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Sodium-ion batteries (SIBs) have been regarded as one of the most competitive alternatives for lithium-ion batteries (LIBs) due to
the abundance of sodium and comparable electrochemical characteristics of sodium to that of lithium. However, while highly
desired, developing stable anode materials remains a critical challenge. In this work, the development of a stable anode for SIBs
is reported, a poriferous nanoflake-assembled flower-like nickel tetraphosphide (PNAF-NP) with high surface area and typical
mesoporous property. Due to the unique structure, the PANF-NP anode exhibits excellent reversible capacity of 648.34mAh g-1

at 0.2 A g-1 with a Coulombic efficiency of 98.67%, and superior cycling stability at 0.2 A g-1 with high retention capacity of
456.34mAh g-1 and average Coulombic efficiency of 99.19% after 300 cycles. Moreover, the high reversible capacity of 614.43,
589.49, 512.66, and 432.23mAh g-1 is achieved at 0.5, 1, 2, and 5A g-1, respectively, indicating the superior rate capability of the
PNAF-NP anode. This work represents a great advancement in the field of SIBs by reporting a high-performance anode material.

1. Introduction

Owing to the relatively high-energy density and long-serving
lifespan, lithium-ion batteries (LIBs) have been regarded as
one of the most important and popular mobile power sources
[1–10]. However, considering the rarity and uneven distribu-
tion of lithium resource on earth, the production of state-of-
the-art LIBs will not be able to match the rapidly increasing
demand for this affordable and economic power source in
the aforementioned markets [11–13]. New battery technolo-
gies beyond LIBs have been widely developed and explored,
including redox flow batteries [14–16], metal-air batteries
[17–23], lithium-sulfur batteries [24, 25], and sodium-ion
batteries (SIBs) [26–31]. Among such cutting-edge batteries,
SIBs have attracted increasing attention and recognition as
one of the most suitable promising substitutes for commer-
cial LIBs. Its potential can be attributed to the abundance of
sodium on earth and the comparable electrochemical charac-

teristics of sodium (Na) to that of lithium (Li) [32, 33]. Tre-
mendous effort has been focused on exploring the suitable
anode materials for SIBs [34, 35]. For commercial LIBs,
graphite is the dominant anode material owing to its low cost,
abundance, and high-energy density. Unfortunately, graphite
is not suitable for SIBs due to the larger radius of sodium ions
(Na+, 1.02Å) compared to that of lithium ions (Li+, 0.76Å),
making the Na+ more difficult to intercalate into the layer
spacing of graphite [36]. Thus, it is urgent to explore different
anode materials that are suitable and promising for the
advancement of the field of SIBs.

Various potential anode material candidates have been
reported for SIBs, including carbonaceous materials [37,
38], alloy-based materials [39–41], transitional metal sulfides
and oxides [42–44], and phosphorus and phosphides [45,
46]. Among them, phosphorous- (P-) based materials attract
much more interests due to their commercial availability,
abundance, even distribution on earth, and the ultrahigh

AAAS
Energy Material Advances
Volume 2021, Article ID 2124862, 9 pages
https://doi.org/10.34133/2021/2124862

https://orcid.org/0000-0002-3439-0495
https://doi.org/10.34133/2021/2124862


theoretical capacity of ~2600mAhg-1 based on the formation
of sodium phosphide (Na3P) [47]. However, the wide-range
adoption of the P-based anode materials for SIBs is largely
shadowed by the electrical insulating nature of P, and a large
volume expansion after sodiation (more than ~400%) [48,
49]. To address these issues, metal phosphides have emerged
with noticeably comparable specific capacities, high electrical
conductivities, and acceptable redox potentials vs. Na/Na+

[50, 51]. Among the reported metal phosphides, nickel phos-
phides (NPs) have received extensive interests as an anode of
SIBs due to their theoretical specific capacities, relatively high
electrical conductivities (~106 Sm-1), and natural abundance
[52, 53]. It is demonstrated that NPs could react with sodium
and form Na3P and Ni metals during discharge, which
reversibly convert back to NPs in the subsequent charge pro-
cess [54]. Several types of NPs have been studied as anode
materials for SIBs in recent years, including NiP3 [55], NiPx
(NiP2 and Ni3P) [56], and Ni2P [48, 57, 58]. Although certain
progresses have been achieved in these reported works, the
NP-based anodes still suffer from poor cycling stability
[55], low rate capacity [57], rapid capacity decay [58] with
low loading, and complex synthesis process.

Herein, in this work, a novel poriferous nanoflake-
assembled flower-like nickel tetraphosphide (Ni5P4) is syn-
thesized via a hydrothermal method and employed as the
anode material for SIBs. The assembled SIBs exhibit a collec-
tion of compelling features, including ultrahigh initial spe-
cific capacity of 748.03mAhg-1 at 0.2A g-1, superior rate
capability of 432.23mAhg-1 at the current of 5A g-1, and
remarkable retention capacity of 456.34mAhg-1 at 0.2A g-1

after 300 cycles with an average Coulombic efficiency of
99.19%. This work represents a great advancement in the
field of SIBs by inventing and incorporating a high-
performance anode material.

