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Abstract: In this work, the performances of nickel iron layered double hydroxides (LDH) with the
nitrate anion at the interlayer (NiFe-NO3) for the manufacture of anodes for lithium-ion batteries
have been tested before and after its sintering at different temperatures. After synthesis, the material
was thermally analyzed in a range 30-1250 °C, showing a mass loss occurring in three different
consecutive steps leading to a total mass decrease of ~30 mass%. Following thermogravimetric
analysis (TGA), four samples were prepared by annealing at four different temperatures: one of
the four did not undergo a thermal treatment (NiFe-0), while the remaining three were annealed
at 250 °C, 360 °C, and 560 °C for 6 h (NiFe-250, NiFe-360, and NiFe-560). All materials where
completely characterized via FE-SEM, PXRD, and FI-IR. The pristine LDH material showed some
structural and compositional changes for growing temperatures, starting from the typical turbostratic
hexagonal structure through a mixture of amorphous metal oxides and finally to the stoichiometric
oxides FeNiyO,4 and NiO. The as-obtained materials were mixed with carbon black (C65) and sodium
alginate and tested as electrodes in Swagelok half cells in LP30 vs. metallic Li to perform CV and
GCPL analysis. The electrochemical tests showed that the performances of NiFe-0, both in terms of
stability and specific capacity, are not so different from the one of the NiFe-560, even if the Ni mass%
in the former is lower than in the NiFe-560. This phenomenon could be explained by assuming a
combined mechanism of reaction involving both intercalation and conversion.

Keywords: layered double hydroxide; Li-ion battery; anode; energy storage

1. Introduction

The importance of energy storage to reach zero-net requirements and to reduce green-
house gas emissions and minimize carbon footprints is a key aspect in current research [1]
and in modern technology [2]. For this reason, the topic of energy storage has a highly
interdisciplinary character, including pure chemistry [3], electrochemistry [4], material
science [5], and safety science [6]. Energy storage refers to many sectors of engineering,
like mechanical, chemical, and electrical engineering [7]. Intensive research in the latter
field led to a refinement of propulsion systems based on electric traction, with inevitable
repercussions on research about chemical energy storage systems in rechargeable electric
accumulators [8]. On this theme, many choices are possible depending on the intended
use and their practical disadvantages, which are typical of each kind of accumulator, of-
ten representing a limiting factor if not a crucial bottleneck [9]. In their recent review,
Patel et al. [10] proposed a thorough discussion concerning all current types of lithium
and non-lithium-based rechargeable battery systems (LIBs), enlightening a discrepancy
between theoretical and practical problems affecting such energy storage methods [11].

A common point to most studies on LIBs is focused on the optimization of a set of
parameters affecting the real utilization of rechargeable cells [12]. After the seminal paper
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of Goodenough and Park [13], who described the main figures of merit for a LIB, Deng [14]
presented a very clear analysis concerning these aspects, surveying some basic physical
“descriptors” having a very important role in the real world. Among them, the main role is
played by the total charge per unit weight or volume, the specific energy per unit mass or
volume, and the output power, expressed by the product of cell voltage V and discharge
current intensity. The latter parameter is particularly crucial, being related to kinetic aspects
that are often underestimated in literature, but there are exceptions [15]. In fact, as a general
trend, literature tends to focus preferentially on thermodynamics aspects determining the
electromotive force of the cell, resulting from voltages related to a combination of electrode
reactions at an open circuit. For this reason, the specific structure and composition of each
electrode has been the object of very wide investigations, with studies specifically focused
on single anodes [16] or cathodes [17]. In the case of LIBs, the overall scheme generally
relies upon Li+ ionic transfer in an electrolyte, where the discharge phase takes place
by means of an anode subject to a delithiation process and a cathode where the reverse
occurs. A common classification criterion for both anodes and cathodes stems in two
different physicochemical operating principles, which can be essentially based on Li-ions
intercalation, namely on Li-ions removal-insertion [18], or on Li-ion conversion-reaction,
building new chemical bonds in the embedding substrate [19]. Manthiram [20] enlightened
how such different mechanisms may have a basic role in affecting the charge-storage
capacity, through triggering disadvantageous secondary phenomena, such as an excessive
volume swelling for anodes or a dramatic life cycle reduction for cathodes, both in cases of
conversion—reaction Li storage.

