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Abstract: Polymetallic transition metal phosphides (TMPs) exhibit quasi-metallic properties and
a high electrical conductivity, making them attractive for high-performance hybrid supercapaci-
tors (HSCs). Herein, a nanohoneycomb (NHC)-like FeNi layered double hydroxide (LDH) array
was grown in situ on 3D current collector nickel foam (NF), which is also the nickel source dur-
ing the hydrothermal process. By adjusting the amount of NaH;PO,, an incomplete phosphated
FeNi(OH/P) nanosheet array was obtained. The optimized FeNi(OH/P) nanosheet array exhibited
a high capacity up to 3.6 C cm~2 (408.3 mAh g~!) and an excellent long-term cycle performance
(72.0% after 10,000 cycles), which was much better than FeNi LDH’s precursor. In addition, the
hybrid supercapacitor (HSC) assembled with FeNi(OH/P) (cathode) and polypyrrole (PPy/C, anode)
achieved an ultra-high energy density of 45 W h kg~! at a power density of 581 W kg~! and an
excellent cycle stability (118.5%, 2000 cycles), indicating its great potential as an HSC with a high
electrochemical performance.
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The energy crisis and global climate change have stimulated the search for sustain-
able energy. Numerous efforts have been made to develop energy storage devices that
are efficient, economical, safe, and environmentally friendly in order to meet the future
development of a low-carbon, sustainable economy. Batteries have a high energy density,
but a low power density and poor cycling stability. Supercapacitors have a higher power
density, faster charging time, and better long-term stability than batteries. However, su-
percapacitors have limited industrial applications because of their low energy density. By
combining the advantages of batteries and supercapacitors, researchers proposed a hybrid

supercapacitor (HSC) with a battery-type electrode and a capacitive electrode. Compared
with carbon-based materials storing energy via a double electric layer, battery-type elec-
trode materials can generate extreme energy density based on an active redox reaction [1,2].
Therefore, the performance of HSC is highly dependent on the efficiency and stability of
the battery-type electrodes.

Recently, it has been demonstrated that transition-metal phosphides (TMPs) have
garnered significantly more research because of their higher conductivity, electrochemical
activity, and structural stability [3,4], all of which make them potentially useful in energy
storage devices. TMP is a triangular prism made of metal bonds or covalent chemical
bonds [5]. By increasing the number of metal atoms situated in the center of the prism’s
vertical plane, a nine-fold tetrakaidecahedron structure centered on phosphorus atoms is
formed. The large channels and open framework of TMPs provide effective electron/ion
transport. Because of the rapid reduction in ionic properties and the “P” dragging electron
density in the sublattice presence of delocalization, TMPs have more free electrons, which
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is the fundamental reason for their higher conductivity. After the introduction of metals
into the monometallic phosphide, the resulting polymetallic (or metal-rich) transition metal
phosphide (e.g., MP or M,P, where M is the transition metal) exhibits metallic properties
(chemical stability), multiple redox centers, and the ability to carry more free electrons,
resulting in a significantly increased electrical conductivity (compared with phosphorus-
rich or monometallic phosphides) [6]. However, phosphorus-rich TMPs with abundant
P—P bonds are unsuitable as energy storage materials because of the electron accumulation
around the P atoms and decreased electrochemical performance [7]. Thus, understanding
how to select appropriate metals and combine them to form multi-component metal phos-
phides with synergistic effects is critical for optimizing the electrochemical performance of
electrochemical energy storage devices using TMPs as electrodes.

Recently, it was discovered that one of most effective tactics to improve the elec-
trochemical performance is to combine Ni and Fe to form bimetallic phosphide, which
improves the conductivity of Fe/Ni-based compounds [8,9]. The electrochemical prop-
erties of Ni and Fe are quite similar; the ionic radius of Fe3*(0.65 A) is close to that of
Ni2*(0.69 A) [10,11]. As a result of the formation of hydroxyl oxides during charge stor-
age, Ni and its compounds in various morphologies (e.g., nanoparticles, nanowires, and
thin films) are typical supercapacitor electrode materials with an excellent redox behavior.
Because of its high theoretical capacity (1951.2 C g~!) and good electronic conductivity
(1.2 x 1073 S em™1) [12], Ni,P is considered as a promising material for energy stor-
age. However, because of structural degradation, the stability of FeNi-based materials
is still unsatisfactory [9]. In recent years, many binder-free nanoarray electrodes with
self-contained nano-units and porous structures have been investigated to minimize the
volume expansion and improve the electrochemical performance. As a result of phospho-
rus’s lower electronegativity and reduced bond ionicity, Fe/Ni bimetal phosphides give
a series of various redox couples (Fe’ /Fe* /Fe3*, Ni’ /Nil* /Ni?*) with better metalloid
properties [13]. Although there have been many reports about Ni/Fe bimetal phosphides
as high-performance electrocatalysts for water splitting [14-16], their use as electrodes in
SCs is unclear [17].

