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Abstract

Nickel aluminum layered double hydroxide (NiAl LDH) with nitrate in its interlayer is investigated as a negative electrode
material for lithium-ion batteries (LIBs). The effect of the potential range (i.e., 0.01-3.0 V and 0.4-3.0 V vs. Li*/Li) and of
the binder on the performance of the material is investigated in 1 M LiPF, in EC/DMC vs. Li. The NiAl LDH electrode based
on sodium alginate (SA) binder shows a high initial discharge specific capacity of 2586 mAh g~! at 0.05 A g~! and good
stability in the potential range of 0.01-3.0 V vs. Li*/Li, which is better than what obtained with a polyvinylidene difluoride
(PVDF)-based electrode. The NiAl LDH electrode with SA binder shows, after 400 cycles at 0.5 A g~!, a cycling retention of
42.2% with a capacity of 697 mAh g~! and at a high current density of 1.0 A g~! shows a retention of 27.6% with a capacity
of 388 mAh g~! over 1400 cycles. In the same conditions, the PVDF-based electrode retains only 15.6% with a capacity of
182 mAh g~ and 8.5% with a capacity of 121 mAh g~!, respectively. Ex situ X-ray photoelectron spectroscopy (XPS) and ex
situ X-ray absorption spectroscopy (XAS) reveal a conversion reaction mechanism during Li* insertion into the NiAl LDH
material. X-ray diffraction (XRD) and XPS have been combined with the electrochemical study to understand the effect of
different cutoff potentials on the Li-ion storage mechanism.
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Introduction

Rechargeable lithium-ion batteries (LIBs) dominate the
market for several decades due to their outstanding energy
density, high working voltage, and long cycle life [1-4]. Gra-
phitic carbon has long been employed as the most common
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intercalation-type negative electrode material. However,
graphite is limited by its relatively low theoretical capacity
(372 mAh g1 [5]. The necessity of increasing the energy
and power density has made it urgent to discover new types
of anode materials with higher capacity than graphite, good
rate performance, and cycling stability.

Layered metal hydroxides, like Ni(OH),, have been con-
sidered as negative electrode materials for LIBs owing
to their structure with large interlayer spacing that ena-
bles rapid transfer of lithium ions [6, 7]. Li et al. reported
promising performance of P-Ni(OH),-reduced gra-
phene oxide composites as an anode for LIBs [8]. Nev-
ertheless, the sluggish rate capability and poor cycling
stability of Ni(OH), have hindered its application [9].
Compared with single metal hydroxides, layered dou-
ble hydroxides (LDHs), as a class of two-dimensional
anionic clays [10], show larger basal spacing owing to
the pillaring of interlayer species, which can favor the
intercalation of Li*. LDHs, which can be expressed as
[M**, Mt (OH),]*"(A™),,,-mH,0, offer various possi-
ble valence states provided by mixed metal ions (M>* and
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M3*) in the host layer. Based on their lamellar structure
that consists of positive charged brucite-like host layers
and exchangeable charge-balancing interlayer anions (i.e.,
A" such as NO;™, CO32_, Cl-, SO42_) [11], LDHs possess
adjustability of physical and chemical properties, which
can be achieved by replacing the metal cations, tuning the
molar ratio of metals, and altering the interlayer anions.
Therefore, this type of layered materials find applications
in many fields, including catalysis [12—14], biochemis-
try [15, 16], wastewater remediation, and supercapacitors
[17-22].

In the field of rechargeable batteries, LDHs are typi-
cally employed as precursors or templates for the synthesis
of metal oxides, which are then used as electrode’s active
materials in LIBs. In fact, the application of LDH-based
composites as electrode materials was reported only very
recently. For instance, Shi et al. [23] presented the fabrica-
tion of CoNi LDH and graphene-wrapped CoNi LDH as
negative electrodes for LIBs. The graphene-wrapped CoNi
LDH composite electrode exhibits a higher reversible spe-
cific capacity of 1428.0 mAh g~! at 0.05 A g~! and excellent
capacity retention of 75% after 10,000 cycles at 10 A g~!in
the potential range of 0.01-3.0 V vs. Li*/Li compared with
the CoNi LDH electrode. Zhang et al. [24] synthesized a
Co;V,03@NiCo LDH material, which reveals a reversible
specific capacity of 1329.4 mAh g~ at 1 A g7! after 500
cycles and good cycling performance (893.1 mAh g~! at 5
A g1 after 950 cycles). This bi-material shows improved
performance compared to the pure Co;V,04 and to the pure
NiCo LDHs in the potential range 0.01-3.0 V vs. Li*/Li.
On the other hand, with the increasing need to cut the cobalt
consumption that is raising sustainability and environmental
concerns [25-27], it is crucial to explore and develop cobalt-
free LDHs. With this aim, a NiFe-LDHs/reduced graphene
oxide composite anode material has been synthesized by
Zhang et al. [28]. This material shows an initial capacity of
602.8 mAh g~! after 80 cycles at 500 mA g~! in the poten-
tial range 0.01-3.0 V vs. Li*/Li. Although LDHs have been
reported as novel electrode materials for lithium-ion bat-
teries, research dedicated to understanding the Li-storage
mechanism, which is fundamental for optimizing the per-
formance, is limited. Besides, the role of the binder, which
is a critical component in influencing the cycling ability and
rate performance, is rarely investigated for this kind of com-
pound [29].