In its turn, the physicochemical properties of an electrolyte may represent an impor-
tant rate limiting step of the whole process, even conditioning the choice of the relevant
electrodes. As is well known, the need for higher cell voltages, in view of specific energy
maximization, may actually prevent the use of an aqueous electrolyte by forcing the choice
towards non-aqueous media, usually made of aprotic organic solvents [21]. Implicitly, this
situation poses a typical problem of multi-constrained optimization [22].

Cathodes’ structure and composition in LIBs have been extensively surveyed in the
recent review of Kotal et al. [23], starting from more conventional Li-based layered transi-
tion metal oxides, including polyanion compounds, up to the most recent conversion-type
cathodes and finally to organic cathodes [24]. In the former case, the cathodic lithia-
tion/delithiation processes, occurring during charge/discharge, can be concisely described
as follows:

Li_xyMeyO, + x Li* + x e~ > LiMeyO, 1)

where Me indicates a transition metal, usually consisting of Co, Ni, and Mn, or a com-
bination of them [25]. Among these elements, the most suitable choice for a cathode
configuration depends on a trade-off between advantages related to a gain in charge capac-
ity and drawbacks connected with the onset of unwanted phase transitions during cycling
and a tendency to oxidize organic electrolytes, particularly pronounced for metal Ni [20].
Anodes underwent a parallel evolution trend, where the use of Li metal, particularly
interesting for its high charge capacity (3.86 Ah/g) and low reduction potential (—3.04 V),
was replaced by other formulations for safety issues and technical drawbacks related to
dendrite formation on the anode surface [26]. Composite materials, which have proven to
offer appealing performances in many different applications [27], represent a cornerstone
for LIB anodes operating by a Li-ion intercalation process, despite graphite suffering from
an upper stoichiometrical limit in its charge-storage capacity according to the following
scheme [28]:
LiCg > 6C + Li* +e7! 2)

As an alternative to the aforementioned intercalation processes, Li anodes relying
upon conversion-reaction schemes, such as SnO; and transition metals oxides/sulphides,
have been investigated [29].
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Layered double hydroxides (LDH), owing to their intrinsic turbostratic structure
capable of accepting intercalating ions, have been advantageously adopted as green photo-
catalysts [30] and selective sorbents for environmental decontamination [31]. To the best of
our knowledge, only one study concerning the use of LDHs as a new intercalating Li ion
substrate for the realization of LIB anodes has been proposed in literature [32]. In an effort
to cover this gap, the present study is focused on the use of a NiFe LDH intercalated by a
nitrate anion, exploring the possibility of using it as a promising substrate for Li+ anodic
storage. Essentially, the novelty and potential implications of this research consists of
finding the best trade-off between a satisfactory energy storage capacity and a compliance
with the paradigms of green synthesis for environmental protection [33]. It is shown that
the presence of a bidimensional structure promotes the stabilization of the anode, leading
to high performances with a lower amount of the electrochemically active Ni, a usually
noxious cation for living organisms. Additionally, as reported in [34], notable challenges to
obtain a more sustainable process industry in view of climate change and energy transition
are related to developing new and safer energy storage devices and, in particular battery
materials, taking into proper account at the design stage relevant novel hazards, safety
measures, and risk management. In this regard, it is worth noting that even though the
energy density increases as the nickel content increases, the thermal and structural stability
decreases significantly under abnormal circumstances [35].

The paper is structured as follows. In Section 2, the chemical species used for the
synthesis of the LDH are described, together with the corresponding experimental pro-
cedure and the apparatuses adopted to characterize the relevant materials. In Section 3,
the characterization of the materials and their response in electrochemical tests is made,
and finally in Section 4, the conclusions are drawn and an outlook on a possible future
development of the present study is proposed.

2. Materials and Methods
2.1. Reagents Used for LDH Synthesis and Electrochemical Cell Setup

The chemicals used in the present experimental tests, along with their purity and
supplier company, have been reported in Table 1.

Table 1. List of reagents used in the present study.