In this study, we designed, synthesized, and developed self-supported nanohoney-
comb (NHC)-like FeNi(OH/P) electrodes using a simple two-step procedure, in which
incomplete phosphated FeNi(OH/P) nanosheet arrays were oriented and anchored on
3D nickel foam without any bridging agent. The large contact areas and electron path-
ways of the unique interconnected NHC-like FeNi(OH/P) nanosheet array could provide
high-efficiency electronic transmission for the charge storage. Furthermore, Ni/Fe bimetal
phosphides have high density redox centers and a high conductivity. This study also
describes a hybrid supercapacitor (HSC) with a cathode electrode made of bimetallic transi-
tion phosphides and an anode electrode made of polypyrrole/C (PPy/C). By optimizing
gel electrolytes, the HSC exhibited excellent capacity retention. This work provides a
new strategy for designing a cost-effective, reliable, and high-performance asymmetric
supercapacitor for energy storage applications.

2. Materials and Methods
2.1. Materials

Nickel chloride hexahydrate (NiCl,-6H,0), ferric chloride hexahydrate (FeCl;-6H,0O),
sodium chloride (NaCl), and sodium hypophosphite (NaH;PO,-H,O) were purchased

from Sinopharm Chemical Reagents Co., Ltd. All of the reagents were of analytical grade
and were used without further purification.

2.2. Synthesis of Materials
2.2.1. Synthesis of FeNi LDH’s Precursor
First, the nickel foam (NF, 5.2 x 3.7 cm?) was cleaned with 2 M HCI, absolute ethanol,

and deionized water by sonication for 15 min in sequence to remove the oxide layer on
the surface. Then, 0.27 g FeCl3-6H,0 [18,19] and 0.097 g NaCl were dissolved in 70 mL of
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deionized water by magnetic stirring for 30 min. The mixed solution and a piece of the
pretreated NF were transferred to a 100 mL Teflon-lined stainless autoclave and kept at
120 °C for 10 h. The Ni foam coated with the FeNi LDH sample was washed alternately
with ethanol and deionized water several times, and dried for 5 h at 60 °C. The mass density
of the FeNi LDH nanosheet array (0.57 mg cm~2) on the NF was determined by subtracting
the weight of the NF (after acid etching) from the weight of the FeNi LDHs with the NF.

2.2.2. Synthesis of the FeNi(OH/P) Sheet Array Electrode

The NaH,PO, and Ni foam-supported FeNi LDH were placed upstream and down-
stream of the tube furnace, respectively. The samples were heated to 300 °C at a heating rate
of 2°C min~! for 2 h under an Ar flow. The FeNi(OH/P) was collected after the furnace
was cooled to an ambient temperature. To explore the effect of the phosphorization degree,
we considered NiFe(OH/P) with different amounts of NaH;PO, (0 g, 0.6 g, 1.2 g, and
1.8 g, defined as FeNi(OH/P)-0, FeNi(OH/P)-0.6, FeNi(OH/P)-1.2, and FeNi(OH/P)-1.8,
respectively). After phosphating, the mass increased by 1.87 mg cm~2 on average. The
mass density of the FeNi(OH/P)-1.2 nanosheet array on the NF was 2.44 mg cm 2.

2.2.3. Assembly of Hybrid Supercapacitor Device

All-solid-state hybrid supercapacitors (HSCs) were assembled by employing the as-
fabricated FeNi(OH/P)-1.2 and PPy/C as the cathode and anode electrode, respectively,
and PVA/KOH/PAAS as the electrolyte.

For the preparation of PPy/C, PPy aerogel was heated to 500 °C at a rate of 5 °C min
under an argon atmosphere. The preparation of PPy aerogel was mentioned in previous
articles from our group [20]. PPy aerogel was synthesized through PPy hydrogels, which
were obtained by oxidizing the pyrrole monomer with ammonium peroxysulfate (APS) in
a Methyl orange (MO) solution. The mixture of PPy/C (80 wt%), acetylene black (10 wt%),
and polyvinylidene fluoride (PVDF, 10 wt%) was coated onto an NF (1 x 1 cm?) and then
dried at 80 °C for 8 h to obtain the PPy/C electrodes. The mass loading of PPy/C powder
attached to the NF was 8.4 mg cm 2. The gel electrolyte was prepared as follows: 6 g PVA
(1799 type) and 5 g KOH were dissolved in 60 mL deionized water at 90 °C, then 2 mL
PAAS was added dropwise into the above solution with stirring and maintained at 65 °C
for 15 min. The two electrodes were coated with a PVA/KOH gel electrolyte to obtain
HSCs with a thickness of about 2.1 mm.

2.3. Morphology and Structure Characterization

The micromorphology and structure of the as-synthesized materials were analyzed
using a scanning electron microscope (SEM, PHILIPS XL30 TMP) and transmission electron
microscope (TEM, JEM-2000 UHR SETM/EDS). Energy dispersive X-ray spectroscopy
(EDX), elemental mapping, and selected area electron diffraction (SAED) were performed
on the same FE-TEM microscope. The phase characteristics of the as-synthesized materials
were identified using X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS,
AXIS SUPRA+). Mass weighting was recorded with a semi-micro balance (ESJ200-4B) with
an accuracy of 0.01 mg.