2. Materials and Methods

2.1. Electrode Preparation and Material Characterization.
The poriferous nanoflake-assembled flower-like Ni5P4
(PNAF-NP) in our work is prepared via a hydrothermal pro-
cess followed by a phosphating procedure [59, 60]. At first,
the hierarchical nanoflake-assembled flower-like Ni(OH)2
(NAF-NOH) precursor is fabricated using a hydrothermal
method. For details, nickel nitrate (Ni(NO3)2), ammonium
fluoride (NH4F), and urea (CO(NH2)2) are dissolved into
distilled water (DI water) with a molar ratio of 2 : 1 : 1 and
the mixture is continuously stirred for 1 hour to obtain the
transparent solution. Then, the solution is sealed into a
50mL Teflon-lined stainless steel autoclave and heated at
120°C for 20 hours in an electric oven. After cooling down
to room temperature, the precursor powders are collected
and washed by DI water combined with ethanol for several
times and dried into the vacuum oven at 100°C for 24 hours.
To synthesize the final PNAF-NP sample, the NAF-NOH
precursor is placed into the downside of one alumina porce-
lain boat while the NaH2PO2 powder is put in the upside.
Then, the boat is heated into a tube furnace at 400°C for 2
hours under argon flow. Finally, the PNAF-NP powders are
obtained after the furnace is naturally cooled down to 25°C.

High-resolution powder X-ray diffraction (XRD, model
PW 1825) and X-ray photoelectron spectroscopy (XPS, PHI
5600) measurements are carried out to inspect the crystallin-
ity and composition of the NAF-NOH and PNAF-NP pow-
ders. The nitrogen adsorption-desorption test is applied to
analyze the Brunauer–Emmett–Teller (BET) specific surface
area and pore size distribution of the NAF-NOH precursor
and PNAF-NP sample. Scanning electron microscope (SEM,
7000F, JEOL) and the energy-dispersive X-ray spectroscopy
(EDX) elemental mapping are conducted to measure the
morphology and elemental distribution of NAF-NOH and
PNAF-NP samples. The high-resolution transmission elec-
tron microscopy (HR-TEM) and selected area electron dif-
fraction (SAED) tests are used to characterize the crystal
structure and lattice fringes of the PNAF-NP sample.

2.2. Electrode Preparation and Electrochemical Measurements.
To test the electrochemical performance of PNAF-NP anode,
the electrode is prepared using a slurry casting method, in
which PNAF-NP powders are mixed into the N-methyl-2-
pyrrolidone (NMP) organic solvent with polyvinylidene fluo-
ride (PVDF, binder) and Super P (SP, conductive additive) at
the weight ratio of 8 : 1 : 1 to form a slurry in the argon-filled
glovebox. Then, after stirred for several hours, the homoge-
nous slurry is painted onto the aluminum foil (current collec-
tor) using a doctor blade under argon flow protection. Lastly,
the obtained electrode is heated in the vacuum oven at 120°C
for 10 hours, and the electrode is sliced into discs with a
diameter of 14mm and kept in the glovebox for measure-
ment. For the control group, the electrode without PNAF-
NP powders is prepared by mixing the SP with PVDF at a
weight ratio of 9 : 1, and the rest of the procedure keeps the
same as that of the PNAF-NP-based electrode. The mass
loading of active materials of the prepared electrodes is calcu-
lated to be 2.0~2.5mg cm-2.

The electrochemical tests of the obtained electrodes are
operated in the CR2032-type coin cell, which is comprised
of one 16mm Na sheet as a counter electrode, one polypro-
pylene separator, and one PNAF-NP-based working elec-
trode. The organic electrolyte used in this work is made of
1M NaPF6 dissolved into the propylene carbonate (PC) sol-
vent combined with a 5wt% fluoroethylene carbonate (FEC)
additive. All the cells are assembled in an argon-filled
glovebox with contents of H2O and O2 less than 0.1 ppm.
The electrochemical impedance spectroscopy (EIS) and
cyclic voltammetry (CV) measurements are conducted on
the electrochemical analyzer (Bio-Logic SAS VMP3) with
an electrochemistry lab (EC-Lab) V10.40 program, while
the cycling and rate tests are performed on a LAND battery
test system (LANTH CT2001A) at various current densities
within the voltage window of 0.01~3.0V (vs. Na/Na+).

3. Results and Discussion

The nanoflake-assembled flower-like Ni(OH)2 (NAF-NOH)
precursor and poriferous nanoflake-assembled flower-like
Ni5P4 (PNAF-NP) powders are synthesized following the
procedure in the experimental section, and their morphology
is compared and analyzed using a scanning electron
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microscope (SEM). As shown in Figures 1(a)–1(c), a hierar-
chical flower-like particle has been successfully fabricated,
comprising of several cross-linked nanoflakes with a thick-
ness of 40~60 nm and a diameter of 3.0~6.5μm. Figure 1(b)
shows in detail that the surface of nanoflakes is very smooth
and dense without any pores. Additionally, a few folds are
observed at the edge of every nanoflake, meaning that these
nanoflakes are stacked from smaller and thinner nanosheets
during the hydrothermal process. From the energy-
dispersive X-ray spectroscopy (EDX) elemental mapping
results in Figures 1(d)–1(f), O and Ni elements are well dis-
tributed throughout the entire flower-like particle, indicating
that the uniform precursor has been obtained. After the post-
phosphating process, the hierarchical flower-like structure is
well preserved in phosphide particles as shown in
Figures 2(a) and 2(b), from which each particle is composed

