition of Ni-P electrodeposits (spot 1) and Cu substrate (spot 2) in sample P28.
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Figure 2. EDS spectra together with chemical composition ratios of the nickel phosphide thin films:
(a) sample P16, (b) sample P21, and (c) sample P28. (d) represents their XRD patterns.

The crystal structure analysis for the Ni-P thin films is shown in Figure 2d. In the
specimens of P16 and P21, only the signal for the copper substrate was detected, indicating
that they had an amorphous crystal structure, whereas the P28 thin film had an additional
tiny signal for the Ni3P phase, strongly implying that the deposit was partially crystallized
to form in the film crystallite phase adjacent to amorphous regions. According to the
literature, when synthesizing Ni-P using electroplating, phosphorus atoms are included
in the nickel lattice, preventing the growth of Ni-P crystals. As a result, the Ni-P plating
layer gradually becomes a fine-grained or amorphous crystal structure. In particular, when
the phosphorus content in the plating layer is 14–20 at% or more, the Ni-P plating layer
becomes amorphous [23,41]. The thin films fabricated in this study contained more than
16 at% phosphorus, and all of them had, overall, an amorphous crystal structure, consistent
with the report in the literature. Nevertheless, a more in-depth analysis is needed to explore
any presence of crystalline phase in Ni-P electro-deposits with high phosphorus content
(e.g., around 26 at% and higher).
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3.2. Dependence of Electrochemical Properties on Phosphorus Content of Ni-P Thin Films

Figure 3a–c show the charge and discharge curves for the first three cycles at a rate
of 0.2 C (4.74, 6.38, and 8.84 µA cm−2), obtained from the P16, P21, and P28 thin films,
respectively. Considering the phosphorus content in the thin film (Figure 2a–c), the theoret-
ical specific capacities of P16, P21, and P28 were calculated to be 237, 319, and 442 mAh
g−1, respectively. However, the first charge capacities determined by the experiments were
404, 672, and 680 mAh g−1, which were larger than the theoretical ones. These high initial
charge capacities were probably due to the side reaction that formed a solid electrolyte
interface [51]. After the first charge, a reversible charge–discharge response was observed.
The initial discharge capacities of the three electrodes were 240, 300, and 342 mAh g−1.
Notably, the P28 specimen, which had the highest phosphorus content, showed approxi-
mately 77% of the theoretical capacity, which is comparable to that of commercial graphite.
In addition, its volumetric capacity was estimated to be 2799 mAh cm−3, which was about
3.3 times the theoretical value of graphite (850 mAh cm−3). For all the electrodes, voltage
plateau regions (or inflection points) were observed around 0.65 and 1.5 V vs. Li+/Li on the
charge curve, and around 1.3 and 2.0 V vs. Li+/Li on the discharge curve (see inset figure
(dQ/dV curve)). It is known that the former was the result of lithiation and delithiation,
which involve Li3P formation and decomposition reactions, and the latter was the result of
the formation and decomposition reactions of an intermediate Ni12P5 compound [30].

Figure 4 shows the coulombic efficiency and discharge capacity retention rate with
the number of charge/discharge cycles at a 0.2 C rate. After about three cycles in which
irreversible surface products were formed, the P21 and P28 electrodes showed coulombic
efficiencies of approximately 95% or more and operated stably. After 20 cycles, the capacity
retention rates were approximately 81% (241 mAh g−1) and 86% (293 mAh g−1) of the initial
capacities, respectively. However, the P16 electrode, which had the lowest phosphorus
content, deteriorated rapidly from the beginning of cycling. These results are contrary
to the general expectation that the cycling stability would deteriorate as a result of the
volume change during charge/discharge with the increase in phosphorus content in the
Ni-P electrode. The reason for this interesting result could be understood by comparing the
surface changes of the three electrodes after the cycles.