2.4. Electrochemical Measurements

All of the electrochemical measurements (three electrodes/two electrodes) were per-
formed using the CHI660D electrochemical workstation. The FeNi(OH/P) electrode was
used directly as the working electrode, the Pt electrode (1 x 1 cm?) was used as a counter
electrode, the Ag/AgCl electrode was used as the reference electrode, and the electrolyte
was 3 mol L~! KOH. The scanning rates of the cyclic voltammetry (CV) were 1~100 mV s~!
within a potential window of 0~0.45 V, and the galvanostatic charge-discharge (GCD)
test range was 0~0.4 V. Electrochemical impedance spectroscopy (EIS) was tested between
0.01 Hz and 100 kHz.
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The areal capacity C, (C cm~2) was calculated from the CV curves using Equation (1):

C, = (/I(V)dv) /20A (1)

The capacity Cs (C cm~2) was calculated from the GCD curves using Equation (2):

Co = <21 / (V)dt> /AV @)

where I(V) refers to the current at V, dV is the differential potential, v is the scan rate, At is
the discharge time, A is the electrode’s surface area, m is the mass of active material, and
AV is the potential window.

The HSC device was assembled using FeNi(OH/P)-1.2 as the cathode electrode and
PPy/C as the anode electrode with a gel electrolyte. The charges stored between the
cathode and anode electrodes were balanced (Q+ = Q—) based on the three-electrode
system outcomes in order to achieve an excellent ASC device performance. According to
Equation (3), the ratio of mass between FeNi(OH/P)-1.2 and PPy/C was 0.29.

my /m_ = Ca_ X AV,/C,H X AV+ (3)

where the subscripts “+” and “—" represent the cathode and anode electrodes, respectively.
The energy densities (E) and the power density (P) were calculated using Equations (4) and (5):

E= (c X sz) /72 @)

P = (E x 3600)/ At (5)

3. Results and Discussion

The synthesis process of the FeNi(OH/P)-1.2 nanosheet array on nickel foam is shown
in Figure 1. First, as a 3D current collector, nickel foam (NF) with a 3D porous structure
and high conductivity also provides the Ni source in the hydrothermal reaction. The
honeycomb-like FeNi LDH nanosheet array was vertically grown on the 3D NF through
a simple hydrothermal method (Figure 2a). Different from the traditional bimetallic co-
precipitation method, the obtained FeNi LDHs grew robustly and did not fall off easily
in the continuous testing work, which provided a good cycle performance. Additionally,
NaCl acted as a structure directing agent, which contributed to the formation of the FeNi
LDH nanosheet morphology. After heat treatment (without NaH;PO;), FeNi LDH was
converted to FeNi(OH/P)-0 and the morphology remained largely unchanged (Figure Sla).
After phosphating (1.2 g NaH,PO,), the color of the FeNi LDH precursor changed from
orange to black, forming the FeNi(OH/P)-1.2 nanosheet array. The overall morphology
of the FeNi(OH/P)-1.2 nanosheet array was maintained, which facilitated electron/ion
transmission and promoted electrochemical energy storage. The surface of FeNi(OH/P)-1.8
(Figure Slc) was covered with a thick layer of phosphide and had a small number of
nanotubes composed of P, and its specific surface area decreased, resulting in a reduction
in the active reaction area [18].

When the phosphating reaction just occurred, P4~ reacted with metal ions on the
surface of the material to produce a thin film of phosphide. Further reactions depended on
the diffusion rate of the metal cations inside the material. Metal cation ions are relatively
small and diffuse from the inside to the outside. P*~ anion ions are relatively large and
diffuse from the outside to the inside. Therefore, when the reaction proceeded further, the
outward diffusion of metal cations dominated, the phosphating reaction accumulated in
the outer layer, and the metal phosphide shell thickened. Therefore, the morphology before
and after phosphating was maintained. This was clearly evidenced in the TEM results.
Figure 2d clearly shows the morphology of a single FeNi(OH/P)-1.2 nanosheet with a
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diameter of about 120-200 nm. The SAED (Figure 2e) presented typical diffraction rings,
proving that the as-prepared FeNi(OH/P)-1.2 was polycrystalline.

\
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Nickel foam FeNi LDHs FeNi(OH/P)-1.2
nanosheet arrat nanosheet array

Figure 1. The synthesis procedure of the FeNi(OH/P)-1.2 nanosheet array on nickel foam. The inset
shows the corresponding SEM images.
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Figure 2. SEM images of (a,b) FeNi LDH nanosheet arrays and (c) a FeNi(OH/P)-1.2 nanosheet
array. Inset (a) shows the SEM image of the FeNi LDH nanosheet array under low magnification.
(d) TEM image; (e) SAED pattern; (f) the elements mapping of Fe, Ni, P, and O; (g) XRD pattern;
and (h) EDX spectrum of the FeNi(OH/P)-1.2 nanosheet array. Inset of (h) shows the corresponding
atomic/weight percentages of different elements: Fe, Ni, P, and O.
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Figure 2g shows the XRD patterns of FeNi(OH/P)-1.2. Three broad peaks around
44.5°, 51.8°, and 76.4° could be clearly observed in the samples, which were assigned
to the (111), (200), and (220) planes of the NF, respectively. The diffraction peaks of the
sample at 20 = 44.2°, 47.2°, 54°, and 73.9° corresponded to the (201), (210), (300), and
(212) crystal planes of the hexagonal Fe,P (JCPDS card no. 83-2337), respectively, while
the peaks at 47.3°, 50.4°, and 88.9° were attributed to the (210), (300), and (321) planes of
NipP (JCPDS card no. 03-0953), respectively [21]. With the increase in the phosphorus
source (the mass of NaH;POy), the diffraction peaks were sharper and stronger, indicating
that more FeNiP was successfully transformed (Figure S2). It can be seen from the XRD
spectrum that the intensity of the diffraction peaks was weak because of the strong base
Ni peak and incomplete phosphating of the FeNi(OH/P) material obtained. However,
consistent with the XRD patterns, Fe, Ni, P, and O element peaks could also clearly be
found from the element mapping (Figure 2f). The Fe, Ni, P, and O elements were uniformly
distributed throughout the single nanosheet, confirming the formation of the FeNi(OH/P)-
1.2 material. From the EDX spectrum (Figure 2g), the atomic ratios of Ni, Fe, P, and O were
0.12:0.06:0.14:0.68, which clearly indicate the existence of incomplete phosphating.