of several pieces of nanoflakes with a similar thickness
(30~65 nm) and similar length (3.0~6.5μm) as well. How-
ever, differences in the detailed morphologies for every nano-
flake are observed. There are numerous pores that have been
formed in every piece of the nanoflake. In addition, the once
smooth and dense surface has become rough and porous.
From the EDX mapping results in Figures 2(c)–2(f), the Ni
and P elements have covered the entire phosphide particle
structure with the atomic ratio of Ni and P being estimated
to be approximately 5 : 4 (Ni 45.52 at% and P 36.41 at%).
The atomic ratio demonstrates that the hydroxide precursor
has transformed into the final PNAF-NP sample. At the same
time, Figure 2(c) shows that there is still detection of trace
amounts of the oxygen element (5.46 at%). These oxygen res-
idues can be due to the side reaction between the PNAF-NP
and oxygen when exposed to air during the measurement
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Figure 1: Morphology characterization of the NAF-NOH precursor. (a) Low magnification SEM image of NAF-NOH precursor particles.
Scale bar, 10μm. (b) High magnification SEM image of nanoflakes in flower-like particles. Scale bar, 200 nm. (c) SEM image of one
flower-like precursor particle. Scale bar, 2 μm. (d–f) EDX mapping results of Ni, O, and C elemental distributions of flower-like particle.
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Figure 2: Morphology characterization of the PNAF-NP sample. (a) SEM image of one flower-like PNAF-NP particle. Scale bar, 1 μm. (b)
High magnification SEM image of nanoflakes in PNAF-NP particle. Scale bar, 200 nm. (c–f) EDX mapping results of O, Ni, P, and C
elemental distributions in PNAF-NP particle.
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process. Lastly, the C element detected from the precursor
and PNAF-NP particle originates from the conductive car-
bon tapes on the testing holder.

Figures 3(a) and 3(b) display the further examination of
the crystal structure of the prepared PNAF-NP sample
through the high-resolution transmission electron micros-
copy (HR-TEM) and selected area electron diffraction
(SAED) measurements. For one piece of nanoflake in the
PNAF-NP particles (Figure 3(a)), numerous pores are
observed in the whole structure with the surface being very
rough, which is consistent with the SEM results. Moreover,
evident lattice fringes shown in Figure 3(b) and SAED image
inset are detected for the PNAF-NP sample. The ordered
interplanar spacing of 2.48Å is ascribed to the characteristic
(104) plane of Ni5P4 (JCPDS #18-0883) [60], demonstrating
that the well-crystallized PNAF-NP powder has been
achieved in this work. The Brunauer–Emmett–Teller (BET)
specific surface area and pore size distribution of the NAF-
NOH and PNAF-NP samples are analyzed with the nitrogen
adsorption-desorption test. As shown in Figure 3(c), one rep-
resentative IV-type isotherm with a typical H3 hysteresis
loop is observed for the PNAF-NP sample. For the NAF-
NOH powder, a different III-type isothermwith no hysteresis
loop is reported, revealing that after phosphating, a mesopo-
rous nature is observed in the PNAF-NP sample. The diam-
eter of most pores in the PNAF-NP sample varies from 5 to
25 nm, confirming its mesoporous feature of the prepared
phosphide sample. The specific surface area of the PNAF-
NP sample is measured to be 43.65 m2 g-1, which is nine
times greater than that of the NAF-NOH precursor (4.81

m2 g-1). The increased specific surface area renders the
PNAF-NP sample more active sites used for Na-based reac-
tions during the discharge and charge processes, indicating
an enhancement on the electrochemical performance of the
PNAF-NP anode.

High-resolution powder X-ray diffraction (XRD) and
X-ray photoelectron spectroscopy (XPS) measurements are
carried out to investigate the composition and crystallinity
of these as-prepared samples. As present in Figure 3(d), there
are five strong diffraction peaks observed in the XRD pattern
of the NAF-NOH sample from 10 to 65°, which correspond
to the (001), (100), (101), (102), and (110) characteristic
peaks of NiOH (JCPDS #14-0117), respectively. The XRD
pattern of the PNAF-NP sample shows that all the diffraction
peaks attributed to NiOH have already disappeared and are
replaced by seventeen new noticeable peaks, which are iden-
tified as the (100), (002), (102), (103), (200), (021), (202),
(104), (210), (211), (212), (204), (301), (213), (006), (214),
and (220) diffraction peaks of Ni5P4 (JCPDS #18-0883),
respectively. As for both the hydroxide precursor and the
final phosphide powders, there are no peaks of impurities
detected in the XRD results, demonstrating that unadulter-
ated PNAF-NP and NAF-NOH samples with high crystallin-
ity have been smoothly fabricated in this work. The elemental
composition of PNAF-NP and NAF-NOH samples is verified
with an XPS test as well, and the results are displayed in
Figures 3(e) and 3(f) and S2. For the high-resolution XPS
spectra of Ni 2p in the PNAF-NP sample (Figure 3(e)), the
two major peaks with binding energies of 852.2 and
856.1 eV are identified as Ni 2p3/2, corresponding to Niδ+ in

a b c

d e f

0.0

0

10

20
0

0.004

0.008

0.012

0.016

0.020

0.024

4 8 12 16
Pore diameter (nm)

20 24 28

dV
/d

D
 (c

m
3  g

–1
 nm

–1
)

30

40

50

60

0.2 0.4 0.6 0.8
Relative pressure (P/P0)

1.0

10 20 30

(0
01

)

(1
00

)

(1
01

)

(1
02

)

(1
10

)

(2
20

)
(2

14
)

(0
06

)(2
13

)/
(3

01
)

(2
12

)/
(2

04
)

(2
10

)/
(2

11
)

(1
04

)
(2

02
)

(0
21

)
(2

00
)