In this work, we report, for the first time, the direct appli-
cation of NiAl LDH with nitrates as its interlayer anion as a
negative electrode material for LIBs. The NiAl LDH elec-
trode delivers high specific capacity and shows excellent
cycling stability with sodium alginate (SA) as the binder.
Ex situ XAS analysis reveals that the NiAl LDH stores
Li ions via a conversion-type mechanism during the dis-
charge—charge processes.
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Experimental section
Preparation of NiAl LDH

NiAl LDH was obtained by a facile and straightforward
one-pot hydrothermal reaction. All reagents (aluminum
nitrate nonahydrate (AI(NO;);-9H,0), nickel nitrate hexa-
hydrate (Ni(NO;),-6H,0), and urea (CO(NH,),) provided
by Sigma-Aldrich) were of analytical purity and were
directly used without further purification. By following
the procedure in [30], a solution has been prepared by
dissolving 30 mmol of Ni(NO;),-6H,0, 45 mmol of urea,
and 15 mmol of AI(NO;);-9H,0 (a Ni:Al ratio of 2:1) in
150 mL of deionized water. This solution was then trans-
ferred into a Teflon-lined stainless steel autoclave of 200-
mL capacity at a temperature of 100 °C. After a 24 h of
hydrothermal process, the product was filtered and washed
with water and ethanol several times. The NiAl LDH was
finally obtained by drying the product in an oven for one
night at 70 °C.

Structural and physical characterization

The X-ray diffraction (XRD) patterns were collected
using STOE STADI P X-ray powder diffractometers
equipped with Mythen1K detectors with Mo Ka1 radiation
(1=0.70932 A). The diffraction pattern was analyzed by
full-profile Rietveld refinements, using the software pack-
age WinPLOTR [31]. The instrument used for the field
emission scanning electron microscope (FE-SEM) char-
acterization was a ZEISS SUPRA 40 VP. FT-IR spectros-
copy was performed using a Spectrum 65 FT-IR Spectrom-
eter (PerkinElmer, Waltham, MA, USA) equipped with
a KBr beam splitter and a DTGS detector by using an
ATR accessory with a diamond crystal; the spectra were
recorded from 4000 to 600 cm™!. The X-ray photoelec-
tron spectroscopy (XPS) was acquired using a Thermo
Scientific K-alpha spectrometer. The samples were ana-
lyzed using a micro-focused, monochromated Al Ko X-ray
source (1486.6 eV, 400-pm spot size). XPS spectra were
recorded with a concentric hemispherical analyzer at the
pass energy of 50 eV and fit with one or more Voigt pro-
files (binding energy uncertainty: +0.2 eV). Scofield sen-
sitivity factors were applied for quantification [32] using
the Advantage software package. On the electrode sam-
ples, all spectra were referenced to the CF, component
originated from the polyvinylidene fluoride (PVDF) binder
centered at 290.7 eV binding energy. Regarding the NiAl
LDH-SA sample, the spectral calibration was done on the
C 1 s peak (C-C, C-H) at 285.0 eV binding energy con-
trolled by means of the photoelectron peaks of metallic



Journal of Solid State Electrochemistry (2022) 26:49-61

51

Cu, Ag, and Au, respectively. X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) spectra for the Ni K-edge of the sam-
ples with the different state of charge were conducted on
the P65 beamline, PETRA III, German Electron Synchro-
tron in Hamburg (DESY). XAS spectra were collected at
Ni K-edge in transmission geometry with the continuous
scan mode. The double-crystal fixed-exit monochroma-
tor was equipped with Si (111) crystals. Ex situ samples
for XAS measurements were obtained by applying a con-
stant potential to equilibrate the system after the desired
potential is reached. The specific surface area of sample
was determined by the Brunauer—-Emmett—Teller (BET)
method. The sample is heated for 4 h at 100 °C in a 500-
pmHg vacuum to remove contamination on the surface. A
known volume of gas is added to the sample chamber and
the pressure is recorded at 77.4 K. The sample was ana-
lyzed with a multipoint measurement with a micromeritics
ASAP 2020 Plus Physisorption apparatus.