The elemental compositions and chemical valences of the samples were then revealed
using XPS. Figure 3 shows the complete scan spectrum of FeNi(OH/P)-1.2. The appearance
of Ni, Fe, P, and O peaks indicates the presence of these four elements. Figure 3b is
the energy spectrum of Ni 2p. The two peaks at binding energies of 874.7 and 856.7 eV
corresponded to Ni 2p; /» and Ni 2p3,,, respectively. At the same time, the two satellite
peaks at 880.9 and 861.9 eV confirmed the spin-orbit characteristics of Ni**, which is a
typical feature of the combination of Ni?* and oxygen. Note that the other peaks emerged
at 852.0 eV (2p3,2), demonstrating that Ni?* ions were partially reduced to a metallic
state, and the metallic characteristics typically offered fast electron transportation, thereby
enhancing the electrochemical performance [14]. Figure 4c shows the energy spectrum of
Fe 2p. The binding energies of 726.2 and 711.1 eV were accompanied by satellite peaks
of 720.9 and 733.7 eV, which correspond to Fe 2p;,, and Fe 2p3,, respectively. The peak
at 704.0 eV is related to Fe-P and indicates a positively charged Fe (6+) [19]. Figure 4d
shows the energy spectrum of the P 2p element, which can be fitted to two main peaks of
134.6 and 133.8 eV, corresponding to P 2p; /, and P 2p3 /,, respectively. The formation of the
P—O bond is attributed to the oxidation on the surface of the metal phosphide [22]. It can
be seen from Figure 4e that O 1s can be convoluted at 530.9 and 532 eV, which indicates the
existence of metal hydroxides. Based on the XPS analysis, the percentages of Fe, Ni, P, and
O in these samples were 5.8%, 11.6%, 13.8%, and 58.8%, respectively, which are consistent
with the EDS results. In summary, the obtained FeNi(OH/P) material consisted of FeNi
LDHs and FeNiP.

According to the above XPS results, the process of in situ growth of FeNi LDHs can
be speculated. In the hydrothermal process, Fe>* produced a redox attack on the NF and
released Ni>* on the surface of the NF, because Ege3 + /pe+ (0771 V) was much higher than

0
E Ni3+ /Ni2+
to Fe3*. Finally, Ni** and Fe?* ions easily reacted with OH~ to form FeNi LDHs on the

NF [23]. The equations used above are as follows:

(—0.257 V). In addition, as a result of the presence of oxygen, Fe>* was oxidized

2F3t 4 Ni = 2Fe*t + N2+ (6)
4Fe*t + Oy +2H,0 = 4Fe*t +40H™ 7)
Ni** + Fe*™ + OH™ = NiFe(OH), (8)

NaCl as a structure directing agent did not participate in the formation of hydrother-
mal products. This was because the ionic radius of Na* (1.02 A) [24] was significantly
larger than those of Fe* (0.65 A) and Ni%* (0.69 A), and LDHs usually consist of both
divalent and trivalent cations [25]. Most notably, unlike the traditional bimetallic coprecip-
itation method, in situ grown interconnected FeNi nanosheet arrays are firmly attached
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to the NF, accompanied by ferric salts as catalysts, which gives the electrode materials
excellent stability.

(a) _FeNi LDHs Ni
- o LVM )
=: Ni Fe Fe V\J"J\—\\
s C !\,\/\ﬁ‘)
(2}
€ | —FeNi(OHP)-1.2 o
< Ni Fe Fe N
= PP ¢ p —
_,\_,_....L—‘ A A
0 200 400 600 800 1,000 1,200

Binding energy (eV)

(b) (c)

Intensity (a.u.)
Intensity (a.u.)

850 Bisrizzlin er:::r (e{‘;‘)” 830 700 710 720 730 740
9 ay Binding energy (eV)

(d) )
3 -~
8 3
> 8
= >
@ =
c 7]
[] c
£ £
125 130 135 140 525 530 535 540
Binding energy (eV) Binding energy(eV)

Figure 3. (a) Comparison of the XPS spectra for the FeNi LDH nanosheet array and FeNi(OH/P)-1.2
nanosheet array. (b) Ni 2p, (c) Fe 2p, (d) P 2p, and (e) O 1s XPS spectra of the FeNi(OH/P)-1.2
nanosheet array.