Name Formula Purity (Mass%)

ACS reagent, >98% by Sigma-Aldrich Co.,
LLC. (St. Louis, MO, USA)

ACS reagent, >98.5% by Sigma-Aldrich Co.,
LLC. (St. Louis, MO, USA)

Reagent grade, >98% (anhydrous) by Carlo
Erba srl (Cornaredo M, Italy)

Iron (III) nitrate nonahydrate =~ Fe(NOs3)3-9H,0

Nickel nitrate hexahydrate Ni(NO3),-6H,O

Sodium hydroxide NaOH

Commercial LP30, 1 M battery grade solution
Lithium hexafluorophosphate LiPFg in EC/DMC, >99.5% by Sigma-Aldrich Co.,
LLC. (St. Louis, MO, USA)

Purum p.a., >97% by Labbox ITALIA, SR.L
(Cornaredo MI, Italy)

Isopropanol CH3CHOHCH;

Commercial battery grade, >99.5% by
TIMCAL. Ltd. (Bodio, Switzerland)

Purum p.a., >99.8% by Sigma-Aldrich Co.,
LLC (St. Louis, MO, USA)

Conductive carbon C65

Sodium alginate (NaCgH7Og)n

Deionized water was used in all the experimental tests, produced by an ion exchange
unit (M3/M6 Chemical Biirger s.a.s, Genova, Italy). Prior to use, it was also boiled and
bubbled with argon to completely remove CO,, since in the synthesis condition, it could
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lead to the formation of a carbonate anion, which is one of the most akin anions for
the interlayer.

2.2. Synthesis Method

Achieving the desired LDH stoichiometry and morphology, depending on the in-
tended usage, primarily relies on finding the correct combination of various factors. These
factors include synthesis procedures, reaction pH, reagent types, solvents, temperature, and
reaction duration. NiFe-NOz LDH, more precisely identified as {Nié&FegES(OH) 2} hE
(NO3y )0'33_, was synthesized following the high supersaturation pathway proposed by
Grégoire et al. [36]. Namely, a mixed solution of Ni and Fe salts in the due proportion
was titrated with a 0.5 M solution of NaOH, in an inert atmosphere. The obtained solid
precursor was set to rest with its mother liquor in a closed bottle under argon for 3 days at
70 °C. Afterwards, the compound was filtered, washed several times with deionized water,
and dried. Four aliquots of the compound were considered in the present experimental
campaign. One of them, here named as NiFe-0, did not undergo any thermal treatment,
while the remaining three, here named as NiFe-250, NiFe-360, and NiFe-560, were annealed
in an oven (Carbolite elf 11/6B) for 4 h at 250 °C, 360 °C, and 560 °C, respectively.

2.3. Characterization Setup
The materials were characterized by means of different techniques, here listed as follows:

e  Powder X-ray diffraction (PXRD): the patterns were recorded using a powder diffrac-
tometer (X'Pert MPD, Philips, Almelo, The Netherlands) equipped with a Cu anticath-
ode (KalCu = 1.5406 A). The data were collected between 10 and 90 29 with a step
of 0.001 and a measuring time of 50 s/step. The indexing of the diffraction data was
performed in comparison with the literature using the software package [WinPLOT
version 2019].

e  Field Emission Scanning Electron Microscopy (FE-SEM): the samples were observed
with a ZEISS SUPRA 40 V microscope, applying an acceleration voltage of 5 kV for 50 s.

e  Fourier Transformed Infra-Red (FT-IR) spectroscopy: the spectra ranging from 4000
to 600 cm~! were obtained utilizing a Spectrum 65 FT-IR Spectrometer (PerkinElmer,
Waltham, MA, USA). The instrument was equipped with a KBr beam-splitter and
a DTGS detector, and an ATR accessory with a diamond crystal was employed for
data collection.

e Inductively coupled plasma optical emission spectroscopy (ICP-OES): The experi-
ments were conducted utilizing a Varian Vista PRO (Springvale, Australia) with an
axially oriented configuration. The sample introduction setup included a pneumatic
nebulizer of the glass concentric K-style type (Varian) connected to a glass cyclonic
spray chamber (Varian).

e  Thermogravimetry Differential Thermal Analysis (TG-DTA): the analyses were con-
ducted using a LabsysEvo 1600-Setaram thermobalance equipped with a double
thermocouple Platinum/Platinum-Rhodium 10%. The thermocouples were calibrated
by using, as calibration materials, high-purity elements such as Ag, Au. Approxi-
mately 20 mg of the sample was loaded into an open alumina crucible and subjected to
heating from 30 °C to 1250 °C at a rate of 10 °C/min, under argon flow (60 mL/min).
In the temperature range considered, the error on mass loss determination was 0.2%
and in temperature determination 0.5%.

