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Porous graphene-encapsulated FeNiSe, binary-metal selenide nanorods (FeNiSe,@PG) were prepared
by filtration, annealing, and selenylation techniques. The morphology and structure of FeNiSe,@PG were
investigated by scanning electron microscopy (SEM), transmission electron microscopy (TEM), selected
area electron diffraction (SAED), and X-ray diffraction (XRD). The interfacial interaction of FeNiSe, and
graphene was characterized using X-ray photoelectron spectroscopy (XPS) and Raman spectroscopy.
FeNiSe4,@PG exhibited excellent electrochemical performance when used as an anode for lithium-ion
batteries. The first reversible capacity of FeNiSe,@PG at 100 mA g~ was 861.0 mA h g™t and increased
to 1121.6 mA h g~ after 50 cycles. Even at 1, 2, and 5 A g~2, the specific capacities could still maintain
610.3, 314.1, and 144.4 mA h g~ even after 500 cycles, respectively. The excellent electrochemical
performance of FeNiSe;@PG should be attributed to its special structure. First, the excellent electrical

Received 27th October 2023, conductivity of graphene improved the overall electrical property of the electrode material. Second, the

Accepted 5th February 2024 porous structure of graphene facilitated the infiltration of the electrolyte into the film electrode.
DOI: 10.1039/d3ma00911d Moreover, the synergistic effect of iron and nickel in FeNiSe4@PG and the strong interfacial interaction

between graphene and FeNiSe, contributed to the rapid diffusion of lithium ions and the transport of
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Introduction

The rapid development of the economy is inseparable from the
strong support of the energy supply. Fossil fuels with limited
reserves and heavy pollution are still dominant sources of
energy. Based on the strategic consideration of sustainable
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FeNiSe,@PG. The electrochemical performance of FeSe,/PG. The TG curves of
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development, the development of renewable clean energy is
urgent.! Lithium-ion batteries (LIBs) are preferred due to the
advantages of high energy density and operating voltage.> As
an important component of the battery, electrode materials
play a crucial role in the electrochemical performance of LIBs.
However, graphite, the current commercial anode material,
limits the further improvement of the energy density of LIBs
due to its low theoretical specific capacity.® Different from the
intercalation mechanism of carbon materials, transition metal
compounds usually exhibit a conversion mechanism, which
has higher theoretical specific capacities. Compared with metal
oxides and sulfides, metal selenides have a lower band gap and
higher covalent state, higher electrical conductivity, higher stack
density, and better electrochemical activity.”'° In addition, the
metal-Se covalent bonds are weaker and the d-electron arrange-
ment is proper.* ™ FeSe,,"* ' CoSe,,"” " and NiSe,'***" have
attracted considerable attention due to their large interlayer
distances, high theoretical specific capacity, and low cost.>***
For example, Chen et al. designed bamboo-like N-doped carbon
nanotube encapsulated FeSe, nanoparticles via self-catalysis and
chemical transformation, and the material exhibited excellent
electrochemical performance when used as an anode material for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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LIBs." Chen et al. synthesized novel CoSe,/Ti;C,T, composites by
growing CoSe, particles in situ on TizC,T, via a hydrothermal
method and showed high specific capacities and good stability.*®
Sun et al prepared NiSe,/multi-heteroatom doped carbon/
reduced graphene oxide, which exhibited excellent electrochemi-
cal properties, especially cycling stability.”"

Compared to mono-metal selenides, binary-metal selenides
have larger crystal sizes, more electroactive centers, and lower
activation energy for electron transfer among cations. Thus, they
exhibit more excellent electrical conductivity.>*>” Moreover, binary-
metal selenides have a synergistic effect between the two metals and
expose more active sites for electrochemical reactions.”*”" In
addition, the binary-metal selenides have faster lithium-ion diffu-
sion kinetics and can increase the reversible capacity and prolong
the cycle life.”® Since the atomic radii of Fe and Ni are similar, the
bimetallic selenides of iron and nickel contribute to the compat-
ibility of the crystalline structure.’” The orbital overlap between the
elements of iron, nickel, and selenium makes each atom have a
more stable atomic interaction and improves the stability of the
anode material.*® However, to the best of our knowledge, the iron
and nickel bimetallic selenides (FeNiSe,) as the anode for LIBs have
not yet been explored previously.