The electrochemical properties of the as-synthesized samples were first investigated
in a three-electrode system using a 3.0 M KOH electrolyte. As shown in Figure 4a, CV tests
of the FeNi(OH/P)-1.2 electrode between 0~0.45 V were obtained at 1~100 mV s~1. As
the scan rate increased, the closed area of the CV curve also increased, the response peak
current also increased, and a faster redox reaction occurred. The peaks shifted towards a
higher and lower potential, respectively. Two redox peaks were clearly observed on all CV
curves, which demonstrated the characteristic battery-type behavior of the electrodes. This
could be related to the highly reversible Faradaic reactions between Ni*/Ni** and hydroxyl
anions, as well as between Fe?* /Fe** and hydroxyl anions. The possible redox reactions
for the FeNi(OH/P) electrode involved in the KOH electrolyte can be summarized using
Equations (9)—(11), as follows:

FeNiP +20H™ <> NiPyOH + FePyOH + 2e~ )
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(@)
qE 2001 —1mVs' —2mvs"'
o 1504 —5mvs’ —10mvs’
< 100 —20mvs' —50mvs’
E
> 501
2
=l
&
g 501
€ -100
]
£ 150
=
O-200 . . . . 0.0+ y y y . .
0.0 01 02 03 04 05 0 300 600 _ 900 1,200 1500 1,800
Potential (V vs. Ag/AgCl) Time (s)
(c) (d ,
o 1501 FeNi(OH/P)-0 - —=— FeNi(OH/P)-0
e —— FeNi(OH/P)-0.6 "-‘E —e— FeNi(OH/P)-0.6
o 1004 FeNi(OH/P)-1.2 5 3- —a— FeNi(OH/P)-1.2
< —— FeNi(OH/P)}-1.8 o —v— FeNi(OH/P)-1.8
£ 50 =
- o
2 ol P
B ©
@ <
[
o o
o 50 °
- @ 14
S S
o -100- g L
3 1504+— . ; : : ol ’ , " : :
0.0 0.1 0.2 0.3 0.4 05 0 20 40 60 80 100
Potential (V vs. Ag/AgCl) Scanrate (mVs™)
(e) ,, (f)
—=—FeNi(OH/P)-0 c 120
35.]——FeNi(OHIP)-0.6 \
—a—FeNi(OH/P)-1.2 < R
30— FeNi(OH/B)-1.8 S 1004 - " :'.E-..--.,.&. ..........................
[R}—Z,] g "\.-"
—_ _ 4 s u
g 25 = 80 st -f'"-.-...._._l_._
£ 20+ X [
o 0.6 ‘é 60 - 03 03
=~ 15 Fosi ) s s
h g:; / / / ,_2« 4°_=§,u g'oz
v 10 oz !/ g S Sor
N o1 //’/ o 204
51 hapapanarananaey B0 OO T w0 w0 130 180 C° Fiseo0 Z0m00 250 220800
0 Z' (Ohms) O o Time (s) Time (s)
0 5 10 15 20 25 30 35 40 0 2,000 4000 6000 8000 10,000
Z' (Ohms) Cycle number

Figure 4. (a) CV curves at different scan rates and (b) GCD curves at different current densities
for the FeNi(OH/P)-1.2 electrode. Comparison of (c¢) CV curves, (d) rate performance, and (e) EIS
spectra for FeNi(OH/P) electrodes with different amount of NaH,PO,. The inset of (e) shows the
equivalent circuit diagram. (f) Cycling performance of the FeNi(OH/P)-1.2 electrode; the inset of
(f) shows the first 10 cycles and the last 10 cycles of the GCD curves of the FeNi(OH/P)-1.2. electrode
at 24 mA cm 2.

The chemical process of Equation (9) is related to the oxidation of TMP, and
Equations (10) and (11) are related to the adsorption—desorption of OH™ ions. The adsorp-
tion capacity of the OH™ ions between the active material and the electrolyte affects the
electrochemical performance of the electrode.

Figure 4b depicts the GCD curves of the FeNi(OH/P)-1.2 electrode at different current
densities. There is an obvious platform in the discharge curve, indicating a more battery-
type redox behavior, consistent with the CV curve results. The charging time was almost
equal to the discharging time at all current densities, indicating that FeNi(OH/P)-1.2 has
Coulombic efficiency and highly reversible redox reactions in GCD. The C; of FeNi(OH/P)-
1.2 was calculated to be 2740.9, 2393.0, 2196.6, 2045.0, 1649.9, and 1025.0 mC cm~2 at current
densities of 6, 8, 10, 12, 26, and 48 mA cm 2, respectively.

Figure S3a depicts the CV plots of the obtained FeNi LDHs and FeNi(OH/P)-1.2
electrode for 0~0.45 V. Notably, the FeNi(OH/P)-1.2 electrode demonstrates the larger CV
area and peak current density. The capacities (Figure S3b) were then calculated from the CV
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curves. Compared with the FeNi LDH electrode, the FeNi(OH/P)-1.2 electrode had a better
rate performance, which indicates significantly improved electrochemical activities and an
enhanced capacity of phosphide samples. Figure 4c shows the CV curves of the obtained
FeNi(OH/P)-0, FeNi(OH/P)-0.6, FeNi(OH/P)-1.2, and FeNi(OH /P)-1.8 electrodes at a scan
rate of 20 mV s~ 1. All of the curves exhibited similar pairs of redox peaks. To learn more
about this, Figure 4d displays the rate performance for the FeNi(OH/P) electrode with
different amounts of NaH;PO,. The result indicates that the FeNi(OH/P)-1.2 electrode
demonstrated the highest specific capacity and best rate performance out of all of the
as-prepared electrodes. Specifically, the FeNi(OH/P)-1.2 electrode possessed a specific
capacity of up to 3.6 C cm 2 at 1 mV s~ 1. This capacitive value was higher than that of the
FeNi LDH electrode (1.0 C cm~2), FeNi(OH/P)-0 electrode (0.82 C cm~2), and FeNi(OH/P)-
0.6 electrode (1.7 C cm™2) at 1 mV s~ 1. When the addition of NaH,PO, was 1.8 g, the
capacity of the FeNi(OH/P)-1.8 electrode decreased (2.7 C cm 2 at 1 mV s~ ') compared
with FeNi(OH/P)-1.2, indicating that phosphorus-rich TMPs had a lower specific capacity
as a result of electron accumulation around the P atoms. The highest capacity obtained of
3.6 Ccm ™2 (~1469.9 C g~ ! and 408.3 mAh g~2) at 1 mV s~ ! was excellent compared with
the reported metal phosphide electrodes.

