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Transition metal oxides (TMQOs) have been researched as active electrode materials for Li-ion batteries
for over 20 years owing to their large specific capacity based on conversion reactions rather than
intercalation/deintercalation mechanism. Here, NiO was chosen not only as a representative among
those TMOs but also as a model electrode material to fundamentally study its electrochemical
processes during the first lithiation/delithiation cycle via electrochemical impedance spectroscopy
(EIS). The NiO model electrode was constructed by electrodepositing a pure NiO film on the surface
of the copper foil and directly served as a working electrode in Li-ion half cells without any other
additives. These cells were stopped at certain states in the first lithiation/delithiation cycle and ready
for the EIS test. Interestingly, other two semicircles were found in Nyquist plots, which were ascribed
to NiO and structure transformation besides the normal two semicircles related to solid electrolyte
interphase (SEI) and the interface between NiO and electrolyte. Furthermore, bounded diffusion was
more suitable than semi-infinite diffusion to explain Li* diffusion process in conversion-type
electrodes. Thus, a new fitting circuit was proposed and the electrochemical processes of the NiO
model electrode were studied quantitatively according to fitted data.
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1. INTRODUCTION

Transition metal oxides (TMOs) such as Mn3O4, Fe304 Co0304, NiO, Cu,O have been
increasingly studied for over 20 years as active electrode materials because of their high theoretical
capacity and low cost [1-3]. Various methods including in situ X-ray, in situ transmission electron
microscopy, and thermodynamic analysis have been employed to elucidate their electrochemical
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processes during cycling [4-6]. Different from the intercalation/deintercalation mechanism, they
undergo conversion reactions with the reduction and oxidation of metal particles. Here, NiO was
chosen not only as a representative of these TMOs but also as a model electrode material to illustrate
its electrochemical processes during the first lithiation/delithiation cycle.

In order to better understand the electrochemical processes and conversion reactions
mechanism of NiO during the first lithiation/delithiation cycle, electrochemical impedance
spectroscopy (EIS) was utilized and clearly analyzed. EIS is a powerful method and frequently used to
reveal the electrochemical processes of lithium-ion battery. For the past two decades, many EIS
researchers have dedicated to studying the solid electrolyte interphase (SEI) [7], electronic and ionic
transport properties [8] of the cathodes and anodes in Li-ion batteries, which were based on
intercalation/deintercalation mechanism. Nevertheless, the same interpretation has also been used to
describe the processes in Li-ion batteries based on conversion reactions mechanism, which often led to
misfit especially within the low-frequency region [9]. At the same time, because of its intrinsic poor
electrical conductivity, aggregation and large volume change during cycling, pure NiO has to be
modified to improve its cycling stability and rate performance such as complexing with Ni [10-12],
graphene [13, 14], or carbon nanotubes [15] in consideration of application requirements. Conductive
agents and binders including acetylene black, carbon nanotubes, polyvinylidene fluoride (PVDF),
polytetrafluoroethylene (PTFE) are usually needed to improve its conductivity and prevent against
falling off from current collectors. These additives introduce a lot of interference to the basic research
of electrochemical processes, as well as bring great difficulties to analysis processes. However, little
effort has been devoted to exploring the electrochemical behavior of pure NiO or model electrode in
the Li-ion batteries without such additives as mentioned above.

Therefore, in this study, we designed a kind of NiO model electrode which was deposited on
the surface of copper foil by electroplating without any other additives. Then we assembled it into a
coin Li-ion cell. After that, we chose a new fitting circuit with a different diffused element called T
element which is referred to bounded diffusion (comparable to W element which is referred to semi-
infinite diffusion) to study the electrochemical processes according to the measured EIS data. And the
evolution of NiO electrode in the Li-ion batteries during the first cycle was clearly disclosed based on
the new and perfect fitting.

