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Abstract: Electrochemical energy storage is becoming essential for portable electronics, electrified
transportation, integration of intermittent renewable energy into grids, and many other energy or
power applications. The electrode materials and their structures, in addition to the electrolytes, play
key roles in supporting a multitude of coupled physicochemical processes that include electronic,
ionic, and diffusive transport in electrode and electrolyte phases, electrochemical reactions and
material phase changes, as well as mechanical and thermal stresses, thus determining the storage
energy density and power density, conversion efficiency, performance lifetime, and system cost and
safety. Different material chemistries and multiscale porous structures are being investigated for high
performance and low cost. The aim of this Special Issue is to report the recent advances of materials
used in electrochemical energy storage that encompasses supercapacitors and rechargeable batteries.

Keywords: lithium ion batteries; supercapacitors; electrode materials; nanostructure; electrochemical
energy storage

Electrochemical energy materials are used for electrochemical energy storage or conversion.
Broadly speaking, these include materials used in batteries and supercapacitors, as well as
electrocatalysts to produce new fuels. In this Special Issue, we focus on those in lithium-ion batteries
(LIBs) and supercapacitors, particularly the electrode active materials and their structure that must
be capable of supporting multitude of coupled physicochemical processes as well as mechanical and
thermal stresses. They directly determine the overall performance of the energy storage, including
ultimate energy and power densities, lifetime, and system cost and safety.

The commercialized LIB now uses graphitic carbon as its anode, which has a theoretical capacity
of 372 mAh g−1 based on Li+ intercalation between the graphite layers. Many other materials can form
alloys with lithium and thus provide much higher capacity. These materials, however, generally suffer
from a large volume change during the alloying-dealloying process, leading to quick fading of the
anode capacity. Nanostructure engineering is a practical approach to release stress, thus minimizing
electrode material pulverization. In contrast to the anode, the overall performance of a LIB nowadays is
largely constrained by its cathode, which has only about half the specific capacity of the graphite anode.
The cathode is also the most expensive and the heaviest component in an LIB. Therefore, increasing the
cathode specific capacity is crucial for better and cheaper LIBs. In this regard, Li-rich manganese-based
layered oxides with the chemical formula xLi2MnO3·(1−x)LiMO2, where M represents transition metal
elements, with its capacity up to 300 mAh g−1 has drawn considerable attention. Other cathode
materials also still have enough room for further improvement of their performance. In addition to
electrodes, developing solid electrolytes in substitution of the liquid electrolyte and the separator for
producing solid-state LIBs is another active area. The solid-state LIBs will address the safety issue
related to the organic solvent-based electrolyte and also have potential to increase the energy density.

Materials 2020, 13, 844; doi:10.3390/ma13040844 www.mdpi.com/journal/materials1
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LIBs can store a large amount of energy, but the slow kinetics in the electrochemical process
restrain the rate of energy storing and releasing, or the charging current rate and output power density.
There are plenty of applications that require high-power and high-rate energy storage with much long
cycle lifetime where LIBs cannot meet the demand. Electrochemical supercapacitors can fit into these
needs very well.

Conventional supercapacitors are those storing charges electrostatically in the electrical double
layer formed on an inertial carbon surface, or electrical double layer capacitors (EDLCs). They offer a
high-power density and a long cycle lifetime, but with an energy density less than 10 Wh kg−1, more
than 20 folds smaller than that of LIBs. Therefore, pseudocapacitors are being actively investigated to
store charges in a surface-related reversible faradic redox reaction, thus offering much larger capacitance
than EDLCs to bridge the energy density gap from batteries. On the other end of the spectrum, EDLC
has a frequency response limited to 1 Hz or so, mainly caused by its mesoporous carbon electrode
structure. Developing ultrafast EDLCs that can effectively work at hundreds and even kHz domain
will broaden the function of EDLCs into the area of filtering capacitors and therefore, is also attracting
much attention.

The Special Issue “Advances in Electrochemical Energy Materials” was proposed to present recent
developments in this active field. The twelve articles included touch different aspects of materials for
electrochemical energy storage, which are introduced in the following.

The main theme of material research for LIBs is centred on the high capacity anode and cathode.
The article by Zhang et al. [1] reported on nanotube structured ZnS as the anode of LIBs. ZnS is
considered as a promising alternative to graphitic carbon due to its much higher theoretical capacity of
962.3 mAh g−1, but its large volume change during the charging and discharging process hinders its
practical application. Nanotube structured ZnS anode was therefore prepared using ZnO nanotubes
as a sacrificial template, expecting that the radially and longitudinally expansion of nanotubes could
mitigate the stress and thus improving the electrode stability. A high initial capacity and reasonable
cycling stability were demonstrated for this ZnS anode structure.

Developing high-capacity and low-cost cathode materials for LIBs has attracted considerable
attention. This is particularly true to Li-rich layered oxides. However, these materials suffer from severe
voltage and capacity fading caused by continuous phase transition from layered phase to spinel or others
during the repeated Li+ extraction/insertion process. Composition control to maintain the structural
stability is hence crucial for cathodes with prolonged structural integrity and enhanced electrochemical
performance. Chang et al. [2] reported a study of layered Li1.27Cr0.2Mn0.53O2 powders with mesoporous
structure synthesized by a nanomilling-assisted solid-phase method. The fabricated cathode delivered
a capacity close to its theoretical value with good capacity retention after 100 charging-discharging
cycles. No transformation of the layered crystal structure was confirmed. Two papers from Chen’s
group [3,4] presented their studies on the Li-rich manganese-based layered oxides. It was found that a
high nickel content in the layered phase could stabilize the structure and alleviate the voltage and
capacity attenuation [3]. This was explained that some Ni2+ ions occupy the Li+ ion sites and this
cation doping improves the structural stability by supporting the Li slabs and reducing tension of
neighboring oxygen layers during the delithiation process. The preferential reduction of Ni4+/2+ also
maintains the average oxidation state of Mn above 3+, effectively improving structural durability.
Composition uniformity is another crucial parameter which might be related to the synthesis method [4].
The sol–gel and the oxalate co-precipitation synthesis methods were subsequently compared based on
the microstructure, element distribution, and electrochemical performance of the prepared manganese
oxides with a high nickel content. The uniform element distribution in samples synthesized by the
oxalate co-precipitation method further contributed to the stability of the layered structure.

Other than manganese-based, Li-rich molybdenum-based layered oxides was also attractive.
Yu et al. [5] investigated Co doping in Li2MoO3 to improve its structure stability and electronic
conductivity. Their results showed that an appropriate amount of Co ions can be introduced into

2



Materials 2020, 13, 844

the Li2MoO3 lattices and electrochemical tests revealed that Co-doping can significantly improve the
electrochemical performances of the Li2MoO3 materials.

In addition to these new cathode materials, a further study of the conventional olivine-type
LiFePO4, was also carried out, aiming to reduce the manufacturing cost and minimize pollutants
generation. Liu et al. [6] developed a green route to produce the LiFePO4/C composite, which showed
a uniform carbon coating on LiFePO4 nanoparticles, with effectively improved conductivity and
enhanced Li+ ion diffusion. Consequently, LIBs using the synthesized composite as cathode materials
exhibited superior performance, especially at high rates.

Besides experimental test of electrode stability, simulation-driven selection of electrode
materials based on mechanical performance during lithiation/delithiation process was also studied.
Sarkar et al. [7] developed a model to determine particle deformation and stress fields by combining the
stress equilibrium equations with the Li+ electrochemical diffusion. It was applied to derive five merit
indices to reflect the mechanical stability of electrode materials. The authors further suggested ways
for the selection and optimal design of electrode materials to improve their mechanical performance.

Solid-state LIBs are being pursued as the next-generation energy storage technology to provide high
safety and high energy density. For this technology, the solid electrolyte with high ionic conductivity and
electrochemical stability is the most crucial component. Ji et al. [8] studied the synthesis of Nb-doped
lithium garnet Li7La3Zr2O12 (LLZNO) as a high ionic conductive solid electrolyte. Submicron size
LLZNO powder was prepared using a solid-state reaction and an attrition milling process, followed by
sintering at a relatively low temperature for a short time. The properties of the synthesized LLZNO
and its performance in a solid-state LIB were reported.

This Special Issue also includes several papers presenting the research on electrode materials
and structures for supercapacitors, particularly for pseudocapacitors. The electrode materials for
pseudocapacitors commonly include transition metal oxides, nitrides, and sulfides, among others.
Since the pseudocapacitive effect is commonly surface or sub-surface related, a large surface area of
these compounds is crucial for achieving a high specific capacitance. Their generally low conductivity is
another issue to be addressed for high-rate and high-power performance. These compounds, therefore,
are commonly synthesized into a nanoparticle form anchored on a carbon-based conductive framework.
In the work by Sun et al. [9], a biomorphic porous composite was prepared with Mn3O4 nanocrystals
anchored on porous carbon microfiber, with the latter derived from cotton wool. The unique structure
resulted in the good cycling stability of the fabricated supercapacitors. Amade et al. [10] reported using
graphene nanowalls, which were grown in a plasma-enhanced chemical vapor deposition process,
as the framework for manganese dioxide deposition by electrodeposition. More interesting work
by Ahmad et al. [11] investigated nanoporous carbon, derived from zeolitic imidazolate framework
(ZIF-67) as the support of cobalt sulfide, which was formed through anion exchange sulfidation process
from cobalt oxide. A large capacitance of 677 F g−1 was obtained.

There is strong interest in developing high-frequency supercapacitors or electrochemical capacitors
(HF-ECs) [12] for line-frequency alternating current (AC) filtering in the substitution of bulky aluminum
electrolytic capacitors, with broad applications in the power and electronic fields. Edge-oriented
vertical graphene networks on 3D scaffolds have a unique structure that offers straightforward pore
configuration, reasonable surface area, and high electronic conductivity, thus allowing the fabrication
of HF-ECs. Comparatively, highly conductive freestanding cross-linked carbon nanofibers, derived
from bacterial cellulose in a rapid plasma pyrolysis process can also provide a large surface area but are
free of rate-limiting micropores, and are another good candidate for HF-ECs. Li et al. [12] summarized
the recent advances in this field with emphasis on their contributions in the study of these materials
and their electrochemical properties including preliminary demonstrations of HF-ECs for AC line
filtering and pulse power storage applications.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: By using ZnO nanorods as an ideal sacrificial template, one-dimensional (1-D) ZnS
nanotubes with a mean diameter of 10 nm were successfully synthesized by hydrothermal method.
The phase composition and microstructure of the ZnS nanotubes were characterized by using
XRD (X-ray diffraction), SEM (scanning electron micrograph), and TEM (transmission electronic
microscopy) analysis. X-ray photoelectron spectroscopy (XPS) and nitrogen sorption isotherms
measurements were also used to study the information on the surface chemical compositions and
specific surface area of the sample. The prepared ZnS nanotubes were used as anode materials in
lithium-ion batteries. Results show that the ZnS nanotubes deliver an impressive prime discharge
capacity as high as 950 mAh/g. The ZnS nanotubes also exhibit an enhanced cyclic performance.
Even after 100 charge/discharge cycles, the discharge capacity could still remain at 450 mAh/g.
Moreover, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements
were also carried out to evaluate the ZnS electrodes.

Keywords: lithium-ion batteries; zinc sulfide; nanotubes; anode material; electrochemical performance

1. Introduction

In recent decades, lithium-ion batteries play an increasingly dominating role in portable electronic
devices due to the fact that they have the advantages of long service life, high energy density, high
reversible capacity, and environmental friendliness [1]. Graphitic materials as a conventional anode
material in lithium-ion batteries are extensively used for their good electrochemical properties and
their structural stability during charge–discharge cycling [2]. However, traditional graphitic carbon
materials severely hinder the development of lithium-ion batteries due to their low theoretical capacity
(372 mAh/g) [3,4]. In order to meet energy storage needs, it is necessary to exploit new types of anode
materials to replace carbon materials. Metal sulfides—such as CuS, MoS2, NiS, and ZnS—also have
been used as anodic electrode materials in lithium-ion batteries [5–8]. For example, CuS/graphene
composite have a good charge–discharge cycling performance; however, its initial discharge capacity
was only 627 mAh/g [9]. NiS-carbon nanofiber films have worse electrochemical properties, and its
discharge capacity decayed below 100 mAh/g after 40 cycles [10]. MoS2 nanowall/graphene has a
stable discharge capacity of about 700 mAh/g [11], which is still unimpressive. ZnS, by contrast, is
viewed as a very promising alternative to carbon anode material due to its high theoretical capacity
(962.3 mAh/g) [12]. Unfortunately, some drawbacks hinder its commercialization process. The main
problem is significant volume changes during its charging and discharging processes, which leads
to a great capacity fade upon cycling [13]. Moreover, normal ZnS particles have poor electrical

Materials 2018, 11, 1537; doi:10.3390/ma11091537 www.mdpi.com/journal/materials5
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conductivity, as a result, anode electrodes made using unmodified ZnS suffer from a poor cyclic and
rate performance [14].

There are two possible ways to solve above mentioned problems. For one thing, we should focus
on the synthesis of nano-sized particles, which can effectively adapt to volume changes during the
charge–discharge progress [15–17]. For another, it is an effective method to combine nano-structured
ZnS particles with conductive carbon coating to increase conductivity of anodic materials in lithium-ion
batteries [18]. He et al. [14] prepared ZnS/C composites by a combined precipitation with carbon coating
method and applied them as anode material for lithium-ion batteries. Du et al. [12] also synthesized
nanocrystalline ZnS/C with core/shell structure by using a simple solvothermal process and an annealing
process. These studies have made some progress in development of anodic materials for lithium-ion
batteries. Nevertheless, the above-mentioned preparation methods of nanocrystalline ZnS/C composites
are complicated and costly. 1-D ZnS nanotubes also have been proved to be a promising candidate
material [19,20]. It is well-known that active materials in anodes with large surface areas can increase the
contact area between electrolyte and electrode materials, thereby enhancing energy storage density [21].
Moreover, nano-materials can also shorten the transport path of conductive ions, and the electrodes will
not be destroyed even though a large volume change of ZnS occurs in the charge–discharge process [22,23].
It was reported that nanotubes can expand radially as well as longitudinally to mitigate the stress, which
would make them more suitable for high rate applications [24].

In order to further investigate the electrochemical performance of nano-structured sulfides, ZnS
nanotubes were prepared by hydrothermal method by using ZnO nanorod arrays as sacrificial template.
The prepared ZnS nanotubes exhibit a well rate discharge performance. The discharge capacity of
ZnS nanotubes is as high as 950 mAh/g in the first cycle, and it still remains at 450 mAh/g after
100 charge/discharge cycles.

2. Materials and Methods

2.1. Synthesis of ZnS Samples

Firstly, 25 mmol of Zn(NO3)2·6H2O and 50 mL of polyvinyl pyrrolidone (PVP) aqueous solution
(0.1 wt %) were mixed with a certain amount of deionized water to get Zn(NO3)2 solution of 0.05 mol/L.
At the same time, hexamethylenetetramine (C6H12N4) solution (50 mL, 0.1 wt %) was also prepared.
Above two solutions were mixed, heated, and stirred in a beaker-flask at 90 ◦C for 16 h. Then the white
products were collected and washed by deionized water and ethanol three times, and the precipitate
was dried in a vacuum oven at 70 ◦C for 12 h. Finally, pure ZnO nanorods were obtained.

Subsequently, the ZnS nanotubes were synthesized by hydrothermal method by using the ZnO
nanorods as template. The prepared pure ZnO nanorods were dispersed in 20 mL of ethylene glycol
(C2H6O2) solution, stirring and sonicating for 20 min. After that, thioacetamide (CH3CSNH2) was
dripped into the above-mentioned ZnO suspension. The mixture solution was transferred to a
Teflon-lined stainless-steel autoclave and placed into an oven maintained at 145 ◦C for 10 h. After this
reaction, the ZnO/ZnS nano composites were collected and washed three times using deionized water
and pure ethanol. Then, 2 g of ZnO/ZnS nano composites were added into 50 mL of 10 M NaOH
aqueous solution and stirred for 2 h at room temperature to remove ZnO cores. The products were
collected and dried at 80 ◦C for 10 h, and then white ZnS nanotubes were obtained.

2.2. Sample Characterizations

XRD method was used to analyze the phase composition and crystal structure of the sample.
The tests were performed at a scanning rate of 2◦/min in the 2θ range from 20◦ to 90◦ by using an X-ray
diffractometer (SmartLab Rigaku Corporation, Tokyo, Japan). Identification of the species was computer
aided. The microstructure and corresponding selected area electron diffraction (SAED) patterns for the
ZnS nanotubes were also performed by using SEM (Hitachi S-4800) and TEM (JEOL-2010). Nitrogen
sorption isotherms and Brunauer–Emmett–Teller (BET) surface area were measured at 423 K with a
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V-Sorb 2800P analyzer (GAPP, Beijing, China). XPS (Thermo Fisher Scientific, Waltham, MA, USA)
measurements were conducted to evaluate the chemical states of elements in the sample.

2.3. Electrochemical Measurements

The electrochemical behaviors of the ZnS nanotubes were characterized by using CR 2025 coin cell.
In order to prepare working electrodes (anodic electrodes), a slurry was mixed by using 70 wt % of ZnS
nanotube powder, 15 wt % of carbon black and 15 wt % of polyvinylidene fluoride. The mixture was
grinded for 40 min and dissolved in N-methyl-2-pyrrolidone (NMP), and the obtained slurry with a
thickness of 0.1 mm was blade cast onto Cu foil. Then the prepared electrode material was dried at 70 ◦C
for 12 h. After that, the dried electrodes were punch into coins in an argon-filled (99.999%) glove box.
The ZnS loading amount of each electrode sheet was approximately 2.5 mg/cm2. Pure lithium metal
foils were used as reference anode, and microporous polypropylene as a separator. The electrolyte
was a solution of 1 mol/L LiPF6 in ethylene carbonate (C3H4O3) and dimethyl carbonate (C3H6O3)
with a volume ratio of 1:1. The charging and discharging measurements and cycle life tests of the
prepared coin cells were carried out by using a multichannel battery testing system (Neware BTS4000).
Considering the theoretical capacity (962.3 mAh/g) of ZnS [12], the charge–discharge current density
of 962.3 mA/g was defied as 1 C. After the 100th charge–discharge cycle, the cells were dismantled to
collect the anode materials. Then the anode materials were soaked in N-methyl-2-pyrrolidone (NMP)
for 4 h to remove the binder and conductive agent. The phase structure and micro morphology of
the collected ZnS nanotubes were also carried out by XRD and SEM. The charge–discharge voltage
ranged from 0.05 V to 3.00 V. CV curves for the first three cycles were performed by an electrochemical
workstation (Princeton, Versa STAT 4) at a scan rate of 0.1 mV/s in a voltage range of 0.01–3.00 V.
The EIS measurements were also performed by the same electrochemical workstation with a frequency
range of 10 kHz–10 mHz with a small sinusoidal perturbation of 10 mV.

3. Results and Discussion

3.1. Structural and Composition Characterization

SEM and TEM analysis were used to clarify the fine microstructures and morphologies of the
ZnS sample. Figure 1a,b shows the SEM images of the ZnS nanotubes. It can be easily observed
that the morphology of the ZnS sample is a kind of hollow micro tube, with the tube wall thickness
of about 80 nm and the length was 1–2 μm. Detailed structural information of the ZnS sample was
further investigated by TEM, results are shown in Figure 1c,d. Clearly, the nanotubes have a rough
surface. The SAED pattern confirms the existence of ZnS. The three bright ED patterns correspond to
the (111), (220), and (311) lattice plane of ZnS. Moreover, it can be observed from the high-resolution
image shown in Figure 1d that the nanotubes are mainly composed of nanocrystals. This type of
nanostructure contributes to the enhancement of electrochemical performance for the electrodes.

The XRD pattern of the synthesized ZnS nanotube sample and corresponding JCPDS data are
shown in Figure 2a. Sharp diffraction peaks indicate good crystallinity of the sample. All of the
diffraction peaks correspond well with the data of ZnS (JCPDS no. 65-0309). The three major diffraction
peaks located at 2θ = 28.5◦, 47.5◦, and 56.3◦ correspond to (111), (220), and (311) crystal planes of ZnS.
In order to know actual surface area of the ZnS nanotubes, N2 adsorption and desorption isotherms are
carried out, results are shown in Figure 2a. Type IV isotherm curve is observed with hysteresis loop at
higher pressure, indicating a large number of meso-pores present in the sample [25]. The BET specific
surface area of the sample was as high as 86.86 m2/g. The XPS measurement was also conducted to
obtain the information on the surface chemical compositions and the valence states of corresponding
elements in the sample. From Figure 2c, it can be seen that the XPS spectra of S 2p was divided into
two peaks centered at 163.1 and 162.0 eV, corresponding to S 2p1/2 and S 2p3/2 states [26]. Figure 2d
depicted the XPS spectrum of the Zn 2p peaks centered at 1044.2 and 1021.3 eV, which associated with
Cu 2p1/2 and Cu 2p3/2, respectively [27].
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Figure 1. (a,b) SEM images of the prepared ZnS nanotubes; (c,d) TEM images together with
corresponding SAED patterns of the ZnS nanotubes.

 

Figure 2. (a) XRD pattern of the ZnS nanotubes; (b) N2 adsorption-desorption isotherm of the ZnS
nanotubes; (c,d) XPS analysis for the ZnS nanotubes.
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3.2. Electrochemical Performance

The discharge rate capabilities of the ZnS electrodes were tested at different current densities,
as shown in Figure 3a. It can be observed that the discharge capacity of the ZnS electrode was steadily
and has the high reversible capacities of 610, 500, 410, and 320 mAh/g at the discharge current density
of 0.2, 0.5, 1, and 2 C. The specific capacity of the electrode is nearly recovered to its initial value in the
case of the current density is goes back abruptly from 2 C to 0.2 C, further proving good reversibility
and excellent cycling stability of the ZnS nanotube electrodes. The good rate discharge performance
of the ZnS nanotubes is mainly due to the shortened lithium-ion diffusion distance and enhanced
structural stability of the unique nanotubular structure [28]. Moreover, the hollow tubular structure
can greatly increase the surface area of the material, which increases contact area between electrolyte
and ZnS electrode material [29].

The charge–discharge profiles of the ZnS electrodes were evaluated by using galvanostatic method
at the current density of 0.2 C, as shown in Figure 3b. During the initial discharge process, a typical slope
can be clearly seen when the voltage was higher than 0.5 V. A major discharge voltage plateau can be
observed at about 0.45 V, which represents to the lithiation reaction of ZnS nanotubes [30]. In the next few
cycles, several typical charge/discharge stages can be observed, which could be due to the electrochemical
activation of the system and tend to be stable [31]. The capacity fade during the first cycle can be result
from the decomposition of electrolyte, which leads to the redistribution of the active materials [32]. In the
following charge–discharge process, the ZnS electrode exhibits the same curves, indicating that the ZnS
electrode has become stable. According to He et al. [14], the lithium insertion/extraction mechanism of
ZnS active electrode material can be expressed: (x + 2)Li+ + ZnS + (x + 2)e− ↔ Li2S + LixZn.

Figure 3. (a) Rate discharge capability of the ZnS electrodes together with the SEM images of ZnS
nanotubes; (b) the first three galvanostatic charge/discharge profiles of the ZnS electrodes; (c) cycling
performance and coulombic efficiency of the ZnS electrodes; (d) XRD pattern and SEM images of the
ZnS nanotubes after 100th charge–discharge cycles.
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Figure 3c presents the cycling performance of the ZnS electrodes. It can be observed that it has an
initial reversible discharge capacity of 950 mAh/g and its capacity keeps steady even after 100 cycles.
In order to evaluate the charge–discharge efficiency, the coulombic efficiency of the electrodes was
also exhibited in Figure 3c. The coulombic efficiency is defined as the percentage of discharge and
charge capacity in one cycle. It is seen from Figure 3c that the coulombic efficiency is almost 100%
after about 10 cycles. Therefore, it can be concluded that the ZnS nanotube electrodes have a good
cycling stability, meanwhile delivering a quite high reversible capacity. This is due to the fact that the
ZnS nanotubes possess a large specific area, which provides more active sites for the lithium ions [33].
That is, during the charge or discharge processes, tube shaped ZnS can accommodate more lithium
ions [33]. Moreover, 1-D ZnS nanotubes can shorten the lithium ion diffusion distance [34]. At the same
time, nanotube structure has a beneficial effect on the volume expansion/shrinkage of ZnS during
charge–discharge process [35]. The above reasons are why the ZnS nanotube electrodes have a good
rate discharge capability and long cycle life.

In order to further investigate the structural changes of the ZnS nanotubes during charge–
discharging process, the phase composition and microstructure for the ZnS nanotubes after
100 charge–discharge cycles were performed by using XRD and SEM. As shown in Figure 3d, three
diffraction peaks can be clearly observed, which corresponds to the (111), (220), and (311) crystal.
However, the intensity of the diffraction peaks is smaller than that of the prepared ZnS nanotubes before
electrochemical cycle (Figure 2a). This may be due to the lower testing sample quantity. In addition,
the SEM image of the sample after 100 charge–discharge cycles shows that the ZnS nanotubes still
maintain a tube shape structure, together with some small amount of broken tube walls. Clearly, the
ZnS nanotubes have a good structural stability during charge–discharge cycling, which leads to a good
discharge capacity retention ratio.

Figure 4a shows the CV curves of the ZnS nanotube electrode at a scan rate of 0.1 mV/s between
0.01 to 3 V for the first, second, and third discharge/charge processes. In the first discharge process, two
broad reduction peaks can be observed in the potential range of 1.1–0.25 V and 0.25–0.05 V, respectively.
The first reduction peak ranging from 1.1–0.25 V can be ascribed to the decomposition of ZnS into
Zn and the formation of Li2S, while the second reduction peak ranging from 0.25–0.05 V corresponds
to the subsequent reaction of lithium ions with Zn metal [14]. Decomposition of the electrolyte and
formation of the solid electrolyte interface on the surface of electrode particles also occurs during the
first cathodic cycle, which causes part of the irreversible capacity [12,14]. During the anodic scanning
process, anodic peaks located at 0.28, 0.37, 0.57, and 0.71 V are observed, which is attributed to the
multi-step de-alloying process of Li-Zn (LiZn, Li2Zn3, LiZn2, and Li2Zn5) [12]. Another bigger anodic
peak at 1.26 V is attributed to the back-conversion of Zn and Li2S into ZnS [12,14]. In the following
cycles, the CV curves do not change position or intensity of any of the peaks, indicating that the ZnS
nanotubes have a good reversibility.

 

Figure 4. (a) CV curves of the ZnS nanotube electrode at a scan rate of 0.1 mV/s; (b) Nyquist plots of
the ZnS electrodes.
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To further confirm the electrochemical performance, the EIS studies of the ZnS nanotube electrodes
were conducted, results are shown in Figure 4b. A semicircle and a slope line can be observed for both
of the samples. As reported by Cheng et al. [36], the semicircles relate to the charge transfer resistance
which resulted from charge transfer through the electrode/electrolyte interface, while the slope line
corresponds to Warburg impedance over Li+ diffusion in the solid materials. The impedance data
were analyzed by fitting the curves with equivalent electrical circuit shown in the inset of Figure 4b,
where Rs and Rct indicate electrolyte resistance and charge transfer resistance, respectively; CPE
stands for the corresponding constant phase elements; and RW represents the diffusion-controlled
Warburg impedance. The charge-transfer resistance of the as-synthesized ZnS nanotube electrodes is
88 Ω, which is much lower than the pure ZnS nanoparticles (199.5 Ω) reported by Zhang et al. [37].
Moreover, the ZnS nanotube electrode has a higher slope, which means the Li+ diffusion in the ZnS
nanotubes is much faster than that of ZnS nanoparticles. Clearly, ZnS nanotube electrodes exhibit a
good electrochemical performance.

4. Conclusions

Comprehensive analysis—using XRD, SEM, TEM, and XPS—indicates that the ZnS nanotubes
were successfully prepared via a hydrothermal method. The BET specific surface area of the sample
is as high as 86.86 m2/g. The ZnS nanotube electrodes exhibit a good lithium ion storage capability.
The first discharge capacity was about 950 mAh/g, and it could still remain at 450 mAh/g after
100 charge/discharge cycles. This is due to the fact that the ZnS nanotubes have a good structural
stability during charge–discharge cycling. In a word, this work provides a rational strategy to advance
the ZnS anode electrochemical performance in lithium-ion batteries applications.
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Abstract: Li1.27Cr0.2Mn0.53O2 layered cathodic materials were prepared by a nanomilling-assisted
solid-state process. Whole-pattern refinement of X-ray diffraction (XRD) data revealed that
the samples are solid solutions with layered α-NaFeO2 structure. SEM observation of the
prepared powder displayed a mesoporous nature composed of tiny primary particles in
nanoscale. X-ray photoelectron spectroscopy (XPS) studies on the cycled electrodes confirmed
that triple-electron-process of the Cr3+/Cr6+ redox pair, not the two-electron-process of Mn redox
pair, dominants the electrochemical process within the cathode material. Capacity test for the sample
revealed an initial discharge capacity of 195.2 mAh·g−1 at 0.1 C, with capacity retention of 95.1% after
100 cycles. EIS investigation suggested that the high Li ion diffusion coefficient (3.89 × 10−10·cm2·s−1),
caused by the mesoporous nature of the cathode powder, could be regarded as the important factor
for the excellent performance of the Li1.27Cr0.2Mn0.53O2 layered material. The results demonstrated
that the cathode material prepared by our approach is a good candidate for lithium-ion batteries.

Keywords: cathode material; X-ray diffraction; Cr3+/Cr6+ redox pairs; specific capacity;
cycling performance

1. Introduction

Manganese-based cathode materials have been widely studied for use in lithium-ion batteries
due to their low cost, nontoxicity and, in the case of layered LiMnO2, high theoretical capacity (285
mAh·g−1). Advances in electrode materials are very important for the development of rechargeable
lithium-ion batteries. As an electrode of a lithium-ion battery, several compounds such as spinel
LiMn2O4, layered LiCoO2, and LiNiO2 have been extensively studied [1–3]. LiMnO2 in the form of a
layered compound having the structure R-3m is interesting as a cathode material, but suffers from
severe capacity decay during cycling. Besides, layered LiMnO2 transforms into a spinel structure
during the lithium insertion/extraction process due to cation migration [4]. Recently, derivatives
of layered manganese oxides, such as substituted LiMxMn1−xO2 (M = Al, Co, Cr, etc.) [5,6] and
lithium-saturated solid solutions or nanocomposite Li2MnO3-LiMO2 (M = Ni, Co, or Fe) [5–11], have
been investigated, in order to obtain cathodes with prolonged structural integrities and enhanced
electrochemical performance.

Recently, because of the high specific capacity of lithium-rich phase xLi2MnO3·(1-x)LiMO2 (M
= Cr, Co, Mn, Ni, or Fe) [11–18] composites, it has been widely studied for the use as cathode
material in lithium secondary battery. Some research results have been reported on the layered
structure LiCrO2-Li2MnO3. It was reported that by a solution method and subsequent quenching
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method, Li[CrxLi(1-x)/3Mn2(1-x)/3]O2(0.1 ≤ x ≤ 0.4) with nanocomposite structure was synthesized
by Park et al. [12]. The material exhibited a high capacity of 195 mA·g-1, when the cutoff voltage
was between 2.4V and 4.7 V and the current density was 11.98 mA·g−1. Kim et al. [19] synthesized
Li[CrxLi(1/3-x/3)Mn(2/3-2x/3)]O2 (0 < x < 1) by the sol-gel method. At a specific current density of 5
mA·g−1, Li[CrxLi(1-x)/3Mn2(1-x)/3]O2 with x = 1/6 can exhibit a high reversible capacity of 230 mAh·g−1

when the voltage is between 2.0 V and 4.8 V. In addition, layered Li-Cr-Mn-O cathode materials
related to the LiCrO2-LiMnO2-Li2MnO3 solid solution have been synthesized by the mixed hydroxide
method [8,20]. The cathode material in terms of high capacity and stable cycling performance exhibits
an average discharge capacity of 204 mAh·g−1 between 2.5 and 4.5 V versus Li/Li+. It is reported by
Wu et al. [20] that the LiMnO2 cathode material can reduce the topographical change from orthogonal
to monoclinic geometry while improving cycle performance and reversible capacity through a small
amount of Cr doping. On the other hand, Ko et al. [21] reported the 0.55Li2TiO3-0.45LiCrO2 composite
have the highest initial discharge capacity of 203 mAh·g−1, showing that the chromium ions can
participate in the electrochemical reactions. However, almost all the materials mentioned above
showed fast capacity fading during the cycling and new systems and synthesis method were required
to prepare the material with high capacity and stable cycling performance.

In this work, layered Li1.27Cr0.2Mn0.53O2 powders were synthesized by a nanomilling-assisted
solid-phase method. The obtainedLi1.27Cr0.2Mn0.53O2 cathode delivered high capacity close to the
theoretical value with good capacity retention of 95.1% after 100 cycles. Such good electrochemical
behavior can be attributed to the mesoporous nature of the cathode particles which offer fast pathway
for the migration of the Li ions. The layered Li1.27Cr0.2Mn0.53O2material presented high potential as a
candidate to meet the demands of LIBs with high energy density.

2. Experimental

2.1. Synthesis of Li1.27Cr0.2Mn0.53O2 Using the Solid-State Reaction Method

The Li1.27Cr0.2Mn0.53O2 cathode materials were prepared by solid reaction method. In a typical
process, according to the chemical composition with certain molar ratio of Li:Cr:Mn = 1.32:0.2:0.53,
lithium hydroxide, in a purity of 99%, was dissolved in distilled water. Then, Cr2O3 (99%, Aladdin,
Shanghai, China) and MnO2 (Aladdin, 99% pure) powders were added to the above solution to form
a suspension with continuous stirring. The resulting suspension was poured into a ball mill and
treated for 2 h to achieve an uniform slurry with particle size of 200–300 nm using Zirconia grits
with a diameter of 0.4 mm as the grinding media at a speed of 2000 rpm. Next, the ball-milled slurry
was spray dried and the precursor powders were obtained. Finally, the powders were calcined at
500 ◦C for 3 h and then fired at 950 ◦C for 12 h in nitrogen to form the target Li1.27Cr0.2Mn0.53O2

cathode materials.

2.2. Instrumentation

The phase purity and crystal structure determination of the prepared powders were identified by
X-ray diffraction (XRD, TD3500, Tongda, Dandong, China) method with Cu Kα radiation (λ = 1.54056
Ǻ) carried out at 40 kV and 30 mA. The data were collected in the 2θ range of 10 to 70◦. Rietveld
refinements of XRD patterns were carried out by using Jade 9 software (materials data Inc., Livermore,
CA, USA). The morphologies of the samples were examined by scanning electron microscopy (SEM,
Hitachi, SU8200, Tokyo, Japan). XPS measurements were carried out using an ESCALAB 250Xi
spectroscopy (Thermo Fisher Scientific, Waltham, MA, American) with Al Kα radiation. The binding
energy was calibrated with respect to the conductive C 1s (285.0 eV).