To better explain the electrochemical properties, we need to clarify the electrochemi-
cal kinetics of the FeNi(OH/P) electrodes, which have two energy storage mechanisms:
Faradaic and non-Faradaic reactions. The non-Faradaic reaction is the process of electro-
static adsorption in electric double-layer capacitors. In contrast, Faradaic reactions occur
on both the surface (redox pseudocapacitance) and in the bulk of the material (typically as
in conventional batteries; diffusion-controlled).

The capacitive effects can be characterized by analyzing the CV data at various sweep
rates according to the following [26,27]:

i=av® (12)

where i is the current, v is the scan rate, and a and b are constants. Here, b is determined
from the slope of the plot of log i versus log v according to Equation (12). When b is close
to 1, this indicates that it is predominantly capacitive. When b is equal to 0.5, this means
that this is a diffusion-controlled process. The calculated b values for the FeNi(OH/P)
electrodes are shown in Figure S4. It was found that the b value for all of the FeNi(OH/P)
electrodes with different amounts of NaH;PO, was always around 0.5, indicating that
the current comes primarily from the diffusion-controlled process. This manifests the
battery-type behavior of the FeNi(OH/P) electrode.

To further study the ion and electron transport kinetics of the FeNi(OH/P) electrodes,
electrochemical impedance spectroscopy (EIS) measurements with equivalent circuits are
shown in Figure 4e. The impedance spectra are composed of one semicircle and a linear
segment in the high- and low-frequency region, respectively. The intercept at the real axis
represents the equivalent series resistance (Rs), which is a combination of ionic resistance of
the electrolytes, electronic resistance of the electrode materials, and interface resistance. The
values of R for FeNi(OH/P)-0, FeNi(OH/P)-0.6, FeNi(OH/P)-1.2, and FeNi(OH/P)-1.8 are
0.88, 0.83, 0.76, and 0.68 (2, respectively. As the content of NaH,PO, increases, the R value
decreases, demonstrating improved charge-transfer kinetics and rapid electron transport
for redox reactions after phosphating. However, the FeNi(OH/P)-1.8 electrodes with the
lowest slope in the low-frequency region demonstrate its higher diffusive resistance. Ion
diffusion is affected because of the accumulation of electrons around the P atoms in the
P-rich TMPs.

Figure 4f reveals the cycle performance of the FeNi(OH/P)-1.2 electrodes. After
10,000 cycles of GCD curves at 24 mA cm ™2, the capacitive retention of the FeNi(OH/P)-1.2
electrode was 72.0% and remained unchanged. The increase in capacity during the first
600 cycles could be attributed to the activation of FeNi(OH/P), which conformed with the
characteristics of Ni(OH)2 [20] and NiP [18], indicating that they had standard metalloid
characteristics. The diminishment of the capacity performance could be attributed to the
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following: (1) the formation of FeNi hydroxide from the surface of FeNi(OH/P) reacting
with the electrolyte [28]. (2) In FeNi compounds, Ni was the active site for Faradaic
reactions and it was easier to convert Ni>* to Ni**, but not in the reverse process. After
multiple charge/discharge processes, the irreversible reaction of Ni** increased, so the
Faraday capacitance became lower and lower [9,29]. A detailed comparison between the
electrochemical properties reported in the present study and in previously reported studies
for composites in a three-electrode system is given in Table 1.

Table 1. Comparison of the electrochemical performances between the as-fabricated FeNi(OH/P)
electrode and previously reported FeNi-based /TMP electrodes.