2. EXPERIMENTAL

A layer of NiO film on the surface of the copper foil was prepared by a simple electroplating
method and heat treatment. In detail, an electroplating device was constructed with a piece of acid
cleaned copper foil (40 mm*120 mm) as the working electrode, a piece of nickel foam (42 mm*140
mm) as the counter and reference electrode respectively, and 250 mL 0.25 mol/L Ni(NOs3), ethanol
aqueous solution (1 : 1, volume ratio, pH = 3.5) as the plating solution. Between the electrodes, voltage
-1.6 V was added for 2 hours while the plating solution was kept constantly at 30 °C. After
electroplating, the copper foil covered with a layer of light green Ni(OH), was carefully washed by
deionized water several times and vacuum dried at 60 °C for 2 hours. And then the product was treated
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at 350 °C in a flowing Ar atmosphere for 3 hours for completely converting it to dark NiO. The NiO
electroplated copper foil was acted as the working electrode directly in the Li-ion batteries where
copper foil could collect current and NiO participated in electrochemical reactions with Li foil as the
counter and reference electrode, a Celgard 2025 membrane as the separator and 1 M LiPFgina 1: 1
mixture solution of ethylene carbonate and diethyl carbonate (EC/DEC) as the electrolyte.

Ultra 55 field emission-scanning electron microscopic (FE-SEM) (Zeiss, Germany) under a
working voltage of 10 kV was used to examine the morphology of the electrode and energy disperse
spectroscopy (EDS) was attached to measure the element types and contents. D8 ADVANCE
diffractometer (Bruker, Germany) was used to capture the X-ray diffraction (XRD) patterns of
Ni(OH), and NiO which were peeled off from the copper foil.

In order to illustrate the evolution of the NiO model electrode during the first cycle, cyclic
voltammetry (CV) curve which was conducted between 0.01 V to 3 V at a scanning rate of 5 mV s™ by
an electrochemical working station (PGSTAT 302N) (Metrohm, Switzerland), then 6 potential
including pristine (before cycled), D-1V (discharged state of 1 V), D-0.01V (discharged state of 0.01
V), C-1V (charged state of 1 V), C-2V (charged state of 2 V), and C-3V (charged state of 3V) were
chosen to be studied. Then the as-assembled Li-ion cells were discharged to 1 V, discharged to 0.01 V
or continued to be charged to 1 V, 2 V, or 3 V by LAND CT2001A (Wuhan, China) at a current
density of 0.1 A g™ and stood by for 2 hours to reach a steady voltage respectively. Then, each cell was
conducted by PGSTAT 302N controlled by Nova 1.11 software to obtain EIS in which the
perturbation voltage was 10 mV and the frequency range varied from 100 KHz to 100 mHz. After that,
the EIS was analyzed by a program attached in Nova software with the new fitting circuit.

3. RESULTS AND DISCUSSION

The NiO model electrode was prepared based on three chemical reactions. When the voltage of
-1.6 V was applied, OH" was produced near the working electrode, which led to a small alkaline area
even though the solution pH value was 3.5. Meanwhile, some Ni(OH), seed crystals were formed in
this area, and because of the low density of the Ni(OH), seed, they preferred to deposit on the
heterogeneous surface of the copper foil. These seed crystals then grew into a thin light green Ni(OH),
film for 2 hours [16] as shown in Figure 1a. After drying, the Ni(OH) electrode was put into a tube
furnace and changed into black NiO (Figure 1a) under 350 °C based on a decomposition reaction. The
three chemical reactions were simply written in three equations below:

NO; ™ + H,0 + 26 — NO; + 20H" 1)

Ni*" + 20H — Ni(OH),| )

Ni(OH), — NiO + H,0 3)

The model electrode has a rough surface and NiO is partially covering the copper foil from the
SEM image (Figure 1b). The XRD patterns (Figure 1c) show that the two materials have totally
different diffraction peaks. The 20 values of 33.665°, 38.957°, 60.897° can be indexed to (110), (200),
(301) diffraction planes of Ni(OH),. And the 20 values of 37.248°, 43.275°, 62.878° can be indexed to
(111), (200), (220) diffraction planes of cubic NiO. The diffraction peaks are a little broad because of
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the low degree of crystallinity of Ni(OH), and NiO particles.