2.4. Cell Preparation for Electrochemical Tests

This section shows the steps by which the source material is transformed to be as-
sembled in the electrode. An amount of 70% NiFe-LDH was crushed in a quartz mortar
for 10 min with 20% of conductive carbon. Afterwards, 10% of sodium alginate in a wa-
ter/isopropanol (9:1) solution was added to the mixture as binder. A 150 um layer of the
as-obtained ink was then coated on a 10 pm thick copper foil current collector, further
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dried in oven at 80 °C overnight, and finally cut in discs of 12 mm diameter. Each disc was
then pressed by 8 tons, dried under vacuum at 120 °C, and stored in a glovebox. The same
procedure was performed for NiFe-250, NiFe-320, and NiFe-560.

Sodium alginate, although not a conventional binder, proved to be very suitable for
LDHs as it forms hydrogen bonds with hydroxyl groups of LDH, preventing undesired peal-
ing, electrode cracking, and making the active substrate more resistant to discharge/charge
cycles [32]. Additionally, it is worth noting that sodium alginate is a natural polymer which
can be synthesized in aqueous solution without using any other noxious solvent, making it
more sustainable than the standard battery binder polyvinylidene fluoride (PVDF).

The electrodes were then tested in a Swagelok® T-Cell, according to a standard proce-
dure [37]. Analogous three-electrode setups have been adopted in other previous studies,
though with slightly different cell configurations [38]. In this preliminary study, the experi-
ments were carried out in a half-cell configuration to obtain all the possible information on
the anodes in the best condition. The cell was assembled in an argon-filled glovebox and
consisted of the previously prepared electrode as a working electrode, a metallic lithium
counter electrode, and a metallic needle of lithium as a reference electrode, whose housings
were separated by a glass fiber partition (Whatman grade GF/D). The commercial LP30
(1 M LiPFg in ethylene carbonate/dimethyl carbonate in a weight ratio of 1:1) was chosen
as an electrolyte. A schematic view of the electrochemical cell is reported in Figure 1.
All tests were performed in the potential range 0.01-3 V vs. Li/Li* in a binder climate
chamber at 25 °C by means of a multichannel potentiostat (VMP3, Bio-Logic). The presently
adopted experimental technique relied upon cyclic voltammetry (CV) at different scan rates
increasing from 0.1 mV/s to 10 mV/s in galvanostatic cycling with potential limitation
(GCPL) at a current applied of 50 mA/g.

“}] Reference-electrode (M)

|
w
1

LOHs electrode . - Counter-electrode (M)

Separator & electralyte

Figure 1. (a) An open Swagelok T-cell; (b) schematic description of a closed cell.

3. Results and Discussion

NiFe-NO3; LDH underwent characterization, and the ICP-OES analysis verified a
metals ratio of 2:1, as illustrated in Table 2.

Table 2. Amount of Ni and Fe in the LDH sample resulting from ICP-OES analysis.

Element Amount of Element (Mass%) Amount of Element (mol)
Ni 17.0 0.30
Fe 35.8 0.61

The FT-IR spectrum, reported in Figure 2b, exhibits minimal signals. The prominent
and broad band centred at 3400 cm ™! originates from the partial overlapping of the O-H
stretching of hydroxides (usually at 3300 cm~!) and of the intercalated water molecules (at
about 2850 cm~1). Additionally, a moderately intense signal at 1640 cm ™! corresponds to
the bending mode of water, while the narrow band at 1380 cm ! is associated with the v3
vibration of nitrate [32], confirming the presence of nitrate anion in the interlayer.
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Figure 2. PXRD pattern (a), FT-IR spectra (b), and FE-SEM images at low (c) and high (d) magnification
of NiFe-NOj.

The diffraction pattern of NiFe-NOj, illustrated in Figure 2a, confirms the typical
hexagonal layered double hydroxide (LDH) structure (space group R —3 m) [39]. The
calculated cell parameters using the WinPLOTR suite [40] are: a = 3.0(8) A and ¢ =23.409) A.
The broad reflections indicate a small crystallite size and low crystallinity, with symmetric
peaks corresponding to basal reflections dgg3, dogs, dogg, d110, d113, and asymmetric peaks
related to the reflections dg1, do15, do1g [36,39,41-43]. The presence of asymmetric peaks
suggests a turbostratic nature, with different basal planes misaligned, as observed in low-
magnification FE-SEM images (Figure 2c). Further examination at high magnification
(Figure 2d) reveals the nanostructuring of the material surface.