. Current Specific Capacitance
Electrode Materials Collector Electrolyte Capacitance Retention Year Ref.
Znﬁ:gégit/ P) Nickel foam 3 M KOH 1708 Fg~1/5.64Fem 2 (1A g™} (fgo/g) 2021 [17]
Fiiii?}ifo Carbon foam 2 M KOH 7955Cg 1 (1Ag) ?59630/; 2021 [30]
FENliiizﬁelt‘DHs Nickel foam 3 M KOH 280Fg ! (1Ag)) (;80/8) 2020 [31]
NiCoP-MLG . ,1 91%
nanosheet (powder) ) 3 MKOH 14196 Fg~" (1Ag™) (3000) 2020 [33]
NiCoP -1 —1
nanoplate (powder) ) 2MKOH 1306 Fg™" (1Ag™) - 2020 [34]
lzgifv%fg - 2MKOH 152666 Fg~ ! (1Ag™) ?265'35‘)’ 2020 [35]
rﬁﬁa%e Nickel foam 1M KOH 1472Fg 1 (1A g™ (9606(3)0/; 2019 [36]
naNr: gj\fr . Nickel foam 6 M KOH 19.9 Fcm 2 (50 mA cm ™~ 2) (2950/8) 2019 [37]
Ni,P . . 1 110.9%
Eangsphelg Nickel foam 6 M KOH 3827Fg~ (045Ag™) (40 O/O) 2018 [11]
NiCo0,04-NiCoP . . . 71%
nanosheet/nanowire Nickel foam 3MKOH 22888Fg (1Ag™) (2000) 2018 [38]
NiCoP . 1 . 73%
nanosheet Nickel foam 6 M KOH 2143F g1 (1Ag™Y) 2000) 2018 [39]
NiP , ) B ]
nanosheet Nickel Sponge 6 M KOH 4303mAh g™ (1Ag™) 2016 [40]
NigP Nickel foam 6 M KOH 2141 Fg 1 (50 mVs1) - 2015 [21]
nanosheet
CuFeZO4 . ~ .
NR@NiFe,0,-Ng  ~rainless-steel 6 M KOH 1366 Cg 1 (1A g 4% 2021 [41]
. mesh (10,000)
nanosheet/nan0w1re
NiFe-LDH nanosheet Nickel foam 1M KOH 2708 Fg~ 1 (5Ag™) %660;0 2017 [9]
FeNi(OH/P)-1.2 . 36Ccm 2/1469.9Cg 1/ o )
nanosheet Nickel foam 3 M KOH 408.3 mAh g,l (ImVs) 72.6% (10,000) This work

It can be observed that the addition of NaH,PO, in phosphating had a significant
effect on the electrochemical performance of the as-prepared samples. This may be be-
cause of the following: (1) When the mass of NaH,;PO, was less than 1.2 g, there was
no morphology change compared with the precursor, and the phosphating degree of the
precursor was insufficient, resulting in insufficient active sites during the electrochemical
reaction. (2) When the mass of NaH,PO, was more than 1.2 g, the porosity decreased
obviously owing to the aggregation of phosphide as a thick layer, resulting in a decrease in
the specific surface area and ion/electron transport channels. Moreover, phosphorus-rich
metal phosphides have a large number of P-P bonds, leading to free electron clusters and a
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reduced electrochemical performance. Therefore, when the addition of NaH,PO, was 1.2 g,
saturation phosphorization and nanostructure optimization of the as-prepared samples
were achieved simultaneously. More importantly, the electrochemical performance was
also optimized at the same time.

To further demonstrate the practical feasibility of the optimized FeNi(OH/P) electrode,
an all-solid-state hybrid supercapacitor (HSC) was assembled with FeNi(OH/P)-1.2 as the
cathode electrode and PPy /C as the anode electrode. Figure S5a displays the SEM image of
the PPy /C anode, which is composed of a PPy/C nanorod. The XRD pattern is shown in
Figure S3b. The diffraction peaks around 24° and 43° could be indexed to the (002) and
(100) crystal planes of the carbon, respectively. The CV curves of the PPy/C electrode and
FeNi(OH/P)-1.2 electrode at 20 mV s~ ! are displayed in Figure S6a. The rectangular CV
curve of the PPy/C anode reveals the electrical double-layer capacitance (EDLC) behavior,
which is different from the electrochemical feature of the FeNi(OH/P) cathode. Figure 5a
shows that the hybrid supercapacitor can work efficiently in a large operating voltage
for 1.9 V. The GCD curves of the HSC at various current densities from 7 to 140 A cm 2
displayed an almost symmetrical triangular shape with a slight deviation, indicating its
good electrochemical reversibility and ideal capacitance behavior (Figure 5b). Notably,
the HSC reached 1.9 Ccm 2,14 Cem 2, 0.7 Cem 2, and 0.3 C cm 2 at 7 mA cm 2,
14 mA cm~2,70 mA cm~2, and 140 mA cm ™2, respectively.

To study the influence of PAAS on electrolytes, we evaluated the electrochemical
performance of the HSC with different gel electrolytes using the same electrodes. From the
GCD curves (Figure 5a and Figure S6b), the HSC with PAAS had a longer discharge time.
These results indicated the enhanced charge storage capacity of the FeNi(OH/P)//AC
HSC after optimizing the electrolyte. As shown in Figure 5d, 2000 cycles were tested
at 21 mA cm~2. Impressively, after 2000 cycles, the capacity retention of the HSC with
PAAS remained at 118.5%, which was better than the HSC without PAAS (51.3%). Sodium
polyacrylate (PAAS) is a polyanionic electrolyte with good water solubility and a large
number of hydrophilic groups [42]. Its aqueous solution has a good dissociation, wettability,
and water retention. When added to the PVA/KOH electrolyte, it not only has good film-
forming properties to encapsulate the two electrodes, but can also retain the water in the
electrolyte well so as to reduce the water loss of the electrolyte and affect the electrochemical
performance during electrochemical work. Moreover, PAAS is also a surfactant that can
prevent the negative effect of metal ions. It can ameliorate the redox activity of battery-type
electrodes and catalyze the reaction of the active material with OH™. According to the
above experimental results, PAAS, as a water-retaining agent/active agent in the electrolyte,
can greatly improve the cycle performance of solid-state energy storage devices. The
capacity retention of the HSC with PAAS is far superior to the reported supercapacitor; for
instance, NiCoP@NEF/ /AC (67.2%, 500 cycles) [31], NiCo0,0O4/ /FeSe; (90%, 1000 cycles) [43],
CQDs/NiCo0,04//AC (101.9%, 5000 cycles) [44], NiC0,S4/ /C (76%, 5000 cycles) [45], and
NiCo0y04/NF/ /NiCo,04/NF (86%, 500 cycles) [46].