C ——Ni(OH),
——NiO

Element Atomic% Element  Atomic%
e oK 44.86
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Cul 63.59 CuL 4.86 260

OK 31.06

Figure 1. (a) Photographs of Ni(OH), (left) and NiO (right) samples peeled from the copper foil; (b)
SEM image and EDS data of electroplated copper foil covered by NiO; (c) XRD patterns of
Ni(OH); and NiO samples.

Cyclic voltammetry was done to illustrate the evolution of the NiO model electrode during the
first cycle. From the CV plot shown in Figure 2, the NiO electrode has a cathodic peak around 0.5 V
corresponding to the formation of Ni and solid electrolyte interphase (SEI) film and two anodic peaks
around 1.7 V and 2.23 V corresponding to the decomposition of SEI film and the formation of NiO
[17]. To show how the electrode changes before and after these chemical reactions happened, six
points were chosen almost equidistantly and highlighted by red dots on the CV curve.
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Figure 2. A cyclic voltammetry curve of NiO model electrode during the first cycle. It was discharged
from open circuit potential to 0.01 V and then charged to 3 V as indicated by arrows. Six
typical potentials were highlighted and selected to study the electrochemical process of NiO
model electrode.

To explicitly explain why this new fitting circuit is used and how it works, D-0.01V was
selected as a representative. A typical process of NiO electrode reactions around this potential during
AC impedance test is illustrated in Figure 3a. First, the Li" in the liquid electrolyte travels through the
SEI film and arrives at the surface of NiO film. Meanwhile, the e” from the current collector arrives at
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the same place and gives rise to a electrochemical reaction (NiO + 2Li* + 2e” — Ni + Li,O) [18]. A
Similar process can be found in the graphite electrode, where Li* migrates through SEI film and then
intercalates into graphite, accompanied by charge transfer at its surface [19]. This place is so called the
chemical reaction site. Based on this understanding, a new fitting circuit was put forward to comply
with this process.
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Figure 3. EIS fitting of battery D-0.01V as a representative: (a) Scheme of a typical electrochemical
process in the NiO electrode; (b) a fitting circuit based on the understanding of the
electrochemical process used to fit the EIS; (c) obtained Nyquist plot with four indicated
semicircles; (d) the error plots of fitted data and K-K test; (e) comparison of fitting with T and
W element without any changes of other elements.

In theory, the structure of a cell can be explained by numerous elements such as resistors (R),
capacitors (C) and inductors (L), which can form a very complex structure in series or parallel. But
many elements can be merged into a relatively simple structure due to their similar time constants [20].
As is showed in Figure 3b, a new fitting circuit composed of one R, four parallel RC circuits, one T in
series corresponding to four semicircles and one straight line in the Nyquist plot (Figure 3c) is applied
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to fit the cell D-0.01V to reveal its structure. In most cases, capacitors are replaced by constant phase
angle elements (CPE) due to the capacitance dispersion effect caused by porous, rough or absorbed
electrodes [21]. The impedance of the CPE is

1

Zcpg = Yo'