Similar to mono-metallic selenides, bimetallic selenides also
face serious volume changes during the charge/discharge process
in the practical application of the anode materials, which leads to
rapid capacity decay and cycle performance deterioration.** In
addition, the electrical conductivity of the binary-metal (Fe and Ni)
selenide still cannot meet the requirements of the electrode
material although the conductivity is better than that of the other
transition-metal chalcogenides. Due to the advantages of superior
electronic conductivity and chemical stability, graphene can be
used to alleviate the volume changes of binary-metal (Fe and Ni)
selenide and improve its conductivity.>*>*” In addition, the current
mainstream electrode preparation involves a coating process using
insulating binders, which can limit electron transport and ion
diffusion and decrease the energy density of batteries due lack of
capacity contribution.’®*° Thus, it is essential to design free-
standing anode materials without binder.

In this work, we report a free-standing anode material FeNiSe,
nanorods on porous graphene film via vacuum filtration, anneal-
ing, and selenylation processes. The high conductivity of graphene
contributes to improving the conductivity of the electrode material.
The porous structure facilitates the diffusion of lithium ions, the
transport of electrons, and the infiltration of electrolytes. In
addition, the synergistic effect of Fe and Ni is conducive to
increasing the active sites of electrochemical reactions. Thus, when
used as an anode material for LIBs, the FeNiSe, nanorods exhibit
excellent electrochemical performance.

Experimental
Synthesis of FeNiSe,@PG

FeNiSe,@PG was prepared using hydrated ferric nitrate,
hydrated nickel nitrate, graphene oxide, and selenium powder.
Firstly, Fe(NO3);-9H,0 (0.08 mmol), Ni(NOj3),-6H,0 (1.6 mmol)
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and graphene oxide (10 ml, 1 mg ml~") were mixed and sonicated
for 30 min. Then, the mixture was maintained under vigorous
stirring for 3 h and filtered through a membrane (0.22 mm pore
size). After annealing at 1000 °C for 1 h in an argon gas atmosphere,
FeNi@PG was obtained. Finally, the FeNiSe,@PG was obtained after
selenization using Se powders (0.6 g) at 410 °C for 6 h in H,(15%)/
Ar(85%) mixture gas atmosphere. Both FeSe,/PG and NiSe,/PG were
prepared as control samples using the same procedure except for
the addition of hydrated nickel nitrate or hydrated ferric nitrate.

Characterization

Scanning electron microscopy (SEM, JEOL JSM-7500F) and
transmission electron microscopy (TEM, JEOL JEM-2100F) were
used to investigate the morphology of the samples. X-ray
diffraction (XRD, Rigaku D/max-2500B2+/PCX) and selected
area electron diffraction (SAED) were used to characterize the
structure of the obtained samples. X-ray photoelectron energy
spectra (XPS) were used to characterize the interfacial inter-
action using a monochromatized Al Ko radiation (1486.6 eV)
with 30 eV pass energy in 0.5 eV step over an area of 0.65 mm x
0.65 mm. Thermogravimetry (TG) was used to investigate the
contents of graphene in the electrode materials. The samples
were heated from room temperature to 700 °C at 5 °C min™'
under an O, atmosphere.