The electrochemical performances of the samples were investigated using electrodes CR2016
coin-type cells at 25 ◦C, which were assembled inside a glove box filled with Ar. In a typical process, a
mixture of the calcined powders, carbon black and binder, in the appropriate weight ratio of (8:1:1)
dispersed by N-methyl-2-pyrrolidone (NMP). The slurry was then cast on aluminum foil to form
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a sheet that was cut into a circle of 1.44 cm2, and then dried in vacuum at 110 ◦C for 10 h. The
loading of Active material was 4–5 mg per disk. Lithium metal foils were used as the working anode.
The Celgard 3501 membrane (Kejing, Shengzhen, China) was employed as the separator. A special
electrolyte provided by Dongguan Hangsheng (Dongguan, China), which can work at high voltage,
was employed in the experiment. The electrolyte is composed of 1 M LiPF6/fluoroethylene carbonate
(FEC)−ethyl methyl carbonate (EMC) (3:7 in volume ratio), with 0.5 wt% LiDFOB additive [22]. The
electrochemical performance of the prepared cathode materials was determined on a Land CT2001
battery tester (Lanhe, Wuhan, China) at the voltage of 2.0–4.9 V. The cyclic voltammetry (CV) studies
were conducted at a scan rate of 0.0 5mV·s−1 with cut-off voltages of 2.0 V and 4.9 V. Electrochemical
Impedance Spectroscopy (EIS) was conducted by an electrochemical workstation (Autolab Pgstat302n,
Metrohm, Zofingen, Switzerland) and the data were collected in the frequency range of 0.05 to 500 KHz.

3. Result and Discussion

3.1. Phase Purity of Synthesized Cathode Powders

Figure 1a showed the XRD patterns of the cathode Li1.27Cr0.2Mn0.53O2 materials prepared at
900 ◦C, 950 ◦C, 1000 ◦C. The peaks can be indexed into a hexagonal α-NaFeO2structure (space group
R-3m), except several superlattice ordering peaks between 20◦ and 30◦ marked in the figure with
arrows. These superlattices are regarded as an indicator of the coexistence of Li2MnO3 phase. In an
earlier report by Kim et al. [23], the existence of Li2MnO3 phase will cause the formation of MnO3

phase during the electrochemical process, which will release O2 gas during a subsequent chemical
process. The evolution of O2 gas will reduce the stability of the cathode itself and lead to a fast decay
in electrochemical performance. Therefore, the observation of superlattice in the XRD pattern can be
regarded as an indicator to determine whether the sample is well prepared or not. By comparison, it
is clear that the sample prepared at 950 ◦C is of high purity and therefore the synthesis temperature
was fixed at 950 ◦C for the sample preparation thereafter. Furthermore, the splitting of the (006)/(012)
and (018)/(110) can be observed from the pattern, indicating that the prepared cathode material has a
highly ordered layered structure. The above XRD results strongly indicated the successful synthesis of
a pure phase for the layered hexagonal product in the experiment, and the obtained Li1.27Cr0.2Mn0.53O2

compound can be regarded as a normal Li[Li0.27Cr0.2Mn0.53]O2 layered complex.

  
Figure 1. (a) X-ray diffractions of samples prepared. (b) Rietveld refinement results for sample S950.

Rietveld refinement for the sample S950 is presented in Figure 1b. The lattice parameters of the
a axis and c axis were calculated using Jade 9. The lattice parameters and atomic occupancies of the
sample was provided on the basis of high symmetry R-3m space group, as listed in Tables 1 and 2.
Generally, the error indicators, Rwp and R in Table 1, are two important factors for evaluating the
refinement results, where Rwp is the weight distribution factor and R is the confidence factor, and
it is reliable and acceptable when the R factor are below 10%. The observed and calculated patterns
match well, so the refinement is acceptable. Furthermore, higher values of I003/I104 listed in Table 2
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correspond to the ideal layered structure of the cathode material. It is reported by Li et al. that when
the I003/I104 exceeded 1.311, no cationic disordering was presented [24]. In our approach, I003/I104
value of 1.625 was obtained for sample S950, suggesting the absence of cationic disordering. Such a
conclusion can also be obtained from the fact that Li1 (3b) sites were not filled with Cr/Mn cations in
Table 1. In addition, more pronounced splitting of the (018) and (110) doublet greatly suggested that
the cathode material is composed of a well-defined layered structure, and thus good electrochemical
performance for the sample material was expected.

Table 1. Rietveld refinement results for the XRD patterns.

Sample Atom Wyckoff Position x y z Occupancy R (%) Rwp (%)

S950

Li (1) 3b 0 0 0.5 0.9998

9.49 10.44
Li (2) 3a 0 0 0 0.2686

Mn (1) 3a 0 0 0 0.5274
Cr (1) 3a 0 0 0 0.1984
O (1) 6c 0 0 0.2416 1

Table 2. Rietveld refinement results of lattice parameters for S950.

Sample a(Å) c(Å) V(Å3) I003/I104

S950 2.8643 14.2645 101.35 1.625

3.2. Valence States of Mn and Cr Ions within the Cathode Powder

XPS investigations were conducted to confirm the valence states of the cathode powders. Since
MnO2 and Cr2O3 were employed as raw materials, Cr3+ and Mn4+ were expected to be present in the
synthesized compound. The whole pattern survey for the Li1.27Cr0.2Mn0.53O2 powder is presented in
Figure 2a, where peaks representing Cr, Mn, O, and C ions were observed and denoted on the figure.
Detailed investigations of the Mn2p and Cr2p signals were shown in Figure 2b,c, where the spectra
were deconvolved. For the spectrum of Mn2p in Figure 2b, both peaks can only be deconvolved
into one single peak, suggesting the existence of Mn4+ ions. For the spectrum of Cr2p in Figure 2c,
similar results were observed. Both the peaks forCr2p can only be only deconvolved into one single
peak, indicating the presence of Cr3+ ions within the synthesized cathode powder. The fitting results
were listed in Table 3. It can be found from Table 3 that the valence states of Cr and Mn ions in
Li1.27Cr0.2Mn0.53O2 powder are +3 and +4, respectively. XPS results show that the valence of Mn and
Cr ions are consistent with the valence state of the starting raw materials, as we expected.

 
Figure 2. Cont.
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Figure 2. XPS spectra of the S950 powder (a). Whole pattern survey: (b) Mn2p and (c) Cr2p.

Table 3. XPS simulation results for Li1.27Cr0.2Mn0.53O2 powder sintered at 950 ◦C.

Source Component Valance State BE/eV FWHM/eV Relative Area/%

Figure 2b 642.5
Mn4+ 642.1 1.9 100
Mn3+ - - 0

Figure 2b 653.4
Mn4+ 653.37 2.1 100
Mn3+ - - 0

Figure 2c 576.5
Cr3+ 576.49 1.96 100
Cr6+ - - 0

Figure 2c 586.8
Cr3+ 586.72 2 100
Cr6+ - - 0

3.3. SEM Observation of the Prepared Powder

The morphologies of the prepared samples were monitored by SEM. In general, the morphologies
of the spray dried sample powders are characterized by uniform and large spherical agglomerates.
Figure 3 shows the SEM images of Li1.27Cr0.2Mn0.53O2 prepared at 950 ◦C under N2 atmosphere. It
can be seen from Figure 3a that the powder is composed of uniform spherical particles with diameter
of 2–4 μm. Figure 3b shows the enlarged micrograph of an individual particle, where tiny primary
grains with size approximately 100–500 nm were observed. Microspores among the nanosized grains
were also observed. N2 adsorption/desorption test was conducted to get more details about the
mesostructure. At the liquid nitrogen temperature, in the nitrogen-containing atmosphere, the surface
of the powder will physically adsorb nitrogen. The specific surface area (SBET) of the powder can be
obtained by the following formula.

SBET = 4.36V/W

where V is the adsorption amount of a complete layer of nitrogen molecules adsorbed on the surface
of the powder. W is weight of sample. The adsorption/desorption plot and the size distribution of
the nanopore within the mesostructure are presented in Figure 3c,d. The specific surface area (SBET)
can be calculated and the value was determined as 25.88 m2·g−1 for S950. An average diameter
of 4–5 nm for the individual nanopore was also confirmed from Figure 3d. Due to the presence of
this stable three-dimensional framework and mesoporous properties, the S950 sample will exhibit
excellent cycle stability during charge–discharge. The numerous nanoparticles which aggregate to form
porous microspheres can also enhance the transmission of Li ions by providing a short path for the
intercalation/deintercalation of lithium-ions. It is possible to observe mesopores interconnected in the
primary particles, which is advantageous for increasing the transport of Li+ in the microspheres through
the liquid electrolyte. Such nano-micro structures of the spherical cathode powders provide both short
migration pathway and improved surface area for the redox process and thus good electrochemical
performance could be expected.
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Figure 3. (a,b) SEM powder overview and individual particle, (c) nitrogen adsorption/desorption
isotherms, and (d) mesopore distribution of Li1.27Cr0.2Mn0.53O2.

3.4. Electrochemical Performance

The electrochemical performances of the samples prepared at different temperatures were
compared. The charge–discharge curves at the first cycle are presented and compared in Figure 4.
It can be seen from the charging curves that, all three charging curves showed a gradually declined
tendency, no obvious charging plateau was observed. Such charging curves greatly suggested the
solid solution transition during the electrochemical process, which is very similar to the behavior of
the other families of LiMO2 layered structures [25]. Furthermore, it is also clear from the figure that the
powder fired at 950 ◦C offered a highest specific capacity of 195.2 mAh·g−1. According to the formula
of Li1.27Cr0.2Mn0.53O2, if 0.2 mole Cr3+/Cr6+ redox pairs were employed in the electrochemical process,
0.6 mole electrons will be released, and the nominal cathode compound will present a theoretical
capacity of 200.18 mAh·g−1. Therefore, in our experiment, by using Cr2O3 andMnO2 as the starting
materials, electrochemical cycles using Cr3+/Cr6+ redox pairs, rather than the Mn redox pairs, were
achieved with specific capacity close to its theoretical value.

Figure 4. The initial charge–discharge curves of samples sintered with different temperature.
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To confirm the solid solution transition manner of the electrochemical process, XRD investigations
of the electrodes at charging and discharging states were compared to the pristine electrode before
the capacity test, as shown in Figure 5. It is clear from Figure 5a that similar patterns were obtained
for electrode samples at different state of charging. The pattern for the pristine electrode before
cycling (pattern a1) showed good agreement to the XRD pattern of the Li1.27Cr0.2Mn0.53O2powder
sample, indicating the hexagonal nature of the cathode material before electrochemical cycling. Pattern
a2 and pattern a3 showed the XRD results after the first charging/discharging process. All three
patterns looked very alike, implying the same crystal structure of hexagonal type throughout the
electrochemical process. Figure 5b showed an enlarged pattern at 2θ range of 43◦ to 46◦. It is clear
from the figure that no diffraction peak splitting was observed, only slight peak position shift was
presented. Such results confirmed the solid solution transition manner of the cathode material during
the Li intercalation and deintercalation process, rather than the two-phase transition manner, which is
usually judged by the peak splitting.

Figure 5. XRD for the electrodes: (a) whole range pattern and (b) at selected range.

XPS investigations of the electrodes at different SOC were conducted to further confirm the
valence of chromium ions and manganese ions during the cycling. Figure 6 shows the changes in the
valence state of Cr and Mn ions during charge and discharge processes. Detailed investigations of
the Mn2p signals were shown in Figures 6a and 6c, where the spectra were deconvolved. Figure 6a,c
shows two main peaks in the Mn2p spectra, which can be assigned to the manganese 2p3/2 at 641.8 eV
and 2p1/2 at 654.0 eV. The binding energy is well consistent with the data on MnO2, meaning Mn4+ in
the Li1.27Cr0.2Mn0.53O2. Therefore, as can be seen from Figure 6a,c, the Mn ions remain at +4 valance
states and do not participate in the electrochemical reactions during charging and discharging process.
However, for Cr2p signals, the peaks can be deconvolved into two peaks, indicating the presence of
Cr3+ ions after charging and Cr6+ ions after discharging, as can be seen from the curves in Figure 6b,d.
Therefore, by comparison, it can be deduced that Cr3+/Cr6+ redox pairs played the dominant role in
the electrochemical process.

The fitting results from software Avantage were listed in Table 4. It is quite clear from Table 4
the Mn ions were kept very stable as +4 in valance state for both samples regardless charging or
discharging state and no other valance state for Mn ions were detected. However, the difference in
the valence state of Cr ions was obvious. For the sample after charging, most Cr ions were kept as +6,
while it were kept as +3 for sample after discharging. Only a small amount of Cr3+ ions (~4 atm%) were
observed in the charged electrode and a small portion ofCr6+ ions (~2.3 atm%) were detected in the
discharged electrode. Therefore, from the above result, it is clear that Cr3+/Cr6+redox pairs, rather than
theMn4+/Mn3+redox pairs, decided the electrochemical performance of the prepared cathode material.
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Figure 6. Deconvolved XPS spectra of electrodes at different SOC. (a) Mn2p at charging state, (b) Cr2p
at charging state, (c) Mn2p at discharging state, and (d) Cr2p at discharging state.

Table 4. X-ray photoelectron spectroscopy (XPS) simulation results for the electrode.

Source Component/eV Valance State BE/eV FWHM/eV Relative Area/%

Figure 6a Charged electrode 641.55
Mn4+ 641.56 1.71 100
Mn3+ - - 0

Figure 6a Charged electrode 653.00
Mn4+ 653.03 1.55 100
Mn3+ - - 0

Figure 6b Charged electrode 578.01
Cr6+ 577.85 1.73 95.8
Cr3+ 575.19 1.08 4.2

Figure 6b Charged electrode 587.43
Cr6+ 586.97 1.93 96.2
Cr3+ 584.68 1.49 3.8

Figure 6c Discharged electrode 641.01
Mn4+ 640.94 1.34 100
Mn3+ - - 0

Figure 6c Discharged electrode 652.42
Mn4+ 652.45 1.76 100
Mn3+ - - 0

Figure 6d Discharged electrode 576.21
Cr6+ 579.48 0.58 2.5
Cr3+ 575.79 1.75 97.5

Figure 6d Discharged electrode 585.7
Cr6+ 588.88 0.53 2.1
Cr3+ 585.38 1.79 97.9

The voltammetric behavior of the Li1.27Cr0.2Mn0.53O2 electrodes after 1, 2, and 50 cycles in the
voltage range of 2.5 to 5.0 V are presented in Figure 7. It is clear that all the three curves are very
similar, and the noticeable anodic peak around 3.6 V and cathodic peak around 3.2 V for the first cycle
were observed. For the Cr3+/Cr6+ redox couple in other system, such as NaCrO2, the anodic scan
showed a sharp and intense peak at 3.03 V and a low intensity peak at 3.3 V [26]. The corresponding
cathodic peaks are observed at 2.8 V and 3.25 V, respectively. These peaks were associated with
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Cr3+/Cr4+ redox couple besides the Cr3+/Cr6+ redox couple. In some other compounds, the cyclic
voltammograms of LiCr0.05Ni0.45Mn0.5O2 and LiCr0.1Ni0.4Mn0.5O2 [10] revealed oxidation peaks in 2.9,
3.9, and 4.4 V regions and reduction peaks in the 2.7 and 3.6 V regions; additionally, more complicated
phase transformation was observed. The same happened in our case, an oxidation peak at 4.5 V
and a reduction peak at 4.13 V were also observed in the CV profile, which indicates that Cr ions in
other valance state could be involved in the electrochemical process. The coexistence of multivalance
state of Cr ions implies the complex of the electrochemical process, in which the transitions between
Cr3+/Cr4+/Cr6+ could take place during charging and discharging processes.

Figure 7. Cyclic voltammetry (CV) for the Li1.27Cr0.2Mn0.53O2 cell obtained at a scan rate of 0.05 mV·s−1.

Furthermore, it can be found form the figure that at the second run, the anodic peak shifts to
the negative potential of 3.4 V, while the cathodic peak shifted to the potential of 3.3 V, a very small
ΔV(0.1V) was observed for the prepared Li1.27Cr0.2Mn0.53O2 electrode. For the runs thereafter until the
50th run, the redox pair at 3.3/3.4 V kept unchanged. This reinforces the conclusion that the material
does not transform into other structures (like spinel in other layered phase) during cycling [18,27,28].
Such electrochemical behavior indicates that stable cycling has been set up within the electrode and
therefore high performance of the electrodes can be expected.

Figure 8a shows the charge–discharge profiles with the cutoff voltages of 2.0 and 4.9 V at a rate of
0.1 C. The initial discharge specific capacity of Li1.27Cr0.2Mn0.53O2 was found to be 195.2 mAh·g−1 at
the first cycle. It increased gradually onto 205.4 mAh·g−1 at the 10th run and then slightly dropped
down at subsequent runs. With further cycling, both the capacity and the voltage profile became
stable, which indicated that the structure is stable over the entire intercalation–deintercalation process.
In addition, the degree of polarization gradually decreases with the increased cycles and it became
relatively stable until the 10th cycle. The above results greatly implied that the Li1.27Cr0.2Mn0.53O2

cathode material presents excellent cycling stability at room temperature, regardless the difference
in the voltage profiles. On the other hand, no plateau was observed at ~2.9 V on the profile, which
indicates that the prepared material does not convert into a spinel phase, which was reported by other
groups [18]. Figure 8b shows the cyclic performance of the Li1.27Cr0.2Mn0.53O2 cathode material. The
discharging capacity increased up to 205.4 mAh·g−1 in the 10th cycle and then was maintained almost
constant beyond the subsequent cycles. Moreover, it can be seen from Figure 8b that the capacity
retention was 95.1% during the 100th cycles. All the results suggested an outstanding electrochemical
performance of the prepared cathode.
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Figure 8. Charge–discharge curves and columbic efficiency of Li1.27Cr0.2Mn0.53O2 (a,b).

The electrochemical impedance spectra of Li1.27Cr0.2Mn0.53O2 measured after 1, 30, and 100 cycles
are shown in Figure 9 in an attempt to figure out the reason for the high performance of the material.
The resistivity of the sample is represented by the intercept of the semicircle and the real axis (Z’).
In the Nyquist representation, due to the interfacial migration of lithium-ions between the surface
layer and the electrolyte, the impedance data will appear in a semicircular form in the high-frequency
region. [29]. The semicircle reduced significantly from 1st to 100th cycle of discharge. Wu et al.
indicates that the reduction of charge transfer resistance can effectively accelerate the kinetics of the
intercalation–deintercalation process, which is shown by a significant reduction in the semicircle in
the figure [18]. Such impedance data can be simulated with an equivalent circuit and the solution
resistance and the charge transfer resistance could be obtained. A suitable equivalent circuit containing
Rs, Rct, CPE, and Zw showed the best fitting results for the experimental data, and the output results
for Rs and Rct are listed in Table 5. For the value of Rs, a recording of only several ohms was obtained
with a very slight change, since it represents for the resistance of the electrolyte itself. However, in term
of Rct, the value varies from 233.88 Ω to 91.86 Ω, which indicates an obvious decrease in interfacial
resistance. Hence, in our case, high specific capacity with stable columbic efficiency for the sample
S950 was obtained during the cycling.

Figure 9. The impedance spectra for the Li1.27Cr0.2Mn0.53O2 electrode: (1) after first cycle, (2) after 30th
cycle, and (3) after 100th cycle.
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Table 5. Electrochemical impedance spectroscopy (EIS): initial resistance (Rs) and charge transfer
resistance (Rct) after cycling.

Cycles Rs(Ω) Rct(Ω)

1th cycle 3.50 233.88
30th cycle 2.64 132.88
100th cycle 3.34 91.86

In addition, the following equation expresses the calculation equation of the diffusion coefficient
of lithium-ions (DLi

+) [30,31].

DLi+ =
0.5R2T2

A2F4C2σ2
W

(1)

where A the surface area of the electrode, T the absolute temperature, F the Faraday constant, R is
the gas constant, C the concentration of Li+ in the material, and σw is the Warburg factor obeying the
following relationship,

ZRe = RS + Rct + σω−0.5 (2)

σw can be obtained by fitting of the real parts of impedance ZRe vs. ω−0.5 in the frequency range of 0.05
Hz to 1 Hz as shown in the Figure 10. As a result, the diffusion coefficients of the Li1.27Cr0.2Mn0.53O2

material calcined at 900 ◦C (1.05 × 10−10 cm2·s−1), 950 ◦C (3.89 × 10−10 cm2·s−1), and 1000◦C (1.34 × 10−10

cm2·s−1) were determined. Furthermore, by calculation, the diffusion coefficient of the material S950 after
100 cycles (3.89 × 10−10 cm2·s−1) is higher than the values of Li1.2Ni0.2Mn0.2O2 (1.63 × 10−12 cm2·s−1) and
Li1.23Mn0.46Ni0.15Co0.16O2 (2.78 × 10-15 cm2·s−1) [31] reported by others. Such a high diffusion coefficient
are supposed to provide a fast Li diffusion within the layered Li1.27Cr0.2Mn0.53O2 based on the Cr3+/Cr6+

redox repairs, and high potential of the material as a cathode for LIBs could be achieved.

Figure 10. Plots comparison of Z’ vs. ω−0.5 for Li1.27Cr0.2Mn0.53O2 after 100 cycles.

From the above results, it can be found that the sample S950 presented the best electrochemical
performance among the three samples. The S950 cathode delivered an initial discharge capacity of
195.2 mAh·g−1 with capacity retention of 95.1% after 100 cycles. All the results can be explained by
the fact that a fast Li ion transportation was achieved since the largest Li ion diffusion coefficient was
observed for the sample.

4. Conclusions

Li1.27Cr0.2Mn0.53O2 cathode materials with hexagonal α-NaFeO2 structure (space group R-3m)
were successfully prepared by a nanomilling-assisted solid-state reaction method. The initial XPS
studies confirmed the existence of Cr3+ and Mn4+ in the prepared powders as expected. The
Li1.27Cr0.2Mn0.53O2 electrode showed a typical solid solution transition during the electrochemical
cycling and no other side process was observed. CV tests revealed an oxidation/reduction couple
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of 3.6/3.2 V ascribed to the Cr3+/Cr6+ redox pair rather than the Mn redox pairs. XPS studies on
the electrodes after charging/discharging further confirmed that the triple-electron process of the
Cr3+/Cr6+ redox pair, not the Mn redox pairs, was superior to the electrochemical process within
the cathode material. The capacity test for the sample exposed a high reversible capacity of ~195.2
mAh·g−1 (close to its theoretical value) between 2.0 and 4.9 V at 0.1 C, with capacity retention of
95.1% after 100 cycles. EIS investigation revealed a high diffusion coefficient of 3.89 × 10−10 cm2·s−1,
which can be regarded as the reason for the good electrochemical performance of the prepared cathode
material. As a whole, the prepared compound presented high potential as a candidate for the use as
cathode in LIBs.
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Abstract: Li-rich layered oxide cathode materials have become one of the most promising
cathode materials for high specific energy lithium-ion batteries owning to its high theoretical
specific capacity, low cost, high operating voltage and environmental friendliness. Yet they
suffer from severe capacity and voltage attenuation during prolong cycling, which blocks
their commercial application. To clarify these causes, we synthesize Li1.5Mn0.55Ni0.4Co0.05O2.5

(Li1.2Mn0.44Ni0.32Co0.04O2) with high-nickel-content cathode material by a solid-sate complexation
method, and it manifests a lot slower capacity and voltage attenuation during prolong cycling
compared to Li1.5Mn0.66Ni0.17Co0.17O2.5 (Li1.2Mn0.54Ni0.13Co0.13O2) and Li1.5Mn0.65Ni0.25Co0.1O2.5

(Li1.2Mn0.52Ni0.2Co0.08O2) cathode materials. The capacity retention at 1 C after 100 cycles reaches to
87.5% and the voltage attenuation after 100 cycles is only 0.460 V. Combining X-ray diffraction (XRD),
scanning electron microscope (SEM), and transmission electron microscopy (TEM), it indicates that
increasing the nickel content not only stabilizes the structure but also alleviates the attenuation of
capacity and voltage. Therefore, it provides a new idea for designing of Li-rich layered oxide cathode
materials that suppress voltage and capacity attenuation.

Keywords: Li-rich layered oxide; cathode materials; voltage attenuation; lithium-ion batteries;
solid-state complexation method

1. Introduction

Advanced lithium-ion batteries (LIBs) technology have promoted the rapid development of mobile
electronic devices owning to their low cost, long life, lack of any memory effect and environmental
friendliness [1–3]. The development of plug in hybrid electric vehicles (PHEVs) and electric vehicles
(EVs) puts higher demands on energy density and cruising range [4–6]. Compared to traditional
cathode materials, such as LiCoO2 [7,8], spinel LiMn2O4 [9,10], polyanionic LiFePO4 [11,12], and
layered cathode materials LiMO2 [13–16] (M =Ni, Co, Mn), Li-rich layered oxide cathode materials,
represented by the chemical formula xLi2MnO3·(1−x)LiMO2 (0 < x < 1, M = Ni, Co, Mn) have
received extensive attention from scientists all over the world because they exhibit a reversible capacity
exceeding 250 mAh·g−1 between 2 V and 4.8 V, as well as their low cost and high energy density
(>900 Wh·Kg−1) [17,18]. Unfortunately, these cathode materials put up with poor kinetics [19] and
severe voltage attenuation [20–22] during prolong cycling, which directly affects their electrochemical
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performance, particularly the energy that the battery can output [23–25]. These disadvantages hinder
the commercial development of high specific energy lithium-ion cells with cathodes prepared with the
use of lithium-manganese-rich materials.

In order to explore effective ways to alleviate the voltage attenuation of Li-rich cathode materials,
scientists have done a lot of research work to identify the origin [6,26–28]. The voltage attenuation
can be caused by voltage fade and increase of resistance during cycling [29]. The cause of voltage
attenuation is generally attributed to a continuous phase transition from layered phase to spinel during
the repeated extraction/insertion processes [19,21,30], corresponding to the irreversible migration of
the transition metal (TM) ions, during the course of which they move from the octahedral sites in the
TM slab to the octahedral sites in the Li slab during the lithium ion extraction/insertion processes [31].
It is possible for Li-rich layered oxide cathode materials to prevent collapse of the layered structure by
minimizing the tension between the neighboring oxygen layers in its deep delithiation state. In addition,
another important reason for the voltage attenuation is increase of resistance during cycling [29].
Therefore, the voltage attenuation caused by resistance growth can be reflected in the average voltage as
a function of cycling. Researchers believe that surface structure modification and elemental doping can
effectively suppress voltage attenuation. For example, there are many reports of interface modifications
(Al2O3 [32], LiFePO4 [33], LIPON [32], etc.) will reduce the side reaction between the surface of
the positive electrode material and the electrolyte, and enhance the stability of the surface layered
structure. elemental doping (Na+ [34], Ce3+/Ce4+, and Sn4+ [22], etc.) may significantly inhibit the
Phase transition and stabilize the structure. Furthermore, Burrell et al. explored the effect of cycling
temperature on the voltage fade of Li-rich layered oxide cathode materials [35]. Increasing the nickel
content can effectively suppress the voltage attenuation in these cobalt-free or high-nickel cathode
materials, which is the development trend of lithium-ion batteries in the future [23,25,36]. Dahn et
al. reported Core-shell (CS) materials allow that the Mn-rich shell can protect the Ni-rich core from
electrolyte attack, as well as the Ni-rich core maintains a high and stable average voltage [27,37].
Li et al. reported that reducing the Co content can significantly suppress voltage attenuation [38].
Vu et al. reported study the effect of composition on the voltage fade of Li-rich cathode materials
with a combinatorial synthesis approach. Although the voltage fade can be reduced by controlling
the composition of the system, there is no guarantee that the composition is the layered-layered
structure [39]. Therefore, it is very important indication for Li-rich layered oxide cathode material to
control the composition of TM ions in the LiMO2 layer in order to suppress the voltage attenuation.

To further investigate the effect of different compositions in the LiMO2 layer on the physicochemical
properties of Li-rich layered oxide cathode materials, we synthesize Li1.5Mn0.66Ni0.17Co0.17O2.5

(Li1.2Mn0.54Ni0.13Co0.13O2) (LL-111), Li1.5Mn0.65Ni0.25Co0.1O2.5 (Li1.2Mn0.52Ni0.2Co0.08O2) (LL-523)
and Li1.5Mn0.55Ni0.4Co0.05O2.5 (Li1.2Mn0.44Ni0.32Co0.04O2) (LL-811) cathode materials by means of
solid-state complexation method, and the electrochemical properties have been investigated. During
these three composition samples, LL-811 exhibits slower voltage decay and more excellent cycle
stability during prolong cycling. The capacity retention rate of the LL-811 is 87.5% at 1 C rate after
100 cycles, and its voltage attenuation is quite low with 0.460 V. The distinctive advantage of this
LL-811 Li-rich cathode material may derive from the high nickel content in the layered (R-3m) phase.
High-nickel-content Li-rich layered oxide cathode material may cause more Ni2+ ions to occupy the Li+

ion sites in the lithium layer, it can result in a part of nickel to be doped at Li+ ion sites [40]. The cation
doping, to some extent, can improve the structural stability by supporting the Li slabs and reducing
tension of neighboring oxygen layers during the delithiation process [23]. In addition, nickel acts as
a stabilizer to reduce the complete transformation of manganese by substitution. The preferential
reduction of Ni4+/2+ maintains average oxidation state of Mn above 3+, as well as suppresses the
Jahn-Teller effect caused by Mn3+ ions and effectively improves structural durability [41–43].
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2. Materials and Methods

2.1. Sample Preparation

TheLi1.5Mn0.66Ni0.17Co0.17O2.5 (Li1.2Mn0.54Ni0.13Co0.13O2),Li1.5Mn0.65Ni0.25Co0.1O2.5 (Li1.2Mn0.52Ni0.2Co0.08O2),
Li1.5Mn0.55Ni0.4Co0.05O2.5 (Li1.2Mn0.44Ni0.32Co0.04O2) cathode materials (marked as LL-111, LL-523,
LL-811, respectively.) were synthesized by a solid-sate complexation method using citric acid
monohydrate as complexing agent with analytical grade chemicals LiAc·2H2O (Excess 5%,AR, 99%),
Ni(Ac)2·4H2O (AR, 98%), Co(Ac)2·4H2O (AR, 99.5%), Mn(Ac)2·4H2O (AR, 99%), citric acid monohydrate
(AR, 99.5%). The molar ratio between transition metal ion and citric acid monohydrate was 1:1. Using
a certain amount of absolute ethanol as a solvent, a stoichiometric amount of above reagents were
mixed thoroughly and ball milled at the speed of 200 rpm continuously for 4 h. After ball milling, it
was dried in an oven at 80 ◦C for 24 h in order to get a uniform mixed precursor. The precursor was
ball milled for 30 min and precalcined at 450 ◦C for 6 h in air to eliminate the organic substances then
was calcined at 900 ◦C, 900 ◦C, 800 ◦C for 12 h in air at the rate of 5 ◦C·min−1, respectively. And finally,
these required samples were obtained.

2.2. Materials Characterizations

The crystallographic structure LL-111, LL-523 and LL-811 cathode materials were carried out
by X-ray diffraction (XRD, Bruker D8, Karlsruhe, Germany) with Cu Kα radiation (λ = 1.54056 Å) in
the range of 10–90◦ with the speed of 5◦ min−1. The microscopic morphology was investigated with
scanning electron microscopy (SEM, TESCAN MIRA3 LMU, Brno, Czech Republic) and transmission
electron microscopy (TEM, TECNAI G2 F20, Hillsboro, America).

Electrochemical performance of the samples was characterized using galvanostatic charge-
discharge tests with two-electrode coin cells (type CR-2025, Shenzhen, China). All the charge-discharge
processes of our CR-2025 cells except for the first cycle was measured under a voltage window of
2–4.6 V. The synthesized sample, acetylene black (AR, Hersbit Chemical Co., Ltd., Shanghai, China)
and polyvinylidene difluoride (PVDF, FR905, San ai fu New Material Technology Co., Ltd., Shanghai,
China) with a weight ratio of 8:1:1 to make a slurry in the N-methyl pyrrolidone (NMP) solvent.
The slurry was uniformly coated onto aluminum foil as current collector and then dried at 120 ◦C
for 6 h under vacuum oven. Cells were assembled in an Argon-filled glove box with H2O and O2

contents below 0.01 ppm, using the metallic lithium foil as an anode. The electrolyte was 1 M LiPF6
dissolved in ethyl carbonate (EC) and dimethyl carbonate (DMC) (1:1 in volume) and the separator
was Celgard-2500 membrane.

The Galvanostatic charge-discharge measurements were carried out using NEWARE CT-4008
battery testing system (Shenzhen, China) within the voltage range of 2.0–4.8 V at 25 ◦C. Cyclic
voltammetry (CV) and AC impedance (EIS, 1 MHz–0.1 MHz) using a CHI660E electrochemical
workstation (Shanghai, China).

3. Results and Discussion

3.1. Crystal Structure and Microstructure

Using citric acid monohydrate as complexing agent, the cathode materials LL-111, LL-523, and
LL-811 were synthesized by a solid-state complexation method. The phase and crystal structure of the
above cathode materials were respectively analyzed by XRD. The XRD patterns of the sample LL-111,
LL-523, LL-811 are shown in Figure 1. Using the JADE 6.5 analysis software to analyze the XRD data,
the diffraction peaks of three samples can be indexed to a typical α-NaFeO2 structure (R-3m) and
the enlargements of the small region from 20 to 24◦ are attributed to Li2MnO3 phase (C2/m) [44,45].
Complete splitting of the two pair diffraction peaks (006)/(012) and (018)/(110) indicates the integrity
of the layered structure for all samples. It is noted that, the intensity of Li2MnO3 characteristic peak
gradually decreases with the metallic nickel content increasing.
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Figure 1. XRD patterns of LL-111, LL-523, LL-811, which adopts a α-NaFeO2 structure. The XRD
patterns on the right show the enlargement of Li2MnO3 characteristic peak over a small 2θ region.

The surface morphologies of LL-111, LL-523, LL-811 samples and corresponding element compositions
are shown in Figure 2. As seen in Figure 2a–c, three samples show irregular polyhedral morphology with
a size of approximately 200–500 nm, which is consistent with previous literatures [6,46,47]. In Figure 2d–f,
the primary particles of three samples show different degrees of agglomeration. As the nickel content
increases, particle agglomeration becomes more and more seriously. Besides, the interface between
the particles is blurred and even disappears. As seen in Figure 2g–i, the actual ratios of LL-111 and
LL-523, LL-811 cathode materials are basically in accordance with the designed values. However,
LL-811 (Figure 2i) shows a Mn-rich trend on the surface, which may be mainly due to the concentration
gradient of Ni/Mn with the nickel content increasing.

Figure 2. SEM images of LL-111 (a,d), LL-523 (b,e), LL-811 (c,f); Elemental mapping images (g–i) of
LL-111, LL-523, LL-811, respectively.

To explore the precise structural properties of Li-rich cathode materials with high nickel content,
TEM and HRTEM images are shown in Figure 3. As seen in Figure 3a,d,g the edge of LL-811 cathode
material is evenly distributed. Besides, it has relatively straight and continuous lattice fringes, and
the interplanar spacing of (003) crystal plane is 4.72 Å (Figure 3b), which shows the characteristics of
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good layered structure material (FFT results in insets of Figure 3c). The lattice fringes of Figure 3e
show a distinct two-phase composite (FFT results in insets of Figure 3f). As clearly seen in Figure 3g,
the internal phase distribution of the bulk is not very uniform, and Figure 3h further verifies this
phenomenon. Figure 3h and FFT results show three kinds of different plane spaces and crystal plane
orientations, which represent the (003) crystal plane of the LL-811 structure (4.72 Å), the (006) crystal
plane of the LL-811 structure (2.36 Å), two-phase (Li2MnO3 and LiMO2) composite, respectively.