Figure 5 shows the surface morphology of each electrode after 20 cycles. Electrodes
P21 and P28 showed minor physical changes even after 20 cycles (Figure 5b,c), whereas
the P16 electrode with low phosphorus content showed the partial detachment of active
material, and several cracks were formed around the area where the detachment occurred
(Figure 5a). This result implies that the relatively low cycling stability of the P16 electrode
was caused by physical damage to the active materials. It was previously mentioned
that a high reduction current density applied during the P16 electrode’s fabrication could
generate more hydrogen gas on the substrate surface, forming more voids between the
substrate and thin film and reducing the adhesion between them (Figure 1). The adhesion
test results confirmed that the P16 specimen, which had a low phosphorus content, had the
worst adhesion (Figure 6). Thus, the electrode with a high P content had relatively severe
stress changes in the thin film due to the volume change, but the high adhesion between
the substrate and thin film prevented the thin film from being detached. On the other hand,
the electrode with a low P content suffered detachment and severe electrode deterioration
due to insufficient adhesion between the substrate and thin film despite the relatively small
stress changes.
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3.3. Effect of Surface Morphology

The initial and cycling characteristics of the Ni-P electrodes explained in Section 3.2
show that relatively excellent characteristics could be obtained with a higher phosphorus
content. However, the initial discharge capacity (342 mAh g−1) remained at 77% of the
theoretical one (442 mAh g−1), indicating that the entire plated thin film was not effectively
utilized for lithium storage. It is quite likely that such a low specific capacity might
be caused by the low electrical conductivity and high reaction overvoltage of typical
phosphide electrodes. Thus, this study tried to improve it by changing the surface structure.
In particular, an attempt was made to increase the thin film utilization rate by modifying
the surface to be more open-structured and have a large surface area.

To change the surface morphology of the thin film, spherical micro-electrodeposits
of Ni-P were created by electroplating. In a general Ni-P electrodeposition process, the
Ni-P electro-deposit attains a spherical shape, because phosphorus and nickel are co-plated
omni-directionally [52]. However, at this time, the plating of pure nickel, which has a
planar growth feature, proceeds simultaneously. As a result, the overall electrodeposited
layer is gradually changed from a spherical shape to a flat shape. On the other hand, it is
known that when the plating solution contains NaCl (or when NaCl is generated by the
reaction of the pH adjuster NaOH and NiCl2·6H2O in the plating solution), nickel could
grow anisotropically [53]. This means that the plating position of nickel is significantly
limited by the presence of NaCl; thus, nickel hardly interferes with the spherical growth
of the neighboring Ni-P. In this respect, instead of using ammonia hydroxide, which is
generally used for pH control, NaOH was used to form spherical electrodeposits on the
surface in this study (sample number 4 in Table 1).

Except for the use of NaOH as a pH adjuster, other deposition conditions were basically
determined by the trial and error method. In particular, as expected, it was experimentally
confirmed that the density of spherical deposits increased with the concentration of P
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source, reduction current density, and deposition time. However, the film morphology was
changed to be flat when they exceeded certain values, most likely due to the over-growth of
the flat plating layer. From numerous experiments, the concentrations of pH adjuster and P
source, current density, and deposition time given in Table 1 were finally selected for the
well-defined spherical electrodeposits. As for the acidity, it was also experimentally proved
that the lower the acidity was, the more spherical was the deposit we obtained in the pH
range of 1.2–1.8. However, since lower acidity led to more vigorous H2 gas evolution and
then less uniform deposits, pH was set to 1.5 for the uniform thin film formation.

