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ABSTRACT: Development of novel electrode materials is
essential to achieve high-performance lithium ion batteries.
Here, we demonstrate that amorphous nickel iron complex
hydroxides (Ni—Fe—OH) synthesized by a laser—chemical
method can be used as a potential conversion anode material
for lithium storage. Complementary characterizations, includ-
ing ensemble-averaged X-ray absorption spectroscopy, spatially
resolved electron energy-loss spectroscopy, and energy
dispersive X-ray spectroscopy in a scanning transmission
electron microscope, were performed to reveal the chemical
and structural evolutions of the active hydroxide particles

undergoing electrochemical cycling. The solid—electrolyte interphase (SEI) layer with a primary component of lithium fluoride
(LiF) was found and remained robust on the particle surface during the charge/discharge processes, which suggests that the LiF-
containing SEI layer plays a critical role in maintaining the stable capacity retention and good reversibility of the Ni—Fe—OH

anode.

B INTRODUCTION

There is an ever increasing demand for rechargeable batteries
with high energy density and outstanding cyclability for
portable and mobile electronics in the modern technological
world." After many years’ competition with the nickel—
cadmium and nickel-metal hydride rechargeable batteries,
lithium ion batteries (LIBs) have become the fastest growin§
and most promising solution for superior energy storage.'”

The development of advanced electrode materials for lithium
storage has been one of the central missions for building high-
performance LIBs."*> To this end, the pursuit of high energy
density conversion reaction materials has been a major research
thrust in the battery community.*®” Up to date, a series of
transition metal compounds (i.e,, M, X}, where M = Fe, Co, Nj,
Mn, Co, Cr, Ti, etc, and X = O, S, N, P, and F) have shown
intriguing lithium storage properties,*®™"> among which
transition metal hydroxides as electrode materials for LIBs
have been less commonly reported. Achievements have been
obtained in using the composites of hydroxide and graphene as
LIB anode materials such as Ni(OH),/ graphenelé’17 and
Co(OH),/graphene.'®'® However, pristine hydroxide anodes
often suffer severe and continual capacity fading,'® which
results in a low cyclability of the electrode.
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Herein, we demonstrate that an amorphous nickel iron
complex hydroxide (Ni—Fe—OH) exhibits improved lithium
storage capability compared to other hydroxides and a stable
capacity retention of 540 mAh/g maintained over 50 cycles,
which makes it a possible conversion electrode material for the
LIB. In this paper, we aim to study the chemical and structural
transformation of the Ni—Fe—OH nanostructures and the
evolution of solid—electrolyte interphase (SEI) layer to reveal
the fundamental mechanisms of improved lithium storage
performance during the lithiation/delithiation processes.
Characterizations, that is, soft X-ray absorption spectroscopy
(XAS), electron energy-loss spectroscopy (EELS), and energy
dispersive X-ray spectroscopy (EDS) in a scanning transmission
electron microscope (STEM), were carried out.>**~** SiO,
thin film-supported transmission electron microscopy (TEM)
copper grids, loaded with a small amount of the active material,
were pressed against the bulk anode and assembled into the
coin cells; the active materials were collected at different states
of the charge/discharge process for characterizations where the

Received: November 10, 2014
Revised: ~ January 23, 2015
Published: January 27, 2015

DOI:10.1021/cm5041375
Chem. Mater. 2015, 27, 15831589


pubs.acs.org/cm
http://dx.doi.org/10.1021/cm5041375

Chemistry of Materials

electrodes were used for soft XAS and copper grids for STEM-
EELS/EDS.

A facile laser—chemical method was adopted to synthesize
the Ni—Fe—OH compound where laser irradiating a precursor
solution leads to the growth via hydrolysis reactions of metal
ions (Figure 1a, and see the reaction mechanism in Supporting

Figure 1. (a) Schematic diagram of laser synthesis in solution. (b)
Photographs of the solution at different stages of laser irradiation. The
subsequent process for obtaining the powder product for lithium
storage is highlighted.

Information). We used a Continuum Surelite III nanosecond
pulsed laser with the laser wavelength, pulse energy, and
frequency of 1064 nm, 750 mJ/pulse, and 10 Hz, respectively.
The precursor solution is an aqueous mixture of nickel nitrate
and iron nitrate. Figure 1, panel b shows that the clear green
reactant solution turned darker and darker after laser
irradiation, and a brown particulate suspension was finally
produced, from which a brown powder of Ni—Fe—OH was
isolated after collecting, rinsing, and drying.