Figure 3. TEM images: (a,d,g), HRTEM images: (b,e,h) of selected regions of LL-811 and corresponding
to the Fast Fourier transform (FFT) images of I and II regions: (c,f).

In order to further verify the elemental uniformity of the LL-811 sample, the EDX linear scanning
of the single particle was carried out in Figure 4a,b. A very important message can be obtained from
Figure 4b, in which the content of Mn element gradually increases from internal to external and Mn-rich
phase appears on the surface. However, the change trend of nickel element is opposite, which may be
mainly due to the segregation of Mn and Ni elements. The segregation may be induced by citric acid
and be also due to the bond formation of the layered material itself [48,49]. Nickel has high catalytic
activity and is easy to react with electrolyte, while Mn-rich on the surface can effectively inhibit the
reaction. The Mn-rich surface phenomenon may explain the excellent prolong cycling stability of
LL-811 cathode materials [25,27].
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Figure 4. (a) TEM image of LL-811 single particle; (b) corresponding to the Energy dispersive X-ray
linear scanning.

3.2. Electrochemical Charge/Discharge Behavior

In order to evaluate the electrochemical property of the samples LL-111, LL-523, and LL-811, the
first charge-discharge curves, rate performances from 0.1 C to 5 C and cycling performances at 1 C
(1 C = 200 mAh·g−1) between 2 V to 4.8 V are shown in Figure 5. As shown in Figure 5a, there are two
distinct voltage plateaus during the first charge process: (1) a smooth voltage plateau below 4.5 V and
(2) a long voltage plateau about 4.5 V [50]. The first discharge capacities of LL-111, LL-523, LL-811 are
284.6 mAh·g−1, 263.0 mAh·g−1, 207.4 mAh·g−1, respectively.

LL-111 samples at 1 C delivers 206.4 mAh·g−1 and about 98.5% of the capacity is maintained even
after 100 cycles. The first discharge capacity of LL-523 at 1 C is 194.1 mAh·g−1 and about 80.0% of
the capacity is maintained after 100 cycles. In contrast to LL-111 and LL-523, the capacity retention
of the LL-811 is 87.5% after 100 cycles, although the first discharge capacity of LL-811 at 1 C only is
154.6 mAh·g−1. By comparison, the cycle stability of the high-nickel-content LL-811 cathode material is
more excellent. It can be attributed to that nickel ions easily migrate out of the TM layer to support the
structure instead of being trapped in the middle tetrahedral layer [23].

Figure 5c shows the rate performance of these three samples at different current densities of 0.1 C,
0.2 C, 0.5 C, 1 C, 3 C, 5 C at 25 ◦C between 2 V and 4.8 V. As seen in Figure 5c, the discharge capacities
of LL-111, LL-523, and LL-811 are 130.8 mAh·g−1, 118.9 mAh·g−1, and 100.5 mAh·g−1, respectively
at 5 C. The low rate capacity is ascribed to the sluggish kinetics of high nickel Li-rich layered oxide
cathode materials discussed in the present paper. The method of calculating the lithium ion diffusion
coefficient by EIS measurement is the same as the previous paper [51]. After EIS measurement, Li+

diffusion coefficient of LL-111, LL-523, and LL-811 three samples are 2.77 × 10−14 cm2 S−1, 3.70 × 10−14

cm2 S−1, and 1.32 × 10−14 cm2 S−1, respectively. Moreover, as seen in Figure 5g, the charge transfer
impedance (Rct) is 212 Ω, 352 Ω, and 606.7 Ω for the LL-111, LL-523, and LL-811 samples. The Rct of
high nickel LL-811 cathode material is very large compared to the other two samples, which can be
attributed to the low electronic conductivity.

The most striking performance feature of LL-811 cathode materials is its low voltage attenuation
after prolong cycling. Figure 5e shows the relationship between the average voltage and cycle number.
The voltage attenuation is approximately 0.460 V after 100 cycles at 1 C, while for LL-111 and LL-523,
the voltage attenuation is reached up to 0.665 V and 0.600 V, respectively.
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Figure 5. Electrochemical performances: (a) First charge- discharge curves at 0.1 C; (b) The cycle
performances at 1 C; (c) The rate performances from 0.1 C to 5 C; (d) Specific discharge energy cures
at 1 C; (e) Average voltage attenuation curves after 100 cycles at 1 C; Nyquist plots: (f) Fresh cells;
(g) Fitted impedance data of LL-111, LL-523, and LL-811 cells between 2 V to 4.8 V; (h) The typical plots
of Z’ vs. ω−1/2 at low frequency.

To further illustrate the voltage attenuation phenomenon of Li-rich cathode materials upon cycling,
discharge curves with different cycles between 2 V to 4.8 V at 1 C and cyclic voltammetry (CV) curves
of LL-111, LL-523, and LL-811 are shown in Figure 6. As seen in Figure 6a–c, voltage attenuates
rapidly at 1 C for LL-111, and for LL-523 it is slower than LL-111, whereas for LL-811 it is the lowest.
Figure 6d–f clearly characterize that the three samples display distinct oxidation peaks appeared at
4.0 V during the first cycle, corresponding to the oxidation reactions of Ni2+/3+/4+ and Co3+/4+; and the
oxidation peak at 4.6 V corresponds to the activation process of Li2MnO3 [52]. The reduction peaks at
3.3 V, 3.6 V, 4.1 V reflect Mn4+/3+, Ni4+/3+, Co4+/3+ [53], respectively. By comparison, as seen clearly
in Figure 6d–f, the voltage decay is minimal for LL-811 after 3 cycles, which is consistent with the
phenomenon observed with the voltage attenuation curves. LL-111 and LL-523 Li-rich materials suffers
from voltage attenuation after prolong cycling, especially LL-111, for which its capacity mainly came
from the low voltage region [23]. Therefore, the specific energy (specific energy = specific capacity
× average voltage) output of the battery further lowered upon cycling owing to the disappointing
cycle stability and severe voltage attenuation for LL-111 and LL-523 cathode materials. This is due to
the phase transformation from layered to spinel-like or rock-salt phases during repeated charge and
discharge cycles. As seen in Figure 5d, the absolute value of specific energy of LL-111, LL-523, and
LL-811 cathode materials at the 100th cycle is 474.82, 465.88, 435.68 Wh·Kg−1, respectively. Comparing
with LL-111 and LL-523 (64.6% and 67.0% energy retention after 100 cycles, respectively), the specific
energy retention was 76.7% for LL-811 after 100 cycles. The excellent cell properties of LL-811 indicate
that increasing the nickel content could significantly inhibit the intrinsic voltage attenuation of Li-rich
materials. These consequences demonstrate that high-nickel-content Li-rich cathode materials, such
as LL-811, exhibit outstanding structural durability during prolong cycling, which will promote the
commercialization of Li-rich cathode materials.
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Figure 6. Discharge curves with different cycles between 2 V to 4.8 V at 1 C and Cyclic Voltammetry
(CV) curves of LL-111 (a,d), LL-523 (b,e), and LL-811 (c,f).

To further assess the effect of nickel content on the structural durability of Li-rich cathode materials,
the XRD patterns of LL-111, LL-523, LL-811 before and after 100 cycles are shown in Figure 7. The
intensity ratios of both the (003) and (104) peaks of LL-111, LL-523, and LL-811 are shown in Table 1.
Compared to LL-111 and LL-523, the intensity ratio of the (003) and (104) peaks of the LL-811 cathode
material is still greater than 1.2 after 100 cycles [54,55], which indicates that the high nickel cathode
materials can maintain their structural durability and inhibit the phase transformation to a certain
degree during prolong cycling.

In this paper, Li-rich layered oxide cathode materials with different compositions are designed and
prepared. From the above discussion results, the sensitivity of the voltage attenuation phenomenon to
the composition is relatively large.
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Figure 7. XRD patterns of LL-111, LL-523, LL-811 before and after 100 cycles.

Table 1. The intensity of (003) and (104) and the ratios I(003)/I(104) of LL-111, LL-523, and LL-811 initial
samples and cycled electrodes by calculating from the XRD data.

Samples I(003) I(104) Initial I(003)/I(104) I(003) I(104) Cycled I(003)/I(104)

LL-111 6553 3941 1.6628 2215 1803 1.2285
LL-523 7017 4189 1.6751 2286 1611 1.4190
LL-811 9116 4531 2.0120 2670 1563 1.7083

4. Conclusions

In this paper, LL-111, LL-523, and LL-811 cathode materials were successfully synthesized by a
solid-sate complexation method using citric acid monohydrate as complexing agent. Compared to the
LL-111 and LL-523, the high-nickel-content LL-811 cathode material shows an excellent cycling stability
(capacity retention of 87.5% at 1 C rate after 100 cycles and energy retention of 76.7% at 1 C rate after
100 cycles) and suppresses voltage attenuation (only 0.460 V after 100 cycles) during prolong cycling.
CV curves also show that the high-nickel-content LL-811 cathode material exhibits less polarization
during cycling. What is more, cycled XRD results demonstrate that increasing the nickel content can
effectively maintain structural stability. The results show that the sensitivity of the voltage attenuation
to the composition is relatively large. This proves that it is very important for Li-rich layered oxide
cathode materials to control the composition of TM ions in the LiMO2 layer. This further demonstrates
that the nickel content plays a very important role in stabilizing the structure and suppressing the
voltage attenuation. This paper provides a reference for the composition design of Li-rich layered
oxide materials with the high nickel content.
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Abstract: Lithium-rich layered oxide is one of the most promising candidates for the next-generation
cathode materials of high-energy-density lithium ion batteries because of its high discharge capacity.
However, it has the disadvantages of uneven composition, voltage decay, and poor rate capacity,
which are closely related to the preparation method. Here, 0.5Li2MnO3·0.5LiMn0.8Ni0.1Co0.1O2

was successfully prepared by sol–gel and oxalate co-precipitation methods. A systematic analysis
of the materials shows that the 0.5Li2MnO3·0.5LiMn0.8Ni0.1Co0.1O2 prepared by the oxalic acid
co-precipitation method had the most stable layered structure and the best electrochemical
performance. The initial discharge specific capacity was 261.6 mAh·g−1 at 0.05 C, and the discharge
specific capacity was 138 mAh·g−1 at 5 C. The voltage decay was only 210 mV, and the capacity
retention was 94.2% after 100 cycles at 1 C. The suppression of voltage decay can be attributed
to the high nickel content and uniform element distribution. In addition, tightly packed porous
spheres help to reduce lithium ion diffusion energy and improve the stability of the layered structure,
thereby improving cycle stability and rate capacity. This conclusion provides a reference for designing
high-energy-density lithium-ion batteries.

Keywords: lithium-rich layered oxide; cathode material; 0.5Li2MnO3·0.5LiMn0.8Ni0.1Co0.1O2; voltage
decay; co-precipitation method; sol–gel method

1. Introduction

With the rapid development of hybrid vehicles and electric vehicles, lithium-ion batteries have
been more widely used [1–4]. However, the traditional lithium-ion battery cathode materials (e.g.,
LiMn2O4, LiFePO4, LiNi1/3Co1/3Mn1/3O2, LiNi0.5Co0.2Mn0.3O2) have a discharge capacity of less than
200 mAh·g−1, which cannot meet the development requirements of the electric vehicle industry [5–7].
The current solution is to increase the nickel content or use lithium-rich layered oxides to increase
the discharge capacity [8–12]. The lithium-rich layered oxide has become a candidate for the next
generation of high-energy density lithium-ion battery cathode materials due to its high capacity and
high operating voltage [13,14]. However, before commercialization, the technical challenge of voltage
decay must be addressed [15–18].

Many studies have shown that ion doping [19–21] and surface coating [22–24] can suppress voltage
decay of lithium-rich layered oxides. In addition, increasing the nickel content in the lithium-rich
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layered oxide can also significantly suppress the voltage decay, and the energy density is also
improved [25–27]. The preparation methods of lithium-rich layered oxides include solid-state [28],
co-precipitation [25], sol–gel [29], solvothermal [30], freeze drying [31], and bubble template [32]. It is
controversial whether the lithium-rich layered oxide is a solid solution or a two-phase composite
structure, and the structure and performance of the lithium-rich layered oxide are closely related to the
synthesis [33–35]. In addition, the preparation method also affects the atomic spatial uniformity of
chemical species [36]. The effect of lithium-rich layered oxides with low nickel content on the synthesis
method has been studied intensively [37–39]. However, for lithium-rich layered oxides with high
nickel content, such as 0.5Li2MnO3·0.5LiNi0.8Co0.1Mn0.1O2 (LL-811), the effects of the preparation
method on the microstructure and electrochemical performance and the reasons for the decreased
discharge capacity with increasing nickel content have not been investigated.

In this work, we compared the effects of the sol–gel method and the oxalate co-precipitation
method on the microstructure, element distribution, and electrochemical performance of LL-811.
Two kinds of typical chelating agents, citric acid and sucrose, were selected in the sol–gel method.
LL-811 prepared by the oxalate co-precipitation method had the best comprehensive performance. After
100 cycles at 1 C, the voltage decay was 210 mV, and the capacity retention was 94.2%. The discharge
specific capacity still reached 138 mAh·g−1 at 5 C. The significant reduction in voltage decay can be
attributed to the high nickel content and uniform element distribution. In addition, tightly packed
porous spheres contributed to reducing the lithium ion diffusion energy barrier and improving cycle
stability and rate capacity.

2. Experiment

2.1. The Reagents and Materials

Lithium acetate dihydrate (Li(CH3COO)·2H2O, 99.0%), manganese acetate tetrahydrate
(Mn(CH3COO)2·4H2O, 99.0%), cobalt acetate tetrahydrate (Co(CH3COO)2·4H2O, 99.5%), nickel acetate
tetrahydrate (Ni(CH3COO)2·4H2O, 98.0%), ammonium oxalate monohydrate (C2H8N2O4·H2O, 99.5%),
oxalic acid dihydrate (C2H2O4·2H2O, 99.5%), sucrose (C12H22O11, 99.0%), citric acid monohydrate
(C6H8O7·H2O, 99.5%), sodium hydroxide (NaOH, 96.0%), nitric acid (HNO3, 65–68%), and ammonium
hydroxide aqueous solution (NH3·H2O, 26.7%) were purchased from Sinopharm Chemical Reagent
(Shanghai, China). Lithium hydroxide monohydrate (LiOH·H2O, 98.0%) was purchased from Xilong
Scientific Co., Ltd. (Shantou, China). Nickel sulfate hexahydrate (NiSO4·6H2O, 22 wt%) was purchased
from Jinchuan group Co., Ltd. (Jinchang, China). Cobalt sulfate heptahydrate (CoSO4·4H2O, 21 wt%)
was purchased from Huayou Cobalt Co., Ltd. (Jiangxing, China) Manganese sulfate monohydrate
(MnSO4·H2O, 31.8 wt%) was purchased from ISKY Chemicals Co., Ltd. (Changsha, China).

2.2. Sol–Gel Method

LL-811 was synthesized by sol–gel method, using acetic acid salts as raw materials and citric
acid monohydrate as a chelating agent. Firstly, according to the stoichiometric ratio, lithium acetate
dihydrate, nickel acetate tetrahydrate, cobalt acetate tetrahydrate, and manganese acetate tetrahydrate
were added to deionized water to prepare a solution A of 1.5 mol/L. citric acid monohydrate was
added to deionized water and configured to a concentration of 2 mol/L solution B. The molar ratio of
metal ion to chelating agent was fixed to be 1:1.5. Then, the A and B solutions were slowly mixed, and
the pH of the solution was adjusted to 7–8 with ammonium hydroxide. The resulting solution was
evaporated at 80 ◦C in a constant temperature water bath to form a transparent xerogel. The gel was
dried in a forced air oven at 120 ◦C for 12 h to obtain a precursor. Finally, the precursor was calcined at
480 ◦C for 5 h and then calcined at 850 ◦C for 12 h in air to obtain a lithium-rich layered oxide (labeled
as SLC). When using the same procedure, the chelating agent was changed to sucrose, and the pH was
adjusted to 5 with dilute nitric acid. The acquired sample was labeled as SLS.
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2.3. Co-Precipitation Method

LL-811 was synthesized by oxalate co-precipitation. Firstly, according to the stoichiometric ratio,
nickel sulfate hexahydrate, cobalt sulfate heptahydrate, and manganese sulfate monohydrate were
added to deionized water to prepare a solution C of 1.0 mol/L. Ammonium oxalate monohydrate
and oxalic acid dihydrate were added to deionized water to configure a solution D with an oxalate
concentration of 0.6 mol/L. The ratios of the amounts of the transition metal salts to the substances of
the complexing agent and the precipitating agent were 1:2 and 1:1.2, respectively. Secondly, the solution
C and the solution D were simultaneously slowly pumped into a 5 L continuous stirred-tank reactor
(CSTR). The temperature and agitation speed were maintained at 50 ◦C and 800 rpm, respectively.
In the co-precipitation process, the pH of the solution was maintained at 6.6 by the addition of 1 mol/L
sodium hydroxide solution. After the feed was completed, stirring was continued for 1 h to allow the
metal ions to completely precipitate. In order to prevent oxidation of the metal cations throughout
the process, the CSTR was maintained under a nitrogen atmosphere. Finally, the prepared oxalate
precursor was acquired by vacuum filtration and washed with deionized water and then dried in
a drying oven at 80 ◦C for 12 h. The prepared oxalate precursor was thoroughly mixed with 5 wt%
excess of LiOH·H2O powder. The mixture was transferred to a furnace and calcined at 480 ◦C for 5 h
and then calcined at 850 ◦C for 12 h in air to obtain a lithium-rich layered oxide (labeled as OCP).

2.4. Materials Characterization

The crystal structure of LL-811 was observed with an X-ray diffractometer (XRD, Bruker AXS
D8 Advance, Bruker Corporation, Karlsruhe, Germany). The morphology was characterized by field
emission scanning electron microscopy (SEM, TESCAN MIRA3 LMU, TESCAN, Brno, Czech Republic).
The elemental compositions were characterized using energy dispersive spectroscopy (EDS, Oxford
X-Max20, Oxford, UK). The analysis of the microstructure and composition of LL-811 was performed
on a transmission electron microscope (TEM, Tecnai G2 F20, Hillsboro, OR, USA) equipped with energy
dispersive X-rays (EDX).

The preparation of the positive electrode sheet, the assembly of the button cell, and the test
procedures for electrochemical performance were consistent with the previously published articles [40].
The electrolyte is 1 M LiPF6, which is soluble in ethyl carbonate (EC) and dimethyl carbonate (DMC)
(1:1 by volume, CAPCHEM, Shenzhen, China). The load of the active material on the positive electrode
sheet was about 2.7 mg·cm−2. The CT-4008 battery testing system of NEWARE (Shenzhen, China) was
used to test charge and discharge performance of the battery. Electrochemical impedance spectroscopy
was performed with a CHI660E electrochemical workstation (Chinstruments, Shanghai, China) in the
frequency range of 1 mHz to 100 kHz.

3. Results and Discussion

The powder X-ray diffraction patterns of the lithium-rich layered oxide prepared by two different
methods are shown in Figure 1. The major peaks in the XRD pattern could be indexed based on
α-NaFeO2 layered structure with space group R3m and monoclinic symmetry with space group
C2/m [32]. The (006)/(012) peak and (018)/(110) peak can be clearly distinguished, indicating that
the material is a typical layered structure [41]. The lattice parameters of the prepared samples were
analyzed via JADE6.0, as shown in Table 1. Compared with SLS and SLC, c and c/a values increased in
OCP, indicating that the crystal lattice preferentially grows along the c axis, thereby promoting the
electrochemical reaction.

The SEM micrographs and elemental compositions of samples SLC, SLS, and OCP are shown
in Figure 2. As shown in Figure 2a,b,d,e, the primary particles of the samples SLC and SLS have
a size of about 400–600 nm. The agglomerated secondary particles have no obvious morphology.
As shown in Figure 2g, the primary particle size of the sample OCP is about 300–500 nm. As can
be seen from Figure 2h, the secondary particles are spheroidal and have a particle size of about

41



Materials 2020, 13, 334

20 μm. The embedded image in Figure 2h shows the SEM image of OCP secondary particles at low
magnification. In addition, there are pores on the surface of the secondary particles closely clustered
by the primary particles. Figure 2c,f,i shows the energy dispersion spectra (EDS) of SLC, SLS, and
OCP, respectively. All peaks correspond to the characteristic peaks of the O, Mn, Co, and Ni elements,
and the ratios of the elements are shown in the interpolation table. It can be clearly seen that there
are differences in the element ratios of the three samples, especially the Ni and Mn. This may be the
effect of ammonium radicals because in the reaction system, ammonium radicals complex with metal
ions, which affects the chelation reaction of citric acid and metal ions and the precipitation reaction
of oxalate and metal ions. In addition, the pH value may also affect the elemental composition of
the product and the uniformity of the element distribution. These results indicate that a lithium-rich
layered oxide positive electrode material with a high nickel content has been acquired.

 
Figure 1. XRD patterns of LL-811 samples prepared by different methods.

Table 1. Lattice parameters of LL-811 samples prepared by different methods.

Sample
Lattice Parameters

c/a
a (Å) c (Å) v (Å3)

SLC 2.8564 14.2203 100.49 4.978
SLS 2.8605 14.2348 100.87 4.976
OCP 2.8551 14.2376 100.37 4.980

To further understand the effect of preparation methods on crystal microstructure, the microscopic
morphology of the samples SLC, SLS, and OCP are shown in Figure 3. Figure 3a,e,i shows TEM images
of SLC, SLS, and OCP samples, respectively, and the particle size is consistent with that of the SEM
image. Figure 3b,f,j shows the HRTEM images of the corresponding area in Figure 3a,e,i. There is
a clear lattice fringe in the “c” region of Figure 3b with interplanar spacing of 0.477 nm, corresponding
to the (003) plane of the layered phase. These corresponding diffraction points of the (003) and (006)
panel can be found in Figure 3c of its fast Fourier transform (FFT). The FFT of the “d” region in

42



Materials 2020, 13, 334

Figure 3b is shown in Figure 3d, and there are diffraction points of the α-NaFeO2 layered structure
of the space group R3m and the monoclinic system of the space group C2/m. Figure 3f shows very
clear lattice fringes with a lattice spacing of 0.474 nm and 0.236 nm, corresponding to the (003) and
(006) plane of the α-NaFeO2 layered structure, respectively. The FFT pattern and inverse fast Fourier
transform (IFFT) pattern of the “g” region are shown in Figure 3g,h. The lattice spacing measured in
Figure 3j is 0.478 nm, corresponding to the (003) plane in the layered structure. Figure 3k,l shows the
FFT pattern and IFFT pattern of the “k” region, respectively. These isolated two sets of lattice pattern
of LiMO2 and Li2MnO3 indicate lithium-rich layered oxides have composite structure in SLC and
SLS samples, while the only one set of lattice pattern gives proof of solid solution in the OCP sample.
Moreover, for OCP samples, the (003) plane has been significantly expanded compared to the other
two samples, and it helps to improve the rate capacity of lithium-rich layered oxides. X-ray line scan
element distribution (EDX) maps of SLC, SLS, and OCP samples are shown in Figure 4. The results
show that the elements of OCP are uniformly distributed, and no nickel segregation occurs [36,42].
Evenly distributed transition metal elements help to enhance the stability of the layered structure and
suppress capacity and voltage decay [21,36].

Figure 2. SEM images and energy dispersion spectra (EDS): (a–c) SLC; (d–f) SLS; (g–i) OCP.

The initial charge and discharge curves for all samples between 2.0 and 4.8 V at the current rate of
0.05 C are shown in Figure 5a. It shows similar initial charge and discharge curves, which is consistent
with the characteristic curve of the lithium-rich layered oxide. The charging curve can be divided into
an “S” zone below 4.5 V and an “L” zone above 4.5 V. The “S” region corresponds to the oxidation of
the transition metal in the LiNi0.8Co0.1Mn0.1O2 component, and the “L” region corresponds to the Li
and O removed from the crystal structure in the form of “Li2O” [25]. As shown in Figure 5a, the initial
discharge specific capacity of LL-811 prepared by the co-precipitation method is 262 mAh·g−1, which
is much higher than that of the SLC (220 mAh·g−1) and SLS (231 mAh·g−1) prepared by the sol–gel
method. From the charging curve, the OCP sample has a longer 4.5 V platform compared to the
SLC and SLS samples, which indicates that more non-electrochemically active Li2MnO3 is activated.
According to the analysis of the TEM image (Figure 3), compared with the two-phase composite

43



Materials 2020, 13, 334

structure of SLC and SLS, the solid solution structure of OCP may be favorable for activating Li2MnO3.
Figure 5b shows the initial charge–discharge curve of specific energy. OCP has the highest specific
capacity, which is attributed to the fact that the lithium-rich layered oxide prepared by the oxalate
co-precipitation method has smaller primary particles, and the secondary particles have a porous
spherical morphology, which can shorten the diffusion pathway of Li+ ions.

Figure 3. TEM and HRTEM images: (a,b) SLC; (e,f) SLS; (i,j) OCP; (c,d) fast Fourier transform (FFT) of
the corresponding area in (b); (g,h) FFT and inverse fast Fourier transform (IFFT) of the corresponding
area in (f); (k,l) FFT and IFFT of the corresponding area in (j). The indexes marked by R and M are
related to the rhombohedral (R3m) phase and monoclinic Li2MnO3 (C2/m) phase.

 
Figure 4. TEM images and X-ray line scan element distribution (EDX) maps: (a,d) SLC; (b,e) SLS;
(c,f) OCP.
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Figure 5. Initial charge and discharge curves of LL-811 samples prepared by different methods:
(a) specific capacity; (b) specific energy.

Figure 6 shows the voltage and capacity decay of all samples between 2.0–4.6 V at a current
rate of 1 C. As can be seen from Figure 6a, after 100 cycles, the discharge median voltage decay of
OCP is 210 mV and the retention reaches 94.1%, which is higher than 91.8% of SLC and 87.9% of
SLS, and the voltage decay is obviously suppressed. Figure 6b shows the specific capacity decay
of the lithium-rich layered oxide cathode material. It can be seen that after 100 cycles, the specific
capacity retention of OCP is 94.2%, which is significantly higher than 88.4% of SLC and 83.5% of SLS.
By comparing the discharge specific energy of all samples, the results in Figure 6c are similar to those
in Figure 6b. The discharge specific energy of OCP retention is 89.9%, while the SLC and SLS are
only 81.2% and 74.2%, respectively. Figure 6d–f shows the discharge curves of SLC, SLS, and OCP at
different cycle times. In the first 75 cycles, the specific capacities of the SLC and SLS were decayed
from 166.9 mAh·g−1 to 152.1 mAh·g−1 and 179.5 mAh·g−1 to 152.2 mAh·g−1, respectively. However,
the specific capacity of OCP was only decayed from 182.3 mAh·g−1 to 178.7 mAh·g−1, and the capacity
decay is much smaller than SLC and SLS. For the discharge median voltage, the decay of OCP is also
significantly suppressed. OCP has a lowest voltage decay and a larger specific capacity after 75 cycles,
indicating that its layered structure is more stable. The voltage and capacity decay of the OCP samples
was suppressed, which can be attributed to the high nickel content, uniform element distribution,
and stable layered structure [25,26,36]. In addition, the secondary particle structure is tight, and the
presence of pores on the surface is also the reason for the best electrochemical performance of OCP.

To further understand the effect of the preparation method on the rate capability, the rate capability
of SLC, SLS, and OCP is shown in Figure 7. The samples prepared by oxalate co-precipitation show
higher discharge capacity at various rates. The specific capacities of OCP are 261.6, 233.4, 200.9, 184.6,
157.4, and 138.0 mAh·g−1 at the discharge rates of 0.05, 0.1, 0.5, 1, 3, and 5 C, respectively. This indicates
that increasing the spacing of the (003) plane, increasing the contact area of the electrolyte with the
positive electrode material, and shortening the lithium ion diffusion path can increase the rate capacity
of the lithium-rich layered oxide. In addition, the solid solution structure may also help increase the
specific capacity of lithium-rich layered oxides. Figure 7b,c shows the discharge curves of SLC, SLS,
and OCP at different discharge rates. As the rates increase, the discharge capacity and voltage of
all samples have different degrees of decay. The results show that when the battery is discharged
at a higher current density, the electrode resistance increases significantly, and the discharge energy
is greatly reduced, which seriously affects the application of the lithium-rich layered oxide positive
electrode material in electric vehicles. Although the OCP sample has the highest specific capacity
under different current densities, its specific capacity has a greater decay at large current densities,
resulting in a lower rate capacity retention than the SLS sample.

In order to understand the influence of the preparation method on the interfacial electrochemical
and reaction kinetics of LL-811, the electrochemical impedance spectroscopy (EIS) of LL-811 prepared
by different preparation methods were investigated. The Nyquist plots of SLC, SLS, and OCP are
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shown in Figure 8a. The impedance spectrum was fitted using the embedded equivalent circuit in
Figure 8a, and the fitting results are shown in Table 2. The results show that the SLS has the smallest
Rf and OCP has the smallest charge-transfer resistance (Rct). Figure 8b shows the linear relationship
between Z′ and ω−1/2, and the slope obtained by linear fitting represents the value of σ. The lithium
ion diffusion coefficients calculated by the formula are shown in Table 2 [43]. The lithium ion diffusion
coefficient of OCP is 3.67 × 10−13 cm2·s−1, which is higher than 2.04 × 10−13 cm2·s−1 of SLC and
1.86 × 10−13 cm2·s−1 of SLS. This proves that the lithium-rich layered oxide prepared by the oxalic
acid co-precipitation method has a faster migration rate of lithium ions, and the rate performance is
excellent in comparison.

Figure 6. Voltage and capacity decay of LL-811 samples prepared by different methods: (a) voltage
decay, (b) specific capacity decay, (c) specific energy decay, (d–f) discharge curves for different cycles.

Table 2. Impedance and lithium ion diffusion coefficient of LL-811 prepared by different methods.

Sample Rf (Ω) Rct (Ω) DLi
+ (cm2·s−1)

SLC 230 503 2.04 × 10−13

SLS 173 491 1.86 × 10−13

OCP 246 369 3.67 × 10−13
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Figure 7. Rate performance of LL-811 samples prepared by different methods: (a) rate capacity, (b–d)
discharge curves at different rates.

Figure 8. (a) Nyquist plots and (b) plots comparison of Z’ vs ω−1/2 for LL-811 samples after the
first cycle.

4. Conclusions

The effects of preparation methods on the structure, morphology, and electrochemical properties
of 0.5Li2MnO3·0.5LiMn0.8Ni0.1Co0.1O2 cathode materials were systematically investigated. The results
show that the lithium-rich layered oxide prepared by the oxalate co-precipitation method has the
best performance. After 100 cycles at 1 C, the voltage and capacity decayed were only 210 mV and
10 mAh·g−1, and the retention rates were 94.1% and 94.2%, respectively. The specific capacities of OCP
are 261.6, 233.4, 200.9, 184.6, 157.4, and 138.0 mAh·g−1 at the discharge rates of 0.05, 0.1, 0.5, 1, 3, and
5 C, respectively. The significant reduction in voltage decay can be attributed to the high nickel content
and uniform element distribution. In addition, tightly packed porous spheres help to reduce lithium
ion diffusion energy and improve cycle stability and rate capacity. Therefore, the synthesis method
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plays an important role in the preparation of high-energy-density lithium-rich layered oxide cathode
materials. This conclusion provides a reference for designing high-energy-density lithium-ion batteries.
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Abstract: Co-doped Li2MoO3 was successfully synthesized via a solid phase method. The impacts
of Co-doping on Li2MoO3 have been analyzed by X-ray photoelectron spectroscopy (XPS), X-ray
powder diffraction (XRD), scanning electron microscope (SEM), and Fourier transform infrared
spectroscopy (FTIR) measurements. The results show that an appropriate amount of Co ions can
be introduced into the Li2MoO3 lattices, and they can reduce the particle sizes of the cathode
materials. Electrochemical tests reveal that Co-doping can significantly improve the electrochemical
performances of the Li2MoO3 materials. Li2Mo0.90Co0.10O3 presents a first-discharge capacity of
220 mAh·g−1, with a capacity retention of 63.6% after 50 cycles at 5 mA·g−1, which is much better than
the pristine samples (181 mAh·g−1, 47.5%). The enhanced electrochemical performances could be due
to the enhancement of the structural stability, and the reduction in impedance, due to the Co-doping.

Keywords: Li2MoO3; Co-doping; cathode materials; Li ion battery

1. Introduction

Recently, the development of high-capacity cathode materials has become a hot topic in the field
of Li-ion batteries. Mn-based Li-rich layer oxides xLi2MnO3·(1 − x)LiMO2 (0 < x < 1.0, M = Mn,
Ni, Co, etc.) were proposed as potential cathode materials, due to their high discharge capacities of
above 280 mAh·g−1, and thus, the structure stability of the Li2MnO3 component [1–8]. Unfortunately,
numerous reports have indicated that the drawbacks of Li2MnO3-based composites, such as low initial
Coulombic efficiency, a fast decline in capacity, and potential safety hazards, were difficult to overcome,
which severely restricted their practice applications [9–11]. Thus, much attention has been paid to find
other transition metals instead of Mn, to build new Li2MO3 (M = Ru, Ir, Mo, etc.)-based materials for
next generation Li–ion batteries in recent years [12–15].

Li2MoO3 as a type of Li–rich layer cathode material with alternating Li layers and randomly
distributed [Li1/3Mo2/3] layers, has attracted much research interest [15–21]. The previous studies
verified that Li2MoO3 promised a high theoretical capacity of up to 339 mAh·g−1, and a near-absence
of oxygen evolution [17,18], which supported Li2MoO3 as a candidate to replace Li2MnO3 in
constructing Li-rich cathode materials. However, the poor cycling stability and rate capability of
the Li2MoO3 material, owing to its low conductivity and irreversible phase transition, hinders its
practical application. Hence, it is necessary to find a suitable modification method to improve the
performance of the Li2MoO3 material.

At present, only a few studies about on modifying Li2MoO3 have been reported [19–21].
Ceder’s group constructed a solid solution between Li2MoO3 and LiCrO2 for cathode materials [19].
The Li2MoO3–LiCrO2 cathode materials presented not only high-discharge capacities, but also great
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cycling stabilities over the 10 cycles. In our previous study, carbon-coated Li2MoO3 composites
were successfully prepared, and they achieved much lower impedances and better electrochemical
performances than bare Li2MoO3 [21]. Cobalt doping has been considered to be a facile and effective
method in enhancing the electrochemical performances, since it can improve structure stability and
reduce the impedance of cathode materials [22–26]. In this paper, cobalt was selected to improve
the electrochemical performances of Li2MoO3 for the first time. The structural characteristics and
electrochemical performances of Li2Mo1−xCoxO3 are presented here.

2. Materials and Methods

2.1. Preparation of the Li2Mo1−xCoxO3 Powder

The pristine and Co-doped Li2MoO3 powders were synthesized via a solid reaction method, as
shown in Figure 1. Firstly, stoichiometric amounts of Li2CO3 (>99.7%, Sinopahrm Medicine, Shanghai,
China), MoO3 (>99.5%, Aldrich, Shanghai, China), and 2CoCO3·3Co(OH)2 (>99.5%, Aldrich, Shanghai,
China) were homogeneously mixed by ball milling, and then calcinated at 873 K for 24 h under air, to
obtain the precursor. Li2CO3 was added in at 10% excess to compensate Li volatilization. After that,
the obtained precursor was reduced in a stream of flowing 5%H2/95%N2 at 973 K for 48 h to prepare
Li2Mo1−xCoxO3.