Electrochemical measurements

The lithium-ion storage performance was studied using 2032
coin-type cells. FeNiSe,@PG was directly used as the working
electrode without any conductive additives and binders. The
counter electrode, separator, and electrolyte were pure lithium
sheet, polypropylene, and a solution of 1 M LiPF, in ethylene
carbonate (EC)-diethyl carbonate (DEC) (1:1 by volume),
respectively. The specific capacities, rate capability, and cycle
performance were tested at various rates in the voltage range of
0.01-3.00 V using a Land battery test system (CT3001A, WUHAN
LAND). The cyclic voltammograms (CV) were obtained at the
range of 0.01-3.00 V with a scan rate of 0.1 mV s~ using a
CHI600E electrochemical working station (Shanghai Chenhua).
The electrochemical impedance spectral (EIS) measurements
were also carried out on a CHI600E electrochemical working
station and the frequency range was from 10°> Hz to 10> Hz.

Results and discussion

Fig. 1 shows the schematic of the forming process of FeNiSe,@PG.
First, hydrated ferric nitrate and nickel nitrate were dispersed into
graphene oxide. Second, the graphene oxide/ferric nitrate/nickel
nitrate composite film was obtained after ultrasonic, stirring, and
vacuum filtration. Third, the composite film was converted into
FeNi@PG under an Ar atmosphere. Finally, FeNiSe,@PG was
obtained after selenization of FeNi@PG.

The morphology of FeNi@PG showed that FeNi nano-
particles were located in the pores of the porous graphene film
(Fig. 2a and b). The formation of the pores was due to the
carbothermal reaction of ferric nitrate, nickel nitrate and
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Fig. 1 Schematic diagram of the forming process of FeNiSe,@PG.

10,1/nimn

Fig. 2 SEM images of (a) and (b) FeNi@PG and (c) and (d) FeNiSe,@PG, (e)
TEM image of FeNiSe,@PG and (f) corresponding SAED pattern.

graphene.’*™*? During annealing, carbon atoms reacted with

metal ions and the porous structure was obtained. In addition,
the functional groups on graphene oxide decomposed, and
graphene was obtained. Interestingly, after selenization, the
granular FeNi was transformed into nanorod-like FeNiSe,
(Fig. 2c and d). The formation of nickel-iron selenide nanorods
should be attributed to the Oriented Attachment (OA)
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mechanism.**™® It is worth noting that iron plays a decisive
role in the formation of the nanorods. Previous reports have
shown that when granular iron carbide is selenized under
similar conditions, nanorod-like iron selenide can be easily
obtained.'® However, when granular nickel selenide is sele-
nized, granular nickel selenide can still be obtained (Fig. S1,
ESIY). Fig. 2f shows that the diffraction spots matching (111),
(002), (222), and (005) diffraction rings in the selected area
electron diffraction (SAED) image of FeNiSe,@PG, indicating
FeNiSe, nanorods are polycrystalline. The XRD pattern of FeNi-
Se,@PG confirmed the existence of FeNiSe, in FeNiSe,@PG,
corresponding to the standard card JCPDS 97-063-2969 (Fig. 3
and Fig. S2, ESIt).

Fig. 4a shows the XPS spectra of FeNiSe,@PG, which is
composed of C, O, Fe, Ni, and Se elements. The curve fitting of
C 1s, Fe 2p, Ni 2p, and Se 3d was carried out using a Gaussian—
Lorentzian peak shape after a Shirley background correction. The
C 1s spectra of FeNiSe,@PG can be fitted to the C in the aromatic
rings (285 eV), C in C-O (286.1 eV), and C in C=0 (289 eV) (Fig.
S$3, ESIt).*°™*8 For the Fe 2p spectrum of FeNiSe,@PG, the peaks
at 711.5, 724.8, 707.4, and 720.1 eV are ascribed to Fe** 2p;/,, Fe**
2P1/2, Fe* 2pas, and Fe®* 2py,, respectively (Fig. 4b).**" The Ni
2p peak of FeNiSe,@PG can be fitted to six peaks. The peaks at
874.1 and 856.1 eV can be attributed to Ni** 2p;,, and Ni** 2pg),,
respectively. The peaks at 871.1 and 853.7 eV should arise from
Ni** 2p,/, and Ni** 2psy,, (Fig. 4c) and the corresponding satellite
peaks are located at 878.8 and 860.3 €V respectively.”>™ Inter-
estingly, the Ni 2p spectrum of FeNiSe,@PG presents upshifts to
higher binding energies about 0.1 eV compared to that in NiSe,/
PG, indicating the synergistic effect of Fe and Ni in FeNiSe,@PG
changes the electrical structure of NiSe, and the charge transfer
occurs from nickel and iron to selenium (Fig. S4, ESIt). For the Se
3d spectrum, the peaks at 56.5 and 59.3 eV could be ascribed to

Intensity/(a.u.)