where Y, is the parameter related to the capacitance of the electrode (F s™* cm?) and n is the
constant phase exponent (0 < n < 1). The first semicircle located from 100000 Hz to 630.96 Hz is
related with the SEI film in which Rsg and CPEsgg, are the resistance and capacitance of the SEI film.
The second semicircle located from 630.96 Hz to 25.12 Hz is related with the NiO in which Ryio and
CPEnio are the resistance and polarization capacitance of NiO. Here, because e is difficult to move
through NiO, the time constant RC of the second semicircle is big enough to respond in the selected
frequency region. If the electrical conductivity of the electrode material is very good or improved by
mixing with conductive agents, its resistance will be too small to be recorded [22], that means pure
NiO in the Li-ion batteries without such additives can avoid such interference. The third semicircle
located from 25.12 Hz to 1.99 Hz is in connection with the interface exchange process in which R is
the charge transfer resistance and CPE; is the capacitance on the surface of NiO, which is often used
to analyze the kinetic properties in Li-ion batteries [7, 8, 23]. The fourth circle located from 0.32 Hz to
0.1 Hz is the result of the transformation between NiO and Ni as a consequence of the conversion
reactions or formation of new phases, which is also mentioned in other kinds of literatures. For
example, Evgenij et al. found that phase nucleation processes could be presented after 700 s (about 1.4
mHz) due to the rate-limited growth of lithium-rich phase [24]. They also found that phase change of
LiNiO, material could be detected among such a low frequency (to 0.2 mHz) [25]. NiO belongs to a
cubic system with a = 4.1771 A from PDF#47-1049 in this paper which is very different from
whatever cubic with a = 3.5238 A or hexagonal with a = b = 2.6515 A, ¢ = 4.343 A Ni. Even they are
different substances with different electronic structures. This structure transformation can be displayed
at a very low frequency, usually below 0.01 Hz. Fortunately, almost 7 points can be ascribed to this
structure transformation of NiO model electrode at a low frequency from 0.32 Hz to 0.1 Hz. And
because the Ry is too large, about 1.47 kQ in D-0.01V, the forth semicircle has a large diameter that
equals to Ry and seems like a straight line within this region. T element represents bounded diffusion
of Li" in the NiO model material, which is well different from semi-infinite diffusion in the layered

compounds. The expression of T is
1

Zr =+ Jj_wcoth(B\/j—w),
in which

__ nFCsVD

— ZPylipl

and
B =

0

L
\/[—)1

where n is the number of electrons exchanged in the process, F is the Faraday constant, Cs is
the surface concentration of the species, D is the diffusion coefficient (cm? s™), Z¢° is the Faraday

impedance, v is the reaction order, Ir is the Faraday current density, | is the bounded layer thickness
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(m). The T element is utilized in the fitting circuit and fitted well with the recorded data, which
indicates that the limited Li" diffusion distance is similar to the Li* radius.

Figure 3d is the fitting error and Kramers-Kronig (K-K) test error of the acquired EIS data of
cell D-0.01V. It shows that both errors are around 0 and below 3%. The chi-square of the fitted data is
6.85 * 10, elucidating that fitting circuit is probably reasonable. The chi-square of the K-K test is 3.23
* 107, which illustrates that the acquired EIS data obeys the principle of the EIS test. To demonstrate
the reasonability of the T element, W element was also taken into this circuit for examination and
comparison without any changes of other elements. As shown in Figure 3e, these two elements don’t
influence the conformity between the acquired data and fitted data within the high and mediate
frequency region. Nevertheless, they have an obvious difference in the low-frequency region. The T
element shows well in accordance with the acquired data but the W element shows an obvious
deviation, resulting in a worse fitting. This further demonstrates that Li* follows bounded diffusion
rather than semi-infinite diffusion.

Applying this fitting circuit, the Nyquist plots (Figure 4a) and Bode phase plots (Figure 4b) of
batteries in other potential are also fitted well with their variances of fitting x* generally below 107,
which indicates that this fitting circuit is probably right. As is showed in the Nyquist plots, they have
several semicircles within high and middle-frequency regions; and a line within low-frequency
regions. Whereas, note that within an even lower frequency region around 0.1 Hz, it is a small part of a
large semicircle caused by structure transformation. As for Bode phase plots, each RC parallel circuits
will form a peak, corresponding to the semicircles in the Nyquist plots. Note that each Bode phase plot
is also fitted well by this new circuit.
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Figure 4. Nyquist plots (a) and Bode phase plots (b) of the batteries under different potential. Each
curve is fitted by the same fitting circuit. Inset of a is amplified Nyquist plots.
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Table 1. Fitted data of NiO Li-ion batteries under different potential states.