 

Figure 1. Flow chart of the process for preparing Li2Mo1−xCoxO3.

2.2. Physical Characterization

X-ray powder diffraction (XRD) was carried out by using a PhilipsX’ Pert PW3050/60
diffractometer (PANalytical. B. V, Lelyweg, the Netherlands), with a scan rate of 0.02◦ per second, by
Cu–Kα radiation (λ = 1.5406 Å). X’pert Highscor software (PANalytical. B. V, Lelyweg, the Netherlands)
was used for Rietveld refinement. The morphologies of the samples was determined by a HITACHI
S-4800 field-emission high-resolution scanning electron microscope (SEM) (Hitachi, Tokyo, Japan).
X-ray photoelectron spectroscopy (XPS) was detected on a ESCALAB250Xi (ThermoFisher, Waltham,
America). Fourier transform infrared spectroscopy (FTIR) was detected on Nicolet6700 (ThermoFisher,
Waltham, America) in the wave range of 4000–400 cm−1 with a high resolution of 4 cm−1.

2.3. Electrochemical Tests

The electrochemical performances were tested through CR2032-type coin cells (HF-Kejing, Hefei,
China). Cathodes were prepared by mixing 70 wt % Li2Mo1−xCoxO3, 20 wt % acetylene carbon black
and 10 wt % polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone (NMP) solution. The slurry
was cast evenly onto a stainless steel sheet, and dried in a vacuum oven (Suopuyiqi, Shanghai, China)
at 120 ◦C for 12 h. Lithium metal and Celgard 2400 were used as the anode and separator, respectively.
A concentration of 1 mol·L−1 LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC) (volume
ratio: 1:1) solution was adopted as the electrolyte. The coin cells were assembled in an argon-filled
glove box, and measured on a Land CT2001A system (LANHE, Wuhan, China) in galvanostatic

52



Materials 2019, 12, 843

mode at 30 ◦C. Electrochemical impedance spectroscopy (EIS) was tested using an electrochemical
station (CHI660B) (Chenhua, Shanghai, China) in 10−2 Hz–10 MHz, with a voltage amplitude of
5 mV. Cycliation at a scanning speed of 10−1 mVc voltammetry (CV) was performed with the same
electrochemical st s−1.

3. Results and Discussion

3.1. Characteristics of the as-Prepared Li2Mo1−xCoxO3

Figure 2a and b shows the XPS spectra of Co 2p3/2 in Li2Mo0.90Co0.10O3, and the corresponding
precursor. The peak of Co 2p3/2 in the precursor is at 779.8 eV (Figure 2a) with a weak satellite at
789.9 eV. This satellite peak is 10.1 eV above Co 2p3/2, corresponding diamagnetic Co3+ (S = 0), which
is very consistent with the XPS result reported for LiCoO2 [27]. After the reduction by hydrogen at a
high temperature, the original satellite disappears, and a new intense satellite appears at 784.4 eV, as
shown in Figure 2b. Compared with the original satellite, the new satellite is 4.1 eV higher than the
core level line (780.3 eV), corresponding to high-spin Co2+ (S = 3/2) compounds, indicating that the
valence state of the Co element will be reduced from Co3+ to Co2+ after reduction processing under
hydrogen [28]. Figure 2c and d show that the XPS spectra of Mo in Li2MoO3 and Li2Mo0.90Co0.10O3.
The peak at around 230.1 eV is assigned to Mo4+ 3d5/2, and the peak at around 232.6 eV is assigned
to Mo6+ 3d5/2. Obviously, after cobalt doping, the peak intensity of Mo6+ 3d5/2 rises, and the peak
intensity of Mo4+ 3d5/2 decreases, indicating an increased amount of Mo6+.

 
Figure 2. XPS spectra of Co in (a) the doped precursor, and (b) Li2Mo0.90Co0.10O3 and the XPS spectra
of Mo in (c) Li2MoO3 and (d) Li2Mo0.90Co0.10O3.

Figure 3a shows the XRD patterns of the synthesized Li2Mo1−xCoxO3 (x = 0, 0.05, 0.10, 0.15).
Except the sample with x = 0.15, all samples match well with the α-NaFeO2 structure, which could be
indexed to Li2MoO3 (see Figure 3a). When the Co content adds up to 0.15, the characteristic peaks of
the impurity phase Li4MoO5 and Co appear. The splitting of the (006)/(101) peaks at 36◦, reflecting
that the layer structure weakens with the increase of Co content, indicating that Co-doping increases
the disorder of the cations. Rietveld refinements for Li2Mo1−xCoxO3 were carried out, to obtain more
information from XRD (see Figure 3b,c). The a(b)-parameters are increased, and c-parameters are
decreased, with a rise of Co-doping content. Notably, the variations of cell parameters are negligible
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while x is higher than 0.10 considering the fitting error, which indicates that the solubility limit of Co is
around x = 0.10. Moreover, the values of c/a drop with the increase of the Co-doping content, which
indicates that Co-doping increases the disorder of Li2MoO3 materials. As indicated in the above XPS
results, the valence of cobalt should be +2 in the samples. Its radius (0.745 Å) is very similar to that of
Li+ (0.76 Å), which may result in the increase of disorder. Figure 3d exhibits the unit cell volume of
the pristine and the Co-doped Li2MoO3. Clearly, the unit cell volume increases with the rise of the
Co-doping contents, which could be related to the replacement of Mo4+ (0.65 Å) by Co2+ (0.745 Å).

 
Figure 3. (a) XRD patterns, (b) a(b)-parameters in the lattice, (c) c-parameters, and (d) unit cell volume
of the synthesized Li2Mo1−xCoxO3 (x = 0, 0.05, 0.10, 0.15).

In order to observe the impacts of Co-doping on the particle morphologies of the samples, the
SEM images of Li2Mo1−xCoxO3 (x = 0, 0.05, 0.10) were examined (see Figure 4). The particle sizes of
the pristine Li2MoO3 present a wide distribution range from 1 to 3 μm (see Figure 4a), whereas the
doped samples show smaller particles with more uniform distributions in the range of 200–300 nm
(see Figure 4b,c). The results suggest that the addition of Co affects the morphology, and decreases the
particle size of cathode materials. Particle growth may be restricted by lattice distortion of Li2MoO3

due to the replacement of Mo by Co. Similar phenomena have also been observed by some other
groups [29,30]. Ma, J. et al. studied the stability of Li2MoO3 in air [16]. Their results verified that
Li2MoO3 easily adsorbed O2 and thus was partially oxidized to Li2MoO4. Meanwhile, the CO2 in
air also reacted with Li2MoO3 to produce Li2CO3, which consumed the Li ions near the surface and
produced MoO3 [16]. In order to investigate the effects of Co-doping on the stability of Li2Mo1−xCoxO3

in air, FTIR spectra of Li2MoO3 and Li2Mo0.90Co0.10O3 were carried out (see Figure 5). The samples
were stored in the air for 7 days before the FTIR test. Obviously, both samples present a similar FTIR
spectra. The peaks at 446, 497, 559 and 698 cm−1 are assigned to Li2MoO3, which is consistent with the
previous study [16]. While the peaks at 1480, 1420, 830 and 817 cm−1 could be attributed to Li2CO3

and Li2MoO4, respectively. These species are believed to be the reaction products between of Li2MoO3,
CO2 and O2, revealing that both samples are partially decomposed in air. No peaks related MoO3 are
detected in the FTIR spectra, which may contribute to the shorter storage time compared with the
previous report [16].
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Figure 4. The SEM images of (a) Li2MoO3, (b) Li2Mo0.95Co0.05O3 and (c) Li2Mo0.90Co0.10O3.

 
Figure 5. The FTIR spectra of Li2MoO3 and Li2Mo0.90Co0.10O3.

3.2. Electrochemical Performances

Figure 6 compares the initial charge-discharge profiles of pristine and Co-doped samples in the
voltage range of 1.5–4.5 V at 5 mA·g−1. The samples present initial discharge capacities of 181, 213, 220
and 165 mAh·g−1, respectively. When the doping content is 0.05 and 0.10, the first discharge capacities
of Co-doped samples are higher than that of the pristine sample. It also can be found the first discharge
capacity decreases obviously while x = 0.15. What’s more, voltage difference between charge and
discharge profiles of Li2Mo0.90Co0.10O3 is much smaller than that of pristine Li2MoO3, indicating that
Co-doping can effectively suppress the polarization and enhance reversibility of Li2MoO3 materials.
Notable that the charge behaviors with two regions for Co-doped Li2MoO3 cathode materials are
similar to that for the pristine sample in the first charge-discharge process, which may relate to the
delithiation reaction corresponding to the oxidation of the Mo ions in the 1.5–3.7 V region and a
Li2MoO3-Li0.91MoO3 two phase reaction in the 3.7–4.5 V region [17].

Figure 7 shows the cycling performances of pristine and Co-doped samples between 1.5 and
4.5 V at 5 mA·g−1. It is clearly seen that Li2Mo0.95Co0.05O3 and Li2Mo0.90Co0.10O3 deliver much
higher discharge capacity than that of pristine sample. After 50 cycles, pristine and Co-doped sample
present the discharge capacities of 86, 121, 140 and 52 mAh·g−1 with the capacity retentions of 47.5%,
56.8%, 63.6% and 31.5%, respectively. Clearly, the cycling stability of pristine is poor. However, while
increasing cobalt content to 0.05 and 0.10, the discharge capacity and cycling stability are significantly
improved. With a further increase of Co content, the discharge capacity and cycling stability reduce,
which may be attributed to the rise of inert impurities of Li4MoO5 and Co. Li4MoO5 delivers poor
electrochemical performances because of its low electron conduction, low Coulombic efficiency and
critical irreversible phase transition [31]. In addition, Co shows ignorable specific capacity above
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1.5 V [32]. Therefore, the appearance of Co and Li4MoO5 in the sample has negative effects on the
electrochemical performance of Li2MoO3. Li2Mo0.90Co0.10O3 possesses the highest discharge capacity
and the best capacity retention, which indicates the amounts of dopant will be important for the
electrochemical performances of Li2MoO3.

 
Figure 6. The initial charge–discharge profiles of the synthesized Li2Mo1−xCoxO3 (x = 0, 0.05, 0.10,
0.15) between 1.5 and 4.5 V at 5 mA·g−1.

 
Figure 7. Cycling performances of the synthesized Li2Mo1−xCoxO3 (x = 0, 0.05, 0.10, 0.15) between
1.5 and 4.5 V at 5 mA·g−1.

The comparison of rate capabilities between the pristine and Co-doped Li2MoO3 with current
density from 5 mA·g−1 to 20 mA·g−1 is evaluated in Figure 8. The Li2Mo0.90Co0.10O3 possesses a higher
discharge capacity of 218 mAh·g−1 at 5 mA·g−1 and 137 mAh·g−1 at 20 mA·g−1 than pristine Li2MoO3

material (180 mAh·g−1 at 5 mA·g−1 and 71 mAh·g−1 at 20 mA·g−1). The difference of discharge
capacities between Li2MoO3 and Li2Mo0.90Co0.10O3 increases from 38 mAh·g−1 to 66 mAh·g−1 with a
rise of current density from 5 mA·g−1 to 20 mA·g−1. When the current density returns to 5 mA·g−1, the
discharge capacity of Li2Mo0.90Co0.10O3 could reach up 155 mAh·g−1, while that of pristine Li2MoO3

only lefts 104 mAh·g−1. The above results suggest that Co-doping significantly enhances the rate
capability of Li2MoO3.
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Figure 8. Rate performances of Li2MoO3 and Li2Mo0.90Co0.10O3 at different current density.

Figure 9 illustrates CV curves of Li2MoO3 and Li2Mo0.90Co0.10O3 between 1.5 and 4.5 V. The redox
peaks of Li2MoO3 in CV curve are located at 2.965 V and 1.978 V, which are respectively related
to the delithiation/lithiation processes corresponding to the oxidation/reduction of Mo4+/Mo6+

couple [18]. The oxidation peak of the Li2Mo0.90Co0.10O3 at 2.863 V is lower than that of Li2MoO3

and the reduction peak of the Li2Mo0.90Co0.10O3 at 2.136 V is above that of the pristine sample.
Therefore, Li2Mo0.90Co0.10O3 possesses a smaller difference of the redox peak potential (ΔE, 0.727 V)
than Li2MoO3 (0.987 V). It is well known that difference of the redox peaks potential is highly correlated
with electrode polarization. Hence, the conclusion can be drawn that Co-doping can reduce the
polarization of Li2MoO3, which are coincident with the improvement in electrochemical performances.

 
Figure 9. CV curves of Li2MoO3 and Li2Mo0.90Co0.10O3 between 1.5 and 4.5 V at the 5th cycle.

To further analyze the kinetic behaviors of the pristine and Co-doped samples, EIS measurements
of Li2MoO3 and Li2Mo0.90Co0.10O3 were carried out and the results are presented in Figure 10. Both EIS
plots display similar shapes (see Figure 10a), which are fitted through the equivalent circuit (see
Figure 10c) and the fitting results are listed in Table 1. In the equivalent circuit, Rf is related to Li+

diffusion in the SEI film, Rct is corresponding to the charge transfer resistance at electrolyte-electrode
interface and Rs is considered to be ohmic resistance. As can be seen from Table 1, the Rs and Rf of both
samples change slightly. In contrast, the Rct of Li2MoO3 is significantly reduced duo to the Co-doping.
The Li2Mo0.90Co0.10O3 presents the Rct of 105.70 Ω, which is far below the pristine Li2MoO3 (478.75 Ω).
The Rct is major part to the total electrode impedance, and its reduction reveals that Co-doping is very
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beneficial to enhance the kinetic behaviors of Li2MoO3. In addition, The Li+ ion diffusion coefficients
(DLi

+) were estimated by the following formula:

DLi+ =
R2T2

2A2F4C2
Li+σ

2
(1)

R, T, A, F and CLi
+ are the gas constant, the absolute temperature, the area of the electrode surface,

the Faraday’s constant and the molar concentration of Li ions, respectively [7]. The σ corresponding to
the Warburg factor could be calculated by the Z′/ω−0.5 (see Figure 10b) and the following formula:

Z′ = R f + Rct + σω−0.5 (2)

The improving trend in the values of DLi
+ is very similar to the reducing trend in the values of

Rct. The pristine and Co-doped Li2MoO3 deliver the Li+ ion diffusion coefficients of 3.89 × 10−17 and
1.94 × 10−16 cm2·s−1

, respectively. As we can see, the Li+ ion diffusion coefficients of Li2MoO3 have
an obvious growth due to the Co-doping. These results clearly indicate that Co-doping significantly
improves the kinetics behavior of Li+ and reduces the impedance of Li2MoO3, which is responsible for
the better rate capability and cycling stability of Li2Mo0.90Co0.10O3.

Figure 10. (a) EIS plots of Li2MoO3 and Li2Mo0.90Co0.10O3 after 20 cycles between 1.5 and 4.5 V at
5 mA·g−1, (b) Z′ vs. ω−0.5 at low frequency of EIS plots and (c) equivalent circuit model.

Table 1. Fitting results of EIS plots.

Samples Rs/Ω Rf/Ω Rct/Ω DLi
+ (cm2·s−1)

Li2MoO3 6.21 32.73 478.75 3.89 × 10−17

Li2Mo0.90Co0.10O3 5.89 25.79 105.70 1.94 × 10−16

To investigate the structural transformation of the samples during charge-discharge process, XRD
patterns of Li2MoO3 and Li2Mo0.90Co0.10O3 after 20 cycles are exhibited in Figure 11. There are notable
differences in the structure of Li2MoO3 before and after cycling. For pristine Li2MoO3 material, the
strongest diffraction peak transfers from (003) to (104) and ratio of (003)/(104) drops to 0.65 after
cycling, which could be indexed into the Li-insufficient structure [17]. This Li-insufficient structure
contributes to the partially reversible migration of the Mo ions and the partial recovery of the Mo3O13

clusters during charge-discharge processes, leading to irreversible capacity loss and poor cycling
stability. In contrast, ratio of (003)/(104) of Li2Mo0.90Co0.10O3 after cycling can maintain at 0.83, which
is much better than the pristine Li2MoO3 after cycling. It indicates that Co-doping can effectively
enhance the structural stability during charge-discharge process.
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Figure 11. XRD patterns of Li2MoO3 and Li2Mo0.90Co0.10O3 after 20 cycles.

4. Conclusions

Co-doped Li2MoO3 was successfully synthesized via a solid phase method. The influences of
Co-doping on the structural and electrochemical characteristics of Li2MoO3 are analyzed. The results
show that the addition of Co affects the morphology and decreases the particle size of cathode materials.
Electrochemical measurements confirm that Co-doping can effectively improve the electrochemical
performances of Li2MoO3 materials. The Li2Mo0.90Co0.10O3 presents an initial discharge capacity
of 220 mAh·g−1 with the capacity retention of 63.6% after 50 cycles at 5 mA·g−1, which is much
better than the pristine samples (181 mAh·g−1, 47.5%). Additionally, the rate capability of Li2MoO3 is
also enhanced by Co-doping. It is found that the Li2Mo0.90Co0.10O3 delivers a much lower Rct and a
higher Li+ ion diffusion coefficients than pristine Li2MoO3. What is more, the irreversible structural
transformation is also suppressed by Co-doping. The enhanced electrochemical performances could
be attributed to the improvement in structural stability and reduction in impedance due to the
Co-doping. Our work reveals that doping modification will be a promising method for improving the
electrochemical performances of Li2MoO3 material, and thus benefit for its application.
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Abstract: In this work, LiFePO4/C composite were synthesized via a green route by using Iron
(III) oxide (Fe2O3) nanoparticles, Lithium carbonate (Li2CO3), glucose powder and phosphoric acid
(H3PO4) solution as raw materials. The reaction principles for the synthesis of LiFePO4/C composite
were analyzed, suggesting that almost no wastewater and air polluted gases are discharged into
the environment. The morphological, structural and compositional properties of the LiFePO4/C
composite were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM),
transmission electron microscopy (TEM), Raman and X-ray photoelectron spectroscopy (XPS) spectra
coupled with thermogravimetry/Differential scanning calorimetry (TG/DSC) thermal analysis in
detail. Lithium-ion batteries using such LiFePO4/C composite as cathode materials, where the
loading level is 2.2 mg/cm2, exhibited excellent electrochemical performances, with a discharge
capability of 161 mA h/g at 0.1 C, 119 mA h/g at 10 C and 93 mA h/g at 20 C, and a cycling stability
with 98.0% capacity retention at 1 C after 100 cycles and 95.1% at 5 C after 200 cycles. These results
provide a valuable approach to reduce the manufacturing costs of LiFePO4/C cathode materials due
to the reduced process for the polluted exhaust purification and wastewater treatment.

Keywords: LiFePO4/C composite; cathode material; green synthesis route; lithium-ion batteries

Highlights:

� LiFePO4/C is synthesized by using a green route where almost no wastewater and air polluted
gases are discharged into the environment.

� The reaction principles for the synthesis of LiFePO4/C are analyzed.
� LiFePO4/C exhibits uniform nano-structure and carbon layer.
� LiFePO4/C shows excellent rate capability and cycling capability.

1. Introduction

Olivine-type LiFePO4 is considered as one of the most promising cathode materials for Li
ions batteries owing to its high operating voltage (~3.4 V vs. Li/Li+), high theoretical capacity
(~170 mA h/g), low cost and no environmental pollution [1–7]. However, bare LiFePO4 materials
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suffer from many disadvantages, such as low conductivity and sluggish diffusion rate of Li+ ions
coupled with low tap density [6,7]. Recently, many efforts have been made to improve its conductivity
and accelerate the diffusion rate of Li+, including coating the conducting materials on the surface of
LiFePO4 materials [8–11], reducing particle size [12], doping transition metals ions [13], etc. Ultimately,
high-quality LiFePO4 materials have been successfully developed and commercialized in energy
storage and electric vehicles (EVs).

However, there still exist some challenging problems for the commercialization of LiFePO4

materials in the next generation of lithium-ion batteries. Firstly, complex fabrication procedures
such as ingredients, pulping, coating, tableting, winding and assembly welding, further need
to be simplified and optimized [7,14]. Secondly, understanding the kinetic behavior of LiFePO4

material for the lithium-ion batteries is of fundamental importance [2,6], including the conductive
pathway with conducting materials coated on its surface, the Li+ ions diffusion dynamics with
the transition metal atoms doping, the Li+ ions diffusion pathway during the insertion/extraction
process, etc. Thirdly, reducing the manufacturing costs of LiFePO4 materials and preventing
environmental pollution are quite important. Currently, it is noted that the synthesis LiFePO4

materials always uses solid state reaction method [15,16], liquid phase method [17], sol-gel method [18],
hydrothermal method [19,20] and spray pyrolysis method [21,22]. Almost all these methods
can produce wastewater containing excessive anions impurities such as SO4

2−, Cl− and NO3
−,

and contaminated gas (NxOy, CO, and NH3), which need additional apparatus to deal with them and
increase the manufacturing cost. Therefore, seeking approaches to further reduce the manufacturing
cost of LiFePO4 materials synthesis and preventing environmental pollution are still highly pursued
by materials scientists.

Here, we developed a green route to synthesize the LiFePO4/C composite by using Iron (III) oxide
(Fe2O3) nanoparticles, Lithium carbonate (Li2CO3), glucose powder and phosphoric acid (H3PO4)
solution as raw materials. We first synthesized the FePO4·2H2O precursor by the reaction of Fe2O3

nanoparticles with H3PO4 solution. The wastewater was water and excessive H3PO4 solution which
could be recycled next time. Second, we synthesized the LiFePO4/C composite by annealing the
mixtures composed of FePO4·2H2O precursor, Li2CO3 and glucose powder at a high-temperature
process, where only CO2 gas and water vapor were discharged. Therefore, all the reaction processes
were environmentally friendly. The morphological, structural, compositional properties of the
synthesized LiFePO4/C composite were characterized. Lithium-ion batteries using such composite
as cathode active materials were fabricated, and the corresponding electrochemical performance
were discussed.

2. Experimental Section

2.1. Preparation of LiFePO4/C Composite

Iron (III) oxide (Fe2O3) powder (~800 nm (ACS, 99.99%)), phosphoric acid (H3PO4) solution
(85%), Lithium carbonate (Li2CO3) and glucose powder were purchased from Sigma Aldrich
(Shanghai, China) and used without further purification unless stated otherwise. The FePO4·2H2O
precursor was prepared by the chemical reaction of Fe2O3 powder with H3PO4 solution where the
molar ratio of the Fe/P was 1:1.05. In a typical procedure, 16 g of Fe2O3 powder and 14.4 mL H3PO4

solution were added into 20 mL deionized water in a flask followed by ultrasonic dispersion for
30 min. Then, the mixed slurries were transferred into a ball mill tank and ball-milled for additional 9 h.
After that, the mixed slurries were filtered and allowed to heat up to 85 ◦C for 5 h forming a suspension,
followed by cooling down to room temperature. The white precipitate (FePO4·2H2O precursor) was
collected and separated by centrifugation and washed with water for several times, and then dried
in a blast drying box for 24 h. The LiFePO4/C composite were prepared by using stoichiometric
amounts of FePO4·2H2O precursor, Li2CO3 and glucose powder (60.0 g glucose/1 mol FePO4·2H2O
precursor) as the starting materials, followed by high temperature sintering. First, stoichiometric
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amounts of FePO4·2H2O precursor and Li2CO3 were added into water-dissolved glucose solution in
a flask followed by ultrasonic dispersion for 30 min. Then, the mixed slurries were dried in a blast
drying box for 24 h. After that, the mixture was sintered at 650 ◦C in a tube furnace for 10 h under
argon flow to obtain LiFePO4/carbon composite.

2.2. Characterization of LiFePO4/C Composite

The crystallinity was estimated by using X-ray diffraction (XRD, D/Max-IIIC, Rigaku Co.,
Tokyo, Japan) equipped with a Cu-Kα source of wavelength λ = 1.54060 Å and operated at 40 kV and
20 mA. The top-view SEM images were taken on a Hitachi S-4800 (Hitachi Limited, Tokyo, Japan),
and the attached energy dispersive spectrometer (EDS (Hitachi Limited, Tokyo, Japan) analyzer was
used to analyze the composition distribution of carbon. The transmission electron microscopy (TEM)
images were acquired on a FEI Talos F200X (FEI, Hillsboro, OR, USA) with an acceleration voltage
of 200 kV. Thermo-Gravimetric coupled with Differential Scanning Calorimetry (TG-DSC, Netzsch
Scientific Instruments Trading Co., Ltd., Shanghai, China) was used to measure the carbon content
in the LiFePO4/carbon composite. Raman spectra were tested at room temperature equipping with
514 nm laser excitations. X-ray Photoelectron Spectroscopy (XPS) measurement was performed on
a SPECS HSA-3500 (SPECS, Berlin, Germany) to determine the valence state of each element of
the samples.

2.3. Electrochemical Measurements

The electrochemical measurements were performed using a CR2032 coin-type cell assembled
in an argon-filled glove-box (MIKROUNA, Guangzhou, China). For fabricating the working
electrodes, a mixture of active materials (LiFePO4/C composite), conductive carbon blacks (Super-P,
Shenzhen, China), and polyvinylidene fluoride (PVDF) binder at a weight ratio of 80:10:10 was
coated on aluminum foil and dried in vacuum at 120 ◦C for 12 h. The thickness and loading
level were 48 μm and 2.2 mg/cm2, respectively. The lithium pellets were used as the counter and
reference electrode. The electrolyte consisted of a solution of 1 mol/L LiPF6 in ethylene carbon
(EC)/dimethyl carbonate (DMC) (1:1 w/w). A celguard 2300 microporous film was used as separator.
The cells were galvanostatically charged and discharged between 2.5 V and 4.2 V versus Li/Li+ on a
battery cycler (LAND, CT2001A, Wuhan, China). Cyclic voltammogram (CV) measurements were
carried out using a Multi Autolab electrochemical workstation (Metrohm, Guangzhou, China) at a
scanning rate of 0.1–0.5 mV s−1. Electrochemical impedance spectra (EIS) were also characterized
by Autolab electrochemical workstation adjusting amplitude signal at 5 mV and frequency range of
0.01 Hz–100 kHz.

3. Results and Discussions

Figure 1 shows the schematic diagram of the preparation of LiFePO4/C composite. Firstly, an
excess of phosphoric acid solution reacted with Iron (III) oxide (Fe2O3) powder to form FePO4·2H2O
precursors. Subsequently, these precursors were mixed with Lithium carbonate (Li2CO3) and glucose
powder followed by high temperature sintering to form LiFePO4/C composite. The reaction equations
are shown below.

Fe2O3 + 2H3PO4 + H2O → FePO4·2H2O. (1)

2FePO4·2H2O + Li2CO3 + C6H12O6 → 2LiFePO4/C + volatile matter (2)

Equation (1) shows the synthesis process of FePO4·2H2O precursors. The reaction mechanism
is referred to the reported literature [23], where the Fe salts are used and the reaction equations are
shown below:

Fe3+ + H2O = Fe(OH)2+ + H+ (3)

Fe(OH)2+ + H2O = Fe(OH)2
+ + H+ (4)
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Fe3+ + H3PO4 = FeH2PO4
2+ + H+ (5)

FeH2PO4
2+ + H3PO4 = Fe(H2PO4)2

+ + H+ (6)

Fe(OH)+ + Fe(H2PO4)2
+ = 2FePO4 + 2H2O + 2H+ (7)

Figure 1. Schematic illustration for the preparation of the LiFePO4/C composite.

In this work, we replaced the Fe salts with the Fe2O3 powder as raw materials to synthesize
the FePO4·2H2O precursors because the wastewater from the above method contains impurity ions
such as SO4

2−, Cl− and NO3
− which are not environmentally friendly, although Fe salts are very

cheap. Due to the complex reaction processes, we add Equations (3)–(7) to get Equation (1) where
the Fe3+ ions are replaced by Fe2O3. In addition, it takes a little time to dissolve the Fe2O3 powder
in the acid solution, leading to a lower reaction rate of our method in comparison with that of the
method described above. In the environmental protection perspective, our method is favorable to the
commercialization of future products. The reason is that there are no metal ion and anion impurities
left in the wastewater solution. Although the phosphoric acid solution is excessive, it can be recovered
and recycled. Equation (2) displays the synthesis process of LiFePO4/C composite. The reaction
equation is balanced according to the stoichiometric values of Li, Fe and P elements, where LiFePO4/C
is the final product while the volatile matter represents the volatile gases, such as CO2 gas and H2O
vapor, even a small amount of CO gas, other CxHyOz, etc. To determine whether the CO gas or
CxHyOz is present in the exhaust during the synthesis of LiFePO4/C composite, thermodynamic
Gibbs free energies for the formation of CO and CxHyOz were calculated. Because the precursors
were annealed in inert gas, the thermal decomposition products of the FePO4·2H2O are FePO4 and
H2O vapor, while those of Li2CO3 are Li2O and CO2, and those of C6H12O6 are C and H2O vapor.
Therefore, the formation of CO or CxHyOz can be derived from the reaction of C with H2O vapor or
CO2 gas. By thermodynamic Gibbs free energies calculation, the temperature for the formation of
CO gas must be more than 980.6 K. In our experiment, the sintering temperature for the precursors
was 650 ◦C (923K), i.e. lower than 980.6 K. Thus, CO gas was not generated. CxHyOz was also not
generated due to absence of CO and H2. In other words, our work is a green route to synthesize the
LiFePO4/C cathode materials for lithium ion battery application.

Figure 2a shows the XRD pattern of LiFePO4/C composite. As can be seen, all XRD peaks
match well with the standard data JCPDS (Joint Committee on Powder Diffraction Standards) card
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No. 81-1173, demonstrating the formation of LiFePO4 with orthorhombic structure. The lattice
parameters are a = 10.342 Å, b = 6.021 Å, and c = 4.699 Å, respectively. The main XRD peaks are
strong and sharp, suggesting good crystallinity of LiFePO4/C composite. The XRD peaks assigned to
the carbon are not detected due to its amorphous state [22]. Moreover, its low content also plays an
important role. Figure 2b shows the TG/DSC curves to estimate the carbon content in the LiFePO4/C
composite. As can be seen, the weight gain of 3.62% below 550 ◦C is assigned to the oxidation of
LiFePO4/carbon to the Li3Fe2(PO4)3 and Fe2O3 [24,25]. Above 550 ◦C, there is almost no weight
change, indicating that the LiFePO4/C composite are fully oxidized where the carbon is oxidated to
the CO2 gas. According to the total weight gain of 5.07% for pure LiFePO4 in theory [26], the amount
of carbon in the LiFePO4/C composite is about 1.45%. Figure 2c shows the Raman characterization
of LiFePO4/C composite. The Raman spectrum exhibits two peaks at 1351 cm−1 and 1605 cm−1

corresponding to the D band (disordered carbon, sp3) and G band (graphite, sp2) for amorphous
carbon, respectively [27–30]. The observed D band and G band indicate the existence of carbon in the
LiFePO4/C composite. A lower relative intensity ratio of D/G band corresponds to a higher order
carbon arrangement. As can be seen, the relative intensity ratio of D/G is 0.66 and the G band shows a
smaller full-width half-maximum compared to that of the D band, indicating high graphitization of C
in the LiFePO4/C composite. Although the Raman spectrum shows a sharp graphitic carbon peak,
the carbon remains in the amorphous state in the LiFePO4/C composite. Therefore, it is not detected
by XRD characterization. Figure 2d shows EDS mapping to estimate the composition distribution
of carbon element in the LiFePO4/C composite. As can be seen, the carbon is uniformly distributed
across the whole surface, which is beneficial to the conductivity properties of LiFePO4 and improves
electrochemical performance of Lithium-ion battery.

Figure 2. (a) XRD pattern of LiFePO4/C composite; (b) TG-DSC curves of the LiFePO4/C composite
recorded from the room temperature to 700 ◦C at a heating rate of 10 ◦C min−1 in air; (c) Raman
spectrum of LiFePO4/C composite; and (d) EDS mapping of C in the LiFePO4/C composite.

Figure 3a shows the SEM images of LiFePO4/C composite. As can be seen, the LiFePO4/C
composite exhibit uniform particle size distribution ranging from 100 to 200 nm. The small grain
sizes of LiFePO4/C composite are attributed to the carbon coating on the surface of the LiFePO4

nanoparticles that prevents their quick growth. This phenomenon can be explained by the space steric
effect which increases the diffusion activation energy of the reactants and slows down the growth
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rate of grains [31]. Therefore, the carbon coating layer is quite important in controlling particle size.
The small grain sizes are conducive to shortening the migration paths of lithium ions and electrons
during the lithiation/delithiation process and as a result, improve the electrochemical performances
of LiFePO4/C composite efficiently [32]. Further characterization was carried out by TEM and the
corresponding images of the LiFePO4/C composite are shown in Figure 3b–d. The carbon layer on the
LiFePO4 nanoparticles surface is uniform, showing a thickness of about 2–3 nm, which demonstrates
that the carbon exists in the LiFePO4/C composite. This result is consistent with the previous TG-DSC
analysis and Raman characterization. The effect of the carbon layer is beneficial to smoothing electron
migration for the reverse reaction of Fe3+ to Fe2+. In addition, the carbon layer can supply a better
electronic contact between the LiFePO4 nanoparticles, which ensures that the electrons are able to
migrate quickly enough from all sides [32–34]. Meanwhile, the lattice fringes corresponding to the
(011) crystal plane demonstrate the formation of olivine-type LiFePO4.

Figure 3. (a) SEM image of LiFePO4/C composite; and (b–d) TEM images of LiFePO4/C composite.

Figure 4 shows the high-resolution X-ray photoelectron spectroscopy (XPS) spectra of the Li 1s,
Fe 3p, Fe 2p, P 2p, O 1s and C 1s core levels to determine the oxidation states of the elements in the
LiFePO4/C composite. The peak at 56.5 eV, corresponding to the lithium of the LiFePO4/C composite,
cannot be seen due to the superposed iron peak of Fe 3p [35,36]. The peak intensity of Fe 3p is higher
than Li 1s because the Fe 3p has greater relative atomic sensitivity than that of Li 1 s [37,38]. The Fe 2p
shows two peaks at 710.1 (2p3/2) and 724.1 eV (2p1/2) with a splitting energy of 14.0 eV, which is
close to the standard splitting energy of 19.9 eV, demonstrating the oxidation state of Fe2+ [36,38].
Moreover, two small peaks at high binding energy of 713.9 and 728.5 eV are the characters of transition
metal ions with partially filled-d orbits, which are assigned to the multiple splitting of the energy
levels of Fe ion [37,38]. The peaks representing the other valence states of Fe ions cannot be seen,
revealing that only Fe2+ ions exist in the LiFePO4/C composite. The P 2p shows a peak at 132.9 eV,
revealing that the valence state of P is 5+ [38]. The O 1s shows a peak at 531.0 eV, confirming that
the valence state of O in the LiFePO4/C composite is divalent. The two shoulder peaks at 531.9 and
533.0 eV are attributed to the C–O and C=O bands arising from functional groups absorbed on the
sample surface [39]. The C 1s shows peaks at 284.0 and 284.4 eV, which correspond to the short-order
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sp2-coordinated and sp3-coordinated carbon atoms [38]. The additional peak at 288.2 eV is the C=O
band arising from functional groups absorbed on the sample surface. These results confirm that the
LiFePO4/C composite was synthesized.