JCPDS 97-063-2969

]‘||| ||.|||. 1 1
30 40 50 60 70 80 90
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Fig. 3 XRD pattern of FeNiSe,@PG.
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Fig. 4

Se-Se and Se-O, respectively. The peaks of 55.8 and 55.2 eV could
come from the covalent bonds between selenium and iron/
nickel.”>>” The middle peak at 57.3 eV corresponds to the
interfacial interaction between FeNiSe, and graphene,42 indicat-
ing the formation of C-Se-Fe/C-Se-Ni bonds between graphene
and FeNiSe,. The Raman spectrum showed two characteristic
peaks located at 1345 and 1585 cm™ ", corresponding to the D
band and G band, respectively.*’ The I,/I; of FeNiSe,@PG
decreases to 0.94 from 1.14 (NiSe,/PG), indicating the synergistic
effect of Fe and Ni in FeNiSe,@PG enhances the interfacial
interaction between FeNiSe, and graphene (Fig. S5, ESIt).

To explore the electrochemical performance of FeNiSe,@PG,
the specific capacity, rate capability and cycle performance of
FeNiSe,@PG as anode materials for LIBs were evaluated by
galvanostatic charge/discharge measurements under a voltage
window of 0.01-3.00 V. Fig. 5a shows the cyclic voltammetry
curves of FeNiSe,@PG for the initial three cycles at a scan rate
of 0.1 mV s~ . In the CV curves, the first cathodic peak at 1.90 V
during the discharge process should correspond to the inter-
calation of Li" into the FeNiSe,@PG electrode. The peaks at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1.36 and 1.56 V can be ascribed to the lithiation reaction of
FeNiSe, and Fe, Ni, and Li,Se were generated. The peaks at 0.69
and 0.01 V should be attributed to the solid electrolyte interface
(SEI) layers and the insertion of Li" into the graphene layers,
respectively. During the second cathodic process, there are four
cathodic peaks at 1.88, 1.69, 1.34, and 0.81 V during the discharge
process, which are attributed to the multistep transformation of
lithium and FeNiSe, to Fe, Ni, and Li,Se.*! The excellent over-
lapping of the third and second cycles indicates that the lithiation
and delithiation are highly reversible. In the subsequent charging
process, the two anodic peaks at 2.07 and 2.32 V correspond to the
multistep delithiation reaction of Li,Se.>® Nickel and iron will react
with Li,Se and FeNiSe, was obtained (Fig. 5a).

The first discharge capacity and reversible capacity of FeNi-
Se,@PG are 1125.5 and 861 mA h g~ * at 100 mA g *, respec-
tively (Fig. 5b). However, the reversible capacities of NiSe,/PG
and FeSe,/PG are only 479 and 507.9 mA h g™, respectively, at
the same current density. The initial coulombic efficiency (ICE)
of FeNiSe,@PG can reach up to 76.5%, while the ICEs of NiSe,/
PG and FeSe,/PG are only 62.2% and 64%, respectively. On the