B EXPERIMENTAL SECTION

Laser—Chemical Synthesis of the Amorphous Nickel Iron
Complex Hydroxide Nanostructures. A Continuum Surelitelll
nanosecond pulsed laser was used as a power source, which has four
different wavelengths: 1064 nm, 532 nm, 355 nm, and 266 nm. The
typical laser parameters of operation are 1064 nm wavelength, 10 Hz
frequency, 7—8 ns pulse width, 0.9 cm beam diameter, and 980 m] per
pulse. Aqueous solutions of 1 M nickel nitrate and 1 M iron nitrate
were prepared as precursors. For synthesis in water, 3 h laser
irradiation (pulse energy of 700 mJ) was applied for a 4 mL mixed
precursor solution with Ni:Fe molar ratio of 1:1. Precipitates produced
by laser irradiation were rinsed by ethanol and centrifuged at 9000 r/
min and repeated for three times, then dried in air at 70 °C to obtain a
powder product. All chemicals including nickel nitrate (99.99%) and
iron nitrate (98%) were purchased from Sigma-Aldrich and used as
received. The deionized water was produced by Milli-Q integral water
purification system.

Battery Coin Cell Fabrication and Test. Composite electrodes
were prepared with 70 wt % active material, 15 wt % polyvinylidene
fluoride (PVDF), and 15 wt % acetylene carbon black in N-methyl-2-
pyrrolidone (NMP) and cast onto copper current collectors with
loadings of 2—3 mg/cm” Two-thousand thirty-two coin cells were
assembled in a helium-filled glovebox using the composite electrode as
the positive electrode and Li metal as the negative electrode. A Celgard
separator 2400 and 1 M LiPF6 electrolyte solution in 1:1 w/w
ethylene carbonate/diethyl carbonate were used to fabricate coin cells.
Battery testing was performed on computer controlled VMP3 channels
(BioLogic). 1C was defined as discharging the nickel iron complex
hydroxide with a specific capacity of 720 mAh/g in 1 h. The charging
current was set identical to that of the discharging in the present study.
Electrochemical impedance spectra were collected after full cycles with
a 10 mV AC signal ranging from 10—100 kHz.

Characterizations. TEM was used for structural and morphology
characterization. EELS was acquired using a Gatan Tridiem
spectrometer equipped on 200 kV FEI monochromated F20 UT
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Tecnai TEM. An EDS spectrum was obtained using 200 kV TitanX
TEM equipped with the windowless SDD Bruker EDS detectors with
fast processor and FEI Double-tilt Ultratwin Low background sample
holder.

TA Instruments QSO000IR TGA-MS was used for the thermal
gravimetric analysis (TGA); argon gas was used with a flow rate of 25
mL/min, and the temperature was ramped to 600 °C at a rate of 5 °C/
min for testing. PerkinElmer Spectrum One Fourier transform infrared
(FT-IR) with HATR assembly was used for FT-IR measurements. X-
ray diffraction (XRD) on powder samples was performed on a Bruker
D2 Phaser diffractometer using Cu—Ka radiation.

High-throughput soft XAS measurements were performed on the
31-pole wiggler beamline 10—1 at Stanford Synchrotron Radiation
Lightsource (SSRL) using a ring current of 350 mA and a 1000 L
mm™" spherical grating monochromator with 20 ym entrance and exit
slits, which can provide 10" ph s~ at 0.2 eV resolution in a 1 mm two
beam spot. During the measurements, all samples were attached to an
aluminum sample holder, and the surface was connected to the
isolated holder using conductive carbon. Data were acquired in a single
load at room temperature and under ultrahigh vacuum (10~ Torr).
Detection was performed in total electron yield (TEY) mode (with
probing depth of ~5 nm), where the sample drain current was
normalized by the current form of a reference sample in a form of
freshly evaporated gold on a thin grid positioned upstream of the
sample chamber.