(1
03

)

(1
02

)

(0
02

)
(1

00
)

40 50
2 theta (deg.)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

60 890 880 870

Ni 2p P 2p

P-O
Satellite Satellite

2p1/2

2p1/2

2p3/2 2p3/2

2p3/2

860 140 135 130 125
Binding energy (eV)Binding energy (eV)

850

Ni5P4

Ni (OH)2

Ni5P4 (#18-0883) Ni (OH)2 (#14-0117)

Va
ds

 (c
m

3  g
–1

)

0.248 nm (1 0 4)

Figure 3: Structure characterization and chemical analysis of the PNAF-NP sample. (a) HR-TEM image of nanoflakes in PNAF-NP particle.
Scale bar, 50 nm. (b) Lattice fringes of Ni5P4 in PNAF-NP particle (inset: SAED image). Scale bar, 5 nm. (c) Nitrogen adsorption-desorption
isotherm (inset: pore size distribution). (d) XRD spectra of the prepared NAF-NOH precursor and PNAF-NP samples. High-resolution XPS
of PNAF-NP in the (e) Ni 2p and (f) P 2p regions.
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crystal Ni5P4 and Ni-O species oxidized on the surface of
PNAF-NP. The other two peaks being centered at 869.6
and 874.1 eV can be attributed to Ni 2p1/2 assigned to the
similar Niδ+ and oxidative Ni species in the PNAF-NP sam-
ple. On either side of the Ni 2p1/2 peaks, two broad satellite
peaks located at 862.1 and 880.3 eV are observed as well.
For the P element (Figure 3(f)), two strong peaks situated at
129.1 and 132.3 eV are identified as P 2p3/2 and P-O bonds,
respectively. The appearance of Niδ+ and P 2p3/2 peaks
proves that the PNAF-NP sample has been successfully pre-
pared [59, 60]. In contrast, for the high-resolution of Ni 2p
in NAF-NOH precursor (Figure S2a), only four peaks are
detected. Two sharp peaks with binding energies of 855.5
and 873.1 eV are assigned to Ni 2p3/2 and 2p1/2 in NiOH,
while the other two located at 861.5 and 879.6 eV
correspond to satellite peaks. And in the XPS spectrum of
O 1s (Figure S2b), there are two peaks situated at 529.6 and
530.9 eV, assigned to Ni-O and OH- bonds, respectively.
The Ni 2p and O 1s peaks in the precursor confirm that the
pure NAF-NOH sample has been obtained in this work.

To determine the sodium-ion insertion and extraction
potentials of prepared PNAF-NP anode, the cyclic voltamm-
etry (CV) test is carried out from 0.01 to 3.0V (vs. Na/Na+)
with a scan rate of 0.1mVs-1. The curves of the first ten cycles
are shown in Figure 4(a). In the first cathodic scanning cycle,
three noticeable peaks at 1.17, 0.71, and 0.01V are observed.
Of these three peaks, the second peak is assigned to the for-
mation of solid electrolyte interphase (SEI) due to the organic

electrolyte decomposition, and this peak disappears in the
following scan. In contrast, there are two major peaks at
0.73 and 0.16V detected in the conversed anodic scanning.
While observing subsequent scanning cycles, two pairs of
redox peaks (sharp 0.16/0.01V and broad 0.73/1.17V) are
clearly observed and maintained, demonstrating that the
PNAF-NP anode holds excellent electrochemical reversibility
and high cycling stability for SIBs. Of the two pairs, the
higher pair refers to the reversible reaction between sodium
phosphides and elemental phosphorus, whereas the sharp
pair, close to 0V that is also detected in the CV profiles of
the cell without PNAF-NP anode shown in Figure S3,
corresponds to Na+ insertion and extraction reactions in
the conductive carbon.

Figures 4(b) and 4(c) show the galvanostatic charge and
discharge curves of the PNAF-NP anode within the voltage
window of 0.01 to 3.0V at the current densities from 0.2 to
5.0A g-1. In the first cycle at the current density of 0.2Ag-1,
the cell with the PNAF-NP anode delivers an initial discharge
capacity up to 748.03mAhg-1, while the conversed charge
capacity still reaches to 661.94mAhg-1, revealing a Coulom-
bic efficiency of 88.49%. In the stepwise cycle at the current
density of 0.2A g-1, a specific capacity of 648.34mAhg-1 is
achieved during discharge, and in the subsequent charge pro-
cess, the PNAF-NP anode exhibits a reversible capacity of
639.74mAh g-1, presenting much higher Coulombic effi-
ciency of 98.67% than that of the first cycle. Compared with
the discharge capacities in the first two cycles at 0.2A g-1,
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Figure 4: Electrochemical performance testing of the prepared anode. (a) CV curves of the PNAF-NP anode at the first ten cycles. (b)
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the PNAF-NP anode displays an irreversible capacity of
about 100mAhg-1, which mainly results from the decompo-
sition of electrolytes and the SEI formation as mentioned in
the first CV scan. When the current density increases to
0.5, 1, 2, and 5Ag-1, the PNAF-NP anode presents rate
capacities of 614.43, 589.49, 512.66, and 432.23mAhg-1,
respectively. In contrast, for the cell without the PNAF-NP
anode (Figure 4(c)), the capacity is only 240mAhg-1 in the
first cycle at the current density of 0.2A g-1 and the capacity
rapidly decreases to almost zero at the current density of
1Ag-1. These results demonstrate that the PNAF-NP anode
plays a vital role on the superior rate capability for sodium
storage.