Figure 7a,b show the surface and inclined views of a Ni-P thin film with the same phos-
phorus content (28 at%) as the P28 thin film partially covered with spherical electrodeposits
(from now on referred to as P28_S). Unlike the P28 thin film with flat-surface morphology,
P28_S had spherical electrodeposits with a diameter of approximately 150 nm formed on
a thin and flat plating layer with a thickness of 50 nm. An image analysis showed that
the density of the spherical electrodeposits was ca. 2.3 × 109 cm−2. Using these values
of diameter and density, and further assuming that the spherical electrodeposits existed
in a hemispherical shape on the surface (inset in Figure 7a), the surface area was roughly
calculated to be approximately 1.7 times the area of the flat electrode. A compositional
analysis showed that the thin film (P28_S) with the spherical electrodeposits had almost
the same composition ratio as the flat thin film (P28) (Figure 7c), and the overall crystal
structure was also amorphous except for the presence of Ni3P phase (Figure 7d).
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Figure 8 shows the results of evaluating the P28_S electrode as a negative electrode for
a secondary lithium battery. Notably, the initial reversible discharge capacity reached as
high as 445 mAh g−1 (Figure 8a). It is not yet apparent why the value slightly exceeded
the theoretical capacity. It is likely that some of the oxides or surface products other than
Ni-P also contributed to the capacity. It is not probable that there were any effects of the
Cu substrate on the charge and discharge curves of the spherical-based Ni-P electrode,
primarily due to the lack of exposure of the substrate. The cycling stability of the P28_S
electrode (Figure 8b) was almost the same as that of the P28 electrode, except for a rather
sharp decrease in the capacity during the initial charging and discharging. Compared with
the P28 electrode, it had a 50 mAh g−1 larger capacity over the entire cycle. After charging
and discharging 20 times, the specific discharge capacity of P28_S was 341 mAh g−1, which
was 1.2 times larger than that of the P28 electrode. Figure 8c shows the results of the
rate performance test. As the discharge rate increased, the difference in the capacity
retention rate became larger. At a 0.5 C rate, the P28 and P28_S electrodes showed capacity
retention values of 69% and 74%, respectively, with values of 47% and 57% at a 1 C rate.
An open structure and a large surface area of the P28_S electrode and the resulting high
surface reaction rate might have been responsible for the improved high-rate characteristics
compared with the P28 electrode. The rate performance of the P28_S electrode was equal to
or greater than that of the Ni-P electrode reported previously [28].
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4. Conclusions

In this work, amorphous nickel phosphide (Ni-P) thin films with various compositions
were fabricated using electroplating and tested as anode materials for secondary lithium
batteries. From the experimental results, the following conclusions were drawn:

1. Uniform, flat amorphous Ni-P thin films containing 16–28 at% phosphorus were
successfully synthesized under different plating conditions. Interfacial cracks between
the substrate and the thin film were not observed in high phosphorus content layers
but lower phosphorus content resulted in severe interfacial cracks. This is most likely
because more hydrogen gas was generated on the surface of the substrate; thus, more
voids were formed between the substrate and thin film under the high reduction
current applied when a thin film with a low phosphorus content was created;

2. As anodes for secondary lithium batteries, a higher phosphorus content for the
thin film resulted in a higher specific capacity in general. In particular, when the
phosphorus content was the highest (28 at%), the initial discharge capacity was
342 mAh g−1, which was approximately 77% of the expected theoretical value. This
is comparable to the theoretical specific capacity of commercially available graphite.
Moreover, the capacity per volume was more than three times that of graphite;

3. The cycling stability of the thin film was improved as the phosphorus content in-
creased. This was contrary to the general expectation that an increase in the phospho-
rus content would cause the cycling stability to deteriorate. This occurred because the
electrode with high phosphorus content had high adhesion between the substrate and
thin film, which prevented thin film separation, even with a significant stress change,
whereas, because the electrode with low phosphorus content had poor adhesion
between the substrate and thin film, severe separation and electrode deterioration
occurred even with a relatively minor stress change;

4. To improve the specific capacity by increasing the utilization rate of the thin film,
a Ni-P thin film containing fine spherical electrodeposits on the surface and high
phosphorus content (28 at%) was fabricated. The initial specific discharge capac-
ity was comparable to the theoretical specific capacity (445 mAh g−1). Even after
20 charge and discharge cycles, it showed a high specific capacity (341 mAh g−1),
which was 1.2 times that of a flat electrode with the same composition. In addition, at
the relatively high discharge rates of 0.5 and 1.0 C, the discharge capacity retention
rate was 5–10%p higher than that of a flat electrode. Further work on the spherical
electrodeposits with various densities, sizes, etc., would give a deeper understanding
of their effect on the electrode characteristics for lithium battery anodes.
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