Figure 4. XPS survey of LiFePO4/C composite (a); high resolution XPS spectrum of: Li 1s (b); Fe 2p (c);
P 2p (d); O 1s (e); and C 1s (f) for LiFePO4/C composite.

Figure 5a shows the cyclic voltammetry curves of lithium ion batteries using the LiFePO4/C
composite as the cathode active materials. N peak appears at 2.63 V (characteristic of Fe3+ in Fe2O3),
indicating that all the iron atoms in the LiFePO4/C composite are Fe2+ [40]. The two peaks around
at 3.34 and 3.53 V (vs. Li+/Li) are attributed to the Fe2+/Fe3+ redox reaction, which corresponds to
lithium extraction and insertion in LiFePO4 crystal structure [41]. Furthermore, the two peaks show a
narrow potential separation of 0.19 V and exhibit good symmetric and poignant shape, which imply a
good electrochemical performance for lithium ion batteries. Figure 4b further shows the evolution
of the cyclic voltammetry curves of LiFePO4/C composite in the scanning rate ranging from 0.1
to 0.5 mV·s−1. The peak position shifts and the potential separation between two peaks broadens
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gradually as the scan rate increases. Previous literature has reported that the diffusion coefficient of
lithium ions (DLi) can be determined from a linear relationship between peak currents (ip) and the
square root of the scan rate (v1/2) based on the Randles–Sevcik equation [41–43]:

Ip = 2.69 × 105n3/2ACD1/2v1/2 (8)

where Ip (A) is the current maximum, n is the number of electrons transfer per mole (n = 1), F (C/mol) is
the Faraday constant, A (cm2) is the electrode area (1.77 cm2), C (mol/cm3) is the lithium concentration
in the LiFePO4/C composite, v (V/s) is the scanning rate, DLi (cm2/s) is the lithium diffusion coefficient,
R (J/K·mol) is the gas constant, and T (K) is the temperature. Figure 4c shows the linear relationship
between peak currents (Ip) and the square root of the scan rate (v1/2). The diffusion coefficient DLi

are calculated to be 4.35 × 10−13 and 2.57 × 10−13 cm2/s for the charge and discharge processes,
respectively, which are comparable to the previous reported literature [43–45]. This confirms that Li
ions show excellent transmission performance, suggesting excellent electrochemical performance of
our Li-ion batteries. Figure 4d,e shows the charge/discharge curves of lithium ion batteries at current
rate from 0.1 C to 20 C. Apparently, at a low current rate of 0.1 C, the batteries deliver a discharge
capacity of 161 mAh·g−1, corresponding to 95% of the theoretical capacity (170 mAh·g−1) of LiFePO4.
With the current rate increasing, the discharge capacity continually decreases, which is attributed
to the low electronic conductivity and ion diffusion coefficient coupled with low tap density [32,38].
Despite this, the discharge capacity of our lithium ion batteries can reach 119 and 93 mAh·g−1 at high
current rate of 10 C and 20 C. In addition, our batteries retain an approximate discharge capacity
of 161 mAh·g−1 at the current rate of 0.1 C after the batteries are tested at the current rate of 20 C.
This indicates that our batteries are highly structural stability, which can be suitable for the large
current discharge. Figure 4f displays the cyclic performances and the coulombic efficiency of the
lithium ion batteries. It is found that the batteries show a discharge capacity of 142 mAh·g−1 with a
capacity retention of 98% after 100 cycles at 1 C. When the rate reaches at 5 C, the batteries even show
discharge capacity of 125 mAh·g−1 with a capacity retention of 95.1% after 200 cycles. The coulombic
efficiency with a value of 99% almost remains constant. These results demonstrate the high cycling
stability of our batteries.

The electrochemical impedance spectra (EIS) technology is one of the most powerful tools to
study electrochemical reactions, such as the processes occurring at the interface between electrodes and
electrolyte, and the Li+ intercalation/de-intercalation in the interior of cathode/anode materials [46,47].
Figure 6a shows the EIS curve of lithium ion batteries using the LiFePO4/C composite as the cathode
active materials after 10 cycles at rate of 1 C. Clearly, the EIS curve consists of a semicircle in the
high-frequency region followed by a straight line in the low-frequency region. The former is related
to the charge-transfer process at the electrode/electrolyte interfaces, while the latter represents the
Warburg impedance associated with the Li+ diffusion in the LiFePO4 crystal lattice [48,49]. The radius
of the semicircle in the EIS curve for the LiFePO4/C composite is 60.2 Ω. As a comparison, the EIS
curve of the commercial LiFePO4/C materials is also plotted in Figure 6a. All the procedures for the
fabrication of lithium ion batteries are completed under identical conditions. In addition, the loading
level of commercial LiFePO4/C composite as active materials is also 2.2 g/cm2. The commercial
LiFePO4/C materials with the carbon content of about 1.44% are purchased from the Optimumnano
Energy Co., Ltd. (Shenzhen, China). The grain size of the LiFePO4/C is 200–300 nm, as shown in
Figure 6b. As can be seen, the radius of the semicircle in the EIS curve is 124.2 Ω. This indicates that
our LiFePO4/C composite shows better electrical properties than that of the commercial LiFePO4/C
materials. One of the possible reasons is that our LiFePO4/C composite (100–200 nm) exhibits
relatively smaller grain sizes and higher specific surface area (Figure 6b) in comparison with that of
the commercial LiFePO4/C materials. This is because the small grain sizes are conducive to shortennig
the migration paths of lithium ions and electrons during the lithiation/delithiation process [38].
In addition, the carbon content is very similar between our LiFePO4/C composite and the commercial
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LiFePO4/C materials. The diffusion coefficient of Li+ (D) can also be calculated form the EIS curve by
using the following equation [49,50]:

D = R2T2/2A2n4F4C2σ2 (9)

where R is gas constant (8.314 J·mol−1·k−1), T is the absolute temperature (298.15 K), A is the area
of the tested electrode surface (cm2), n is the number of electrons involved in the redox process
(n = 1 in this work), C is the molar concentration of Li+ in the tested electrode, F is the Faraday constant,
and σ is the Warburg impedance coefficient [46,47]. By linear fitting the relation plot between ZRe

and ω−1/2 (the reciprocal square root of the angular frequency ω) (as shown in Figure 6b) to estimate
the Warburg impedance coefficient σ, the diffusion coefficient of Li+ (D) could be obtained from the
above equation. By calculation, the diffusion coefficient of Li+ (D) for our LiFePO4/C composite is
3.17 × 10−13 cm2/s. This result is consistent with the previous calculation using the Randles–Sevcik
equation. The D value for the commercial LiFePO4/C materials is also calculated to be 2.34 × 10−13 cm2/s.
For a comparison, our LiFePO4/C composite shows a relatively higher D value, which is assigned to the
smaller grain sizes that are conducive to shortening the migration paths of lithium ions [38].

Figure 5. (a) Typical CV curve of LiFePO4/C composite at scan rate of 0.1 mV/s; (b) CV curves of
LiFePO4/C composite at scan rates of 0.1–0.5 mV/s; (c) linear response of the peak current (Ip) as
a function of the square root of scanning rate (ν); (d) charge and discharge profiles of LiFePO4/C
composite in the potential region from 2.5 to 4.2 V at various rates; (e) rate performance curves from
0.1 C to 20 C; and (f) cycling performance combined with coulombic efficiency at 1 C and 5 C.
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Figure 6. (a) The electrochemical impedance spectra (EIS); (b) variations and fittings between ZRe

and ω−1/2 (the reciprocal square root of the angular frequency ω) in the low-frequency region;
and (c) specific surface area test (insert is the SEM image of commercial LiFePO4/C) of our LiFePO4/C
composite in comparison with those of the commercial LiFePO4/C composite.

4. Conclusions

In conclusion, high-quality LiFePO4/C composite were synthesized via a green route in which
no wastewater or air polluting gas is discharged into the environment. The synthesized LiFePO4/C
composite exhibited excellent nanoscale particle size (100–200 nm) showing uniform carbon coating on
the surface of LiFePO4 nanoparticles, which effectively improved the conductivity and diffusion of Li+

ions of LiFePO4. Consequently, lithium ion batteries using the as-synthesized LiFePO4/C composite as
cathode materials exhibit superior electrochemical performance, especially for high rate performance.
More importantly, this work provides a valuable method to reduce the manufacturing cost of the
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LiFePO4/C cathode materials due to the reduced process for the polluted exhaust purification and
wastewater treatment, which is highly desired for applications such as large-scale energy storage and
electric vehicles.

Prime Novelty Statement: In this work, we develop a green route to synthesize the LiFePO4/C composite
by using Iron (III) oxide (Fe2O3) nanoparticles, Lithium carbonate (Li2CO3), glucose powder and phosphoric
acid (H3PO4) solution as raw materials. In the synthesis process, almost no wastewater and air polluted gases
are discharged into the environment and the reaction principles are analyzed. The structural, morphological,
compositional properties of the LiFePO4/C composite are characterized. Using the LiFePO4/C composite as
cathode materials for lithium-ion batteries application, excellent electrochemical performances are obtained,
showing a discharge capability of 161 mA h/g at 0.1 C, 119 mA h/g at 10 C and 93 mA h/g at 20 C, and a cycling
stability with 98.0% capacity retention at 1 C after 100 cycles and 95.1% at 5 C after 200 cycles. These initial
research results are very interesting and the technology developed in this work will provide a valuable approach
to reduce the manufacturing cost of LiFePO4/C cathode materials due to the reduced process for the polluted
exhaste purification and wastewater treatment.
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Abstract: Experimental and numerical studies have shown that mechanical loading associated with
lithiation/delithiation may limit the useful life of battery electrode materials. The paper presents an
approach to parameterize and compare electrode material performance based on mechanical stability.
A mathematical model was developed to determine particle deformation and stress fields based
upon an elastic-perfectly plastic constitutive response. Mechanical deformation was computed by
combining the stress equilibrium equations with the electrochemical diffusion of lithium ions into the
electrode particle. The result provided a time developing stress field which shifts from purely elastic
to partially plastic deformation as the lithium-ion diffuses into the particle. The model was used to
derive five merit indices that parameterize mechanical stability of electrode materials. The merit
indices were used to analyze the mechanical stability for the six candidate electrode materials—three
for anode materials and three for the cathode material. Finally, the paper suggests ways to improve
the mechanical performance of electrode materials and identifies mechanical properties that need to
be considered for selection and optimal design of electrode materials.

Keywords: lithium-ion battery; mechanical stability; material index; parametric analysis;
elasto-plastic stress

1. Introduction

Increasing energy demand for high energy density storage devices makes lithium-ion batteries a
prime source for energy storage [1]. Graphite/lithium cobalt oxide was the first electrode material [2]
but rigorous experimental and theoretical study on high capacity and stable electrode materials have
allowed lithium batteries to achieve higher energy density, longer cycle life, and safer operation [3].
Electrode performance has been studied through experiments, molecular dynamics simulation
and multiphysics modeling [4]. Recent development has focused on finite element modeling for
understanding the thermo-mechanical functioning of electrodes and search for newer battery materials
of better mechanical and thermal performance at high charging rates [5,6].

The structure and mechanisms governing lithium-ion diffusion and storage vary for different
electrode materials. Lithium manganese oxide (LMO) has a cubic spinel structure with the manganese
located in the octahedral sites and the lithium ions occupying the tetrahedral sites in a cubic
close-packed array of oxygen [7]. LMO gets oxidized in presence of lithium-ion and diffusion process
is governed by the chemical potential across the electrodes [8,9]. The insertion of the lithium ions
in the vacant octahedral locations produces the Jahn Teller distorted tetragonal phase. The lithium
cobalt oxide (LCO) electrode has a α-NaFeO2 layered structure with a cubic close packed array of
oxygen with cobalt and lithium ions occupying octahedral sites in alternating layers. Higher voltage
applications could cause structural instability within the delithiated layers of LCO [10,11]. Olivine
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lithium ferrous phosphate (LFP) electrode has an orthorhombic structure with FeO6 octahedra and
PO4 tetrahedra networked in a one-dimensional channel. These channels in LFP provide pathway for
lithium to diffuse effectively. Graphite has a layered graphene sheets in either hexagonal (common) or
rhombohedral stacking structure with lithium ions diffusing and intercalating between the graphene
layers [12]. With development in nanotechnology, silicon nanoparticle-based electrodes have been
developed as a promising anode material because of large energy storage capacity (3579 mAh/g) [13].
Silicon in the first cycle reacts with lithium to transform from crystalline to amorphous structure [14]
and the amorphous silicon intercalates from then onwards. In the current analysis, amorphous lithiated
silicon electrode has been considered. Lithium titanate (LTO) has a spinel structure with no strain
during deformation during two-phase lithiation/delithiation process.

Mechanical stability of electrodes is crucial for life prediction of lithium-ion battery. Analytical
models predicting the stability of lithium-ion battery electrodes have either assumed a perfectly
plastic material or an elastic material [15,16]. Christensen et al modeled lithiation induced stress
assuming that stress is a function of the lithium-ion concentration gradient in the particle [17].
Zhang et al [18,19], modeled the radial and hoop stress in ellipsoidal particles considering elastic
deformation of lithium manganese oxide spinel. In contrast, perfect plasticity-based models have been
developed for anode materials for silicon [15,20]. These models considered pure plasticity due to small
impact of the elastic deformation. TEM analysis by Liu et al [21] has shown plastic deformation
of 320% by silicon during lithiation. Current research is being focused on novel materials like
layered-lithium nickel manganese cobalt electrodes (NMC), which have high capacity (>250 mAh/g)
at high discharge potential (3.6–4.5 V) [22]. However, these electrodes are mechanically unstable in
high potential domains.

A rigorous mathematical model was developed for evaluation of elasto-plastic stress state in
electrode materials. The model was used to study the stress evolution and fracture response in
electrode particles of different materials. A set of five merit indices were created which parameterize
the materials based on their mechanical performance and fracture stability. A detailed analysis of these
indices provided an insight of the material properties useful for a performance boost of the electrode
materials. Six electrode materials, three for the cathode and three for the anode, were selected for this
study. The results discussed the electrode materials that stand out among the others for having the
better mechanical stability and fracture resistance. The paper discusses the crucial material properties
which influence the life of a battery, a set of merit indices to evaluate new materials and provides an
approach to improve the mechanical performance of lithium-ion battery electrodes.

2. Mathematical and Parametric Analysis

2.1. Mathematical Model

A lithium-ion battery works by the principle of electrochemical diffusion of lithium-ion due
to a potential difference between the electrodes. As the cell discharges, the lithium ions diffuse
into the cathode from the anode, thereby converting chemical energy into electrical work. Figure 1
and Equations (1) and (2) describe the reaction in any generic lithium transition metal during the
discharging process.

Li1−x MOy + xLi+ + xe− cathode→ LiMOy (1)

Lix A anode→ xLi+ + xe− + A (2)
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Figure 1. (a) Lithium battery schematic; (b) lithium cathode stress domains; during discharge cycle.

During discharge, lithium ions dissociate from the anode and intercalate with the cathode,
made up of a metal oxide of lithium, to form a lithium intercalation compound and vice-versa during
charging. Many mathematical models on the elastic deformation of electrode particle predicted the
mechanical performance of certain electrode materials [18,19,23]. In the present work, the deformation
of the electrode particle in the plastic regime was modeled. The porous electrode theory [17] with
the electrolyte having an infinite source of lithium ion, free expansion of the particle surface and the
perfectly plasticity of the material at yield point were assumed for modeling. The mass transport
of lithium ions in the electrode material is expressed below where M is the mobility and c is the
concentration of lithium-ion.

J = −cM∇μ (3)

The electrochemical potential (μ) is expressed as a function of lithium-ion mole fraction (x) and
the chemical stress generated.

μ = μ0 + RTln(x)− Ωσh (4)

σh is the hydrostatic stress on the particle due to differential expansion, Ω is the partial molar
volume, and x is the mole fraction of lithium in the particle. Substituting the electrochemical
potential (Equation (4)) into mass flux (Equation (3)), the equivalent stress dependent ion flux equation
was derived.

J = −Mc
[

RT
∇c
c

− Ω∇σh

]
= −D

[
∇c − Ωc

RT
∇σh

]
(5)

D is the mass diffusion coefficient of the lithium-ion in the electrode, and T is the operating
temperature. Fick’s Law of diffusion was expressed for a spherically symmetric particle from the
diffusion mass flux (Equation (5)).

∂c
∂t

= D
[

1
r2

∂

∂r

(
r2 ∂c

∂r

)
− Ω

RT

{
∂c
∂r

∂σh
∂r

+
c
r2

∂

∂r

(
r2 ∂σh

∂r

)}]
(6)

The following boundary conditions were used to solve Equation (6).

i =
αρr0

3
Crate (7)

J|r=r0 =
i
F

(8)

∂c
∂r

∣∣∣∣
r=0

= 0 (9)
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Equation (7) shows the current flux (i) depends on the theoretical capacity of the electrode material
(α), density (ρ), radius (r0) and the rate of charging (Crate).

Equation (6) shows hydrostatic stress coupled with lithium-ion concentration, which affects the
diffusion process. The intercalation of lithium-ion into the electrode causes an expansion of the particle.
Particle expansion leads to shifting of atomic planes causing dislocation of atoms from their natural
lattice sites. This leads to the generation of a stress field in the particle. Therefore, the formulation of the
elastic component of strain was found similar to the strain produced during to thermal expansion [18].

εe
r =

1
E
[σr − 2νσθ ] +

c̃Ω

3
=

du
dr

(10)

εe
θ =

1
E
[(1 − ν)σr − νσθ ] +

c̃Ω

3
=

u
r

(11)

c̃ = c − c0 (12)

The radial (εr) and hoop (εθ) strain depended upon the concentration variation across the particle.
u is the radial displacement and c0 is the initial lithium-ion concentration. As the electrode was further
lithiated, the equivalent stress exceeded the yield stress causing the material to deform plastically.
For a spherical particle, the yield criterion follows the condition below.

|σr − σθ | ≤ Sy (13)

When the equivalent stress exceeds the yield limit (Sy), the total strain generated was due to both
the elastic and plastic deformation of the particle. Figure 1b represents the elasto-plastic schematic of a
cathode particle during lithiation. The total (hydrostatic) strain would be equal to the summation of
the volumetric elastic and plastic strain.

εij = εe
ij + εp

ij (14)

Since the particle was assumed completely spherical, the stress equilibrium equation was solved
in the spherical coordinates considering radial symmetry.

∂σr

∂r
+

2
r
(σr − σθ) = 0 (15)

σr is the radial stress component and σθ is the hoop stress component. This equation was solved for
the elastic segment by substituting the elastic displacements and for the plastic part by substituting the
yield equality using the following boundary conditions [24].

∂σel
r

∂r

∣∣∣∣∣
r=0

= 0 (16)

σel
r = σ

pl
r |rp (17)

These conditions satisfied the radial stress continuum at the core and interface between elastic
and plastic domain (rp). The plastic stress was solved by substituting the yield equality into the stress
equilibrium equation with free expansion along the radial direction on the surface.

σ
pl
r |ro = 0 (18)

The stress (radial and hoop) was calculated by solving the elastic-perfectly plastic equations for
the plastic domain.

σ
pl
r = 2Syln

[ ro

r

]
; rp ≤ r ≤ ro (19)
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σ
pl
θ = 2Syln

[ ro

r

]
− Y; rp ≤ r ≤ ro (20)

The differential equation for the elastic domain was solved by using the plastic radial stress at the
plastic interface.

σel
r = 2Syln

[
ro

rp

]
+

2ΩE
3(1 − ν)

⎡⎣ 1
rp3

rp∫
0

c̃r2dr − 1
r3

r∫
0

c̃r2dr

⎤⎦; 0 ≤ r ≤ rp (21)

σel
θ = 2Syln

[
ro

rp

]
+

ΩE
3(1 − ν)

⎡⎣ 2
rp3

rp∫
0

c̃r2dr +
1
r3

r∫
0

c̃r2dr − c̃

⎤⎦; 0 ≤ r ≤ rp (22)

The mean (hydrostatic) stress was then found for the elastic and plastic equations.

σh =
σr + 2σθ

3
(23)

σ
pl
h = 2Syln

[ ro

r

]
− 2

3
Y; rp ≤ r ≤ ro (24)

σel
h = 2Syln

[
ro

rp

]
+

2ΩE
9(1 − ν)

⎡⎣ 3
rp3

rp∫
0

c̃r2dr − c̃

⎤⎦; 0 ≤ r ≤ rp (25)

The elastic and plastic stresses in Equations (24) and (25) were substituted into Equation (6) to
decouple the concentration from stress.

∂c
∂t

= D

[
1
r2

∂

∂r

(
r2 ∂c

∂r

)
+ θ

(
∂c
∂r

)2
+ θc

{
1
r2

∂

∂r

(
r2 ∂c

∂r

)}]
; 0 ≤ r ≤ rp (26)

∂c
∂t

= D
[

1
r2

∂

∂r

(
r2 ∂c

∂r

)
− Π

r

(
c
r
+

∂c
∂r

)]
; rp ≤ r ≤ ro (27)

θ = 2Ω2E
9RT(1−ν)

and Π =
2SyΩ

RT are constants which coupled the gap between stress driven
concentration and diffusion driven concentration in the elastic and plastic equations, respectively.

Although fatigue failure of lithium-ion electrode is a more dominant mechanism than fracture,
but the ability of the material to prevent crack propagation is a primary characteristics needed to avoid
the onset of failure. A simple fracture analysis was used to compare different electrode materials based
on their material toughness and ability to prevent crack propagation upon loading. The fracture of the
spherical electrode during lithiation occurs due to the hoop stress. The simplest model for an edge
crack relates the stress intensity with the applied stress and crack size.

KI = Cσθ

√
πa (28)

a is the crack depth from the surface, KI is the stress intensity factor and C is a geometric factor.

2.2. Material Characterization for Lithium Electrodes

The life of the battery depends on several parameters of which the hoop stress and critical stress
intensity of the given material are crucial. The diffusion-induced stress is governed by physical and
material properties like particle diameter, state of charge, theoretical capacity, specific molar volume,
yield strength, Young’s Modulus, etc. Since the lithiation process is diffusive, it is essential to compare
different candidate electrode materials based on their material properties as recorded in Table 1.

In the present work, the parametric analysis was performed based on the selection of a quantity
(parameter) that needed to be optimized. A set of constraints and a free variable were used to substitute
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the constraint in the parameter for optimization [25]. Five material indices (M) were created to express
mechanical performance and fracture resistance.

Table 1. Material properties of selected electrode materials.

Properties LiMn2O4 LiCoO2 LiFePO4 LixC6 LixSi15 LixTiO2

D
(
m2/s

)
7.08 × 10−15 [17] 1.00 × 10−13 [26] 7.96 × 10−16 [27] 3.90 × 10−14 [26] 1.00 × 10−16 [28] 6.80 × 10−15 [29]

ρ (kg/m) 4100 [17] 5030 [26] 3600 [30] 2100 [26] 2328 [31] 3510 [32]
αth (mAh/g) 148 [33] 166 [33] 170 [33] 372 [33] 4200 [33] 175 [7]
cmax

(
mol/m3) 2.29 × 104 [17] 4.99 × 104 [26] 2.12 × 104 3.05 × 104 [26] 8.87 × 104 [34] 5.00 × 104 [29]

Ω
(
m3/mol

)
3.50 × 10−6 [17] 1.92 × 10−6 [26] 67.32 × 10−6 [35] 3.17 × 10−6 [26] 32.25 × 10−6 [36] 5.00 × 10−6 [29]

Sy (MPa) 776 [37] 1056 [38] 500 [38] 23 [33] 720 [21] 836
E (GPa) 194 [38] 264 [38] 125 [38] 10 [38] 12 [39] 209 [38]

N 0.26 [38] 0.32 [38] 0.28 [38] 0.24 [38] 0.25 [38] 0.19 [38]
K1C

(
MPam0.5) 1.50 [40] 1.30 [40] 1.50 [40] 1.25 [40] 1.00 [40] 1.50 [40]

Constraints and Free Variables:

In the mechanical parametric analysis of battery systems, it is important to set certain constraints
to limit the degree of variability of the material indices for comparison of materials. Setting the average
non-dimensional concentration profile to a constant allows all electrode particles to have the same
amount of lithium ions diffused within them.

ĉ(r̂) =
c

cmax
= Cons (29)

Setting time of diffusion or the particle radius as constant became slightly challenging as keeping
equal radius particle seems to be a more apt decision from a manufacturing perspective. However,
the time required for charging was crucial compared to the radius of the particle. Comparison based
on equality of temporal coordinates was found more suitable in this situation.

t̂ =
tD
ro2 (30)

Considering the total time required for diffusion was kept constant, the following could
be derived.

ro ∝
√

D (31)

The radius emerges out to be the free variable which substitutes the diffusion coefficient in the
material indices. Another constraint was obtained from the yield criterion.

σel
r − σel

θ =
ΩE

3(1 − ν)

⎡⎣c̃ − 3
rp3

rp∫
0

c̃r2dr

⎤⎦ ≤ Sy (32)

Since the integral term in Equation (32) became constant while substituting c̃ from Equation (29),
the maximum concentration allowed became proportional to the yield stress.

cmax ∝
Sy(1 − ν)

ΩE
(33)

For the fracture analysis, it was considered that the upper limit for the stress intensity factor was
bound by the fracture toughness of the material.

KI ≤ K1C (34)
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3. Results and Discussion

During lithiation, the lithium-ion concentration is higher near the surface of the particle and
decreases near the core which occurs due to the effect of Fick’s law of mass diffusion. The intercalation
of lithium-ion with the electrode material causes it to expand proportionally to the relative
concentration of lithium-ion. The surface of the particle tries to expand more during lithiation than
the core. Expansion causes the surface to be under compression while the core remains under tension.
During delithiation, the surface lithium-ion concentration is lower than the core. Hence, the surface
contracts faster causing tension on the surface and compression in the core. In real world application,
the deformation of the electrode material could be detected during testing and control stage of
manufacturing or in development of newer electrode materials. The strain response of the electrode
would vary under different rates of charging. The stress thus induced in the electrode to oppose this
deformation would cause cracks to propagate and the electrode to fail. Electrode materials with strain
exceeding the elastic limit would deform plastically. Under such loading conditions, the material
would not relax back to its original shape upon unloading. This could be severely problematic for
electrodes with higher elastic modulus, as cyclic shape deformation and high residual stress would
lead to faster fatigue failure. On the other hand, elastic loading is commonly observed in electrode
particles upon lithiation, where the strain is below the critical limit. An elastic-perfectly plastic chemical
diffusion model was developed to perform the stress and fracture analysis during lithiation of different
electrode materials. The electrode materials were compared based on their mechanical stability, ability
to handle faster charging without yielding and higher fracture characteristics. The lithiation process
was considered without effects of reaction or phase transformation. The merit indices were developed
considering constant state of charge, charging time and temperature of 298 K. The equations for the
stress analysis and merit indices were solved using MATLAB platform.

The mathematical analysis was done considering the electrode material to be elastic and perfectly
plastic. Therefore, when the yield criteria (Equation (13)) was reached, the equivalent stress (|σr − σθ |)
remained equal to the yield stress of the material, while the material kept expanding plastically.
The plastic deformability was experimentally observed by Kosova et al [41] and Schilcher et al [42].
In Figure 2, the normalized stress distribution was plotted against the normalized radius of a lithium
manganese oxide particle. The particle was considered of 10μm in radius and charged under 2C and
3C rates of charging. For the 2C charging rate, the lithium manganese oxide particle was found barely
plastic near the particle surface, where the equivalent stress equaled the yield stress of the material.
However, with an increase in the charging rate to 3C, the electrode particle deformed plastically from
the surface till about 0.65r0. The stress distribution in 2C case was found to be much more uniform,
while for higher rate of charging, the stress profile became sharp in the plastic shell. This pushed the
tensile stress domain in the core to a very high stress state. It is interesting to note that the stress (radial
and hoop) developed 1.3 times and 2.4 times in magnitude of the yield stress for the 2C and 3C cases,
respectively. However, the material did not fail under such high loads because the equivalent stress
near the core was nearly zero. Hence, the material was under a purely tensile hydrostatic load which
prevented failure because the electrode particle was considered to be solid without any crack. It could
be inferred that the presence of small voids or microcracks in this domain, as observed experimentally
in silicon [37], would lead to the voids to coalesce and it would form cracks. These cracks would
propagate rapidly towards the surface and would get closed in the compressive domain near the
surface. This would lead to failure of the electrode material above a certain dimension and rate of
charging. It could then be inferred that lithium manganese oxide particles of 10μm radius are safe for
operation under 2C charging rate.
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Figure 2. Stress distribution profile of a spherical lithium manganese oxide particle during lithiation
under rates of charging of (a) 2C, and (b) 3C.

3.1. Charging Index

Faster rate of charging is one of the most desired outcomes of battery research. Under the constraint
of yield (Equation (33)), the boundary condition in Equation (8) was modified by substituting the flux
from Equation (5) and elastic stress from Equation (25).

− D
∂c
∂r

(1 + θc) =
i
F

(35)

Equation (35) was normalized with ĉ = c̃
cmax

, r̂ = r
ro

and the current flux term was expanded from
Equation (7).

− ∂ĉ
∂r

(1 + θcmaxĉ) =
ραr2

o
DFcmax

Crate (36)

Ignoring one in the left bracket and considering constraint of constant concentration and gradient
from Equation (29), time constraint (Equation (30)) and approximation for maximum concentration
from Equation (33), the rate of charging could be evaluated. The following merit index was minimized
for materials that handles higher rates of charging.

MCr =
ρEα

S2
y(1 − ν)2 (37)

The charging rate merit index parameterized materials based on their ability to handle high
charging rates without yielding. This index was developed with the constraint on the maximum
lithium ion concentration that the electrode material could hold. Moreover, the time of complete
lithiation remained constant for all the materials. A higher charging index indicated that the material
that can store more charge in a lesser time without yielding, shows better promise as a future battery
material for HEV battery systems.

3.2. Elastic and Plastic Indices

The differential equations (Equations (26) and (27)) were related to stress-based diffusion through
θ and Π which influenced the diffusion process. The elastic equation (Equation (26)) was promoted by
θ (additive), while the plastic equation (Equation (27)) reduced with the increase of Π (subtractive).
For lower stress response, it could be concluded that the concentration gradient during diffusion
should be minimized for minimization of the following elastic merit index and the plastic merit index.

MEl =
Ω2Ecmax

(1 − ν)
(38)
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MPl =
1

SyΩ
(39)

The diffusion equation (Equation (25)) got modified by the addition of extra concentration terms
from the mean elastic stress field. These terms deviated the concentration distribution from its general
parabolic structure to a higher gradient distribution, resulting in hindered diffusion in the particle.
Higher gradient, or slower diffusion, therefore, leads to large stress build up and battery not being
utilized to its utmost potential. It is crucial to understand the importance of this effect and to find
ways to minimize its impact on the diffusion process.

3.3. Stress Index

Under elastic loading, the hydrostatic stress in Equation (25) was influenced by the concentration
gradient in the particle. For small plastic stress effects, the equation was simplified.

σ̂el
h ∝

ΩEcmax

Sy(1 − ν)

⎡⎢⎣ 3
r̂p3

r̂p∫
0

ĉr̂2dr − ˆ̃c

⎤⎥⎦ (40)

The stress was normalized by the yield stress and the integral part of the equation was considered
constant (Equation 29 in 40). The following merit index for stress was minimized for prediction of low
stress-induced materials.

MSt =
ΩEcmax

Sy(1 − ν)
(41)

3.4. Fracture Index

The fracture formulation (Equation (28)), with the hoop stress from Equation (25) (simplified for
negligible yield stress) and the fracture toughness constraint (Equation (34)) was used to express the
detectable crack length, which needed to be maximized for longer life. Therefore, the merit index was
minimized in order to select a material with high fracture resistance.

MFr =
ΩEcmax

K1C(1 − ν)
(42)

Material under stress tends to fail in the presence of cracks. Cracks or flaws act as stress
concentrators which magnify the local stress field. If the crack size is beyond the critical limit, the stress
at the crack tip exceeds the fracture strength of the material causing failure due to crack propagation.

Figure 3 demonstrated a multivariable comparison between the merit index based on maximizing
the charging rate and the merit index for reducing the effect of elastic stress on diffusion. The objective
of this comparison was selection of high capacity electrode materials to maintain lithium-ion storage
capacity under high elastic deformation. The elastic merit index was dependent on the partial molar
volume, modulus of elasticity and maximum concentration of lithium that the material can store.
All these parameters were minimized for lower elastic effects on diffusion.

The selected electrode materials, three for the cathode and three for the anode, were compared
based on the formulated indices. Figure 3 shows that lithium manganese oxide was the most suitable
material for the cathode and lithium titanate showed good promise for anode based on their high
charge storage capability and low effects of elastic stress on lithium diffusion. Lithium manganese
oxide was found experimentally more stable than commercially used lithium cobalt oxide [43].
The three-dimensional structure of the manganese oxide spinel allowed more space for intercalation
with lithium ions during discharge and vice-versa for charge [9]. This means that manganese oxide
allows faster lithiation without significant deformation. Silicon showed a tremendous performance
compared to graphite, based on the ability to be operated at high charging rates [44]. However,
graphite being soft generated lower elastic stresses during lithiation. While silicon did not perform
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well because of its high molar volume. Silicon expanded by 4 times its volume on lithiation leading
to a severe effect on lithium diffusion during lithiation. Lithium titanate showed good performance
amongst the anode material due to its higher yield strength and high capacity. The compared based on
the ability to store charge silicon exceeded lithium titanate but its lower yield strength made it more
prone to yielding than the later.

Figure 3. Material Selection based on Charging Rate Index and Elastic Stress Index.

The charging index depends directly on the square of the yield strength of the material and
inversely to the charge capacity and elastic modulus. Materials like lithium ferrous phosphate have
a lower rating on this index. It is advisable to apply strengthening mechanism to improve the
yield strength. Furthermore, lithium ferrous phosphate showed very poor characteristics on the
elastic merit index scale because of its very high molar volume. This meant that ferrous phosphate
electrodes deformed elastically more than lithium manganese oxide and lithium cobalt oxide electrodes.
Newer materials could be hardened and/or alloyed to improve their performance. This would allow
materials to be charged quicker without failure. Furthermore, the stress developed in the particle came
from the mass flux of lithium ions. It was noted from Equation (7) that if the radius of the particle
was reduced, it would allow higher charging rates for same flux. However, this is a tradeoff between
manufacturability of smaller particles against the mechanical performance of the electrode.

As observed, faster charging increased the slope of the concentration profile in the electrode
particle. It caused the equivalent stress of the particle to exceed the yield limits and the particle deforms
plastically. Plastic mean stress also affected the diffusion process. However, the yield stress and molar
volume reduced the concentration gradient and allowed free expansion of the particle. Therefore,
it is required to maximize this scale for minimization of plastic deformation. Figure 4 compared
the materials by maximizing the merit index for charging while minimizing the plastic deformation
effect on diffusion. Lithium ferrous phosphate electrode was an excellent cathode material under this
category in comparison to lithium manganese oxide and cobalt oxide. The merit index showed good
the performance of silicon for the anode. Silicon’s ability to be lithiated under plastic deformation
was observed experimentally [21], which validated the integrity of the plastic merit index. Graphite
showed very poor plastic performance because of its low yield strength and brittle nature, making
it vulnerable in the plastic deformation domain. Therefore, silicon is an excellent choice for HEV
batteries which has very high capacities with the ability to operate under plastic deformation.