Electrodes preparation and electrochemical tests

NiAl LDH electrodes have been prepared as follows: 70
wt% of the as-prepared NiAl LDH was mixed by stirring
in a quartz mortar for 10 min with 20 wt% conductive car-
bon black (TIMCAL® Super C65) and 10 wt% of binder
in the appropriate solvent. For comparison, polyvinylidene
fluoride (PVDF, R6020/1001, Solvay) and sodium algi-
nate (SA, Sigma-Aldrich) were chosen as the binders. The
solvents used to dissolve PVDF and SA were N-methyl-
2-pyrrolidone (NMP, GC 99.5%, Merck KGaA) and 9:1
water/isopropanol, respectively. The blended slurries were
then coated on a 10-um-thick copper foil current collector
with a wet thickness of ~ 110 pm, followed by drying in
an oven at 80 °C for 12 h. After that, the coated electrodes
were cut into individual disks of 12-mm diameter (~ 11-pm
thickness) with ~0.7-mg mass loading of NiAl LDH. The

electrodes with different binders are denoted as NiAl LDH-
SA and NiAl LDH-PVDF, respectively. CR2032 coin cells
were built in an argon-filled glovebox (MB200, MBraun
GmbH) consisting of the as-prepared working electrode,
a lithium foil counter electrode (15-mm diameter, Alfa
Aesar), a glass fiber separator (Whatman glass microfiber
filter, 675-pm thickness), and LP30 electrolyte (1 M LiPF
in ethylene carbonate/dimethyl carbonate in a weight ratio
of 1:1, BASF). The electrochemical tests (galvanostatic
charge—discharge (GCD) and cyclic voltammetry (CV))
were carried out on a multichannel potentiostat (VMP3,
Bio-Logic). The electrochemical cells were kept in a binder
climate chamber at 25 °C during the electrochemical experi-
ments. Two potential ranges (0.01-3.0 V and 0.4-3.0 V vs.
Li/Li*) were employed for GCD and CV tests.

Results and discussion

The as-prepared NiAl LDH was characterized by XRD
(Fig. 1) and the crystal structure was determined by Rietveld
refinement with the assistance of the FullProf software pack-
age. The XRD reflections of NiAl LDH can be indexed using
a structure model of oxonium nickel oxide (ICSD 24,986).
The broad reflections can be explained by phase separation
with the same rhombohedral R-3 m space group, suggest-
ing the different d-spacing between 6 and 8 A. The FT-IR
spectrum is shown in Fig. S1. The broad absorption band at
3410 cm™! can be attributed to the O—H stretching vibrations
of the hydroxyl groups and the presence of water molecules
in the interlayer of LDH [22]. Specifically, the interlayered
lattice water is hydrogen bonded to the transition metal slabs
[33, 34]. It is expected that during delithiation, the crys-
tal water molecules remain in the interlayer space [35, 36].
The weak peak at 1632 cm™" is ascribed to the vibrations of
the in-plane bending mode of water molecules. The sharp
characteristic absorption band at 1348 cm™! corresponds to

Fig. 1 a Crystal structure of
NiAl LDH and b Rietveld (a)
refinement of X-ray powder
diffraction data of NiAl LDH
polycrystalline material
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the stretching vibration mode of NO;™, which confirms the
absorption of NO;™ in the interlayer of NiAl LDH materials.
The bands at 749 and 652 cm™" are due to the stretching and
bending modes of AI-OH and Ni-OH, respectively. XRD
and FT IR spectra demonstrate the successful synthesis of
NiAl LDH with NO;™ in the interlayer. Based on the ther-
mogravimetric curve (Fig.S2) and the feeding molar ratio
of Ni(NO;),-6H,0 and AI(NO;);-9H,0 (a Ni:Al ratio of
2:1), the molecular formula of the as-prepared NiAl LDH
is expected to be [Ni; ,Al,(OH),]**(NO;7),-mH,0 with
m=0.16 and x = 0.33.

The morphology of NiAl LDH was characterized via
FE-SEM, which is shown in Fig. 2. The homogeneously
dispersed cluster of lamellae with 10-30 pm of diameter can
be observed on the image at low magnification (Fig. 2a). The
higher magnification image (Fig. 2c) shows that the NiAl
LDH lamellae cluster has a flower-like structure arranged in
a concentric form and it is highly nano crystallized. Besides,
a thickness of the NiAl LDH lamellae ranging from 20 to
40 nm can be observed in Fig. 2d. Furthermore, N, iso-
therms of NiAl LDH have been performed to determine the
surface area and pore size. The BET-specific surface area of
NiAl LDH is 46.85 m? g~!, and the average pore diameter is
around 8.54 nm (Fig. S3).