B RESULTS AND DISCUSSION

Figure 2 displays the chemical and structural information on
the as-synthesized Ni—Fe—OH complex hydroxide. The STEM
images and EDS maps show that the Ni—Fe—OH nanostruc-
tures have a homogeneous distribution of Ni, Fe, O, and N
(Figure 2a). The broad peaks in the XRD pattern (Figure 2b)

Figure 2. (a) STEM images and EDS mapping of the as-prepared Ni—
Fe—OH nanostructures. (b) XRD, (c) FT-IR, and (d) TGA analyses
of the Ni—Fe—OH nanostructures. (e) XAS spectra (total electron
yield mode, TEY) of O K-edge, Fe L-edge, and Ni L-edge, respectively.
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indicate that the Ni—Fe—OH compound has a low crystallinity
(amorphous-like, compared with the crystalline structure of
nickel iron layered double hydroxide,® shown as line markers
in Figure 2b) with nitrate ions and water molecules located
between the layers (Figure 2c). The TGA (Figure 2d) shows a
35% weight loss of the material below about 240 °C,
corresponding to a 15% loss of absorbed and structurally
bonded water and a 20% loss due to the evolution of H,O and
NO,.**

Soft XAS was used to determine the valence states of the
metal ions in the as-prepared powder (Figure 2e). The Fe L-
edge and Ni L-edge spectra show that in the pristine material,
the oxidation states are 3+ for Fe and 2+ for Ni,
respectively.>>>?® The detailed interpretation of O K-edge
XAS was complicated due to the unknown characteristics in the
local ionic ordering as well as the possible contribution of
bound water and nitrate ions. However, the lowest energy state
near 530 eV can be unambiguously associated with Fe 3d—O
2p hybridized states. We associate the second feature in the pre-
edge with the expected doublet peak of Fe** hybridized states
(similar to Fe,O;), overlapped with a smaller intensity from the
Ni 3d—0 2p states.**”*® On the basis of the intensity of the
pre-edge relative to the main edge, we conclude that the
spectrum is dominated by oxygen in the metal hydroxide with
some contribution from other oxygen functionalities, for
example, water and nitrate ions (note that neither water nor
nitrate ions have XAS features below 534 eV). On the basis of
the structure and elemental analyses, we formulate the as-
synthesized amorphous nickel iron hydroxide as
[Nig;Fego(OH),](NO;), X mH,O (where x and m could be
estimated from the EDS quantification and TGA analysis as 0.2
and 1.0, respectively).

The pristine Ni—Fe—OH compound was cycled as the active
material in a half-cell configuration using lithium metal as the
counter electrode. The capacity—voltage profile in Figure 3,
panel a shows that the material delivered a charge capacity of
1000 mAh/g in the first cycle after undergoing an initial
discharge. The cell then underwent continual fading until the
20th cycle, after which a stable capacity of ~540 mAh/g was
maintained. A slight enhancement of the charge/discharge
capacity was observed after 30 cycles. Although there was an
obvious Coulombic inefficiency at the first cycle (Figure 3b),
because of the presence of side reactions, such as irreversible
electrolyte decomposition, dissolution of the active material,
and formation of SEI layer, the Coulombic efficiency was
drastically improved after the first cycle and approached 100%
after 20 cycles (Figure 3b). The electrochemical impedance
spectra (EIS, Figure 3c) show that the charge transfer resistance
of the electrode undergoes minor change after 50 cycles
(increases from 142 Ohm to 200 Ohm), which indicates
excellent stability of the electrode for battery cycling. There is
an increase of mass transfer resistance attributable to the
passivation by electrolyte decomposition products, as described
later in the text. Overall, the cycling performance of the
amorphous Ni—Fe—OH nanostructures is comparable to
commonly reported metal oxides and hydroxides as the
anode materials.*'>'®

With the grids-in-coin-cells methodology, four coin cells
loaded with TEM grids were prepared for battery testing, and
the active materials were transferred in argon gas protection
and taken out for characterizations at five charge/discharge
states, that is, pristine, 50% discharged, fully discharged, 50%
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Figure 3. (a) Charge—discharge voltage profile (at C/2 rate), (b)
capacity retention (left y-axis), and (c) Coulombic efficiency (right y-
axis) of lithium half cells using the as-prepared Ni—Fe—OH
nanostructures as anode materials.

charged, and fully charged states (see Figure Sla, Supporting
Information).