The cycling test of the PNAF-NP anode is conducted at a
current density of 0.2 A g-1, and the result is displayed in
Figure 4(d). As mentioned above, the PNAF-NP anode
exhibits an initial discharge capacity of 748.03 mAh g-1,
and even after 300 cycles, a high retention capacity of
456.34 mAh g-1 with an average Coulombic efficiency of
99.19%, indicating the superior cycling stability of the
PNAF-NP anode. Compared with the reported metal phos-
phides in Table S1, the PNAF-NP anode exhibits much
higher retention capacity and better Coulombic efficiency,
indicating the promising application of the PNAF-NP as a
high-performance anode for SIBs. The electrochemical
impedance spectroscopy (EIS) measurements are carried
out to verify the impact of the PNAF-NP anode on sodium-
ion transfer during the long-term cycling. The plots for
selected cycles are shown in Figure 5(a). After the first

cycle, the PNAF-NP anode exhibits a bulk resistance (Rb)
of 2.61 Ω along with a charge transfer resistance (Rct) of
39.36 Ω, which is lower than that of the cell without PNAF-
NP anode (Rb of 6.34 Ω and Rct of 118.4Ω, Figure S4).
With the increased cycling time, the PNAF-NP anode
exhibits a Rb of 2.97 and 4.63Ω along with a Rct of 50.29
and 60.24Ω after 100 and 300 cycles, which are all lower
than the Rb and Rct of the cell without the PNAF-NP anode
(Rb of 8.78Ω and Rct of 237.8Ω). The lower Rb and Rct of
the PNAF-NP anode prove that the special structural
features of the prepared nickel phosphide could strongly
facilitate the electron and sodium-ion transfer during the
cycling test.

In order to explore the reaction mechanism between the
PNAF-NP anode and sodium, the ex situ XRD spectrum is
utilized to examine the different compositions of the anode
during the first cycle. As shown in Figure 5(b), the peaks
attributed to Na3P and Ni metal are detected at 0.25V, indi-
cating that the reduction reaction between Ni5P4 and sodium
metal has occurred [61]. At the end of the discharge (0.01V),
stronger peaks of Na3P and Ni metal are observed, suggesting
further reduction of the PNAF-NP anode. In the stepwise
charge process, the Na3P gradually disappears while the
Ni5P4 recovers, demonstrating that reversible redox reactions
could occur between the PNAF-NP anode and sodiummetal.
The morphology of the PNAF-NP anode after cycling is
examined using HR-TEM and SEAD measurements, and
the results are shown in Figures 5(c) and 5(d). After cycling,
the primary porous structure of the PNAF-NP sample is still
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Figure 5: Electrochemical analysis of the PNAF-NP anode. (a) The EIS spectra of the cell with the PNAF-NP anode at the selected cycles. (b)
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preserved, and the lattice fringes of 2.22Å assigned to the
characteristic (210) plane of Ni5P4 (JCPDS #18-0883) are
obviously detected, demonstrating the high stability of the
PNAF-NP anode during the cycling test.

4. Conclusion

In our work, a PNAF-NP sample is successfully developed as
an advanced anode for SIBs. The PNAF-NP anode holds a
high specific surface area and exhibits mesoporous material
properties, which strongly accelerates the sodium-ion trans-
fer in the cell. With the aid of such a novel anode, the cell
can deliver an initial capacity of as high as 748.03mAhg-1

and an extrahigh reversible capacity of 648.34mAhg-1 at
0.2A g-1 with a Coulombic efficiency of 98.67%. Even if the
current density increases to 0.5, 1, 2, and 5Ag-1, the PNAF-
NP anode could maintain its high reversible capacity of
614.43, 589.49, 512.66, and 432.23mAhg-1, respectively,
demonstrating the competitive rate capability of PNAF-NP
anode. Furthermore, the cell with the PNAF-NP anode is
found to have superior cycling stability at 0.2A g-1 and shows
a high retention capacity of 456.34mAhg-1 with an average
Coulombic efficiency of 99.19% even after 300 cycles. The
enhanced electrochemical performance indicates great
potential of the PNAF-NP sample as an advanced high-
performance anode for SIBs.

Data Availability

All data are available, and all requests should be addressed to
R.Z. or J.C.

Conflicts of Interest

The authors declare no conflict of interest regarding the pub-
lication of this article.

Acknowledgments

J.C. acknowledges the Henry Samueli School of Engineering
and Applied Science and the Department of Bioengineering
at the University of California, Los Angeles for the startup
support.

Supplementary Materials

Figure S1: the nitrogen adsorption-desorption isotherm and
pore size distribution (inset) of the prepared NAF-NOH pre-
cursor. Figure S2: high-resolution XPS of NAF-NOH precur-
sor in the (a) Ni 2p and (b) O 1s regions. Figure S3: CV curves
of the cell without PNAF-NP anode at first ten cycles. Figure
S4: the EIS spectra of the cell without PNAF-NP anode before
and after cycling. Table S1: comparation of the PNAF-NP
anode with the reported nickel phosphide materials for Li-S
batteries. (Supplementary materials)

References

[1] H. Yin, K. S. Hui, X. Zhao et al., “Eco-friendly synthesis of self-
supported N-doped Sb2S3-carbon fibers with high atom

utilization and zero discharge for commercial full lithium-
ion batteries,” ACS Appl. Energy Mater., vol. 3, no. 7,
pp. 6897–6906, 2020.