A TG-DTA analysis conducted in the temperature range of 30 to 1250 °C reveals three
main mass losses (Figure 3a). The first mass loss occurs between 30 and 250 °C, resulting in a
14% decrease in mass, attributed to the elimination of crystallization water and subsequent
disordering of the layered structure. Subsequently, between 250 and 360 °C, there is a
10% mass loss, followed by a final 7% mass decrease from 360 to 500 °C. These latter two
mass changes are likely associated with the dihydroxylation of LDH and degradation of
interlayered nitrate. Between 500 °C and 560 °C, an exothermic process is evident in the
DTA curve, indicative of recrystallization despite no observable mass change. To validate
these hypotheses, three distinct samples, NiFe-250, NiFe-360, and NiFe-560, were prepared
by annealing the initial material at temperatures of 250, 360, and 560 °C, respectively, based
on the TG data. These samples were subjected to characterization through PXRD and
FE-SEM. In Figure 3b, the diffraction patterns of the annealed samples and the pristine
LDH are compared: NiFe-250 exhibits a structure resembling the initial LDH, but with
reflections enlarged and reduced as intensity, suggesting an increasing disorder.

In the NiFe-360 °C, all previously observed peaks vanish, and the pattern results in a
few prominent signals indicative of a blend of disordered Ni and Fe oxides. In the case of
NiFe-560, different distinct and intense peaks emerge, which can be attributed to the cubic
phases Fe;NiOy (spinel-like) and NiO. This phenomenon is also evident in Figure 4, where
the FE-SEM image of NiFe-560 reveals the presence of needle-shaped crystals, characteristic
of spinels. The whole process occurring under heating could be resumed as follows:

[(N%ZGFGS&(OH)J o [<N03)533} a0
= [ (NiFFel 5 (OF), | nE

[(N03)533} ' +nHyO g
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Figure 3. TG-DTA curve (a) and PXRD pattern of NiFe-NOj and its calcinated compounds (b): black
is the NiFe-0, red is NiFe-250, green is NiFe-360, and blue NiFe-560.

Figure 4. FE-SEM pictures of NiFe-560 recorded in lens (a) and with the back scattered detector (BSD) (b).

The pristine material (FeNi-0) and all the calcinated samples were prepared as elec-
trodes and tested in a lithium half cell as described in Section 2.4.

In all four samples (Figure 5), the CV plot exhibits a distinct pattern for the first cycle
compared to the subsequent ones. This disparity may arise from irreversible reactions
leading to the activation of the material and the formation of the solid electrolyte interface
(SEI). Shared peaks are observed across all electrodes: during lithiation, a small and broad
peak around 1.5 V and a deeper one at 0.6 V are detected, while during delithiation,
common peaks are located at 1.7 V and 2.5 V. In the untreated sample (NiFe-0), as depicted
in Figure 5a), an additional peak appears during lithiation at 1 V and during delithiation at
1.1 V. These two peaks persist, albeit with decreasing intensity, from NiFe-250 (Figure 5b) to
NiFe-360 (Figure 5c) and completely disappear in NiFe-560 (Figure 5d). Subsequent cycles
for all samples display a sharp peak during lithiation at 0.9 V and during delithiation at
1.7 V and 2.5 V. NiFe-0 exhibits additional peaks during lithiation at 1.6 V and 0.5 V and
during delithiation at 1.1 V. Although these peaks are retained in the other samples, their
intensity diminishes with increasing temperature until they vanish entirely in NiFe-560.
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Figure 5. CV plot at 0.01 mV /s scan rate of NiFe-0 (a), NiFe-250 (b), NiFe-320 (c), and NiFe-560 (d).