The XAS/TEY was used to study the electrode—electrolyte
interfacial phenomenon. Because of the limited mean free path
of electrons in the materials, XAS/TEY (with probing depth of
~5 nm) offers a means to probe the surface chemical
environment. Figure 4, panel a shows the XAS evolution of
the Fe L-edge, where a dramatic decrease of the absolute
intensity was detected during the first discharge, which suggests
the formation of an SEI layer on active material particle
surfaces, which did not contain Fe. The SEI layer evolved over
the first cycle but did not fully decompose after a full cycle, and
the valence states of Fe and Ni ions were reversible, which
stayed as Fe’* and Ni*" after one cycle (Figure 4a and Figure
S1b). We also note the emergence of strong F 1s XAS intensity
at lower energies with a shoulder near 700 eV and an increasing
extended X-ray absorption fine structure (EXAFS) oscillation
characteristic near 715 eV (marked as triangle in Figure 4a),
which suggest the existence of LiF in the SEI layer.” Figure 4,
panel b displays the drastic changes of the XAS O K-edge. The
pre-edge of the O K-edge, associated with (Ni, Fe) 3d—O 2p
hybridization (see Figure 2 and associated text), vanished at the
50% discharged state, which is consistent with the Fe L-edge
intensity loss. Instead, a sharp peak at higher energy, indicative
of a 7* resonance, such as in carbonyl functionalities [z*(C=
0)], dominates the pre-edge structure, from which we can
associate this feature primarily with carbonate species,®*°
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Figure 4. (a) XAS/TEY spectra of Fe L-edge and F K-edge for
electrodes at five different states of charge, that is, pristine (black),
50% discharged (red), discharged (blue), 50% charged (green), and
one cycle charged (pink) states. The triangle symbol marks the EXAFS
feature attributable to LiF in the SEI layer. The XAS intensity of Fe L-
edge at the pristine state is reduced by three times for demonstration.
(b) XAS/TEY O K-edge spectra for electrodes in the pristine state
(black) and in the 50% discharged state (blue), and the assignment of
peaks is indicated in the figure. (c) EELS spectra of Fe L-edge and O
K-edge across a Ni—Fe—OH nanostructure in the 50% discharged
state. Inset is the STEM image of the nanostructure, and the blue
dashed arrow shows the path of the EELS line scan. The star symbol
marks a shoulder feature attributable to LiF.

although other remains of electrolyte species cannot be
excluded. Further analysis and elemental identification of the
SEI layer were investigated using spatially resolved STEM-
EELS spectroscopy.

Figure 4, panel ¢ shows the line scan EELS spectra of the Fe
L-edge, F K-edge, and O K-edge on a particle in the 50%
discharged state. Obvious shifts of the Fe L-edge are observed
over its length. The rightward shifting of the Fe L-edge from
the surface to the center is as large as 2 eV, and the pre-edge of
the O K-edge does not show up on the surface, which indicates
that the Fe ions have been reduced to Fe’, but Fe’' is still
maintained inside the particle due to the incomplete
reduction.®’ The high intensity of the F K-edge on the particle
surface indicates that a F-containing species covers the surface;
the subtle shoulder close to the F K-edge (marked with a star)
implies that LiF might have formed on the surface,** which is
consistent with the observation of the EXAFS feature of LiF in
Figure 4, panel a (marked with a triangle).

Figure S shows the structure determination of the active
particles in the fully discharged state. The STEM-EELS line
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scan over a thin nanostructure (Figure Sa) indicates that the
LiF phase exists on the particle surface. The slight shifts (from
the center to the edge) of the Fe L edge indicate that iron ions
are at lower oxidation states, likely Fe species, since no obvious
pre-edge of the O K-edge is observed. Figure S, panel b
demonstrates relatively large particles that are embedded in the
reaction species, from which an obvious SEI layer over the
particle could be observed. We investigated the components at
three different points, that is, at the center of particle, in the SEI
layer, and on the reaction species (outside of the active
particles). At the center of particle (point 1), no obvious F is
detected, and the pre-edge of O K-edge around 530 eV resulted
from the hybridization of (Ni)Fe 3d—O 2p, which indicates
that the large active particle is not fully reduced at the fully
discharged state. In the SEI layer (point 2), clear F K-edge
shows up, a small shoulder (marked with a star) indicates the
existence of LiF in the SEI layer.>> Weak Fe L-edge is detected,
and the disappearance of the pre-edge of O K-edge indicates
the existence of Fe” in the SEI layer. At point 3, only F K-edge
is observed, which can be attributed to the electrolyte species,
that is, LiPF4 Furthermore, the high-resolution TEM image
confirms the formation of Fe’ nanocrystals embedded in the
SEI (Figure Sc). XRD measurements were attempted before
and after electrochemical cycling to determine the structure of
the materials on the electrodes; however, the resolution of a lab
source XRD is not optimal to interpret due to the strong effect
of a sophisticated electrode, composed of the active materials,
carbon, reaction products, and the current collector, etc., after
cycling (Figure SS).