The surface electronic state of NiAl LDH materials is
illustrated by XPS, as shown in Fig. 3. Survey XPS spec-
trum reveals the presence of Nickel (Ni 2p, Ni 3p, or Ni 3 s),
aluminum (Al 2 s or Al 2p), oxygen (O 1 s), nitrogen (N 1 s),
and carbon (C 1 s). High-resolution XPS spectra of Ni 2ps),,
Al25s,01s,N 1s,and Cls are shown in Fig. 3b—f. The peak
of Ni 2p;, located at 856.3 eV with its shake-up satellites, as

Fig.2 FE-SEM micrographs
of NiAl LDH. a overview;

b low magnification image; ¢ &
d high-magnification images

@ Springer

shown in Fig. 3b, is a signature of various Ni (+1I) species in
NiAl LDHs [37, 38]. The Al 2 s-Ni 3 s spectrum shows two
peaks centered at 114.1 eV and 119.7 eV (Fig. 3c), which are
signatures of Ni and Al chemical environments. The peak
positions of these atoms are the signature of Ni** and AI**
environments in the crystal structure of NiAl LDH material
[39]. The O 1 s spectrum (Fig. 3d) shows signals coming
from all oxygenated species at the surface. The prominent
oxygen peak at 532 eV corresponds to a mix of oxygen from
NiAl LDH structure and other oxygenated species from sur-
face contamination environments (CO and COO groups)
[40]. The XPS analysis demonstrates that the Ni>* and AI**
elements coexist in the product, which is in good accordance
with the prediction. Concerning the C 1 s spectrum, three
peaks are presented. The main peak on C 1 s spectrum at
285 eV corresponds to hydrocarbon contamination (285 eV).
The peaks centered at 286.5 eV and 288.5 eV correspond,
respectively, to mono- and bi-oxygenated carbon environ-
ments. Carbon species come from surface contamination of
NiAl with the air environment. N 1 s spectra display one
peak at 407.1 eV, corresponding to nitrates (NO;™) present
in the interlayer of NiAl LDHs material. The XPS analysis
of the prepared NiAl LDH material determines the atoms’
chemical environments present in the crystalline structure
and it agrees with the FT-IR and XRD measurements made
on the material.

The NiAl LDH composite electrodes based on the
two binders (SA and PVDF) have been characterized via
CV and GCD. Figure 4a displays the CV curves of NiAl
LDH-SA electrode at 0.1 mV s~ in the potential window
of 0.01-3.0 V (vs. Li/Li*). In the first cycle, the weak and
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Fig.3 XPS spectra: a survey of NiAl LDH; b Ni 2p;,,; ¢ Al25,dO1s;eN1s;andfC1s

broad peak located at 0.57 V is due to the reduction of the
intermediate product LiOH into Li,O and LiH [41]. The
well-defined cathodic peak that appears at 0.17 V can be
ascribed to the formation of the solid electrolyte interphase
(SEI) films on the surface of NiAl LDH originated from
the electrolyte decomposition. During the anodic sweeps,
the peak at 1.03 V is due to the oxidation of LiH into LiOH
[42]. The anodic peaks located at 1.48 and 2.26 V could
be attributed to the decomposition of SEI, as well as the
oxidation of metallic Ni® to Ni?* [43]. In addition, the pres-
ence of cathodic peaks at 0.73 V and 1.37 V after the first
cycle indicates an irreversible structural or textural trans-
formation, which occurs during the first lithiation [44]. It is
worth noting that the CV sweep of the 3rd cycle can be well
overlapped with that of the 2nd cycle, implying reversible
electrochemical reactions in the process of lithiation/delithi-
ation after the first cycle.

The galvanostatic charge—discharge performance of
NiAl LDH electrode with SA binder at a specific current
of 50 mA g~! in the potential range of 0.01-3.0 V is shown
in Fig. 4b. In the first lithiation curve, the long plateau at
around 0.51-0.57 V is in agreement with the initial cathodic
peak at approximately 0.57 V observed in the CV curve.
Three sloped plateaus can be observed in the first delithia-
tion profile, corresponding to the anodic peaks observed in

the CV curve. The NiAl LDH-SA electrode delivers 2586
and 1578 mAh g~ for the first lithiation and delithiation,
respectively, indicating an initial Coulombic efficiency
(ICE) of 61.3%. This low ICE is due to the irreversible
decomposition of the electrolyte and the formation of the
SEI layer on the surface of the active material. From the
second discharge profile, two discharge plateaus at around
1.49 V and 0.85 V emerge, corresponding to the cathodic
peaks related to the reduction of Ni** and LiOH in the CV
curves, respectively. Besides, three charge plateaus located
at approximately 0.92 V, 1.46 V, and 2.22 V in the second
charge profile well agree with the anodic peaks in the CV
curves. Despite the capacity loss in the first cycles, a high
reversible capacity of around 1500 mAh g~! is achieved in
the subsequent processes.