The strength of the material was compared against the material toughness. Figure 5 shows a
comparison between the diffusion induced hydrostatic stress index against the fracture resistance index
for different electrode materials. It could be inferred that higher yield strength means better mechanical
performance, lower elastic modulus means a softer material which generates less stress during
deformation, while lower molar volume means smaller volumetric deformation during lithiation.
The study also showed that lithium manganese oxide showed the best mechanical performance as
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the cathode. The stress developed due to the concentration gradient, which is the prime source of
stress, was minimum for lithium manganese oxide and was the highest for lithium ferrous phosphate.
This was attributed due to the lower modulus of elasticity and molar volume of manganese oxide,
which developed low stress and high fracture toughness, making it more resilient to fracture. Silicon
was found comparably poor to graphite because of its low elastic modulus. However, silicon was
comparable to other cathodic material making it the second-best candidate. Silicon can store more
charge than graphite making this tradeoff favorable towards the former. To improve mechanical
characteristics of new materials, it is important to reduce the molar volume and/or increase the
yield strength.

Figure 4. Material Selection based on Charging Rate Index and Plastic Stress Index.

Figure 5. Material Selection based on Fracture Index and Hydrostatic Stress Index.

Different chemo-mechanical processes can harden the material making it durable. Doping the
electrode material with a chemical reagent is an excellent way to alter the molar volume of the material.
Alteration of the stoichiometry of the material reduces the distortion strains resulting in less expansion
and improvement in fracture characteristics like toughness etc. Silicon, for example, can be made
tougher by coating it with a more resilient inert layer like titanium oxide [45]. The selection of material
under high charging rates depends on their mechanical performance and fracture stability. Higher
mechanical stability of material having higher yield strength can be achieved by toughening the
material. Size of the electrode particle also plays a crucial role in determining its performance. Smaller
particles can be charged faster for the same stress and they allow better diffusion. It also leads to the
lower concentration gradient of lithium-ion and consequently better mechanical stress characteristics.
Silicon has a very high charge capacity which makes it a good choice for high charging systems where
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plastic deformation is dominant. However, its fracture characteristics need to be improved for a
safer design.

4. Conclusions

The paper discussed an elasto-plastic based diffusion-induced stress model and a set of five
material indices for material categorization and selection. The model was used to determine the
concentration profile for lithium-ion in the elastic and plastic domain. The concentration was used to
find the stress profile for the electrode during lithiation. The comparison between the stress profile
for lithium manganese oxide under 2C and 3C charging rates showed that the center of the particle
was under high tensile hydrostatic loading during lithiation. The equivalent stress being zero at
the core prevents failure of the particle. However, the presence of voids would lead to failure by
crack nucleation and propagation over multiple cycles. The materials were evaluated based on their
charge holding capability under elastic and plastic loading. It was found that under elastic loading
conditions, lithium manganese oxide and graphite are the best cathode and anode materials while
under plastic loading, lithium ferrous phosphate and silicon are the best material choice for the
battery. The strength of the electrode material was compared against its toughness, and lithium
manganese oxide and graphite showed the best performance. From the material parameterization,
it was inferred that lithium manganese oxide was the most suited cathode material due to its ability
to perform well under faster charging and showing excellent mechanical and fracture characteristics.
Graphite performed great in handling elastic stress and was resistant to fracture. However, newer
materials like silicon and lithium titanate were found to be good for faster charging and in handling
plastic deformation. This made them good choices for HEV battery modules. Furthermore, newer
materials could be made better by lowering the elastic modulus and molar volume and improving
the yield strength by toughening. Fracture toughness could be improved by coating the material
with a more resilient substance to absorb the fracture energy. Reducing particle size would be a great
alternative, as it would allow higher rates of charging for same current flux and lower mechanical
stresses. These indices have a great importance in classifying good electrode materials and aid in the
search for newer battery materials.
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Abstract: The garnet Li7La3Zr2O12 (LLZO) has been widely investigated because of its high
conductivity, wide electrochemical window, and chemical stability with regards to lithium metal.
However, the usual preparation process of LLZO requires high-temperature sintering for a long time
and a lot of mother powder to compensate for lithium evaporation. In this study submicron
Li6.6La3Zr1.6Nb0.4O12 (LLZNO) powder—which has a stable cubic phase and high sintering
activity—was prepared using the conventional solid-state reaction and the attrition milling process,
and Li stoichiometric LLZNO ceramics were obtained by sintering this powder—which is difficult
to control under high sintering temperatures and when sintered for a long time—at a relatively
low temperature or for a short amount of time. The particle-size distribution, phase structure,
microstructure, distribution of elements, total ionic conductivity, relative density, and activation
energy of the submicron LLZNO powder and the LLZNO ceramics were tested and analyzed using
laser diffraction particle-size analyzer (LD), X-Ray Diffraction (XRD), Scanning Electron Microscope
(SEM), Electrochemical Impedance Spectroscopy (EIS), and the Archimedean method. The total ionic
conductivity of samples sintered at 1200 ◦C for 30 min was 5.09 × 10−4 S·cm−1, the activation energy
was 0.311 eV, and the relative density was 87.3%. When the samples were sintered at 1150 ◦C for
60 min the total ionic conductivity was 3.49 × 10−4 S·cm−1, the activation energy was 0.316 eV, and
the relative density was 90.4%. At the same time, quasi-solid-state batteries were assembled with
LiMn2O4 as the positive electrode and submicron LLZNO powder as the solid-state electrolyte. After
50 cycles, the discharge specific capacity was 105.5 mAh/g and the columbic efficiency was above 95%.

Keywords: solid-state electrolyte; submicron powder; garnet; lithium-ion conductivity;
solid-state batteries

1. Introduction

Currently, lithium-ion batteries are widely used in electric vehicles (EVs), hybrid electric vehicles
(HEVs), computers, smart grids, wearable devices, etc. [1]. Traditional lithium-ion batteries have organic
liquid electrolytes which easily burn and explode under abusive conditions. In addition, with the
development of modern society, lithium-ion batteries have gradually moved toward high specific energy.
Researchers have studied cathode materials, such as LiCoO2, LiMn2O4, LiFePO4, LiNi0.6Co0.2Mn0.2O2,
LiNi0.8Co0.1Mn0.1O2, LiNi0.8Co0.15Al0.05O2, and xLi2MnO3·(1− x)LiMO2, to increase the energy density
of lithium-ion batteries [2–8]. The energy density can be improved by increasing the charging voltage,
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which will lead to serious side reactions and safety issues. In order to solve the safety problem of
lithium-ion batteries, researchers have turned their attention to all-solid-state lithium batteries, which
use inorganic electrolytes. The non-flammability, long cycling life and wide electrochemical window
of all-solid-state lithium batteries are considered to provide the high safety and high energy density of
the next-generation energy storage systems [9,10].

A solid electrolyte is an important component of all-solid-state batteries. It can not only be used
as a lithium ionic conductor, substituting for a liquid organic electrolyte, but also can be used to block
direct contact between the positive and negative electrodes, like a separator [11]. Solid electrolytes
generally contain Li3N, LiPON, perovskite, LISICON, NASICON, garnet, etc. [12–17]. Some of these
solid electrolytes have high ionic conductivity (~10−3 S·cm−1). However, some issues still exist, such as
instability in an ambient atmosphere (Li10GeP2S12, LGPS) and the metal cation being easily reduced
by lithium (such as Ti4+ in LixLa2/3 -x/3TiO3, LLTO) [18,19]. The cubic garnet LLZO was discovered
by Murugan et al. [17] in 2007 and attracted world-wide attention for its advantages, e.g., the simple
preparation process, high ionic conductivity (~10−3 S·cm−1) at room temperature, high electrochemical
window (0~6 V vs. Li/Li+), and electrochemical stability of lithium metal. On the other hand, LLZO
also has some defects, such as an unstable cubic phase and a low density of ceramics [20,21]. Moreover,
a mass of LLZO mother powder is needed to compensate for lithium loss when sintering at high
temperatures [21,22]. Many solutions have been adopted to solve the above issues. For example,
Al, Ga, Fe, Ta, Nb, W, Y, and Sb doping were used to stabilize the cubic phase [23–30]; hot pressing
sintering, plasma sintering, and microwave sintering were adopted to improve the relative density and
sintering additives [31–33]; and Y2O3, Al2O3, B2O3, CaO, MgO, Li3PO4, and Li4SiO4 were investigated
to reduce the grain-boundary resistance [34–40]. Usually, in order to evaluate the electrochemical
performance, LLZO was used as solid electrolyte in all-solid-state batteries [41–43].

In this study, submicron LLZNO powder with a stable cubic phase was synthesized using
the conventional solid-state reaction and prepared by the attrition milling process. The submicron
LLZNO powder had a high sintering activity, which promoted the sintering process, reduced the
sintering temperature and time, and reduced the loss of Li during high-temperature sintering. All these
characteristics favored lithium stoichiometry and ionic conductivity. Furthermore, LLZNO ceramics
were obtained without mother powder while sintering under reduced temperature and time.
The particles-size distribution, phase structure, microtopography, total ionic conductivity, relative
density, and activation energy were characterized and analyzed. The quasi-solid-state lithium batteries
with LiMn2O4 as the positive electrode and submicron LLZNO powder as the solid electrolyte were
assembled and the electrochemical performance are tested and analyzed.

2. Materials and Methods

2.1. The Synthesis of LLZNO Powder and Ceramics

A process flow chart of the preparation of submicron LLZNO powder and the sintering of LLZNO
ceramics is showed in Figure 1. LLZNO powder was synthesized by the conventional solid-state
reaction [44]. Lithium hydroxide monohydrate (LiOH·H2O, 98%, Xilong Scientific Co., Ltd., Shantou,
China), lanthanum oxide (La2O3, 99.99%, Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai,
China), zirconia (ZrO2, 99%, Shanghai Aladdin Bio-Chem Technology Co., Ltd., Shanghai, China), and
niobium oxide (Nb2O5, 99.99%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) were used
as the raw materials and 10 wt% excess of LiOH·H2O was added to compensate for the lithium loss in
the high-temperature calcination and sintering process. Yttrium stabilized zirconia (YSZ, 4~8 mm in
diameter) and isopropanol (IPA) were used as the ball-grinding medium. The ratio of raw material
to grinding balls was 1:5 and the mixed raw material powder was wet-ball ground at 800 rpm in the
planetary ball mill for 6 h. The mixture was dried at 70 ◦C for 14 h, then calcined at 950 ◦C for 12 h in
an alumina crucible with ambient air to obtain the cubic-phase LLZNO powder. LLZNO slurry was
attrition milled (Shanghai ROOT mechanical and electrical equipment Co., Ltd., Shanghai, China, 0.7 L
volume, 70% filling rate) at 1000 rpm for 2 h, taking YSZ (0.4 mm in diameter) and IPA as the grinding

90



Materials 2020, 13, 560

medium, and the solid-liquid ratio was 1:5. The LLZNO slurry was dried at 70 ◦C for 14 h to obtain
submicron LLZNO powder, from which green pellets (mass of 3 g, 19 mm in diameter and a thickness
of about 4 mm) were pressed at 200 MPa under a cold uniaxial press. After that, the green pellets were
sintered in a muffle furnace (Changsha Yuandong Electric Furnace Factory) without mother powder at
1100–1200 ◦C for 30–360 min and then cooled down naturally. At the same time, the green pellets were
put on a platinum wire and placed in a crucible of MgO with the lid on to prevent impurity migration
and a large amount of volatilization of lithium during the process of high-temperature sintering.
For further testing, LLZNO ceramic pellets were polished with 400 and 1000 mesh sandpaper.

Figure 1. Process flow chart for the preparation of submicron Li6.6La3Zr1.6Nb0.4O12 (LLZNO) powder
and the sintering of LLZNO ceramics.

2.2. Fabrication of Composite Cathodes and Assembly of Quasi-Solid-State Batteries

In order to test the electrochemical performance of submicron LLZNO powder, we prepared a
composite cathode and assembled quasi-solid-state batteries. The composite cathode consisted of a
LiMn2O4 positive electrode layer and a submicron LLZNO electrolyte layer. The positive electrode was
fabricated by coating the slurry of a mixture containing LiMn2O4 powder, submicron LLZNO powder,
acetylene black (Shanghai Hersbit Chemical Co., Ltd., Shanghai, China), and polyvinylidene difluoride
(PVDF, FR905, Shanghai San ai fu New Material Technology Co., Ltd., Shanghai, China), with a weight
ratio of 7:2:1:1, onto circular aluminum foils (thickness of 20 μm, Shenzhen Kejingstar Technology Ltd.,
Shenzhen, China) as the current collector, and the positive material loading was 1.66 mg/cm2. Then the
composite cathode was fabricated by coating the slurry of a mixture containing submicron LLZNO
powder and Polyvinylidene Fluoride (PVDF) with a weight ratio of 9:1 onto the positive electrode
layer. The composite cathode was punched into disks with 18 mm diameters after compacted by a
roller press (Shenzhen Kejingstar Technology Ltd., Shenzhen, China), and the density of composite
cathode was about 2.5 g/cm3. Quasi-solid-state batteries were assembled with two electrode coin
cells (type CR-2025) in a glove box filled with argon and with lithium metal foil (15 mm in diameter
and 1 mm thick, Shenzhen Kejingstar Technology Ltd., Shenzhen, China) as the negative current
collector. In addition, 20 μL of a liquid organic electrolyte (1 M LiPF6 dissolved in ethyl carbonate (EC)
and dimethyl carbonate (DMC) with a ratio of 1:1, CAPCHEM, Shenzhen, China [45]) was added to
improve the contact and reduce the interface impedance between the submicron LLZNO electrolyte
layer and the anode/cathode [46,47]. Compared with lithium-ion batteries, the added amount of liquid
organic electrolyte was small [48,49].
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2.3. Characterization

X-ray diffraction (XRD, Cu-Kα radiation, λ = 1.542 Å, Bruker D8 ADVANCE, Bruker AXS GmbH,
Karlsruhe, Germany) was used to determine the phase of the ceramics pellets at room temperature
within 10–60 ◦C with steps of 5 ◦C/min. Jade Software was used to match and analyze the phase of
the sample. The relative density of ceramics was measured by Archimedes’ method and deionized
water was used as the immersion medium. Meanwhile, the theoretical density of LLZNO, calculated
by the Jade Software, was 5.20 g/cm3, and the relative density was the measured density divided
by the theoretical density. The particle size and distribution of the powder were determined by
the laser diffraction particle-size test method (LD, Mastersizer 3000, Malvern Instruments Limited,
Malvern, UK), and the relative density, refractive index, and absorption rate of the LLZNO powder was
5.20 g/cm3, 1.4, and 0.1, respectively. The microtopography of the submicron LLZNO powder and cross
section of the ceramic pellets was observed by scanning electron microscope (SEM, TESCAN MIRA3
LMU, TESCAN Orsay Holding, a. s., Brno, Czech Republic). Energy dispersive spectrometer (Oxford
X-ray Max20, Oxford Instruments plc, Oxford, UK) mapping was used to characterize the distribution
of each element in the cross section of the ceramic pellets. The total lithium ion conductivity of the
ceramic pellets was measured by an Electrochemical Impedance Spectroscopy (EIS, Gamry Reference
600+, Gamry Instruments, Warminster, PA, USA) within a temperature range of 25–80 ◦C, within
the frequency of 10 Hz–5 MHz, and with an AC amplitude of 40 mV. The blocking electrode was
uniformly coated by a thin silver layer on both sides of the ceramic pellets. The activation energy of
the ceramic pellets was measured within a temperature range of 25–80 ◦C and calculated based on the
Arrhenius equation [16]. The quasi-solid-state batteries were tested under the battery charge-discharge
tester (BTS-5V3A, Neware Technology Co., Ltd., Shenzhen, China) at 25 ◦C, and current density was
0.02 mA/cm2.

3. Results and Discussions

The XRD pattern of the LLZNO powder is shown in Figure 2b and was identified as cubic phase
(PDF 63-0174). The LD result and SEM image of the LLZNO powder after the attrition milling process,
which demonstrated a submicron powder, are showed in Figure 2a and Table 1. The D(10), D(50),
D(90), and primary particle size of the submicron LLZNO powder were 0.43 μm, 0.59 μm, 0.812 μm,
and about 0.1 μm, respectively. The value of D(3,2) (0.575 μm) is similar to that of D(4,3) (0.607 μm),
which indicates that the prepared powder had a uniform particle-size distribution. In addition, the
powder also had a higher specific surface area (2007 m2/kg), which means that the powder had a high
sintering activity, which can promote crystal growth and the rapid densification of ceramics in the
sintering process.

Figure 2. (a) Particle-size distribution of the LLZNO powder after being attrition milled 2 h at 1000 rpm
and its SEM image and (b) XRD pattern of the LLZNO powder.
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Table 1. Laser particle-size test results of submicron-scale LLZNO powder.

Preparation
Condition

D10 (μm) D50 (μm) D90 (μm) D(3,2) (μm) D(4,3) (μm)
Specific Surface

Area (m2/kg)

Attrition milled
2 h @ 1000 rpm 0.430 0.590 0.812 0.575 0.607 2007

The XRD patterns of the LLZNO ceramic samples are showed in Figure 3. The phases of all the
prepared ceramic samples were identified as cubic phases (PDF 63-0174). The crystal parameters of the
different samples are showed in Table 2. The XRD patterns of the samples sintered at 1200 ◦C × 60 min
(SL1) and at 1100 ◦C × 360 min (SL5) showed a few impure phase peaks, mainly belonging to LiNbO3

(PDF 82-0459) and Li7NbO6 (PDF 29-0816), and due to the decomposition from the high sintering
activity of the LLZNO after having been sintered for too long at a high temperature. Moreover, these
impure phases decreased the total ionic conductivity of LLZNO ceramics by increasing the resistance
of the grain boundary.

Figure 3. XRD patterns of the LLZNO ceramics with different sintering conditions.

AC impedance plots and the enlargement of the LLZNO ceramic pellets under different sintering
conditions are showed in Figure 4a, b. The fitting curve of the sample sintered at 1200 ◦C for 30 min
(SL2) is showed in Figure 4c, and it consists of a quasi-semicircle at high frequency and a long diffusion
tail at low frequency. The equivalent circuit model Rb(RgbQgb)(RelQel), in which Rb, Rgb, and Rel are
resistances originating from the bulk, grain boundaries, and Ag electrodes, is used to fit the plots and
is shown in Figure 4d. The total ionic conductivity of the ceramics is mainly decided by Rb plus Rgb.
The total ionic conductivity and relative density of the LLZNO ceramic pellets are showed in Figure 4e
and Table 2. The highest total ionic conductivity (5.09 × 10−4 S·cm−1) of the LLZNO ceramic pellets
was obtained when sintered at a high temperature and for a short time (SL2, 1200 ◦C × 30 min), and its
relative density is 87.3%. This indicates that high-performance LLZNO ceramics are obtained when
sintered at high temperatures only for short sintering times. However, the total ionic conductivity
and relative density of ceramic pellets decreased and impure phases occurred when the sintering
time was prolonged at 1100 and 1200 ◦C. The lowest total ionic conductivity (0.35 × 10−4 S·cm−1) and
relative density (83.4%) were obtained when the ceramic pellets were sintered at 1100 ◦C for 360 min
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(SL5). Meanwhile, a higher total ionic conductivity (3.49 × 10−4 S·cm−1) and a higher relative density
(90.3%) of ceramic pellets (SL3, 1150 ◦C × 60 min) were obtained when sintered for 60 min from 1100 to
1200 ◦C, and this result indicates that, in this study, increasing the sintering temperature too much was
disadvantageous for obtaining LLZNO ceramics with good performance.

Table 2. Sintering condition, cell parameter, total ionic conductivity at 25 ◦C, activation energy, and
relative density of LLZNO ceramics.

Sample
Name

Sintering
Condition

Cell Parameter
(Å)

Total Ionic Conductivity
(10−4 S·cm−1), 25 ◦C

Activation
Energy (eV)

Relative
Density

SL−1 1200 ◦C × 60 min 12.8952 1.58 0.315 86.7%
SL−2 1200 ◦C × 30 min 12.8953 5.09 0.311 87.3%
SL−3 1150 ◦C × 60 min 12.9028 3.49 0.316 90.4%
SL−4 1100 ◦C × 60 min 12.8916 0.51 0.319 90.3%
SL−5 1100 ◦C × 360 min 12.8870 0.35 0.328 83.4%

Arrhenius plots and the linear fitting curve are showed in Figure 5a. The activation energy
of ceramics samples is showed in Figure 5b and Table 2, and their values are within the range of
0.31–0.33 eV. This indicates that there was no obvious effect on the activation energy of the ceramics
when the green pellets prepared from the submicron LLZNO powder were sintered. The variation
tendency of the activation energy was similar to the total ionic conductivity, and the lowest and the
highest activation energy was 0.311 eV (SL2, 1200 ◦C × 30 min) and 0.328 eV (SL5, 1100 ◦C × 360 min).

Figure 4. (a, b) AC impedance plots of the LLZNO ceramics with different sintering conditions at
25 ◦C; (c) AC impedance plots and fitting curve of SL2 at 25 ◦C; (d) equivalent circuit to fit the curves.
(e) Total conductivity and relative density of the LLZNO ceramics.
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Figure 5. (a) Arrhenius plots and fitting results and (b) the activation energy of different
LLZNO ceramics.

SEM images of cross sections of the LLZNO ceramics, which were sintered under different
conditions, are showed in Figure 6a–e. We found that the grain size of the ceramics that were sintered
for 60 min within a temperature range of 1100 to 1200 ◦C gradually increased from 1~5 μm (SL4,
1100 ◦C for 60 min, Figure 6d). A few of the grains were 5 μm and most of the grains were 100~200 μm
(SL3, 1150 ◦C for 60 min, Figure 6c), and finally, all grains were about 200 μm (SL1, 1200 ◦C for 60 min,
Figure 6a). Here, we found a mass of abnormal growth grains (AGGs) [50], as shown in Figure 6a,c,e,
and a mass of pores were distributed in the AGGs. Meanwhile, the total ionic conductivity was
lower when the AGGs were bigger. This was due to the submicron LLZNO powder having a high
sintering activity, which made the crystal grain of the LLZNO ceramics have a high specific surface
energy during the high-temperature sintering process, and promoted rapid grain growth and ceramic
densification in the sintering process. For the above reasons, the growth rate of the grains was higher
than the migration rate of the pores at the grain boundaries when the sintering temperature was higher
and the sintering time was longer and the pores could not be discharged from the grain boundaries and
finally stay on the inside of the AGGs. As a result, the bulk impedance of the crystal grains increased,
and the total ion conductivity was reduced. However, although the submicron LLZNO powder had
high sintering activity, the growth of grains could not be entirely promoted in a shorter sintering time
and at a lower temperature. Therefore, a mass of grains which stayed in the initial state are shown in
Figure 6d (SL4, 1100 ◦C × 60 min), and this was disadvantageous for lithium-ionic conduction due
to the incomplete surface of the LLZNO grains after the attrition milling process. Eventually, the
ceramic pellets showed a lower total ionic conductivity (0.51 × 10−4 S·cm−1). A cross-sectional SEM
image of the sample sintered at 1200 ◦C for 30 min (SL2) is showed in Figure 6b. It was found that
the grains grew uniformly (~4 μm), their surfaces were smooth without pores, and they bond tightly
with other grains. A highest ionic conductivity of 5.09 × 10−4 S·cm−1 was obtained, which indicates
that the submicron LLZNO powder had a higher sintering activity and high total ionic conductivity
LLZNO ceramic pellets could be obtained by sintered at a high temperature for only a short time.
At the same time, the LLZNO ceramic pellets which had a higher total ionic conductivity could also be
also obtained when the sintering temperature was properly reduced.

Figure 6f shows the SEM image and its EDS mapping, including La, Zr, and Nb in the cross section
of the LLZNO ceramic of 1200 ◦C× 30 min (SL2). The cross section of the sample exhibits a transgranular
fracture and an intergranular fracture, and the elements of La, Zr, and Nb are relatively uniformly
distributed, which indicates that the Nb element was successfully incorporated into the LLZO lattice.
This is also verified by the XRD result. However, the non-uniform distribution of Zr, La, and Nb exists
in the central part of the EDS mapping. This indicates that during high-temperature sintering element
segregation and depletion occurred due to the different migration rates of the elements.
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Figure 6. (a–e) SEM images of the cross-sectional microstructures of the ceramics that were sintered by
different particles sizes under different sintering conditions and (f) EDS mapping of LLZNO ceramics
section sintered at 1200 ◦C for 30 min.

The specific capacity and coulombic efficiency of quasi-solid-state batteries with LiMn2O4 as
the positive electrode after 50 cycles of a galvanostatic charge-discharge test at 25 ◦C are showed in
Figure 7a. The 1st, 2nd, 10th, 20th, and 50th galvanostatic charge-discharge curves of quasi-solid-state
batteries are showed in Figure 7b. The quasi-solid-state batteries showed good cycling performance at
a current density of 0.02 mA/cm2 and a voltage within 3.0–4.3 V. The first discharge specific capacity
was 106.4 mAh/g and the coulomb efficiency was 93.23%. The 2nd, 10th, 20th, and 50th discharge
specific capacities were 106.8 mAh/g, 105.3 mAh/g, 106.9 mAh/g, and 105.5 mAh/g, respectively. After
50 cycles of the galvanostatic charge-discharge test, the coulomb efficiency was maintained at about
95% and the capacity retention rate was 99.15%. The capacity of the batteries increased in the early
stage of the galvanostatic charge-discharge test, which may be caused by the activation of positive
material. This indicates that submicron LLZNO powder can be used in quasi-solid-state batteries,
and that the specific capacity and the cycling stability of quasi-solid-state batteries are relatively good.
Here, the electrochemical performance of quasi-solid-state batteries using submicron LLZNO powder
is only discussed, and further research will be carried out in the future.

Figure 7. (a) Specific capacity and coulombic efficiency and (b) the 1st, 2nd, 10th, 20th, and
50th galvanostatic charge-discharge curves of quasi-solid-state batteries with LiMn2O4 as the
positive electrode.
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4. Conclusions

In this study, we synthesized Nb-doped stabilized cubic-phase LLZO powder using the
conventional solid-state reaction and prepared submicron LLZNO powder using the attrition milling
process. Electrolyte ceramics prepared using submicron LLZNO powder can be sintered without
mother powder, which reduces the sintering temperature and shortens the sintering time. After being
sintered at 1150 ◦C for 60 min, the total ionic conductivity, relative density, and activation energy was
3.49 × 10−4 S·cm−1, 90.4%, and 0.316 eV, respectively. When sintered at 1200 ◦C for 30 min, we obtained
the highest total ionic conductivity of 5.09 × 10−4 S·cm−1, the relative density was 87.3%, and the
smallest activation energy was 0.311 eV. For the quasi-solid-state batteries assembled with submicron
LLZNO powder, the capacity retention rate was 99.15% and the specific capacity was 105.5 mAh/g after
50 cycles at room temperature with a current density of 0.02 mA/cm2. Therefore, we have presented a
simple method to reduce the waste of raw materials and energy used when sintering LLZO ceramics.
At the same time, the prepared submicron LLZO powder can also be applied in quasi-solid-state
batteries, with a good electrochemical performance.
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Abstract: Biomorphic Mn3O4 nanocrystal/porous carbon microfiber composites were hydrothermally
fabricated and subsequently calcined using cotton as a biotemplate. The as-prepared material
exhibited a specific capacitance of 140.8 F·g−1 at 0.25 A·g−1 and an excellent cycle stability with a
capacitance retention of 90.34% after 5000 cycles at 1 A·g−1. These characteristics were attributed
to the introduction of carbon fiber, the high specific surface area, and the optimized microstructure
inherited from the biomaterial.

Keywords: Mn3O4; carbon microfibers; biotemplate; microstructure; energy storage and conversion;
electrochemical properties

1. Introduction

Electrochemical supercapacitors (ESs) have many desirable properties, including long lifetime,
high power density, and high rate capability. Thus, ESs are attracting worldwide attention as an efficient
energy storage device for portable electronic devices and vehicles [1,2]. Transition metal oxides (TMOs)
such as CoOx, NiO, and MnOx have been extensively investigated as promising electrode materials
for ES applications. These oxides deliver higher specific capacitances than those of carbonaceous
materials due to reversible faradaic redox reactions [2]. Manganese oxide has been considered a highly
attractive TMO due to its high theoretical specific capacitance, good electrochemical stability, low cost,
and natural abundance [3]. MnOx-based composites with various microstructures and morphologies,
such as wires, sheets, tubes, and flowers, have been developed [4–7]. Although these active materials
exhibit enhanced pseudocapacitance properties, their low electronic conductivity and insufficient
interface contact can substantially reduce the experimental specific capacitance and hamper their
extensive commercial application.

To address these issues, scholars have proposed the fabrication of many MnOx/carbon composites
in recent years [8,9]. Among the carbon materials, using low-cost natural resources, biowaste, and food
waste are highly effective ways to achieve the large-scale production of electrode materials [10–12].
Natural biomaterials usually possess irregular microstructures that are difficult to duplicate, and these
structures are often highly suitable as energy storage materials. For example, cotton wool [6],
coconut shell [13], and human hair [14] have been introduced as excellent flexible carbon substrates
for hybrid composites. These materials exhibit high specific capacitance, good electronic conductivity,
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good cycle stability, and excellent flexibility. Therefore, a simple and cheap approach using porous
carbon microfiber (PCM) derived from cotton wool was studied in our work.

Herein, we prepared a biomorphic porous composite fabricated using Mn3O4 nanocrystals
supported on PCMs (Mn3O4/PCM) with cotton fiber as the biotemplate and carbon skeleton.
Benefitting from the unique morphology, large specific surface area, and existence of carbon fiber,
the as-prepared composites exhibit an excellent electrochemical performance.

2. Experimental

The preparation process of Mn3O4/PCM is schematically illustrated in Scheme 1. Dry cotton
wool (Xinghua health cotton wool Co. LTD, Xinghua, China) was cut into short pieces and carbonized
for 1 h at 350 ◦C under an argon atmosphere. The as-prepared sample is denoted as PCM. Then,
2.5 g PCM was immersed in 50 mL of 1 mol·L−1 Mn(NO3)2·6H2O solution. The dispersed solution was
transferred to a 100 mL autoclave and reacted for 12 h at 180 ◦C. The hydrothermal reaction product
was filtered, washed, dried, and annealed in a tubular furnace at 400 ◦C in air for 1 h, and the product
was labeled as Mn3O4/PCM. For comparison, pristine Mn3O4 was hydrothermally synthesized by
decomposing the solution of Mn(NO3)2·6H2O at 180 ◦C for 12 h without cotton.

Scheme 1. Illustration of the preparation process of Mn3O4/PCM (porous carbon microfiber).

Field emission scanning electron microscopy (FE-SEM) images were taken with a Zeiss Sigma
500 microscope (Carl Zeiss A G, Jena, German) and an Oxford X-Max energy dispersive spectroscope
(EDS, Oxford instruments, Oxford, UK). Transmission electron microscopy (TEM) images were taken
using a FEI Talos F200S microscope (Thermo fisher Scientific, Waltham, MA, USA) with an accelerating
voltage of 200 kV. Powder X-ray diffraction (XRD) patterns were obtained at ambient temperature on a
Rigaku Smart Lab 3 kW diffractometer (Rigaku, Tokyo, Japan) using Cu K radiation (λ = 1.5418 Å) under
an accelerating voltage of 36 kV. Raman spectroscopy was tested with the range of 300–2000 cm−1 on a
LABRAM HR-800 spectrometer (Horiba, Kyoto, Japan), and the excitation source was a 532 nm laser.
Specific surface area and porosity measurements were carried out on a Quantachrome Autosorb-iQ
instrument (Quantachrome instruments, Boynton Beach, FL, USA) using the Brunauer–Emmett–Teller
(BET) method. X-ray photoelectron spectroscopy (XPS) measurements were performed on a VG Escalab
MK II spectrometer (Thermo fisher Scientific, Waltham, MA, USA) with non-monochromatic Al Kα

X-ray (1486.6 eV). The TG-DTA were measured on an integrated thermal analyzer (TG, STA 449C,
NETZSCH-Gerätebau GmbH, Selb, Germany) with a 10 ◦C/min heating rate from room temperature to
750 ◦C under air atmosphere. The working electrode was prepared by mixing the prepared composites,
acetylene black, and polytetrafluoroethylene with a mass ratio of 75:15:10, while electrode of the bulk
Mn3O4 was 50:40:10. The net weight of Mn3O4 in electrodes was ~3 mg. Subsequently, the mixture
was coated onto a nickel foam current collector (1.5 cm2), pressed at 10 MPa, and dried under vacuum
at 60 ◦C. All the measurements were performed with a three-electrode system (Hg/HgO and platinum
as the reference and counter electrode, respectively) and a two-electrode system (Mn3O4/PCM and
commercial active carbon (CAC)) in 3 mol·L−1 KOH aqueous electrolyte.
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3. Results and Discussion

The carbon fiber of the cotton became remarkably porous after carbonization (Figure 1a).
The Mn3O4/PCM composite prepared using cotton as template had a tubular morphology (Figure 1b,c)
similar to cotton. At the start of the hydrothermal reaction, the cotton was immersed into the precursor
solution, the Mn2+ was partly oxidized to Mn3+ ions, and Mn3O4 formed. Mn ions were then bonded
onto the oxygen-rich group of the cotton fibers through O-H, C=O groups, and so on (Figure 1b) [15–17].
The size of nanocrystals increased from several to dozens of nanometers (Figure 1b,c) with a reaction
time from 5 h to 12 h. When the hydrothermal product was calcined at 400 ◦C, the precise replication
of cotton texture could be achieved after the removal of most of the template substance. Part of
the organic template was carbonized into a porous carbon stick with irregular pores (Figure 1d).
The high-resolution TEM (HRTEM) image (Figure 1e) clearly demonstrates that the biomorphic Mn3O4

was monocrystalline and derived from the lattice arrangement (inset of Figure 1e). The interplanar
spacing was about 0.25 nm for the {211} lattice planes. The distribution of Mn (44.8 wt.%), C (31.7 wt.%),
and O (23.5 wt.%) in the as-prepared sample was uniform (Figure 1f).

 

Figure 1. SEM images of (a) cotton and carbonized cotton fiber (inset in a); (b,c) Mn3O4 nanocrystals
grown on the PCM surface after 5 and 12 h, respectively. (d) Transmission electron microscopy (TEM)
image, (e) high-resolution TEM (HRTEM) image (inset is the SEAD graph), and (f) energy dispersive
spectroscopy (EDS) mappings of Mn3O4/PCM.

The XRD patterns of Mn3O4/PCM and bulk Mn3O4 are shown in Figure 2a. The diffraction peaks
of the composite can be ascribed to tetragonal Mn3O4 (JCPDS 18-0803) [18], and the diffraction peak at
25.24◦ was ascribed to the carbon fabric (graphitic carbon: JCPDS75-1621), which was marked with an
asterisk symbol (*). Raman characterizations (Figure 2b) showed features from Mn–O in 600–700 cm−1

and carbon fibers in the 1200-1600 cm−1 region in Mn3O4/PCM [4,9,16], while only an Mn–O peak at
lower wavenumber in Mn3O4.
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θ  

 

Figure 2. (a) XRD patterns, (b) Raman spectra, (c) nitrogen adsorption–desorption isotherms (inset
shows pore size distributions) of Mn3O4/PCM and bulk Mn3O4, and (d) TG-DTA curves of the product.