[2] K. Liu, B. Kong, W. Liu et al., “Stretchable lithiummetal anode
with improved mechanical and electrochemical cycling stabil-
ity,” Joule, vol. 2, no. 9, pp. 1857–1865, 2018.

[3] J. Wan, J. Xie, X. Kong et al., “Ultrathin, flexible, solid polymer
composite electrolyte enabled with aligned nanoporous host
for lithium batteries,” Nature Nanotechnology, vol. 14, no. 7,
pp. 705–711, 2019.

[4] W. Liu, J. Chen, Z. Chen et al., “Stretchable lithium-ion batte-
ries enabled by device-scaled wavy structure and elastic-sticky
separator,” Advanced Energy Materials, vol. 7, no. 21,
p. 1701076, 2017.

[5] Y. Su, J. Wang, B. Wang et al., “Alveolus-inspired active mem-
brane sensors for self-powered wearable chemical sensing and
breath analysis,” ACS Nano, vol. 14, no. 5, pp. 6067–6075,
2020.

[6] Z. Zhou, K. Chen, X. Li et al., “Sign-to-speech translation using
machine-learning-assisted stretchable sensor arrays,” Nat.
Electron., vol. 3, no. 9, pp. 571–578, 2020.

[7] G. Chen, Y. Li, M. Bick, and J. Chen, “Smart textiles for elec-
tricity generation,” Chemical Reviews, vol. 120, no. 8,
pp. 3668–3720, 2020.

[8] K. Meng, S. Zhao, Y. Zhou et al., “A wireless textile-based sen-
sor system for self-powered personalized health care,” Matter,
vol. 2, no. 4, pp. 896–907, 2020.

[9] J. Chen, Y. Huang, N. Zhang et al., “Micro-cable structured
textile for simultaneously harvesting solar and mechanical
energy,” Nature Energy, vol. 1, no. 10, 2016.

[10] N. Zhang, F. Huang, S. Zhao et al., “Photo-rechargeable fabrics
as sustainable and robust power sources for wearable bioelec-
tronics,” Matter, vol. 2, no. 5, pp. 1260–1269, 2020.

[11] J. W. Choi and D. Aurbach, “Promise and reality of post-
lithium-ion batteries with high energy densities,” Nature
Reviews Materials, vol. 1, no. 4, 2016.

[12] R. Zhang, F. Zhang, J. Feng, and Y. Qian, “Green and facile
synthesis of porous ZnCO3 as a novel anode material for
advanced lithium-ion batteries,” Materials Letters, vol. 118,
pp. 5–7, 2014.

[13] C. P. Grey and J. M. Tarascon, “Sustainability and _in situ_
monitoring in battery development,” Nature Materials,
vol. 16, no. 1, pp. 45–56, 2017.

[14] G. Zan, T. Wu, P. Hu et al., “An approaching-theoretical-
capacity anode material for aqueous battery: hollow hexagonal
prism Bi2O3 assembled by nanoparticles,” Energy Storage
Mater., vol. 28, pp. 82–90, 2020.

[15] M. C. Wu, R. H. Zhang, K. Liu, J. Sun, K. Y. Chan, and T. S.
Zhao, “Mesoporous carbon derived from pomelo peel as a
high-performance electrode material for zinc-bromine flow
batteries,” Journal of Power Sources, vol. 442, p. 227255, 2019.

[16] M. C. Wu, T. S. Zhao, R. H. Zhang, L. Wei, and H. R. Jiang,
“Carbonized tubular polypyrrole with a high activity for the
Br2/Br− redox reaction in zinc-bromine flow batteries,” Elec-
trochimica Acta, vol. 284, pp. 569–576, 2018.

[17] S. M. Xu, X. Liang, X. Y. Wu et al., “Multistaged discharge
constructing heterostructure with enhanced solid-solution
behavior for long-life lithium-oxygen batteries,” Nature
Communications, vol. 10, no. 1, p. 5810, 2019.

[18] R. H. Zhang, T. S. Zhao, H. R. Jiang, M. C. Wu, and L. Zeng,
“V2O5-NiO composite nanowires: a novel and highly efficient

7Energy Material Advances

http://downloads.spj.sciencemag.org/energymatadv/2021/2124862.f1.docx


carbon-free electrode for non-aqueous Li-air batteries oper-
ated in ambient air,” Journal of Power Sources, vol. 409,
pp. 76–85, 2019.

[19] K. He, X. Bi, Y. Yuan et al., “Operando liquid cell elec-
tron microscopy of discharge and charge kinetics in
lithium-oxygen batteries,” Nano Energy, vol. 49, pp. 338–
345, 2018.

[20] K. He, Y. Yuan, X. Bi, T. Foroozan, J. Lu, and R. Shahbazian-
Yassar, “Study of the Li-oxygen battery discharging and charg-
ing process using in-situ TEM,”Microscopy andMicroanalysis,
vol. 24, no. S1, pp. 328-329, 2018.

[21] R. Zhang, T. S. Zhao, M. Wu, P. Tan, and H. Jiang, “Parame-
cium-like iron oxide nanotubes as a cost-efficient catalyst for
nonaqueous lithium-oxygen batteries,” Energy Technology,
vol. 6, no. 2, pp. 263–272, 2018.

[22] R. H. Zhang, T. S. Zhao, M. C. Wu, H. R. Jiang, and L. Zeng,
“Mesoporous ultrafine Ta2O5 nanoparticle with abundant
oxygen vacancies as a novel and efficient catalyst for non-
aqueous Li-O2 batteries,” Electrochimica Acta, vol. 271,
pp. 232–241, 2018.