Figure 4c and d show the electrochemical features of the
NiAl LDH electrode based on the PVDF binder, which is
the most widely used binder in commercial electrodes for
LIBs. Similar to the results shown in Fig. 4a, in Fig. 4c,
the cathodic peaks at 0.5 V and 0.22 V are due to the trans-
formation of LiOH/LiH and Ni>*/Ni°, respectively. The
cathodic peak at 0.22 V also includes the electrochemical
reduction of the electrolyte with the formation of the SEI
film. In the anodic sweeps, the peaks centered at 1.04, 1.45,
and 2.28 V are well overlapped with that of the 1st cycle and

@ Springer
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Fig.4 Electrochemical characterization of NiAl LDH based on dif-
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curves at 0.1 mV s™! on the NiAl LDH-SA electrode; b galvanostatic
charge—discharge (GCD) profiles at a current density of 0.05 A g~

can be assigned to the reversible conversion process of LiH/
LiOH and Ni%/Ni**, respectively.

As shown in Fig. 4d, when the PVDF binder is utilized
in the NiAl LDH electrode, the initial discharge and charge
capacities of 2221 and 1577 mAh g~! are achieved, corre-
sponding to an initial Coulombic efficiency of 71.0%, which
is higher than what obtained with the NiAl LDH-SA elec-
trode. During the following charge process, the decomposi-
tion of the SEI film can be responsible for the rapid capacity
decay of the electrode based on both binders, as reported in
the literature [45]. Although the NiAl LDH-PVDF electrode
delivers comparative capacity as the NiAl LDH-SA in the
first and second cycles, it presents a dramatic decay at the
third cycle, suggesting inferior charge—discharge stability.

The rate capability test was performed with currents rang-
ing from 0.05 to 10.0 A g~ and shown in Fig. 5a. The NiAl
LDH-SA electrode delivers average discharge capacities of
1665, 1201, and 1051 mAh g~ at 0.05, 0.1, and 0.2 A g™/,
respectively. When using PVDF as a binder, the average

@ Springer

of NiAl LDH-SA electrode; ¢ CV curves at 0.1 mV s~ on the NiAl
LDH-PVDF electrode; d GCD profiles at 0.05 A g~! of the NiAl
LDH-PVDF electrode

discharge capacities at the same currents are 1324, 827, and
668 mAh g~!, respectively, significantly lower than those
of the electrode with the SA binder. Furthermore, the NiAl
LDH-SA electrode recovers to a high reversible capacity of
1109 mAh g~! when the current reverses back to 0.05 A g™ .
This value is higher than the recovered capacity of 715 mAh
g~ ! obtained with the NiAl LDH-PVDF electrode, indicating
that the NiAl LDH-SA electrode is more stable and can bet-
ter withstand high currents. Figure 5b depicts the cyclic per-
formance of the two electrodes. It is worth noting that after
a significant capacity decay during the first 154 cycles, the
capacities of the NiAl LDH-SA electrode increase gradually.
After 400 cycles, the electrode can still retain a high revers-
ible capacity of 697 mAh g~! at the current of 0.5 A g~
Both electrodes reach nearly 100% of Coulombic efficiency
after the initial cycles, confirming the excellent reversibility
of NiAl LDH and the absence of side reactions after the
formation of the SEI. It is worth noting that this capacity
fluctuation that appears at the 154 cycle can be influenced by
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performance and Coulombic efficiency at a current density of 0.5 A g~

a proper selection of electrolytes such as solvent, additives,
and salts as already observed in conversion materials [46].

The long-cycling performance of the NiAl LDH elec-
trodes in the potential range of 0.01-3.0 V at the high spe-
cific current of 1.0 A g~! has been further evaluated and
shown in Fig. S4. A similar high initial discharge capacity
(1405 mAh g™!) is achieved by both the electrode (indepen-
dently from the binder). After undergoing a capacity decay
for 170 cycles, the NiAl LDH-SA electrode starts a period
of capacity increase. Stable long-term cycling has been
achieved with a capacity of 388 mAh g~ after 1400 cycles.
On the other side, the NiAl LDH-PVDF electrode shows an
irreversible capacity fading after 65 cycles, with poor long-
cycling performance.

To better understand the influence of binders and reactiv-
ity of NiAl LDH electrodes on the electrochemical response,
we performed XPS analysis. C1s,F1s,01s,and P 2p
XPS spectra are presented in Fig. 6. O 1 s spectra collect
signals coming from all oxygenated species present on the
NiAl LDH-PVDF samples. Figure 6b and f reveals one peak
centered at around 531.5 eV, which is characteristic of the
mix of O=C and Li,CO; components in the battery system
with DMC as the solvent. Three additional elements center
at 530.3 eV (the combination of ROLi/LiOH), 533.6 eV
(O—C and P-O environments), and 528.5 eV (attributed to
O?~ anions from Li,O component) are presented in the spec-
tra, respectively. Another peak that appears at 537.8 eV is
assigned to Na KLL from sodium present in the SA binder,
which is always present in O 1 s spectra of sodium-based
samples.