The N2 adsorption–desorption isotherm of Mn3O4/PCM exhibited a distinct H3 hysteresis loop
at p·p0

−1 > 0.40 (Figure 2c). The isotherms of composite and pristine Mn3O4 exhibited features
of mesoporous materials. The pore size distribution of Mn3O4/PCM appeared with a wide range
having two pore extremes at 24.2 and 82.5 nm. The BET specific surface area of the Mn3O4/PCM
was determined to be 51.9 m2·g−1, which was much larger than that of pristine Mn3O4 (10.8 m2·g−1).
The higher surface area and pore volume is beneficial to the contact of the electrolytes with the active
materials, and can further increase the electrochemical properties [6,8,10]. The TG-DTA curves of the
hydrothermal product are shown in Figure 2d. Two endothermic peaks were observed in the range
of 100-200 ◦C because of the adsorbed water. A weight loss of ~30% was found between 250 and
380 ◦C, which can be attributed to the decomposition of organic substances in cotton similar to other
biomorphic oxides [13,14].

As shown in Figure 3a,b, the cyclic voltammetry (CV) and galvanostatic charge–discharge (GCD)
curves of Mn3O4/PCM and bare Mn3O4 demonstrated that the electrochemical properties of the
former were better than those of the latter. The specific capacitances were calculated to be 120.8 and
52.2 F·g−1, respectively, which were attributed to the higher specific surface area of Mn3O4/PCM,
the existence of carbon fiber, and its special hierarchical porous morphology derived from the
biotemplate. As illustrated in Figure 3c, Mn3O4/PCM and pristine Mn3O4 had a pair of redox peaks
located at ~0.25 and ~0.4 V, which correspond to almost the same component and chemical conversion
between different manganese oxidation states in alkaline medium (Mn3O4 ⇔ MnOOH) [18,19].
The GCD curves of Mn3O4/PCM displayed remarkable pseudocapacitance properties. A slight
reduction of specific capacitance was noted at high current densities (Figure 3d), indicating that the
as-prepared composite has a good electrochemical stability [4,14].
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Figure 3. (a) Cyclic voltammetry (CV) curves at a scan rate of 80 mV·s−1; (b) galvanostatic
charge–discharge (GCD) curves at 0.5 A·g−1 of Mn3O4/PCM and bare Mn3O4; (c) CV curves of
Mn3O4/PCM at various scan rates; (d) GCD curves and specific capacitance at various current densities
of Mn3O4/PCM (inset in d); (e) Nyquist plots of Mn3O4/PCM and bare Mn3O4; (f) capacitance
retention of Mn3O4/PCM vs. cycle number at 1 A·g−1; (g) CV curves of Mn3O4/PCM and CAC
at 20 mV·s−1; and (h) Ragone plots of asymmetrical supercapacitor in MnOx-based two-electrodes
systems. CAC: commercial active carbon.
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The electrochemical impedance spectroscopy (EIS) measurements of the biomorphic Mn3O4/PCM
and bulk Mn3O4 are shown in Figure 3e. The charge-transfer resistance (Rct) (radius of the semicircle)
of biomorphic electrode (≤0.5 Ω) was obviously lower than that of pristine Mn3O4 (>0.6 Ω), suggesting
the substantially improved reaction kinetics (e.g., increased charge transfer rate) for microtubular
Mn3O4/PCM. The increase in rate enables additional rapid redox reaction and facilitates electron
transport, and thus improves the specific capacitance. As shown in Figure 3f, the long-term cycling
stability of Mn3O4/PCM electrode was tested at 1 A·g−1 for 5000 cycles. This result indicates that the
electrode maintained more than 90% of its initial value after 5000 cycles, suggesting the excellent cyclic
stability of the electrode. At the same time, the CV and GCD profiles after 5000 cycles migrated slightly
from values before cycling (Figure 3a,b). The superior electrochemical performance of Mn3O4/PCM
can be attributed to the special tubular morphology, high specific surface area, and porous carbon
microfibers inside.

After assembling into an asymmetric supercapacitor using the two-electrode system of
Mn3O4/PCM and CAC, the working voltage could be expanded to 0–1.4 V (Figure 3g) while
the three-electrode system was 0–0.6 V. As shown in Figure 3h, the specific capacitance of
Mn3O4/PCM||CAC was 110.8 F·g−1 at a current density of 1 A·g−1. The inset of Figure 3h is a Ragone
plot of the asymmetric electrode. The energy density of the cell configuration was 27.13 Wh·kg−1 at a
power density of 0.41 kW·kg−1. Even at a high power density of 4.76 kW·kg−1, the energy density
still maintained at 11.34 Wh·kg−1. Our results were better than previous reports concerned with
special morphologies of Mn3O4-based composites used as supercapacity electrodes (Figure 3h) [4,20].
There was still specific capacitance of 92.17% retained in the cell after 5000 cycles (inset of Figure 3h),
suggesting that the electrode has a high reversibility and good electrochemical stability.

4. Conclusions

This work successfully prepared a biomorphic Mn3O4/PCM composite via a simple hydrothermal
route by using cotton as a biotemplate. The as-obtained Mn3O4/PCM was composed of Mn3O4

nanocrystal-coated carbon fiber, inherited the morphology and microstructure of cotton, and exhibited
the excellent electrochemical properties of a specific capacitance of 140.8 F·g−1 at 0.25 A·g−1 and
long cycling life with 90.34% of the capacitance after 5000 cycles. This work provides an example of
the fabrication of biomorphic porous TMOs for developing promising electrode materials in energy
storage and conversion.
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Abstract: Graphene nano-walls (GNWs) are promising materials that can be used as an electrode in
electrochemical devices. We have grown GNWs by inductively-coupled plasma-enhanced chemical
vapor deposition on stainless steel (AISI304) substrate. In order to enhance the super-capacitive
properties of the electrodes, we have deposited a thin layer of MnO2 by electrodeposition method.
We studied the effect of annealing temperature on the electrochemical properties of the samples
between 70 ◦C and 600 ◦C. Best performance for supercapacitor applications was obtained
after annealing at 70 ◦C with a specific capacitance of 104 F·g−1 at 150 mV·s−1 and a cycling
stability of more than 14k cycles with excellent coulombic efficiency and 73% capacitance retention.
Electrochemical impedance spectroscopy, cyclic voltammetry, and galvanostatic charge/discharge
measurements reveal fast proton diffusion (1.3 × 10−13 cm2·s−1) and surface redox reaction after
annealing at 70 ◦C.

Keywords: inductively-coupled plasma; carbon nanostructures; electrochemical properties; thermal
annealing

1. Introduction

Carbon-based nanostructured electrodes are suitable for different electrochemical applications due
to their large surface area, thermal, and chemical stability, mechanical strength, and high conductivity.
Carbon nanotubes (CNTs), graphene, and graphene nano-walls (GNWs) are promising materials to
improve performance of different electrochemical devices such as sensors, batteries, electrochemical
capacitors, and fuel cells [1–6].

Among the different carbon nanostructures, graphene nano-walls is one of the most recently
developed and less investigated material. GNWs can be grown by different plasma enhanced chemical
vapor deposition (PECVD) techniques such as microwave PECVD (MW-PECVD) [7], capacitively-coupled
radio-frequency PECVD (CC-rf-PECVD) [8], direct current PECVD (DC-PECVD) [9], and inductively
coupled plasma enhanced chemical vapor deposition (ICP-CVD) [10]. ICP-CVD is one of the high plasma
density and large plasma volume techniques, which allow synthesizing GNWs at high deposition rates.
In addition, ICP-CVD has a simple geometry and operates at relatively low pressures. There are two
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geometric designs for ICP reactor known as planar and cylindrical coil geometry [11]. The main method
used in this work is the ICP-CVD method with a cylindrical coil geometry and substrate at floating
potential inside the plasma.

ICP-CVD allows the growth of GNWs on different substrates without the need of a diffusion
barrier nor a catalyst typically used for the growth of CNTs. Consequently, the synthesis process is
greatly simplified. The growth mechanism of GNWs is still under discussion, but the first stage seems
to be the deposition of an amorphous carbon layer on the substrate, which acts as a catalyst for the
growth of the nano-walls [1].

Carbon-based nanostructured electrodes such as GNWs are especially promising for supercapacitor
devices. These electrochemical devices present higher power density values than batteries as well as
higher energy density values than electrolytic capacitors. Supercapacitors are used and are under
development to improve the performance of electric vehicles, memory back-ups, and absorption of
high peak power transients. Recently, several articles have shown the promising properties of GNWs
as electrodes for electric double layer capacitors (EDLC). Researchers have been able to grow them
on metallic substrates [12–14], flexible substrates [15], controlling their surface functionalization [16],
their morphology [17], and obtaining high voltage energy storage devices [18]. However, very few
articles have explored the electrochemical properties of metal oxide/GNWs nanocomposites for energy
storage devices [19–21].

There are two main charging mechanisms in a super-capacitor such as electrostatic due to the
formation of an electric double layer at the interface between the solid electrode and the ions in
the electrolyte (double-layer capacitance), and through redox reactions near the surface region of
transition metal oxides or conductive polymers involving electrolyte ions (pseudo-capacitance).
In general, carbon electrodes have a higher contribution of double layer capacitance (DLC) than
pseudo-capacitance (PC) [22]. Due to their rich redox behavior, thermal and chemical stability,
transition metal oxides provide higher energy density than conventional carbon materials and better
electrochemical stability than polymer materials [23].

Among super-capacitive transition metal oxides, manganese dioxide is one of the most
investigated due to its environmental friendliness, cost, and low toxicity [23]. The proposed mechanism
for pseudo-capacitance in manganese oxides is described by the following equation [24].

MnOα(OC)β + δC+ + δe− ↔ MnOα−δ(OC)β+δ (1)

where C+ are protons or alkali metal cations (Li+, Na+, K+) in the electrolyte. In the case of
adsorption/desorption of protons, MnOα(OH)β and MnOα−δ(OH)β+δ indicate interfacial manganese
hydroxides at high and low oxidation states, respectively. A major drawback of manganese dioxide is
its low conductivity that reduces the charging/discharging rate of the electrode. Thus, a thin layer of
the oxide is deposited to minimize the series resistance. In addition, a thermal treatment may help
improve the contact between the transition metal oxide and the carbon-based nanostructured electrode
improving the charge transfer process [25]. Optimization of this thermal treatment allows maximum
charge/discharge rates without sacrificing electrochemical performance.

Different methods can be used to deposit and prepare MnO2, such as hydrothermal [26], sol
gel methods [24,27], and electrodeposition [24,27,28]. In previous studies, we have demonstrated
the excellent electrochemical performance of galvanostatically electrodeposited MnO2 on vertically
aligned carbon nanotubes (VACNTs) [28,29] as well as laser-coated MnO2-VACNTs [30]. In addition,
there is a need to reduce overall costs of electrochemical devices by the use of cost-effective current
collectors such as stainless-steel foil. This substrate has the advantages of being flexible, relatively
chemically stable, and with low resistance.

In this case, we have grown GNWs on stainless steel AISI304 (SS) by the ICP-CVD method, which
electrodeposited a thin layer of MnO2. Afterward, we have performed a thermal annealing process
to improve the electrochemical properties of the electrodes and analyzed their performance. A mild
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thermal treatment at 70 ◦C resulted in ultrafast charge/discharge rates without giving up performance
and stability.

2. Materials and Methods

2.1. Growth of GNWs and MnO2/GNWs

Graphene nano-walls were synthesized on the SS substrate (100 μm thick and about 2 cm2

geometrical area) using an inductively coupled plasma chemical vapor deposition (ICP-CVD)
(13.56 MHz, power 440 W) system [31] consisting on a long quartz tube (Vidrasa S.A., Ripollet,
Spain) having a radio-frequency resonator (homemade), for producing remote plasma, and a tubular
oven (PID Eng & Tech S.L., Madrid, Spain) working up to 1100 ◦C, 20 cm away from the quartz tube
(Figure 1).

 
Figure 1. Schematic drawing of the ICP-CVD tubular reactor for producing carbon structures.
The reactor is composed of a quartz tube, an oven, and a coil connected to an RF power supply.
The sample is placed in the middle of the oven. The system is evacuated with a primary rotatory pump
and the pressure were analyzed with a pressure meter. The temperature is measured by means of two
thermocouples. Different gases can be introduced through an inlet at one end of the quartz tube. OES:
Optical Emission Spectroscopy device to study the emission of plasma generated species.

The sample was placed inside the quartz tubular reactor, which was evacuated down to a pressure
below 1 Pa and heated up to 750 ◦C. Then, pure methane (99.995%) was introduced as a precursor gas
at one end of the quartz tube (10 sccm) and the pressure was maintained in the range of 50 to 60 Pa.
Under these conditions, plasma was ignited at an RF power of 440 W for 40 min. Lastly, the sample
was cooled down to room temperature for 30 min. The areal density of the GNWs was measured with
a microbalance and found to be about 58 μg·cm−2.

The electrochemical deposition was carried out using a galvanostatic method described
elsewhere [28]. GNWs were used as anode and a graphite electrode as the cathode in a 0.2 M
Na2SO4 aqueous solution with about 4 cm separation between electrodes. About 0.5 cm3 of a 0.2 M
MnSO4·H2O solution was added drop wise to the electrolyte through a hole in the cathode applying
1 mA·cm−2 for 2 min [32]. After this process and previous to the heat treatment, the loading mass
of MnO2 was determined by UV–vis spectrophotometry (PerkinElmer Inc., Shelton, CT, USA). First,
MnO2 was dissolved in concentrated nitric acid. Then, manganese ions were oxidized to MnO4

− using
K2S2O8 and AgNO3. From the characteristic absorbance maximum at 525 nm, the concentration of
MnO4

− could be determined. From this value, the mass loading of MnO2 was calculated, which was
about 16 μg [32] (see supplementary information, Figure S1).

The MnO2/GNWs samples were annealed at different temperatures to study their electrochemical
performance: 70 ◦C, 200 ◦C, and 600 ◦C. The annealing process was carried out for 20 min under an
argon atmosphere to avoid oxidation of the SS substrate. MnO2/GNWs without annealing (room
temperature) and bare GNWs samples were also characterized for a comparison.
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2.2. Samples Characterization

The microstructure and morphologies of the grown samples were investigated using field emission
scanning electron microscopy (SEM) (JEOL JSM-7001F, operated at 20 kV, JEOL Ltd., Tokyo, Japan)
and transmission electron microscopy (TEM) (JEOL 1010, operated at 200 kV, JEOL Ltd.). The carbon
structures were transferred to the TEM grid by simply scratching off from the substrates.

XPS (X-ray photoelectron spectroscopy) experiments were performed in a PHI 5500 Multi-Technique
System (Physical Electronics, Chanhassen, MN, USA) with a monochromatic X-ray source (Aluminium
Kalfa line of 1486.6 eV energy and 350 W), placed perpendicular to the analyzer axis, and calibrated using
the 3d5/2 line of Ag with a fullwidth at half maximum (FWHM) of 0.8 eV. The analyzed area was a
circle of 0.8 mm diameter, and the selected resolution for the spectra was 187.5 eV of pass energy and
0.8 eV/step for the general spectra and 11.75 eV of pass energy and 0.05 eV/step for the spectra of the
different elements in the depth profile spectra. All measurements were made in an ultra-high vacuum
(UHV) chamber pressure between 5 × 10−9 and 2 × 10−8 torr.

The physical and chemical characteristics of, as grown structures, were studied by Raman
spectroscopy using a microscope HR800 (LabRam) (HORIBA France SAS, Palaiseau, France) with a
532 nm solid-state laser (5 mW laser power).

The electrochemical properties of the samples were analyzed by using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), and galvanostatic charge/discharge (GCD) cycling in a
1 M Na2SO4 aqueous solution using a potentiostat/galvanostat (AutoLab, PGSTAT30, Eco Chemie
B.V., Utrecht, The Netherlands). All experiments were carried out at room temperature in a typical
three-electrode cell. A Ag/AgCl electrode (3 M KCl internal solution) and a Pt-ring electrode were
used as the reference and counter electrode, respectively. The working electrode was a sample of
GNWs or MnO2/GNWs nanocomposite. The geometrical area of the working electrode was set to a
constant value of 0.57 cm2.

The CV analysis was performed using a voltage window of 0.0 to 0.7 V vs. Ag/AgCl at scan rates
between 10 and 150 mV·s−1. An alternating voltage of 10 mV amplitude was applied to the samples
between 1 Hz and 100 kHz for the EIS analysis. Lastly, several thousands of charge/discharge cycles
were applied to the samples between 0.7 V and 0.0 V vs. Ag/AgCl at different current densities.

3. Results

3.1. Morphological and Structural Characterization

Figure 2a shows a top view image of bare GNWs grown on SS. The nano-walls are homogeneously
distributed and present an open structure with voids between the nano-walls. Their length is of several
hundreds of nanometers and a few nanometer thick (about 10 graphene layers, see Figure 2e,f).

After deposition of MnO2, a layer of the oxide is observed coating the nano-walls. The presence of
manganese and oxygen was determined by EDX (energy dispersive X-ray spectroscopy) and XPS [29]
(see Figures S2 and S3 in supplementary information for more details). For samples without thermal
treatment and annealed at 200 ◦C or below (Figure 2b,c, respectively), the open structure of the
nano-walls is still recognized. However, a completely different morphology is presented by the sample
annealed at 600 ◦C (Figure 2d) with a homogeneous layer of the oxide covering the nano-walls without
visible voids and with a more compact structure.

Raman spectra of bare GNWs show typical D and G bands at 1346 cm−1 and 1587 cm−1 (Figure 3).
The large number of defects (high D-peak) is associated with the plasma deposition technique. A shoulder
appears next to the G band at 1616 cm−1 (D’ band) related to the finite size of graphite crystals and
graphene edges [33]. Furthermore, the presence of a peak at 2700 cm−1 (2D) and I2D/IG = 0.8 confirms
the presence of few-layered graphene in accordance with TEM images (Figure 2e,f). An additional peak
appears at 2940 cm−1 related to sp2 CH stretching vibrations [34]. MnO2/GNWs samples without and
with annealing at different temperatures show similar Raman spectra, which indicate little or no alteration
of the graphene nano-walls structure after MnO2 deposition and thermal treatment (Figure 3). Main D
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and G bands are clearly recognized for all the samples without big differences between them. However,
unlike the bare GNWs sample, the D’ shoulder is not appreciable for these samples. In addition, 2D and
D + G bands appear much weaker than for bare GNWs sample due to the presence of MnO2 coating on
the surface and edges of the nano-walls. No specific bands of MnO2 are recorded, likely due to its low
loading, low crystallinity, and/or small crystal size [30].

Figure 2. SEM images of GNWs grown on SS, (a) MnO2/GNWs without thermal treatment,
(b) MnO2/GNWs with annealing at 200 ◦C (c) and 600 ◦C (d). TEM images of as grown GNWs (e),
(f). Arrows indicate thickness of the nano-walls. Scale bars correspond to 500 nm in (a–d). 100 nm in (e)
and 10 nm in (f).

Figure 3. Raman spectra of GNWs grown on SS and MnO2/GNWs samples without annealing and
Argon annealing at 200 and 600 ◦C.
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3.2. Electrochemical Performance

The average specific capacitance of the samples was obtained from the cyclic voltammograms
applying Equation (2).

Cs =
qa +

∣∣qc

∣∣
2mΔV

(2)

where Cs is the average specific capacitance in F·g−1, qa and qc are the anodic and cathodic charges,
respectively in C. m is the mass of MnO2/GNWs composite in g and ΔV the applied voltage window
in V.

Alternatively, the specific capacitance was also obtained from galvanostatic discharge curves,
according to the following equation.

Cs =
I

(ΔV/Δt)m
(3)

where Cs and m have the same meaning and units, as previously shown (Equation (2)). ΔV is the
voltage difference during the discharge in V and Δt the discharge time in s. I is the current applied
during discharge in A.

Cyclic voltammograms of the samples exhibit a rectangular shape that indicates the capacitive
nature of the GNWs and the MnO2/GNWs nanocomposites (Figure 4a,b). Deposition of MnO2

increases the current density of MnO2/GNWs by a factor greater than 20 compared to bare GNWs
samples due to the pseudocapacitive effect of the transition metal oxide (Figure 4b).

Figure 4. (a) Cyclic voltammograms of MnO2/GNWs sample annealed at 70 ◦C using scan rates 10, 20,
30, 40, 50, 100, and 150 mV·s−1. (b) Bare GNWs and MnO2/GNWs sample annealed at 70 ◦C using a
scan rate of 50 mV·s−1 and a voltage window between 0.0 to 0.7 V vs. Ag/AgCl. Arrows indicate the
direction of the scan.

At a scan rate of 10 mV·s−1, MnO2/GNWs sample without annealing provides the highest specific
capacitance (SC) of 133 F·g−1 (Figure 5). However, at high scan rates (150 mV·s−1), the highest SC is
presented by MnO2/GNWs sample annealed at 70 ◦C (104 F·g−1). Galvanostatic charge/discharge
measurements are in agreement with these results. Figure 6 shows the galvanostatic charge/discharge
curves for the sample annealed at 70 ◦C. The symmetrical triangular shape of the curves indicate
excellent coulombic efficiency (>97%). The capacitance increases slightly with the current density (see
inset graph in Figure 6), as observed from CV measurements (Figure 5). In addition, this sample also
shows the highest cycling stability at high current densities (5 A·g−1) after 10,000 cycles and excellent
cycling stability at low current densities (1 A·g−1) (Figure 7). The sample without thermal treatment
shows a capacitance retention of only 50% at 3 A·g−1 after 10k cycles, and the rest of the samples
present even poorer performance in comparison to the sample annealed at 70 ◦C.
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Figure 5. Specific capacitance of bare GNWs and MnO2/GNWs samples without (room T) and with
annealing at different temperatures versus the scan rate.

Figure 6. Galvanostatic charge/discharge curves of MnO2/GNWs sample annealed at 70 ◦C.
The values obtained agree with those from CV measurements and show excellent coulombic efficiency
(>97%) at high current densities (see inset graph), which were indicated by the symmetry of the
charge/discharge curves.

3.3. Impedance Spectroscopy

Further information about the electrochemical processes taking place at the interfaces and bulk of
the electrode materials can be obtained by means of electrochemical impedance spectroscopy.

The Nyquist plot of the samples is in accordance with their morphology and show the typical
behavior for capacitive porous electrodes (Figure 8). A modified Randles circuit can be used to fit
the experimental data of MnO2/GNWs [35] (Figure 8), which describe charge storage and transfer
properties of the different interfaces and bulk of the electrode/electrolyte system. The equivalent circuit
consist of capacitances (C) and resistances (R) in series and/or parallel configuration. The internal
resistance of the cell is given by RS, which corresponds to the intersection point with the real axis at
high frequencies in the Nyquist spectra (inset in Figure 8). The charge transfer resistance between the
electrode and the electrolyte is represented by RCT. The double layer capacitance connected in parallel
is given by CDL. In the mid-frequency region of the spectrum, a Warburg element (WO) describes
diffusion processes of the ions through the porous structure of the electrodes, which is expressed as
A/(jω)n, where A is the Warburg coefficient, n is an exponent, and ω is the angular frequency. At low
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frequencies, the spectra show an almost straight line parallel to the imaginary axis, which is related
to a perfect polarized capacitive behavior described by mass capacitance (CL), which is connected in
parallel to a leakage resistance (RL) [36]. For the GNWs sample, a more simple circuit was used, which
was composed of a resistance (RS) in series with a constant phase element describing an almost ideal
capacitive behavior.

Figure 7. Cycling stability at different current densities (1 and 5 A·g−1) of MnO2/GNWs sample
annealed at 70 ◦C. At 1 A·g−1, the capacitance retention remains almost constant and around 100%
throughout 10k cycles. At 5 A·g−1, capacitance retention decreases down to 75% after 10k cycles and
the coulombic efficiency is >98% throughout the whole measurement for both current densities.

Ω Ω
ω

Ω Ω

Figure 8. Nyquist plot of the samples: bare GNWs and MnO2/GNWs nanocomposite without
annealing (room T) and annealed at 70 ◦C, 200 ◦C, and 600 ◦C. Inset shows real axis intercection
and the modified Randles equivalent circuit used to fit the data of MnO2/GNWs.

The whole spectra (1 Hz to 100 kHz) were fitted using ZVIEW software (Version 2.1, Scribner
Associates, Inc., Southern Pines, NC, USA) and the equivalent circuit parameters obtained for
MnO2/GNWs are shown in Table 1. GNWs presented a series resistance of 0.4 Ω·cm2 and a double
layer capacitance of about 5 F·g−1, in accordance with CV measurements.

114



Materials 2019, 12, 483

Table 1. Equivalent circuit parameters obtained from fitting the EIS data of MnO2/GNWs nanocomposites.

Electrode Materal/
Annealing T (◦C)

RS

(Ω·cm2)
RCT

(Ω·cm2)
W0 = A/(jω)n

A (Ω·s−n) n
CDL

(F·g−1)
RL

(Ω·cm2)
CL

(F·g−1)

MnO2/GNWs/- 0.7 0.9 490 0.54 6.7 637 206
MnO2/GNWs/70 0.6 0.1 8.52 0.65 25 195 231

MnO2/GNWs/200 0.7 1.5 101 0.60 0.63 124 14
MnO2/GNWs/600 0.5 0.6 923 0.61 0.84 4.3 187

Although ions from the bulk solution are transported throughout the porous electrode, it is known
that proton diffusion inside the MnO2 lattice is a key step during charge/discharge [37]. Since the
concentration of Na2SO4 is high, it is assumed that the diffusion of electrolyte ions through the porous
electrode is fast in comparison to the diffusion of protons through the MnO2 lattice and, therefore,
proton diffusion is the rate-determining step in the low frequency region. Thus, the proton diffusion
coefficient (D) can be obtained from the slope of the Z’ vs. ω1/2 plot (Figure 9b) through the following
equation [38,39].

D =
R2T2M2

2A2n4F4σ2
(4)

where R is the gas constant in J·mol−1·K−1, T is the temperature in K, M is the molar volume (taken
as 17.30 cm3·mol−1 for MnO2), A is the geometric area of the electrode in cm2, n is the number of
electrons involved in the reaction, F is the Faraday constant in C·mol−1, and σ is the slope of Figure 9b
in Ω·s−1/2. The maximum proton diffusion coefficient is obtained for the sample annealed at 70 ◦C
with a value of 1.3 × 10−13 cm2·s−1.

The relaxation time constant (τ0) can be obtained from the C” vs. frequency plot (Figure 9a) using
Equation (5) [36,40].

C′′ =
Z′

2πf|Z|2 (5)

where C” is the imaginary part of the capacitance in F·cm2, Z’ is the real part of the impedance in
Ω·cm2, f is the frequency in Hz, and |Z| is the modulus of the impedance in Ω·cm2. The position of
the maximum in Figure 9a provides the characteristic frequency, which is the inverse of τ0. The fastest
relaxation time was 25 ms, which is obtained for the sample annealed at 70 ◦C.

Figure 9. (a) C” vs. frequency plot to determine the relaxation time constant; (b) Z’ vs. ω1/2 plot to
evaluate the diffusion coefficient of MnO2/GNWs heated at 70 ◦C.

4. Discussion

The heat-treated samples are expected to show lower open porosity and lower surface area,
especially those heated at high temperatures above 200 ◦C. In addition, it has been suggested that
high scan rates limits proton and Na+ ion diffusion and makes some pores and voids inaccessible [41],
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which implies a decrease in SC with a scan rate. It is also known that a heat treatment below 220 ◦C
removes water and trace amounts of oxygen [42], and, around 500 ◦C, a transition occurs from α-MnO2

to crystalline Mn2O3 by loss of oxygen (chemical transformation) [42–44], which explains the low SC of
the samples treated above 200 ◦C. However, the sample annealed at 70 ◦C shows a particular behavior
increasing its SC with the scan rate (Figure 5 and inset graph in Figure 6). This phenomenon has
already been reported previously and has been assigned to an excellent contact between the porous
collector (GNWs in this case) and the oxide that allows efficient access of both electrons and ions to
afford a fast redox reaction at high scan rates [45]. This redox process takes place at the surface of
MnO2 where only a thin layer of MnO2 is involved and is electrochemically active [46].

Clearly, high annealing temperatures drastically reduce the capacitance due to the removal of
bound water and lower open porosity of the electrode [41]. A mild treatment at 70 ◦C improves the
SC and provides a better cycling stability even at high current densities (Figure 7). The Coulombic
efficiency for this sample remained above 98% even after 10 k cycles at 1 and 5 A g−1, and the
capacitance retention was excellent at 1 A·g−1 and 75% at 5 A·g−1.

The cycling stability of manganese oxides is mainly controlled by their microstructure (physical
property), while their specific capacitance is governed primarily by their chemically hydrous state [47].
Thus, when the annealing temperature is too high (above 200 ◦C), the hydrous state is reduced and,
without annealing or at low temperatures, the microstructure is not as stable as after a heat treatment.
Optimum conditions are found at 70 ◦C annealing temperature.

As expected, the series resistance values are similar to all the samples, which are related to
the electrolyte resistance, cables, and contact resistances of the cell [12] (Table 1). Due to the low
conductivity of MnO2, the RS value increases slightly after its deposition. However, after heating the
sample at 600 ◦C, this value decreases again, probably due to detachment of the oxide layer from the
GNWs exposing the nanocarbon material to the electrolyte. The charge transfer resistance presents
its lowest value after annealing the MnO2/GNWs at 70 ◦C. It is assumed that this mild temperature
allows better contact of the oxide with the GNWs and avoids fast water evaporation that can result in
big voids, cracks, and bad adhesion between oxide and GNWs. This is probably the case for the sample
annealed at 200 ◦C. At higher temperatures, the RCT decreases again due to the increased diffusivity of
the metal-oxide ions during annealing that result in better contact between GNWs and MnO2. Both
double layer capacitance and mass capacitance have its maximum after annealing at 70 ◦C, which
correlates with the cyclic voltammetry results. The leakage resistance diminishes with an increasing
annealing temperature. The origin of this resistance is usually related to some faradaic process [22],
and may be related to chemical reactions or phase changes of the manganese oxide. At annealing
temperatures below 500 ◦C, there is a loss of water and a slight loss of oxygen [48], while a phase
change from α-MnO2 to Mn2O3 takes place above 500 ◦C [47]. Lower resistance implies higher leaking
currents and poor performance. Hence, low annealing temperatures should be used. The Warburg
coefficient presents its lowest value for the sample annealed at 70 ◦C. The exponent n is usually 0.5 for
porous carbon electrodes. The high value of 0.65 obtained for the 70 ◦C annealed sample signifies that
ion diffusion takes place only at the surface of the electrode and does not behave as a typical porous
electrode [35]. This result is in accordance with the proton diffusion coefficient (D) obtained from the
slope of the Z’ vs. ω1/2 plot (Figure 9a).

In agreement with previously reported values [37], the obtained proton diffusion coefficients in
manganese dioxide range from 3.3·× 10−16 to 2.4·× 10−15 cm2·s−1 for all the samples except for the
one annealed at 70 ◦C, which presents a value of 1.3·× 10−13 cm2·s−1. The fast diffusion of protons in
this sample is in accordance with the low Warburg coefficient and high n value obtained (Table 1).

The relaxation time is related to the power delivery and, ideally, should be as small as possible.
The shortest relaxation time is obtained after annealing at 70 ◦C (Figure 9a), which facilitates fast rate
performance during charge/discharge cycles.

Hassan et al. [21] also measured the capacitive properties of MnO2/carbon nano-walls (CNWs)
composite on nickel foam, and obtained an SC of about 310 F·g−1 at 150 mV·s−1 considering the mass
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of MnO2 only. In this work, we obtained an SC of 278 F·g−1 (considering the mass of MnO2 only) at
150 mV·s−1 for the sample annealed at 70 ◦C. The two values are similar, but, in this case, we used SS
as a substrate, which is more cost-effective.

In summary, graphene nano-walls have been successfully grown on conductive and flexible
stainless steel substrate by ICP-CVD method. Galvanostatic electrodeposition of MnO2 increases the
SC of the samples up to 133 F·g−1 at 10 mV·s−1 for the sample without thermal treatment. However,
after a mild annealing at 70 ◦C, the MnO2/GNWs nanocomposite exhibits optimum electrochemical
performance, i.e., small charge transfer resistance, high cycling stability, excellent coulombic efficiency,
and SC even at high charge/discharge rates, which is related to optimum contact between GNWs and
MnO2 and fast surface redox reactions. In accordance with these results, a maximum in the proton
diffusion coefficient and short relaxation time is found at 70 ◦C annealing temperature, which suggests
fast surface diffusion processes. Samples annealed above 200 ◦C show low SC and stability due to
the reduced open porosity, bound water removal from manganese oxide, and faradaic reactions or
phase changes.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/3/483/s1,
Figure S1: Calibration curve for the determination of manganese dioxide in the samples. The absorbance maximum
at 525 nm is plotted against the concentration of MnO4

− in aqueous solution, Figure S2: Energy dispersive x-ray
spectrum of a MnO2/GNWs composite sample after galvanostatic electrodeposition of MnO2, Figure S3: XPS
spectra of galvanostatically electrodeposited MnO2 without thermal treatment.
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Abstract: Zeolitic Imidazolate Framework (ZIF-67) was prepared in two different solvents—water
and methanol. Nanoporous carbon was derived from ZIF-67 via pyrolysis in an inert atmosphere.
Anion exchange step of sulfidation on the synthesized material has a great influence on the
structure and properties. Structural morphology and thermal stability were characterized by X-ray
diffraction (XRD), scanning electron microscopy (SEM)/energy dispersive x-ray spectroscopy (EDS),
Brunauer-Emmett-Teller (BET), and thermogravimetric (TG) analysis. The electrochemical analysis
was evaluated by cyclic voltammetry, chronopotentiometry, and impedance analysis. The as-prepared
nanoporous carbon and cobalt sulfide (NPC/CS) electrode material (water) in 2M KOH electrolyte
solution exhibit high specific capacitance of 677 F/g. The excellent electrochemical performance of the
NPC/CS was attributed to its hierarchical structure. This functionalized ZIF driven strategy paves
the way to the preparation of various metal oxide and metal sulfide-based nanoheterostructures by
varying the type of metal.

Keywords: ZIF-67; water; methanol; sulfidation; specific capacitance

1. Introduction

With the affluence of the energy industry, several countries have paid much attention to the
advancement of power sources. Presently, studies on supercapacitors are rare, compared to the energy
storage devices of batteries. As an alternative energy source, supercapacitors have the advantages of
high power density, long cyclic stability, and low-cost [1–3]. The main four parts of a supercapacitor
are electrode material, electrolyte, separator, and collector. Electrode material exhibits a primary role
in the performance of the supercapacitors [4,5].

Among the reported electrode materials for the supercapacitors, metallic oxides and metallic
hydroxides have very good theoretical specific capacity but they have very poor electrical conductivity
and poor cyclic stability [6]. At present, metallic sulfides have gained many attractions for the
applications in supercapacitors as they have very good specific capacitance and electrical conductivity,
supporting the improved electrochemical features [7]. Metalic sulfides electrode materials have a high
reversible Faradic reaction at the electrode/electrolyte interface that occurs during the charge transfer
process. A number of sulfides use supercapacitor applications, i.e., MnS [8], CuS [9], MoS [10], CoS [11],
NiS [12], as well as bimetallic sulfides such as NiCo2S4 [7]; although, the enhancement in surface area,
porosity, and mechanical support can improve the electrochemical properties of the metallic sulfides.
For that purpose, graphene/graphene oxide and metallic sulfide-based composed like NiS/reduced GO,
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Co3S4 growth on graphene have been reported as a promising electrode material for the applications
in supercapacitors [11].