[23] R. H. Zhang, T. S. Zhao, P. Tan, M. C. Wu, and H. R. Jiang,
“Ruthenium dioxide-decorated carbonized tubular polypyr-
role as a bifunctional catalyst for non-aqueous lithium-
oxygen batteries,” Electrochimica Acta, vol. 257, pp. 281–289,
2017.

[24] R. Zhang, M. Wu, X. Fan, H. Jiang, and T. Zhao, “Superior
cycling life of Li–S batteries with high sulfur loading enabled
by a bifunctional layered-MoO3 cathode,” Journal of Power
Sources, vol. 436, p. 226840, 2019.

[25] R. Zhang, C. Chi, M.Wu, K. Liu, and T. Zhao, “A long-life Li–S
battery enabled by a cathode made of well-distributed B4C
nanoparticles decorated activated cotton fibers,” Journal of
Power Sources, vol. 451, p. 227751, 2020.

[26] M. D. Slater, D. Kim, E. Lee, and C. S. Johnson, “Sodium-ion
batteries,” Advanced Functional Materials, vol. 23, no. 8,
pp. 947–958, 2013.

[27] S. P. Ong, V. L. Chevrier, G. Hautier et al., “Voltage, stability
and diffusion barrier differences between sodium-ion and
lithium-ion intercalation materials,” Energy & Environmental
Science, vol. 4, no. 9, pp. 3680–3688, 2011.

[28] J. Y. Hwang, S. T. Myung, and Y. K. Sun, “Sodium-ion batte-
ries: present and future,” Chemical Society Reviews, vol. 46,
no. 12, pp. 3529–3614, 2017.

[29] D. Kundu, E. Talaie, V. Duffort, and L. F. Nazar, “The emerg-
ing chemistry of sodium ion batteries for electrochemical
energy storage,” Angewandte Chemie, International Edition,
vol. 54, no. 11, pp. 3431–3448, 2015.

[30] N. Yabuuchi, K. Kubota, M. Dahbi, and S. Komaba, “Research
development on sodium-ion batteries,” Chemical Reviews,
vol. 114, no. 23, pp. 11636–11682, 2014.

[31] H. Pan, Y. S. Hu, and L. Chen, “Room-temperature stationary
sodium-ion batteries for large-scale electric energy storage,”
Energy & Environmental Science, vol. 6, no. 8, pp. 2338–
2360, 2013.

[32] K. Vignarooban, R. Kushagra, A. Elango et al., “Current trends
and future challenges of electrolytes for sodium-ion batteries,”
International Journal of Hydrogen Energy, vol. 41, no. 4,
pp. 2829–2846, 2016.

[33] J. Song, B. Xiao, Y. Lin, K. Xu, and X. Li, “Interphases in
Sodium-Ion Batteries,” Advanced Energy Materials, vol. 8,
no. 17, 2018.

[34] Y. Kim, K. H. Ha, S. M. Oh, and K. T. Lee, “High-capacity
anode materials for sodium-ion batteries,” Chemistry - A Euro-
pean Journal, vol. 20, no. 38, pp. 11980–11992, 2014.

[35] M. Dahbi, N. Yabuuchi, K. Kubota, K. Tokiwa, and S. Komaba,
“Negative electrodes for Na-ion batteries,” Physical Chemistry
Chemical Physics, vol. 16, no. 29, pp. 15007–15028, 2014.

[36] M. S. Balogun, Y. Luo, W. Qiu, P. Liu, and Y. Tong, “A review
of carbon materials and their composites with alloy metals for
sodium ion battery anodes,” Carbon, vol. 98, pp. 162–178,
2016.

[37] L. Xiao, Y. Cao, W. A. Henderson et al., “Hard carbon nano-
particles as high-capacity, high-stability anodic materials for
Na-ion batteries,” Nano Energy, vol. 19, pp. 279–288, 2016.

[38] S. Komaba, W. Murata, T. Ishikawa et al., “Electrochemical Na
insertion and solid electrolyte interphase for hard-carbon elec-
trodes and application to Na-ion batteries,” Advanced Func-
tional Materials, vol. 21, no. 20, pp. 3859–3867, 2011.

[39] M. Mortazavi, J. Deng, V. B. Shenoy, and N. V. Medhekar,
“Elastic softening of alloy negative electrodes for Na-ion batte-
ries,” Journal of Power Sources, vol. 225, pp. 207–214, 2013.

[40] L. Xiao, Y. Cao, J. Xiao et al., “High capacity, reversible alloying
reactions in SnSb/C nanocomposites for Na-ion battery appli-
cations,” Chemical Communications, vol. 48, no. 27, pp. 3321–
3323, 2012.

[41] Z. Li, J. Ding, and D. Mitlin, “Tin and tin compounds for
sodium ion battery anodes: phase transformations and perfor-
mance,” Accounts of Chemical Research, vol. 48, no. 6,
pp. 1657–1665, 2015.

[42] Y. Jiang, M. Wei, J. Feng, Y. Ma, and S. Xiong, “Enhancing the
cycling stability of Na-ion batteries by bonding SnS2ultrafine
nanocrystals on amino-functionalized graphene hybrid nano-
sheets,” Energy & Environmental Science, vol. 9, no. 4,
pp. 1430–1438, 2016.