Figure 6¢ and g show the spectra of F 1 s, one compo-
nent located at 685.0 eV confirming the presence of LiF
(on all cycled electrode samples), and the other situated
at around 687.1 eV indicating the presence of P-F com-
ponent from LiPF¢ and CF,—CH, component from PVDF

(only present on NiAl LDH-PVDF samples). Besides, P 2p
spectra (Fig. 6d and h) have to be fitted with 2p;,-2p,,,
doublets separated by 0.9 eV with a 2/1 intensity ratio due
to spin—orbit coupling. The main doublet with P 2p5,, com-
ponent located at 133.6 eV is the phosphates signal from
the decomposition of LiPFg, and the other at around 137 eV
corresponds to the phosphorus from LiPF.

The C 1 s spectra (Fig. 6a and e) comprise one com-
ponent (located at 283.3 eV) characteristic of the carbon
black (CB). The three components at 286.2 eV (attributed to
the CH, chemical environment in PVDF binder), 290.7 eV
(CF,—CH,), and 291.8 eV (CF,—CF,) confirm the presence
of the PVDF binder on the surface of the electrode [47]. The
four other components at 285 eV (C—C/C-H), 286.8 eV (mix
of C-O/ROL.) [48], 288.5 eV (C=0), and 290.1 eV (attrib-
uted to the Li,CO; chemical environment) are due to the
degradation products of the electrolyte which are composing
the SEI. These components remain on the electrodes during
electrochemical measurements. For the NiAl LDH-PVDF
electrode, the intensity of the components attributed to CB
slightly increases after discharging to 0.22 V, indicating the
thinning down of the SEI film. While for the NiAl LDH-SA
electrode, the CB components decrease, suggesting a thicker
up of the SEI. The change of C 1 s spectra after the full
cycle reveals a thicker SEI formation on the NiAl LDH-SA
electrode. This difference may be due to the gelation derived
from a stronger interaction of PVDF binder and electrolyte,
which hinders the further formation of SEI film [49].

XPS analysis of NiAl LDH after cycling confirms a
similar SEI composition for the electrode with both bind-
ers. The species of Li,O (from NiAl LDH-SA samples),
LiF, a mix of ROLi/LiOH, Li,COj, and phosphates, which
are decomposition products of electrolyte during cycling,
are detected with XPS on all samples. Furthermore, com-
pared with the NiAl LDH-PVDF electrode, a less amount
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Fig.6 aC1ls,bO1s,cF1s,andd P 2p XPS spectra of NiAl
LDH-PVDF electrode discharged to 0.59 V and 0.22 V and charged
to 3.0 V (1 cycle) respectively; e C1s,fO 1s,gF 1s,and hP

of LiF and a higher amount of Oxygen (from oxidized
species) on the NiAl LDH-SA electrode surface are found,
which suggests a higher electrolyte degradation when SA
is used as the binder. Fig. S5 shows the binder’s influence
on the concentration of the species that make up the SEI
film. The use of PVDF as a binder on the electrode can
promote the LiF formation, which is found in less amount
on the NiAl LDH-SA electrode. In comparison, the SA
binder facilitates lithium oxide formation such as Li,0,
ROLi, and LiOH. Moreover, the quantity of these spe-
cies remains stable during the first full cycle. The lower
solubility of lithium oxide with respect to LiF in carbonate
electrolytes brings about a stable SEI film [50]. As a result,
the stable lithium oxide component in SEI film could be
a dominant source of anode passivation. The thicker and
stable SEI film detected when using SA as binder might be
the reason for the higher irreversible capacity at the first
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Binding Energy (eV)

2p XPS spectra of NiAl LDH-SA electrode discharged to 0.65 V and
0.34 V and charged to 3.0 V (1 cycle), respectively

cycle and for the better cycling stability as compared to
the PVDF-based electrode.