Mater. Adv., 2024, 5, 2898-2905 | 2901
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Fig. 5 (a) CV curves of the first three cycles for FeNiSe,@PG; (b) initial two discharge—charge curves of FeNiSe,@PG; (c) the cycle performance and

coulombic efficiency of NiSe,/PG and FeNiSe,@PG at 100 mA g~%; (d) the rate capability of NiSe,/PG and FeNiSe,@PG at different current densities
between 0.1 and 10 A g~% (e) AC impedance spectra of NiSe,/PG and FeNiSe,@PG (f) the corresponding Randles equivalent circuit; and (g) the cycle

performance of FeNiSe,@PG at 1, 2, and 5 A g%,

one hand, the existence of irreversible capacity is due to the
formation of solid electrolyte interphase (SEI) films. On the
other hand, the irreversible capacity is also caused by defects
and edges of porous graphene. After 50 cycles, the reversible
capacity of FeNiSe,@PG increased to 1121.6 mA h g~ ', which is
higher than those of NiSe,/PG (463 mA h g ') and FeSe,/PG
(532.1 mA h g~ ") (Fig. 5c and Fig. $6, ESIt). According to the TG
results, the contents of graphene in FeNiSe,@PG, NiSe,/PG, and
FeSe,/PG are 76.13%, 78.18%, and 81.79%, respectively (Fig. S7,
ESIT). In addition, the FeNiSe,@PG electrode shows better rate
capability between 0.1 and 10 A g *. The specific capacities of
FeNiSe,@PG at 1, 2, 5, and 10 A g’1 are 503.7, 349.1, 179.3, and
103.5 mA h g%, respectively. After the high rate test even at 10 A g%,
when the current density returns to 100 mA g~ ', the specific
capacity immediately returns to 779.7 mA h g~ . After 80 cycles,
the capacity increases to 1020.3 mA h g, while the specific capacity
of NiSe,/PG was only 495.2 mA h g~ * (Fig. 5d).

Subsequently, the long cycle performance of the FeNiSe,@PG
electrode at high rates was tested as shown in Fig. 5g. At 1, 2, and
5 A g™, the first reversible capacities of FeNiSe,@PG were 851.4,
639.1, and 362.1 mA h g™, and after 500 cycles, the specific
capacities were still retained at 610.3, 314.1, and 1444 mAh g ',

2902 | Mater. Adv, 2024, 5, 2898-2905

respectively. The decrease of specific capacities during the initial few
cycles is due to the poor electrolyte wetting of the FeNiSe,@PG film
electrode. Then, with the gradual wetting of the electrolyte, the
specific capacity increases slowly and maintains stability until 500
cycles. Fig. S8a (ESIt) shows that the FeNiSe,@PG electrode after
cycling at 100 mA g~ " changed into small nanoparticles, which may
lead to stronger interaction between FeNiSe, and graphene due to
the more contact points. Previous studies have shown that the
formation of fine particles during cycling is conducive to the
promotion of reversible reaction.® In addition, the continuous
infiltration of the electrolyte into the electrode material also con-
tributes to the increase of capacity.®” It is worth noting that the
particle diameter of bimetallic selenide is smaller than that of
monometallic selenide after cycling. Therefore, although the
capacityrise phenomenon exists in both binary-metal selenide
and single-metal selenide, the capacity increase is more obvious
in bimetallic selenide. Moreover, the increase is highly dependent
on the current densities. Therefore, the cycled electrodes at different
current densities are characterized. After cycling, the particles of the
electrode materials at different current densities were agglomerated
to a certain extent. The agglomerating phenomenon becomes more
and more serious with the increase of current density (Fig. S9, ESIt).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To reveal the reasons for the excellent electrochemical
performance of FeNiSe,@PG, the electrochemical impedance
spectrum was used to characterize the kinetics of NiSe,/PG and
FeNiSe,@PG (Fig. 5e). The charge-transfer resistance of FeNi-
Se,@PG is lower than that of NiSe,/PG, indicating that the
synergistic effect of the binary-metal electroactive centers can
improve electrochemical reaction kinetics (Table S1, ESIT). How-
ever, the impedance was still relatively high after the addition of
graphene. On the one hand, the high impedance may be due to
continuous SEI formation and thickening of the SEI, which is
consistent with the result that the coulomb efficiency was still
less than 100% after several cycles. On the other hand, the
electrode material will undergo a certain degree of volume
expansion during the lithiation process, which may lead to an
increase in electrode thickness, obstruction of lithium-ion diffusion,
and an increase in impedance. Besides, the undesirable electrolyte
decomposition may also lead to an increase in impedance.” *
Moreover, the diffusion coefficient of lithium ions (Dy;') for FeNi-
Se,@PG, NiSe,/PG, and FeSe,/PG were investigated by the relation-
ship between the real part of impedance (Z') and the square root of
frequency (™ *?) in the low-frequency region (Fig. S10, ESIt). The
slope of the fitted line represents the Warburg coefficient (o), and
Dy;" is proportional to the (1/a,)>. The Dy;* of FeNiSe,@PG is 3.4 and
2.0 times that of NiSe,/PG and FeSe,/PG, respectively, indicating
better lithium-ion diffusion kinetics in FeNiSe,@PG than those of
NiSe,/PG, and FeSe,/PG.**%