[43] Y. Zhang, P. Zhu, L. Huang et al., “Few-layered SnS2on few-
layered reduced graphene oxide as Na-ion battery anode with
ultralong cycle life and superior rate capability,” Advanced
Functional Materials, vol. 25, no. 3, pp. 481–489, 2015.

[44] Y. Liu, X. Fang, M. Ge et al., “SnO2 coated carbon cloth with
surface modification as Na-ion battery anode,” Nano Energy,
vol. 16, pp. 399–407, 2015.

[45] W. Luo, F. Shen, C. Bommier, H. Zhu, X. Ji, and L. Hu,
“Na-ion battery anodes: materials and electrochemistry,”
Accounts of Chemical Research, vol. 49, no. 2, pp. 231–240,
2016.

[46] L. Li, Y. Zheng, S. Zhang, J. Yang, Z. Shao, and Z. Guo, “Recent
progress on sodium ion batteries: potential high-performance
anodes,” Energy & Environmental Science, vol. 11, no. 9,
pp. 2310–2340, 2018.

[47] F. Yang, H. Gao, J. Chen, and Z. Guo, “Phosphorus-based
materials as the anode for sodium-ion batteries,” Small
Methods, vol. 1, no. 11, p. 1700216, 2017.

[48] S. Liu, J. Feng, X. Bian, J. Liu, H. Xu, and Y. An, “A controlled
red phosphorus@Ni-P core@shell nanostructure as an ultra-
long cycle-life and superior high-rate anode for sodium-ion
batteries,” Energy & Environmental Science, vol. 10, no. 5,
pp. 1222–1233, 2017.

[49] Q. Xia, W. Li, Z. Miao, S. Chou, and H. Liu, “Phosphorus and
phosphide nanomaterials for sodium-ion batteries,” Nano
Research, vol. 10, no. 12, pp. 4055–4081, 2017.

[50] M. Walter, M. I. Bodnarchuk, K. V. Kravchyk, and M. V.
Kovalenko, “Evaluation of metal phosphide Nanocrystals as

8 Energy Material Advances



anode materials for Na-ion batteries,” Chimia (Aarau).,
vol. 69, no. 12, pp. 724–728, 2015.

[51] W. Liu, H. Zhi, and X. Yu, “Recent progress in phosphorus
based anode materials for lithium/sodium ion batteries,”
Energy Storage Materials, vol. 16, pp. 290–322, 2019.

[52] I. Shirotani, E. Takahashi, N. Mukai et al., “Electrical conduc-
tivity of nickel phosphides,” Japanese Journal of Applied Phys-
ics, vol. 32, no. S3, pp. 294–296, 1993.

[53] G. Chang, Y. Zhao, L. Dong et al., “A review of phosphorus
and phosphides as anode materials for advanced sodium-ion
batteries,” Journal of Materials Chemistry A, vol. 8, no. 10,
pp. 4996–5048, 2020.

[54] X.-W. Wang, H.-P. Guo, J. Liang et al., “An Integrated Free-
Standing Flexible Electrode with Holey-Structured 2D Bime-
tallic Phosphide Nanosheets for Sodium-Ion Batteries,”
Advanced Functional Materials, vol. 28, no. 26, p. 1801016,
2018.

[55] J. Fullenwarth, A. Darwiche, A. Soares, B. Donnadieu, and
L. Monconduit, “NiP3: a promising negative electrode for
Li- and Na-ion batteries,” Journal of Materials Chemistry
A, vol. 2, no. 7, pp. 2050–2059, 2014.

[56] D. Sun, X. Zhu, B. Luo et al., “New binder-free metal phos-
phide–carbon felt composite anodes for sodium-ion battery,”
Advanced Energy Materials, vol. 8, no. 26, p. 1801197, 2018.

[57] J. Wang, B.Wang, X. Liu, G.Wang, H.Wang, and J. Bai, “Con-
struction of carbon-coated nickel phosphide nanoparticle
assembled submicrospheres with enhanced electrochemical
properties for lithium/sodium-ion batteries,” Journal of Col-
loid and Interface Science, vol. 538, pp. 187–198, 2019.

[58] C. Dong, L. Guo, Y. He et al., “Sandwich-like Ni2P nanoarray/-
nitrogen-doped graphene nanoarchitecture as a high-
performance anode for sodium and lithium ion batteries,”
Energy Storage Mater., vol. 15, pp. 234–241, 2018.

[59] H. Wang, Y. Xie, H. Cao et al., “Flower-like nickel phosphide
microballs assembled by nanoplates with exposed high-
energy (0 0 1) facets: efficient electrocatalyst for the hydrogen
evolution reaction,” ChemSusChem, vol. 10, no. 24,
pp. 4899–4908, 2017.

[60] X. Xiao, Y. Wang, H. Cheng et al., “Porous flower-like Ni5P4
for non-enzymatic electrochemical detection of glucose,”
Materials Chemistry and Physics, vol. 240, p. 122202, 2020.

[61] Z. Li, L. Zhang, X. Ge et al., “Core-shell structured CoP/FeP
porous microcubes interconnected by reduced graphene oxide
as high performance anodes for sodium ion batteries,” Nano
Energy, vol. 32, pp. 494–502, 2017.

9Energy Material Advances


	A Poriferous Nanoflake-Assembled Flower-Like Ni5P4 Anode for High-Performance Sodium-Ion Batteries
	1. Introduction
	2. Materials and Methods
	2.1. Electrode Preparation and Material Characterization
	2.2. Electrode Preparation and Electrochemical Measurements

	3. Results and Discussion
	4. Conclusion
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