Batteries RJQ  Rse/Q  Rnio/Q  Ri/Q  Ry/Q B/s v’/10™

Pristine 6.67 37.4 133 223 113k  0.863 4.48
D-1V 6.74 32.6 39.1 746 104k  0.785 9.47

D-0.01V  7.63 63.6 34.1 144 147k 0967 6.85
C-1v 6.69 90.7 19.8 199 438k 1.06 9.15
Cc-2Vv 6 8.94 38.3 78.7 81 k 0.822 3.26
C-3V 3.69 3.38 105.4 42 227 0.726 6.47

The fitted data are extracted from the fitting circuits and summarized in Table 1 in order to
study the evolution of electrochemical processes of pure NiO electrode during the first
lithiation/delithiation cycle. To clearly observe the evolution of R, Rsgl, Rnio, Ret, and Rg;, Figure 5 is
displayed below. From Figure 5a, Rs which represents the resistance of the electrolyte is nearly the
same in the six batteries, which is in good agreement with the actual situations, as the electrolyte is an
overdose and the product of electrode reactions could hardly influence the composition as well as the
conductivity of the electrolyte. Surprisingly, SEI film had already formed before the cathodic reaction
potential at about 0.5 V. The SEI film in the pristine batteries might be on account of the spontaneous
reactions on NiO during the aging process. To demonstrate the formation of SEI film before 0.5V, the
CV plot is enlarged in Figure 6a. Obviously, a broad peak around 1.64 V and a small peak around 1.34
V are found, which could be caused by different electrolyte decomposition reactions happened step-
by-step. SEM image of Figure 6b further demonstrated that the NiO is covered by a smooth film after
discharged to 1 V, which is well different from the as-prepared rough NiO electrode in Figure 1b. The
SEI film is still produced from sample D-0.01V because of the low cathodic potential and has the
largest resistance from sample C-1V because it was under the low potential for the longest time even
though the potential was added reversely. From half cells C-2V and C-3V, the SEI film has the lowest
resistance of 8.94 Q and 3.38 Q, which must have something to do with the SEI film decomposition
reaction at around 1.7 V. This huge SEI film decomposition reaction may induce the capacity fading
when batteries are cycled for long times, which is a major concern of the native NiO as a steady SEI
film is necessary in Li-ion batteries [26, 27]. The evolution of Ryjo shows that the pristine NiO has the
largest resistance before it is cycled and decreases gradually until 19.8 Q of C-1V that could have the
maximum amount of conductive metallic Ni particles from reduced NiO. The resistance of NiO then
increases and is 105.4 Q of C-3V, which relates to the oxidation reaction of Ni at around 2.23 V.
Figure 5b shows that Ryio and R have similar values and follow a similar variation tendency during
the first cycle, which suggests that R may be positively related to Ryio. If Rnio is reduced, the charge
transfer process can be accelerated. Furthermore, Ry plays an important role during the first cycle
because it always has the highest value in all the batteries illustrated in Figure 5¢. The huge resistance
of NiO electrode transformation could be detrimental to Li-ion batteries and treatments should be
adopted to alleviate its harmful effects. In addition, B that is equal to \/LE from the T element is hardly

changed, which indicates that the diffusion coefficient of Li" in the NiO electrode is hardly influenced.
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Figure 6. (a) Enlarged CV plot between 0.5 V and 2.5V of Figure 2; (b) SEM image of the NiO
electrode after it was discharged to 1 V.

4. CONCLUSIONS

To summarize, employing a new T element fitting circuit with bounded diffusion, the EIS was
well fitted and interpreted to study the evolution of electrochemical processes of NiO model electrode
during the first lithiation/delithiation cycle. There are some interesting and significant results: (1) Rs
was hardly changed during the first cycle; (2) SEI film had already formed on the NiO before the
typical cathodic reaction at around 0.5 V; (3) The formed SEI film would decompose at around 1.7 V,
which indicated that the SEI film on the NiO was not steady during cycling; (4) The resistance of
pristine NiO decreased obviously when the NiO was converted into Ni at low potential and increased
to almost the same value after the Ni was oxidized to NiO again at around 2.23 V; (5) The Ry as a
consequence of the repeated conversion between NiO and Ni was so large that it might damage the

NiO electrode; (6) The diffusion coefficient of Li* in NiO electrode was almost unchanged during the
initial cycle.
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Besides, this study shows us that T element which is related to bounded diffusion is more
suitable than W element that is related to semi-infinite diffusion in the fitting circuit, which can be
used as a reference to study the structural evolution of other conversion-type electrodes during the
charge and discharge processes.
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