When the Ni—Fe—OH nanostructures underwent charging
in the first cycle, that is, at the 50% charged and fully charged
states, most of the nanostructures turned into irregularly shaped
particles encapsulated by an SEI layer (Figures 6a, Figures S2
and S3). The STEM-EDS maps of the fully charged particle
(Figure 6a) show that the SEI layer contains a considerable
amount of F and P but a small amount of C and O. On the
basis of this finding, and the characteristics of the F 1s XAS and
O 1s XAS during cycling (Figure 4a,b), the SEI layer is likely
dominated by fluorine species identified primarily as LiF. The
STEM-EELS spectra of the active material particle (Figure 6b)
show that the Fe L-edge is right-shifted from the particle center
to the surface (~2 eV), consistent with a Fe’ — Fe’* transition
during the charging process.31 Accordingly, the pre-edge of the
O K-edge shows up near the surface of the particle (marked
with triangle in Figure 6b), and the LiF phase can still be found
on the surface after charging (noted with a star in Figure 6b).

It is clear from the above analyses that the SEI layer plays a
critical role in maintaining the good cyclability of the anode
material (Figure 3b) in the lithium half-cell. Because of the
existence of water molecules in the as-prepared Ni—Fe—OH
nanostructures, the reaction of water with LiPF4 could occur

preferentially on the particle surface, which is given as®>**

LiPE, + H,0 — LiF + POE, + 2HF

We expect this reaction is responsible for the observed LiF as
a primary component of the SEI layer. Here, the controlled
small fraction of water molecules in the as-synthesized
hydroxide nanostructures contributes positively to maintain
the good cyclability of the LIB anode. However, water is
generally harmful to a battery system; the dehydrated material
will be investigated for comparison in the future.

It is noted that the primary phase of LiF has also been
identified in the SEI layer of graphite anode® ™’ and in the

DOI: 10.1021/cm5041375
Chem. Mater. 2015, 27, 15831589


http://dx.doi.org/10.1021/cm5041375

Chemistry of Materials

Figure S. Structure of the active particles in the fully discharged state. (a) STEM image and EELS line scan profile over one nanostructure at the
discharged state. The green dash arrow shows the EELS line scan pathway. The shoulder feature of LiF phase is marked with a star. (b) STEM image
and EELS spectra at three different points on the image, where points 1, 2, and 3 are at the center of particle, in the SEI layer, and on the reaction
species, respectively. (c) TEM image, fast Fourier transform (FFT) pattern, and inversed FFT image of the iron nanoparticle that is found on the

surface of the large active particle.

surface reaction layers on LiNi,Mn,Co;_,,0, cathodes.”’
Because of the large band gap of LiF (~14 eV), the SEI
impedes the transport of electrons through the layer while

allowing lithium ions to pass through,®~*°

which prevents the
continual decomposition of electrolyte below its thermody-
namic reduction limit. As with graphite, this allows the
hydroxide electrode to function reversibly even at low
potentials (Figure 3b). As to the large capacity loss and
irreversibility at the first a few cycles, this could be ascribed to
the side reaction of the active materials with the electrolyte to
form complex intermediates (Figure S4) and the incomplete
redox reaction in the initial cycle (Figure Sb and Figure 6b),

likely due to the protection of the SEI layer.
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B CONCLUSIONS

We synthesized amorphous nickel iron complex hydroxide
nanostructures by a laser—chemical method, which showed
improved lithium storage capability compared to other
hydroxides. Complementary characterizations, including soft
XAS and STEM-EELS/EDS, show that a SEI layer composed
of a primary phase of LiF remains mostly intact on the surface
of the active material particles during the charge/discharge
processes, which plays a key role in maintaining repeated
cycling of the electrode to low voltages. Incomplete redox
reactions, formation of intermediate species, and pulverization
of the active nanostructure were detected during the initial
charge/discharge processes, which likely contributed to the
irreversibility in the first several cycles. Further engineering of
the SEI layer and of the active material based on the
observations made here should result in further improvements

DOI: 10.1021/cm5041375
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Figure 6. (a) STEM-EDS mapping of the Ni—Fe—OH nanostructure
after one cycle. (b) EELS spectra of O K-edge and Fe L-edge across a
Ni—Fe—OH particle after one cycle (charged). Inset is the STEM
image of the particle, and the blue dashed arrow shows the path of
EELS line scan. The scale bar is 50 nm. The triangle indicates the
emergence of pre-edge of O K-edge and the star symbol marks the
shoulder feature of LiF.

in performance, particularly in reducing Coulombic inefficien-
cies.

B ASSOCIATED CONTENT

© Supporting Information

Materials and methods, XAS of Ni oxidation states, EDS
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