The commonly observed peaks, as extensively documented in the literature [39,44,45],
are attributed to the conversion reaction of Ni. Conversely, the additional peaks appear to
be associated with reactions occurring at the interlayer, such as intercalation, given that
their intensity diminishes as the layered structure decreases. The GCPL plot (Figure 6)
reveals a considerable irreversible capacity loss in all samples, approximately 30% of the
initial capacity. The curve shape is consistent across all samples; during discharge, there is
a prolonged and tilted plateau around 1 V, succeeded by a more inclined one starting at
approximately 0.5 V. In NiFe-pristine, an additional tilted plateau at around 1.6 V is evident,
and its length decreases in the other samples with increasing calcination temperature. These
findings align with the observations from the earlier CV analysis.

GCPL NiFe-0 GCPL NiFe-250
[ ——cycle 0 I ——cycle0
Ch ——cycle 1 “ (®) cycle 1
‘J cycle 2 | y cycle 2
s / / ——cycle 40 s | / —— cycle 40|
bt o 24\ /
3 % 3 ) &
e g 2 ! 7/
k] s N
T i |
K] L RE VA
& 4 | \;\
< N
N \ N
. N : \ \
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GCPL NiFe-320 GCPL NIFe-560
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= =
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2 E
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Figure 6. GCPL plot with an applied current of 50 mA /g of NiFe-pristine (a), NiFe-250 (b), NiFe-320 (c),

and NiFe-560 (d).

Observing the cyclic stability plot (Figure 7a), one can deduce that NiFe-pristine
requires several cycles to stabilize, retaining approximately 30% of its initial capacity while
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delivering around 600 mAh/g. Both NiFe-250 and NiFe-320 exhibit poor stability; the
former shows a continuous linear decline in capacity, and the latter experiences a rapid drop,
with both retaining only 4% of their initial capacity after 40 cycles. On the other hand, NiFe-
560 proves to be the most stable compound. After an initial capacity decrease, the material
stabilizes at around 50% of the initial capacity, delivering 750 mAh/g after 40 cycles. The
coulombic efficiency plot (Figure 7b) corroborates this trend: NiFe-0 stabilizes after a few
cycles, and NiFe-560 achieves near-immediate stabilization, maintaining an efficiency value
of about 98%. In contrast, the other two samples exhibit erratic behavior with a significant
reduction in capacity values, falling below 75%. These results are intriguing, considering
that the final specific capacity of NiFe-0 is not significantly different from that of NiFe-560,
which is predominantly composed of NiO, a material well-documented in the literature for
its applicability in LIBs [44,46]. Moreover, NiFe-560 contains only a quarter of the nickel
mass compared to NiFe-0. This observation suggests a potential dual mechanism involving
both conversion and intercalation reactions. However, further analyses are required to
substantiate this conclusion.

2500 100

—— pnstine x®, 3 l“ :: ? ml
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= #d ¥
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s |4
o |
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Figure 7. Specific capacity in discharge vs. cycle number (a) coulombic efficiency vs. cycle number
(b) of NiFe-0 (black), NiFe-250 (red), NiFe-320 (blue), and NiFe-560 (green).

4. Conclusions

In this study, the performances of a NiFe-NOj electrode have been investigated in
view of possible applications in LIBs. A combined analysis, incorporating thermal studies
and electrochemical tests, revealed the influence of a layered double hydroxide (LDH)
structure on electrochemical performance. The study suggested the onset of reversible
reactions at 1.6 V during discharge and 1.1 V during recharge, gradually diminishing with
the reduction of the material’s dimensionality. The pristine material, NiFe-NOj, exhibited
a remarkably high initial capacity of 2200 mAh/g. However, it experienced a significant
irreversible capacity loss (ICL), retaining only 30% of its initial capacity in the second cycle.
Subsequently, the material stabilized over a few charge/discharge cycles, delivering more
than 500 mAh/g even after 50 cycles. Although this value is lower, it remains comparable to
NiO-based electrodes for LIBs (ranging between 400 and 1000 mAh/g) [44]. However, when
considering the mass percentage of Ni in the two compounds, the ranking is reversed. NiFe-
NO; LDH contains only 22 mass% of Ni, whereas in NiO, the Ni content is approximately
80 mass%. Nickel is a critical raw material, and reducing its amount, without significantly
compromising electrode performance, aligns with the goal of achieving more sustainable
and economical batteries, possibly characterized by higher thermal and structural stability,
in compliance with the Sustainable Development Goals of the United Nations 2030 Agenda
(particularly the n. 7 affordable and clean energy).
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