According to recent reports [51-54], the potential dis-
charge cutoff can influence the cycling stability. Indeed,
a higher potential discharge cutoff can prevent the com-
plete reduction of Ni** to Ni° and can result in a differ-
ent SEI. Figure 7 and Fig. S6 report the CV and GCPL
curves recorded on the two electrodes in the potential
range 0.4-3.0 vs. Li*/Li. The NiAl LDH-SA and NiAl
LDH-PVDF electrodes show similar CV shapes during
the first cycle (black curves in Fig. 7a and c). A weak
peak at 1.23 V can be observed during lithiation, which is
attributed to the reduction of Ni** to Ni* and the simulta-
neous intercalation of Li*. This peak strengthens during
the following cycles, suggesting the domination of the
Ni*/Ni** transformation. A distinct cathodic peak appears
when discharging to 0.6 V, suggesting the reduction of the
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Fig.7 Electrochemical performance of NiAl LDH with different
binders in the potential range of 0.4-3.0 V. a CV curves at a scan rate
of 0.1 mV s~! for NiAl LDH-SA electrode; b GCD curves at a cur-
rent density of 0.05 A g~! for NiAl LDH-SA electrode; ¢ CV curves
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intermediate product LiOH into Li,O and LiH as well as
the formation of the SEI films. The anodic peak at 1.07 V
accounts for the oxidation of Li,0O into LiOH [42], and the
other anodic peak at around 2.23 V can be correlated to
the conversion of Ni into nickel hydroxide.
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curves at a current density of 0.05 A g~! for NiAl LDH-PVDF elec-
trode; e rate capacity at different current densities of SA and PVDF-
based electrodes; and f cycle performance and Coulombic efficiency
at a current density of 0.5 A g~! of NiAl LDH-SA and NiAl LDH-
PVDF electrodes

The weak anodic peak appearing at 1.43 V may be attrib-
uted to the decomposition of SEI film [55, 56]. The reduc-
tion peak at around 1.23 V of the NiAl LDH-SA electrode
shows almost no shift in the following cycles (Fig. 7a). In
comparison, the corresponding reduction peak of the NiAl
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LDH-PVDF electrode (Fig. 7¢), with cycling, shifts to more
negative potentials, from 1.23 V to around 1.00 V, indicating
an increase in electrode polarization [57, 58].

The GCD performance of the NiAl LDH electrode based
on SA and PVDF binders at 0.4-3.0 V was further investi-
gated (Fig. 7b and d). The initial discharge capacity of the
NiAl LDH-SA electrode is 1465 mAh g~!, which is higher
than that of the NiAl LDH-PVDF electrode (1330 mAh g™ ).
The corresponding initial Coulombic efficiencies are 60.0%
and 51.1%, respectively. Besides, the SA binder-based elec-
trode shows more well-defined lithiation and delithiation
plateaus in the subsequent sweep profiles.

Figure 7e shows the rate test of the NiAl LDH electrode
with the two different binders at current densities from
0.05-10.0 A g~!. The average discharge capacities of the
NiAl LDH-SA electrode are 957, 679, and 559 mAh g_1
at 0.05, 0.1, and 0.2 A g'l, respectively, and a reversible
capacity of 526 mAh g~! is recovered when the current rate
returns to 0.05 A g~! after 45 cycles, corresponding to a
58% of retention at 0.2 A g~'. As a comparison, the NiAl
LDH-PVDF electrode provides an average capacity of 774,
474, and 356 mAh g~ at 0.05, 0.1, and 0.2 A g™, respec-
tively, along with a lower restored capacity at 0.05 A g~!
after 45 cycles (343 mAh g~!) and lower retention at 0.2 A
g7 (46%).

Figure 7f shows the long-term cycling experiment on the
two electrodes in the restricted potential range at 0.5 A g~ .
The NiAl LDH-SA electrode delivers a higher initial dis-
charge capacity (607 mAh g~!) and Coulombic efficiency
(65.0%) than the NiAl LDH-PVDF electrode (417 mAh
g~ and 56.7%, respectively). However, in the potential
window 0.4-3.0 V, in contrast to what was obtained in the
extended potential region of 0.01-3.0 V, both electrodes
suffer from poor cycling retention (< 10% after 400 cycles).
These results demonstrate that the small cutoff potential of
the NiAl LDH electrode can dramatically affect the deliv-
ered capacity and the cycling stability. This finding is the

Q
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= =lithiated, 0.01V
lithiated, 0.4V
pristine

Normalized intensity, (a. u.)

T T
8325 8350 8375 8400
E, eV

opposite of what was observed with another LDH com-
posite electrode (CoFe LDH with nitrates in the interlayer)
tested in 1 M NaCF;SO,/Diglyme on sodium-ion batteries,
where the electrode at a potential window of 0.4-3.0 V vs.
Na*/Na resulted in improved stability compared with the
CoFe LDH electrode in a smaller cutoff potential (0.01 V
vs. Nat/Na) at 1 A g~! after 200 cycles [52].