The relationship between the peak current (i) and the scan
rate (v) can be described by the equation: i = av’, where a and b
are the adjustable parameters. The b-value determines the type
of lithium storage behavior and can be obtained from the slope
of the plot of log(i) vs. log(v). The b value can be used to
determine whether the lithium storage behavior is diffusion-
controlled (b = 0.5) or pseudocapacitive (b = 1). The b-values of
peaks 1 and 2 are 0.98 and 0.89, respectively, which are very
close to 1, indicating that the electrochemical reactions of
FeNiSe,@PG are primarily controlled by pseudocapacitance.
In addition, the pseudocapacitive (k,v) and diffusion-
controlled (k') contribution can be calculated by the equa-
tion of i = kv + k"2, in which k; and k, can be evaluated by
fitting v*/2~i/v*’* plots. The pseudocapacitance contribution of
the FeNiSe,@PG electrode increases as the sweep rate increases,
which is consistent with the b values. The pseudocapacitance
contribution of FeNiSe,@PG electrode at 1.2 mV s~ is 82.3%,
which explains the excellent rate and cycle performance (Fig.
S11, ESI1).°*®” To reveal the practicability of the binder-free
FeNiSe,@PG anode, a full cell was constructed and tested with
LiFePO, as the cathode and FeNiSe,@PG as the anode (Fig. S12,
ESIT). At 0.2C, the reversible specific capacity of the full battery
based on the mass of the anode is 716.5 mA h g™, which is
slightly lower than the test result of the half battery, indicating
that the capacity of the anode electrode can be basically
utilized. Based on the total weight of the cathode and anode
active material, the reversible capacity of the full battery is
86.7 mA h g~' and the initial coulombic efficiency is 52%.
After 50 cycles, the specific capacity can be maintained at
587.6 mA h g~ ' and the retention rate was 82% at 0.2C, showing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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excellent cycle performance. On the one hand, graphene can
improve the conductivity of the overall electrode material, while
on the other hand, the porous structure is conducive to the
infiltration of the electrolyte into the electrode material. More-
over, the porous structure can also provide more reversible
reaction active sites and shorten the distance of lithium-ion
diffusion. In addition, the strong interfacial interaction between
FeNiSe, and graphene in FeNiSe,@PG can facilitate the rapid
transfer of electrons. Therefore, FeNiSe,@PG shows excellent
electrochemical performance when used as an anode in LIBs.

Conclusions

In summary, FeNiSe,@PG was prepared by the coselenylation
of iron and nickel binary-metal. FeNiSe, nanorods were anchored
on the porous graphene, which can not only improve the con-
ductivity of the electrode material but also accelerate the infiltra-
tion of electrolytes. Moreover, a porous structure can also shorten
the distance of lithium-ion diffusion and electron transport. In
addition, the strong interfacial interaction between porous gra-
phene and FeNiSe, nanorods is beneficial to improving the
electrochemical reactivity of FeNiSe,@PG. Therefore, the FeNi-
Se,@PG electrode material showed excellent electrochemical per-
formance including high capacity, good rate capability, and cycle
performance, when used as an anode material for LIBs.
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