The kinetic factors for the enhanced electrochemical performance were analyzed using
EIS spectra (Figure 5e). The electrolyte resistances (Rs) of the HSC with PAAS (Rs = 1.3 ()
were smaller than those of the HSC without PAAS (Rs = 2.1 )), and the charge transfer
resistance (Rct) of the HSC with PAAS (Rct = 0.7 () was smaller than that of the HSC
without PAAS (Rs = 1.06 (), indicating a fast electron transfer ability. Meanwhile, the
slope of the HSC with PAAS in the low-frequency region was larger than that of the HSC
without PAAS; thus, its ion diffusion kinetics were enhanced through the addition of PAAS
in the electrolyte, which is consistent with the CV/GCD results. Furthermore, it can be
seen that the Rs and Rct of the HSC with PAAS (Rs = 0.5 (), Rct = 0.61 Q) were smaller after
the cycles.
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Figure 5. (a) CV curves and (b) GCD curves of the FeNi(OH/P)//PPy/C HSC with the
PVA /KOH/PAAS gel electrolyte. Comparison of (¢) GCD curves and (d) cycling performances
of the FeNi(OH/P)/ /PPy /C HSC with different electrolytes. The inset of (d) shows the first 10 cycles
and last 10 cycles of GCD curves of the FeNi(OH/P)//PPy/C HSC with PVA/KOH/PAAS gel
electrolyte at 21 mA cm~2. (e) EIS spectra for the FeNi(OH/P)/ /PPy HSC with PVA/KOH gel
electrolyte, and the FeNi(OH/P)//PPy/C HSC with the PVA /KOH/PASS gel electrolyte before and
after 2000 cycles. (f) Ragone plot.

The Ragone plots of the HSC in this research are compared with the reported litera-
ture in Figure 5f. The HSC exhibited a high energy density of 45 Wh kg ! at 581 W kg~ !,
which is superior to that reported in the literature, such as NiCoP@NF//AC (27 Wh kg ! at
647 W kg~1) [31], CQDs/NiCo,04//AC (27.8 Whkg ! at 128 W kg 1) [44], NiC0,0O4 / /FeSe,
(10.4 Wh kg ! at 1200 W kg 1) [43], NiCoP (30.2 Wh kg ! at 891 W kg 1) [27], NiC0,S,/ /C
(22.8 Wh kg~ ! at 160 W kg~!) [45], NiC0o,O4/NF//NiCo,O4/NF (30 Wh kg~ ! at
750 W kg~ 1) [46], Co-S-P//AC (179 Whkg ! at 750 W kg 1) [47], CMTs-1000/NiyCoS4/ / AC
(28.1 Whkg ! at753 W kg 1) [48], and Ni(OH), / /F2RF-150 (4.1 Whkg ! at 661.5 W kg 1) [49].

4. Conclusions

In summary, a self-supported nanohoneycomb (NHC)-like FeNi(OH/P) nanosheet
array was prepared through a simple two-step procedure. By adjusting the addition of
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NaH,PO,, the FeNi(OH/P) electrode simultaneously achieved saturation phosphorization
and nanostructure optimization. The as-fabricated FeNi(OH/P) electrode achieved a
significantly enhanced specific capacity of 3.6 C cm~2 (~408.3 mAh g~!) at 1 mV s~! with
cyclic stability (72.0% retention after 10,000 cycles). Meanwhile, an all-solid-state hybrid
supercapacitor device assembled by employing FeNi(OH/P) as the cathode electrode and
PPy/C as the anode electrode exhibited a high capacity of 1.9 C cm~2 at 7 mA cm 2, a
maximum energy density of 45 Wh kg~!, and excellent cyclic stability of 118.5% after
2000 cycles after optimizing the electrolyte. These excellent properties indicate that the
FeNi(OH/P) nanosheet array has excellent prospects as an advanced electrode material

for HSCs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/en15113877/s1. Figure S1: SEM images of (a) FeNi(OH/P)-0,
(b) FeNi(OH/P)-0.6, and (c) FeNi(OH/P)-1.8. Figure S2: Comparison of the XRD pattern for FeNi(OH/P)
with different amount ofNaH,;PO,. Figure S3: Comparison of (a) CV curves and (b) rate performance
of FeNi LDHs and the FeNi(OH/P)-1.2 electrode. Figure S4: The value of b for FeNi(OH/P) electrodes
with different amounts of NaH,PO;. Figure S5: (a) SEM images and (b) XRD pattern of the PPy/C.
The inset of (a) shows SEM image of the PPy /C under high magnifications. Figure S6: (a) CV curves
of the FeNi(OH/P)-1.2 cathode and PPy/C anode performed in 3 M KOH. (b) Comparison of the rate
performance capacity for FeNi(OH/P)//PPy/C HSC with different electrolytes.
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