Furthermore, CV at different scan rates of NiAl LDH
electrodes at 0.4-3.0 V was performed (Fig. S7) to bet-
ter understand the electrochemical reaction kinetics. With
increasing the scan rate, the CV shape is retained and the
peak positions (Fig. S7a and b) gradually change, which
suggests low resistance and mild polarization [59]. Bulk ion
diffusion controlled and capacitive effect behaviors can be
revealed from the equation describing the relationship of
peak current (i) and scan rate (v) [60, 61]:

i =av

A b value of ~0.5 indicates a diffusion-controlled process,
while a value ~ 1 indicates a capacitive surface-controlled
effect. The parameter b can be expressed as the slope of the
log(v)-log(i) plot. Regarding the SA binder-based electrode,
the b-values of anodic peak 1 and peak 2 are 0.92 and 0.90,
respectively (Fig. S7c). The b-values of the anodic peak 1
(0.84) and peak 2 (0.85) of the PVDF binder-based electrode
are consistent with that of the SA-based electrode, revealing
that the intercalation of Li-ion within the NiAl LDH elec-
trode is a surface-dominated process, independently from
the binder.

To understand the redox processes occurring on the NiAl
LDH electrode during the 1st cycle, XAS measurements
were performed on ex situ samples. Normalized Ni K-edge
XANES spectra and Fourier transform (FT) of the recorded
EXAFS spectra are displayed in Fig. 8. The ex situ samples
consist of lithiated (0.4 V, 0.01 V) and delithiated (3.0 V
after 0.4 V, 3.0 V after 0.01 V) NiAl LDH electrodes. The
current used to bring the electrodes to the desired potential is

b 1.6
Ni-O 1 cycle, 0.01-3V
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Fig.8 a Normalized XANES spectra at Ni K-edge and, b Fourier transform of the recorded EXAFS spectra collected on ex situ samples
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0.05 A g~!. The Ni K-edge (Fig. 8a) of the NiAl LDH shifts
to lower energies after lithiation to 0.01 V, confirming the
conversion reaction Ni>* — Ni" at this potential. According
to FT EXAFS spectra, the pristine NiAl LDH shows two
distinct peaks at around 1.4 and 2.7 A, corresponding to
the 1st and 2nd Ni coordination shells in the initial struc-
ture, accordingly. The Ni metal phase is obtained when the
peak corresponding to the Ni—-Ni band in the metal structure
appears at around 2.1 A on the FT EXAFS spectra (sam-
ple lithiated to 0.4 V). In agreement with the ex situ XRD
data, this result shows that the appearance of the Ni metallic
fraction is accompanied by the amorphization of the initial
NiAl LDH structure (Fig. S8). Based on the ex situ XAS
and XPS measurements, by stopping the electrochemical
reduction to 0.4 V, the SEI is not completely formed and the
conversion reaction is only started but not completed. This
can reflect the worst stability of the electrodes cycled at the
cutoff potential of 0.4 V. On the other side, when the sample
is discharged to the lowest potential of 0.01 V, the diffraction
reflections of another product of the conversion reaction of
LiOH can be recognized. Besides, the pristine NiAl LDH
material does not return to the initial oxidation state after
one cycle and the Ni remains slightly reduced, explaining
the fast capacity loss of NiAl LDH. The mechanism of the
electrochemical reaction occurring during the first cycle can
be proposed as two steps process:

1) Intercalation (corresponding to the potential range of
3.0V-0.5V)

[Ni?* AL(OH),|™ (NOy™), - mH,0 + yLi* + ye~ —

x+
[Nifjj;LiyAlx(OH)Q] (NO5), - mH,0

1<y<2

2) Conversion (corresponding to the long plateau at around
0.5V)

(NiOH)NO; + Li = Ni + LiOH + LiNO,

LiOH + 2Li* + 2¢~ = Li,O + LiH

Conclusion

In summary, NiAl LDH material with NO;™ as the inter-
layer anion was applied as a negative electrode on lithium-
ion batteries and the role of the binder (PVDF and SA)
and of the potential cutoff was evaluated. The NiAl LDH
electrode with SA binder shows a high capacity and more

stable cycling ability than the electrode with PVDF binder.
A higher amount of lithium oxide component at the surface
of the NiAl LDH-SA electrode is detected by XPS. Since
Li,O is less soluble in carbonate-based solvents than the
LiF (detected as a major SEI component in the PDVF-based
electrode), the resulting SEI should be more stable and
explains the better cycling ability of the SA-based electrode.
Furthermore, the NiAl LDH electrode at the discharge cut-
off potential of 0.01 V can achieve a longer cycling life in
comparison to the electrode at a discharge cutoff potential of
0.4 V owing to a complete conversion reaction and a com-
plete SEI formation in the potential range of 0.01-3.0 V (vs.
Li/Li*). Ex situ XAS confirms that the NiAl LDH stores Li*
via a conversion mechanism (Ni** to Ni’) in the potential
range of 0.01-3.0 V (vs. Li/Li*). Hence, this work clearly
shows that the environmentally friendly sodium alginate
binder, applied to NiAl LDH, improves the electrochemical
performance of this material in LIBs. Future studies should
focus on addressing the irreversible capacity loss issue that
is an overall problem for LDH materials; overcoming such
a problem can open up a broad possibility of applying LDH
materials on ion storage batteries.
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