The metal-organic frameworks (MOFs) have deployed a great sway in the development of
supercapacitors since the MOFs were formed in the late 1990s [13]. Excessive consideration was paid to
ZIF-67 just because of its polyhedral framework. Due to the number of porosities, considerable surface
area, small density, thermal, and chemical stabilities [1], ZIFs represent a breakthrough in the various
applications comprising adsorption/separation [14,15], sensors [16], catalysis [17], gas storage [18],
and drug delivery [19].

Metal-organic framework (MOF) (and by extension, ZIFs) is a class of nanoporous material that
is assembled by coordinated bonds between the two main components—metal ions and organic
linker—to shape a 3D porous assembly [4]. Tremendous porosity and surface area, exceptional pore
size, and chemical permanency, in ZIFs like ZIF-8 and ZIF-67, are extensively useful in numerous
applications such as gas storage [2], separation technologies [14], catalysis [16], and energy-related
fields [1]. ZIFs with particle-like morphology remained dominant in use so far, and it has been
an eye-catching task to control their framework. It is commonly believed that different structural
evaluation stages, like the first formation of nucleation, initiation crystallization, and then growth,
are tangled in the crystallization of ZIFs [2]. In recent times, a new 2D leaf-like structure was
prepared by using metal ions of zinc and the linker 2–methylimidazole. It is well acknowledged that
morphology and particle size have a great effect on both the extensive and intensive characteristics of
the material [20,21]. ZIFs derived nanoporous carbon (NPC) and metal oxide (MO) based material has
a synergistic effect of both carbon-based material and metallic oxide. Furthermore, in comparison with
the metal oxide-based material, metal sulfide-based electrode materials have superior electrocatalytic
activity [22,23].

In the present work, we synthesized cobalt sulfide onto the nanoporous carbon to positively
incorporate the synergistic effect towards the electrical conductivity and stability in two different
solvents. Here we demonstrated, the 2D leaf-like morphology exhibits the superior capacity and
the best electrochemical performance. Effect of solvent i.e., water and methanol, on the synthesis of
ZIF-67-derived nanoporous carbon and cobalt sulfide-based electrode, and then measured specific
capacitance, is also investigated for the application in supercapacitor.

2. Materials and Methods

2.1. Chemicals

Metal ion used is cobalt nitrate hexahydrate (Co(NO3)2·6H2O, 99%), and the linker is
2–Methylimidazole (99%) were used. All the chemicals were purchased from Sigma Aldrich/Merck,
have analytical purity and used as received.

2.2. Synthesis of ZIF-67

For the synthesis of ZIF-67, the following scheme was used; 0.873 g of cobalt nitrate hexahydrate
was dissolved in 30 mL of methanol to form a clear solution; 0.984 g of organic linker 2–Methylimidazole
was dissolved in 10 mL of methanol to make another clear solution. The two solutions mixed with
a vigorous shake of a few minutes. The mixed solution was kept overnight at room temperature.
Thenceforth, centrifugation is used to collect the precipitates followed by multiple washes using
methanol and dried up at 80 ◦C for 6 hours. The same experimental procedure was used to synthesis
ZIF-67 using deionized water.

2.3. Preparation of Nanoporous Carbon (NPC) and Cobalt Oxide (CO)

The dried powder ZIF-67 particles were heated at 350 ◦C for 1.5 hours, raised to 700 ◦C at a ramp
rate of 4 ◦C per minute, followed by pyrolysis for 3.5 hours under a flowing argon atmosphere. Next,
the prepared black fluffy powder was cooled to room temperature naturally.
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2.4. Preparation of Nanoporous Carbon (NPC) and Cobalt Sulfide (CS)

Aqueous suspension of nanoporous carbon-containing cobalt oxide was stirred in 0.015M sodium
sulfide for 30 minutes, and then solution mixture transferred to a stainless steel autoclave of Teflon-lined
and heated at 120 ◦C for 6 hours. As obtained precipitates washed and dried.

2.5. Material Characterization

The surface morphological analysis of the polyhedral structure was described by field emission
scanning electron microscopy (VEGA3, 51–ADD0007) (Tescan, Brno, Czech Republic). The identification
of a crystalline structure was elucidated by X-ray diffraction on a diffractometer (D8 Advance, CuKR,
λ = 1.54Å) (Bruker, Karlsruhe, Germany). The thermogravimetric analysis was conducted on a
DTG–60H (Shimadzu, Kyoto, Japan) instrument in the temperature range of room temperature to
800 ◦C. The surface areas and porous structure of synthesized NPC/CO and NPC/CS were measured
by Brunauer–Emmett–Teller analysis using NovaWin 20e (Quantachrome, Virginia, USA) instrument
at a relative pressure p/po = 0–1.0 and the samples were degassed at 160 ◦C under the vacuum.

2.6. Electrochemical Testing

The electrochemical measurements of the prepared samples were performed on an electrochemical
workstation CHI 760E (CH Instrument, Texas, USA) with a setup of three electrodes. A reference
electrode Ag/AgCl (SC) and a counter electrode of a platinum coil are used. To prepare the ink for the
working electrode (GC), the following scheme was used; catalyst (2 mg) was dispersed ultrasonically
for 1 to 2 hours in 0.08 mL of ethanol solution with 0.02 mL of Nafion solution (5 wt. %) to form
a homogeneous ink. Then, the polished glassy carbon electrode (3 mm diameter) was coated by
dropping the suspension (5 μL).

Electrochemical impedance spectroscopy (EIS) used a frequency field of 1 to 100 kHz in 2 M
KOH solution. Cyclic voltammetry was performed within the potential window of 0.5 V in 2 M KOH
solution with various sweep rates of 10, 20, 50, 80, and 100 mV s−1. The chronopotentiometry technique
is used to measure the charge-discharge curve at 0.01 mA cathodic current to obtain the discharge time
in the potential window of 0.35 V.

3. Results

3.1. Morphology/Structural Analysis

The framework and surface morphology of the as-prepared specimen were explored on SEM
(Figure 1). Metal-organic framework (MOF) ZIF-67 displayed a different framework of structure
with a different solvent. ZIF-67 prepared in methanol exhibits well-defined polyhedrons with a
smooth surface. The shape of ZIF-67 showed typical and uniform rhombic dodecahedron assembly,
which is consistent with the morphology of ZIF-67 in the literature [4]. The synthesized product with
water as a solvent (Figure 1a) showed 2D leaf-like morphology, and the side length of this leaf-like
morphology is approximately 2.498 micron. In Figure 1d, in the rhombic face, the side length is
~430 nm. The appearance of each rhombic face is smooth, proposing high purity of the as-prepared
product ZIF-67. Furthermore, the sharp edges and clear-cut corners of ZIF-67 particles (see Figure 1d)
demonstrate the ascertaining of the crystallography characteristics.

The crystal structure of ZIF-67 before and after pyrolysis was examined by XRD measurements.
The relative intensity and peak positions are well-matched with the literature [24], which shows that
ZIF-67 was successfully synthesized. The wide diffraction peak at 2θ =25◦ belongs to peak (002) of
graphite carbon. The diffraction peaks derived for the metallic cobalt at the (111) phase and (200) phase
were detected at 2θ= 45◦ and 52◦ (JCPDS card No. 15–0806). All diffraction peaks of nanoporous carbon
and cobalt sulfide, as shown in Figure 2, correspond well with the patterns reported in the previous
study [25,26]. Through the sulfidation treatment, CoO particles were successfully transformed into the
well-defined CoS2 cubic phase (JCPDS card No. 41–1471).
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Figure 1. SEM images of ZIF-67 prepared in different solvents: (a) ZIF-67 prepared in H2O, before
pyrolysis, after pyrolysis; (b) NPC/CO (H2O) at 700 ◦C; (c) NPC/CS (H2O); (d) ZIF-67 prepared in
MeOH; (e) NPC/CO (MeOH) at 700 ◦C; and (f) NPC/CS (MeOH).

Figure 2. XRD patterns of (a) ZIF-67, NPC/CO and NPC/CS prepared in H2O and (b) ZIF-67, NPC/CO,
and NPC/CS prepared in MeOH.

The atomic ratio of C: Co:O:S is confirmed by the energy-dispersive X-ray spectroscopy (EDS)
analyses (Figure 3).
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Figure 3. EDS spectrum of (a) NPC/CS (H2O) and (b) NPC/CS (MeOH).

TGA curves of prepared ZIF-67, nanoporous carbon/cobalt oxide (NPC/CO), and nanoporous
carbon/cobalt sulfide (NPC/CS) under flowing nitrogen condition, as shown in Figure 4. The first stage
mass loss of approximately 11%, below 200 ◦C, and a 6% loss from 200 ◦C to 320 ◦C correspond to the
removal of guest water molecules, i.e., surface moisture, solvent, nitrates, and weekly bounded linker
molecules, respectively [27]. Next, the rapid degradation occurred with the mass losses from 320 ◦C
in H2O-based system and 316◦C MeOH-based system. Finally, no further weight loss was observed
after 530◦C of NPC/CS (H2O) and NPC/CS (MeOH), the quasistatic point, and the residual mass was
comprised of metal oxide [28].

Figure 4. TGA curve analysis of as prepared ZIF-67, NPC/CO, and NPC/CS.

In the thermal analysis, Figure 4 curves indicate that nanoporous carbon and cobalt sulfide doped
samples have high thermal stability (Table 1).

Table 1. TGA thermal analysis of ZIF-derived nanoporous carbon and cobalt oxide/sulfide-
based materials.

Compound Temp. Range (◦C) Mass Loss or Residue (%)

ZIF-67 (MeOH) before pyrolysis
ZIF-67 (H2O) before pyrolysis

336–458
302–373

57
48

NPC/CO (MeOH)
NPC/CO (H2O)

314–492
297–414

28
40

NPC/CS (MeOH)
NPC/CS (H2O)

300–544
311–535

34
56

The N2 adsorption-desorption isotherms for as-prepared samples, which is characterized as
type I and type II hysteresis loops according to the IUPAC classification, indicating the microporous
characteristics of the synthesized sample. Nitrogen adsorption can be considered as the first stage
in the characterization of microporous and mesoporous solids. In the vision of the complexity of the
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condensation and evaporation mechanisms, one should not be supposed to be able to conclude a
reliable pore size distribution unless certain conditions are met. It is recommended that the shape and
location of the hysteresis loop should always be taken into account before any computation [29].

It can be identified that the specific surface areas of NPC/CS have increased largely with the
treatment of sulfidation, as the analysis is presented in Table 2. From the Figure 5, it can be clearly seen
Type I isotherm is given by all the materials except NPC/CS (MeOH). Type I isotherms are microporous
materials that acquire mostly wider micropores and possibly narrow mesopores. In the case of NPC/CS
(MeOH), type II isotherm materials are often disordered and the distribution of pore size and shape is
not well-defined [30]. The type II isotherm is the consequence of the open monolayer-to-multilayer
adsorption up to p/p0.

Table 2. Surface area, pore volume, and average pore size of NPC/CO and NPC/CS.

Electrode Material Surface Area (m2/g) Pore Volume (cm3/g) Average Pore Size (nm)

NPC/CO (MeOH) 726.3 0.273 1.277
NPC/CS (MeOH) 934.5 0.532 1.677
NPC/CO (H2O) 264.6 0.063 1.544
NPC/CS (H2O) 521.4 0.141 2.25

Figure 5. N2 adsorption isotherms at 77 K.

The enhanced surface area can be attributed to smaller diameters and larger quantities of the
nanocrystals and nanopores. The total pore volume of NPC/CS showed an increment as compared to
parent NPC/CO.

3.2. Electrochemical Testing

The measurement and investigation of electrochemical behavior were explored by galvanostatic
charge-discharge (GCD), cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS)
in 2M KOH solution.

By definition, capacitance = charge/voltage [31].
Capacitance value can be calculated from resulting cyclic voltammogram using the following

equation [32].

C =
Q

2ΔVm
(1)

where C is the specific capacitance in (Figure 1), Q is the average integral area under the curve, ΔV is the
potential window in volts, and m is the mass loading of the active material in the working electrode (g).
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The energy density (ED) uses the relation [32]:

ED =
1
2
·C (V)2

3.6
(2)

where C is the value of specific capacitance and V is the voltage window.
The reversible process was observed in all cases. The linear trend across the whole range of scan

rates reveals that the process is reversible.
The electrochemical performance of ZIF-67-derived NPC/CO and NPC/CS were studied by varying

the scan rate ranging from 10mV/s to 100 mV/s CV curves and shown in Figure 6. The anodic peaks
and cathodic peaks, which are related to positive current and negative current, respectively, in the CV
curves, originate from the oxidation and reduction process of the cobalt cation, which indicates that
the capacitance aspects are primarily driven by Faradaic redox reaction.

Figure 6. Electrochemical properties of the NPC/CO and NPC/CS in 2M KOH: (a) cyclic voltammetry
at 10 mv/s scan rate (b–e) at different scan rates and (f) charge-discharge profiles at 0.01 mA/g.

It was observed that as the scan rate increases from 10mV/s to 100mV/s, the specific capacitance
increases. This variation in capacitance reveals that at low scan rate, inner parts and outer part of the
nanoporous material exhibited the redox reaction, whereas, for high scan rate, the only outer part of
the material involved redox reaction [33,34]. There are interfaces faces present in the case of oxides
that causes the limitation in the connectivity or the flow of electrons, while this is reported by many
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of authors that the deposition of sulfide on oxide containing composite reduces these interfaces and
produce connectivity in the flow. This will contribute to enhancing conductivity [11,35]. Thus the
specific capacitance and the energy density calculated is given in Table 3.

Table 3. Specific capacitance calculated from cyclic voltammetry.

Electrode Material Specific Capacitance (F/g) Energy Density (Wh/kg)

NPC/CO (MeOH) 159 5.520
NPC/CS (MeOH) 480 16.666
NPC/CS (H2O) 373 12.951
NPC/CS (H2O) 677 23.506

3.3. Cyclic Stability Study

One of the most essential and considerable parts in the achievement of a supercapacitor is cyclic
stability. Figure 7 shows the electrochemical performance of the nanoporous carbon; the cobalt
sulfide-based electrode recorded over 1600 cycles with a scan rate of 100 mV/s. The cyclic stability
study demonstrates the change in the specific capacitance of the NPC/CS electrode with the number of
cycles. The specific capacitance decreases with 86% retention capacity over 1600 cycles for the case of
NPC/CS (H2O) and noted as 74% over 1600 cycles for the NPC/CS (MeOH) systems. Zhu et al. [36]
presented nearly 74% stability aimed at the nickel sulfide electrode material by recording 1000
cycles in a potassium hydroxide electrolyte; a nearly identical method to that of the cinnamon-like
electrode. This decomposition was perceived in cycling stability. This might be expected because of the
disintegration of the active electrode material in the electrolyte and the capacity imbalances between
the electrochemical electrodes, which originates the instability of the electrode potential [37].

Figure 7. Numbers of cycles versus capacitive retention for the electrode NPC/CS electrode materials
recorded over 1600 cycles at a scan rate of 100 mV/s.

3.4. Electrochemical Impedance Spectroscopy Study

To evaluate the frequency performance and confrontation attitude of any material, electrochemical
impedance spectroscopy is a robust engine [38]. The EIS spectra are recorded in a frequency ranging
from 100 kHz to 1 Hz and shown in Figure 8. The perfect supercapacitor has a greater slop in a
low-frequency region, which signifies electro–capacitive behavior [39,40].
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Figure 8. Nyquist plot of the NPC/CO and NPC/CS.

It can be seen from Figure 8 that the smaller arc diameter in the EIS spectrum of nanoporous
carbon and cobalt sulfide-based materials showed lower charge transfer resistance and more idealistic
properties as compared to nanoporous carbon and metal oxide electrodes [41]. The slop of NPC/CS
(water) approach has ideally straight line, inferring the superior accessibility of ions.

4. Conclusions

In summary, we have successfully fabricated ZIF-67-derived nanoporous carbon and metal
sulfide-based electrode material in a simple and economical method. SEM and XRD confirmed the
synthesis of nanoporous material with increased surface area and 2D morphology. The enhanced
electrochemical performance, due to sulfidation of cobalt oxide, was investigated by CV GCD and EIS.
The specific capacitance value has increased to 677 F/g in the case of NPC/CS (H2O). A novel and facile
route for the synthesis of nanoporous and binder-free electrode material is proposed with increased
specific capacitance for the energy storage application.
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Abstract: There is strong interest in developing high-frequency (HF) supercapacitors or electrochemical
capacitors (ECs), which can work at the hundreds to kilo hertz range for line-frequency alternating
current (AC) filtering in the substitution of bulky aluminum electrolytic capacitors, with broad
applications in the power and electronic fields. Although great progress has been achieved in the
studies of electrode materials for ECs, most of them are not suitable to work in this high frequency
range because of the slow electrochemical processes involved. Edge-oriented vertical graphene (VG)
networks on 3D scaffolds have a unique structure that offers straightforward pore configuration,
reasonable surface area, and high electronic conductivity, thus allowing the fabrication of HF-ECs.
Comparatively, highly conductive freestanding cross-linked carbon nanofibers (CCNFs), derived from
bacterial cellulose in a rapid plasma pyrolysis process, can also provide a large surface area but free of
rate-limiting micropores, and are another good candidate for HF-ECs. In this mini review, advances in
these fields are summarized, with emphasis on our recent contributions in the study of these materials
and their electrochemical properties including preliminary demonstrations of HF-ECs for AC line
filtering and pulse power storage applications.

Keywords: vertical graphene; cross-linked carbon nanofiber; high-rate supercapacitor; AC filtering;
pulse power storage

1. Introduction

Of the different dielectric based electrostatic capacitors, aluminum electrolytic capacitors (AECs)
have large capacitance densities, commonly used for power related filtering applications such as
line-frequency AC filtering, noise decoupling and filtering, direct current (DC) link circuits for
variable-frequency drives, pulse power storage and generation, for which, the requirement of frequency
response is generally in the hundreds to kilo hertz range. To achieve a large surface area and hence a
favorable capacitance density, the aluminum foil electrode is electrochemically etched into a porous
structure, which is conformally coated by the electrochemically formed aluminum oxide dielectric
layer. A liquid or a polymer electrolyte is then backfilled into the sub-micrometer pores to act as the
counter electrode, which is further connected to a current collector, thus constituting an electrostatic
capacitor. However, even with an enlarged surface area, the capacitance density of the AEC is still
limited, resulting in its bulky size in comparison with the dramatically reduced electronic chips on
circuit boards. Great needs exist in downscaling the bulky AEC for compact circuit board design.
Considering the much larger capacitance density offered by an electrical double-layer capacitor (EDLC)
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than the electrostatic capacitor, an interesting question is whether an electrical double-layer based EC,
with a compact size, could be used to replace the AEC [1].

Conventional ECs, with their capability of charging and discharging in minutes or seconds, are
manufactured for storing or releasing energy burst in supplementing slow batteries or work independently.
As explained by the phase angle plot in Figure 1a, an ideal capacitor should have a phase angle close
to −90◦ within its working frequency. The characteristic frequency (f0) where the phase angle reaches
to −45◦ is defined to delineate the frontier between capacitive and resistive dominance. Compared
with conventional ECs having very limited frequency response (<1 Hz), AECs normally show an f0 up
to kHz or even MHz, giving them the capability of being used as a filter capacitor in power systems
or electronic circuits. Since the report of ECs with frequency response reaching to the kHz range by
using vertical graphene in 2010 by Miller et al. [2], efforts in the investigation of HF-ECs have led
to dramatic progress [3–9] in this niche area of supercapacitor technology, as recently reviewed [1].
Different carbon-based nanomaterials including carbon black nanoparticle [10,11], carbon foam [12],
carbon nanofiber [13], and carbon nanotubes (CNTs) [14,15], vertical aligned carbon nanotubes [16,17],
ordered mesoporous carbon [18,19], graphene foam [3], thin graphene mesh [20] and vertical graphene
(VG) [21–24], among others, have been reported as electrodes for HF-ECs. Both sandwich-type and
co-planar interdigitated layouts were used in the configuration design of HF-ECs. In addition to the highly
conductive aqueous electrolytes, organic and ionic liquid electrolytes [25] as well as polymer electrolytes
for solid state capacitors [26], were also studied to boost the rated voltage of the devices. The low-voltage
line-frequency AC-filtering function of HF-ECs has been preliminarily demonstrated [18,27], as well
as their capability to store pulse energy for environmental energy harvesting [13]. Except for these
carbon based electrodes, it deserves to be mentioned that other conductive and electrochemically active
materials have also been synthesized and tested for high-rate ECs [28–33], although their speed is still too
slow to meet the requirements of HF-ECs at present. For comparison, the structural characteristics and
electrochemical performances of these newly studied electrodes are summarized in Table 1.

Table 1. Comparison of different carbon-based materials for HF-ECs in terms of equivalent serial
resistance (ESR), phase angle (Φ120), and single electrode areal capacitance (CA

120) at 120 Hz,
characteristic frequency (f0) and type of electrolyte.

Materials Electrolyte
ESR

(Ωcm2)
Φ120

(◦)
f0

(kHz)
CA

120

(mF cm−2)
Ref.

VG on Ni foil KOH 0.1 −82 15 0.175 [2]

ErGO foam on Au KOH 0.14 −84 4.2 0.566 [3]

VG on Ni foam KOH 0.12 −82 4.0 0.72 [5]

VG on carbonized cellulose paper KOH 0.04 −83 12 & 5.6 0.6 & 1.5 [6]

PEDOT:PSS on graphene layer H2SO4 0.09 −83.6 >1.0 1.988 [8]

Carbon black on conductive vinyl KOH 0.39 −75 0.641 1.1 [10]

Laser reduced carbon nanodots TBAPF6/AN - −78 0.955 0.518 [11]

Carbon fiber foam TEABF4/AN - −80.1 2.885 0.264 [12]

Cross-linked carbon nanofibers KOH 0.009 −82 3.3 2.98 [13]

Ultrathin CNTs film TEABF4/AN ~ 0.26 −82.2 1.995 0.56 [14]

CNT film K2SO4 0.11 −81 1.425 1.202 [15]

Aligned CNT on graphene film KOH 0.065 −84.8 1.98 2.72 [16]

Graphitic ordered mesoporous
carbon/CNT TEABF4/AN 0.25 −80.0 >1.0 1.12 [18]

Graphene nano-mesh film KOH 0.39 −82.3 6.211 0.612 [20]

VG on Ni foil KOH 0.1 −85.0 20.0 0.53 [21]

VG on carbon fibers KOH 0.05 −81.5 22.0 0.37 [22]

Carbon black/VG on Ni foil KOH 0.088 −80 1.0 2.30 [24]
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For AC line-frequency filtering applications, the 60 Hz line frequency becomes 120 Hz after a
full-bridge rectification, and therefore, the capacitance and phase angle at 120 Hz are commonly used
as figure of merits, in addition to the f0, to evaluate the HF-ECs’ performances. Key issues to design the
electrode structure with high frequency response have already been explicitly discussed in previous
review papers [1,34]. Since the maximum frequency response is linked with the RC time constant
of the device, for a reasonably large capacitance C, its parasitic resistance (ESR) must be minimized.
This requires that the electrode not only possesses high electronic conductivity and a large surface
area, but also has a straightforward architecture which can facilitate the electrolyte ion to diffuse to the
surface of the electrode rapidly with eliminated porous effect that results in the distributed nature of
the charge storage. In addition, the contact resistance between the electrode and the current collector
must be minimized as well.

Of the different nanocarbon structures, the edge-oriented VG network is positioned as being one
of the superior candidates to meet the aforementioned requirements. In the VG structure (Figure 1e),
multilayer graphene sheets grow vertically on a conductive substrate, forming an interconnected
network, as shown by the scanning electron microscope (SEM) images in Figure 1b. The chemically
strongly bonded VG sheet, the high intrinsic graphene conductivity, and the solid connection between
VG sheets and the conducting substrate, all ensure a very low parasitic resistance. The fully exposed
graphene edges and basal-planes can be easily impregnated by the electrolyte and the straight-forward
channels created by the VG sheets endow rapid mass transport during electrochemical processes.
Therefore, a much smaller ESR can be achieved as long as the conductivity of the electrolyte is
reasonable. Moreover, as revealed by the transmission electron microscope (TEM) images (Figure 1c,d),
the vertical sheets have a tapered shape with a thick base but a thin tip, along their wall edges there
are distributed graphene steps or edges, which can offer abundant absorption sites for electrolyte
ions. Thus, the exposed graphene edges and the easily accessed basal plane surfaces are expected to
provide a promising capacitance density. All these merits collectively offer the possibility of creating
VG-based HF-ECs with a minimized ESR and high level of charge storage capability. Therefore, it is
understandable that the first kHz HF-EC was reported using VG for its electrodes. In this pioneering
work, VG films were deposited on Ni foil by a plasma-enhanced vapor deposition (PECVD) technique
and directly used as electrodes in a symmetric capacitor, achieving very fast frequency response with a
f0 of 15 kHz [2]. This unprecedented result demonstrated the feasibility of ECs working efficiently at
the kHz range. Since then, steady progress has been achieved in this niche field by using a variety of
electrode materials with favorable structures. In this mini-review, we summarize our contributions
in the study of kHz HF-ECs by using VG grown on 3D scaffolds as electrodes. In Section 5, we also
highlight a study of using cross-linked carbon nanofibers (CCNFs), derived from bacterial cellulose
via rapid plasma pyrolysis, for HF-ECs. The highly conductive CCNFs electrode, in the absence of VG
modification, can also offer a large surface area, rendering a capability of high levels of charge storage
for HF-ECs.
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Figure 1. (a) Schematic showing the phase angle difference between conventional EC and AEC to
appreciate their different frequency responses. HF-EC has a frequency response close to that of AEC,
but with a much larger capacitance density. (b) SEM cross-sectional view of VG structure. (c) TEM
image of vertical graphene sheets. (d) High-resolution TEM image of an individual sheet showing its
tapered geometry with fully exposed graphene edges. (e) Schematic showing the VG network grown
on a scaffold that offers high electronic conductivity and relatively large surface area provided by
exposed graphene edges. Reproduced with permission from Ref. [1] for (a), Copyright 2017, Ref. [5] for
(b), Copyright 2014, Ref. [6] for (c,d), Copyright 2016, and Ref. [9] for (e), Copyright 2019, Elsevier.

2. VG Structure Growth

VG electrodes are commonly grown on a conductive substrate in PECVD systems, in which
hydrocarbons (e.g., CH4 and C2H2) or fluorocarbons are used as carbon sources and reductive gases
such as H2 or NH3 are used as etching reagents [35–37]. With plasma activation, the carbon-containing
fragments are decomposed and deposited on the substrate, leading to the interconnected graphene
sheets growing perpendicular to the substrate surface. There are different opinions on the VG
growth mechanisms, including growth rate differences in vertical and lateral directions [38], crowding
effects similar to aligned carbon nanotube growth [39], the effect of a vertical electric field across the
plasma sheath [40], and the sp2 bond bending upwards due to impinging planar island growth [41].
These factors may vary in importance in determining the vertical morphology, depending on growth
conditions, especially the selection of substrates.

VG growth generally follows three major steps [36], as suggested by the SEM images (Figure 2) for
VG deposition process on a Ni surface [42]: (a) During the first minute or so, after plasma deposition
is initiated, a continuous laterally oriented multilayer-graphene or thin-graphite film composed of
electrically well interconnected domains, is formed conformably along the nickel surface. In this buffer
layer, graphene nuclei with their basal planes perpendicular to the substrate are incubated. (b,c) As the
deposition proceeds, VG nucleation begins, and the growth of VG sheets starts along their basal plane
edges, resulting in the gradually increased density of VG sheets. (d) The growth of a particular sheet
terminates as its open edges close, but other active VG sheets continue to grow until a well-connected
VG network forms in 10–15 min.
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Figure 2. SEM images showing the surface evolution during VG deposition that suggest the three major
steps of VG growth process: (a) the 1st minute, (b,c) in the following several minutes, and (d) after
15 min. Reproduced with permission from Ref. [42], Copyright 2016, Elsevier.

The height of the VG is generally limited within 1–2 μm, above which the coalescence of the
individual sheet at the bottom will not be able to further increase the available surface area [43].
This restricted VG film height and the sheet density limit the achievable capacitance in terms of per
unit area of the electrode footprint. In Ref. [2], the areal capacitance of VG on Ni foil at 120 Hz was
only about 0.175 mF cm−2. To increase the available graphene surface area and edge density for a
given electrode footprint, we used conductive 3D scaffolds as the substrates for VG growth. As long
as the 3D scaffold can be immerged in the plasma and the plasma sheath can be formed around the
branches of the scaffold, the induced perpendicular field will trigger the reactive carbon fragments
impinging onto the surface along the perpendicular direction, leading to the VG growth encircling
around each branch in the scaffold. The results are an increased graphene sheet density with high
surface area and an enhanced areal capacitance on a given electrode footprint.

The 3D scaffolds we used in a microwave based PECVD system include nickel foam [5,44],
carbonized cellulose fiber paper [6,9] and carbon nanofiber film [22]. For a typical synthesis process,
the scaffold loaded on a molybdenum holder was transferred into the growth chamber which was
pumped down to 2 × 10−3 torr. As the sample holder reached the temperature of 750 ◦C, the scaffold
was first cleaned by H2 plasma, and then VG was grown under a certain of conditions for 10–15 min.
It was estimated that the local temperature within the scaffold was more than ~1200 ◦C due to
the plasma heating effects. Interestingly, when a cellulose fiber paper, such as tissue sheet or filter
paper, was used as the scaffold, the carbonization of the substrate and VG growth were conducted
simultaneously in the plasma atmosphere. This rapid plasma carbonization procedure, in contrast to
the time-consuming pyrolysis process in the furnace, turned out to be the key step for developing a
high-performance HF-EC electrode, which will be detailed in Section 4.

Aligned VG structures were also reported to be fabricated by wet chemistry-based methods [45,46],
however, compared to the VG produced by the PECVD process, this kind of VG possesses a distinctive
morphology and packing density. In particular, the lack of intimate contacts between the individual
graphene sheet and between the substrate and the VG cause their relatively low conductivities, making
them unsuitable as electrodes for HF-ECs.

3. VG on Ni Foam

Figure 3 is the schematic of synthesizing VG/Ni and freestanding VG foam electrodes [22].
SEM images at each step are presented here to show the morphology evolution. Using a bare Ni
foam as the scaffold in a PECVD process (Figure 3a), carbon atoms first dissolve into nickel and then
nucleate to form a thin graphite layer along the strut surface of the Ni foam, or G/Ni foam (Figure 3b).
This is the buffer layer on which graphene nuclei with their basal planes perpendicular to the substrate
are incubated. As deposition proceeds, the VG sheets start to grow along their basal plane edges and
gradually transform into interconnected VG networks (Figure 3c). The underlying nickel foam can
be chemically etched off in an acid solution to produce freestanding VG foam with greatly reduced
weight (Figure 3d).
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Figure 3. Schematic and the corresponding SEM images showing the morphology changes of (a) Ni
foam, (b) G/Ni foam, (c) VG/Ni foam, and (d) freestanding VG foam after Ni is etched off. VG/Ni
foam-based HF-EC performances: (e) CV profiles up to 500 V s−1, (f) complex impedance spectrum
(inset is the enlarged part at high frequency range. The electrode area is 1.7 cm2.), (g) calculated
electrode capacitance vs. frequency based on the RC model, and (h) the phase angle vs. frequency plot.
Reproduced with permission from Ref. [42] for (a–d), Copyright 2016, and Ref. [5] for (e–h), Copyright
2014, Elsevier.

Here, VG/Ni foams were tested as electrodes for HF-EC. Without adding any binder and conductive
additive, these electrodes were first wetted in 6 M KOH aqueous solution, and then assembled into
symmetric ECs by using a 25 μm thick separator in a coin cell configuration (CR2016). As shown in
Figure 3e, cyclic voltammetry (CV) curves collected within the potential range of 0–0.9 V, exhibit a
quasi-rectangle shape with scan rates up to 500 V s−1. The low resistivity and wide-open channels in
VG/Ni foam could facilitate the migration of electrons and electrolyte ions, respectively, so an electrical
double layer can be rapidly formed. As a result, the value of the specific capacitance for a single electrode
can attain ~1.32 mF cm−2 at the scan rate of 1 V s−1 and remain at ~0.83 mF cm−2 at 500 V s−1.

Electrochemical impedance spectroscopy (EIS) measurement was carried out over the frequency
range from 100 kHz to 0.1 Hz. The Nyquist complex-plane impedance spectrum presented in Figure 3f
has a nearly vertical line at low frequency. Above a knee frequency of ~9 kHz, the line becomes
more tilted and an intersection with the real axis at around 45◦ suggests a typical porous electrode
behavior, caused by the hierarchical structure of VG/Ni foam. The spectrum at frequencies lower than
the knee frequency can be commonly modeled as an ideal capacitor with an ESR. Using the formula
C = −1/(2π f Z′′ ), where f is the frequency and Z” is the imaginary part of the impedance, the areal
capacitance of the electrode can be calculated, and the result is plotted in Figure 3g. The cell gives
specific capacitances of ~0.72 and ~0.64 mF cm−2 at 120 Hz and 1 kHz, respectively. The Bode diagram
in Figure 3h shows that the phase angle of the cell at 120 Hz is about −82◦ and the f0 is around 4 kHz.
With a cutoff in kHz scope, the VG/Ni foam electrode has a much higher areal capacitance than the
electrodes made from VG on flat foils [2,4].

4. VG on Carbon Fiber Sheets

Although a reasonable areal capacitance could be obtained using VG/Ni foam electrode,
its volumetric density is considerably lower due to the relatively low area:volume ratio of Ni foam.
To address this problem, we further employed carbon nanofiber (CNF) films as the substrates for
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VG growth [22]. Commercially available CNFs were first dispersed in ethanol solution with the
assistance of surfactants and then spin-coated onto Ni foil to form a thin layer with macroporous
structure after drying. Subsequently, VG was successfully grown into this porous layer with graphene
nanosheets wrapped around each CNF in a PECVD system, forming a highly conductive electrode
with a large surface area. In an aqueous electrolyte cell, f0 was found to be as high as 22 kHz and the
areal capacitance for a single electrode was about 0.37 mF cm−2 at 120 Hz.

More interesting works focus on VG growth on carbonized cellulose microfibers (CMFs) and
their HF-EC applications [6,9]. Different from the reported cellulose derived carbon materials for
electrochemical applications [47–50], the freestanding VG/CMF electrodes used in our studies were
synthesized in a one-step PECVD process, where cellulose fiber sheets were rapidly pyrolyzed by the
high-temperature plasma and VG was grown on the developing CMFs simultaneously. For instance,
by using cellulose wiper (KimwipesTM) as the raw material, a thin (~10 μm) and freestanding electrode
was obtained after the PECVD process, which gave satisfying performances in terms of both frequency
response and specific capacitance. Furthermore, these thin layers with hierarchical macro-pore
structure can be further stacked to obtain thick electrodes with much higher areal capacitance without
compromising their frequency response and volumetric capacitance. Apparently, compared to the
VG/metal foam structure, this kind of electrode architecture is more promising in practical use.

The wood fiber derived unwoven cellulose paper consists of abundant ribbon-shaped cellulose
fiber bundles, and these bundles have a relatively compact structure in the microscale. During the
high-temperature PECVD process, the majority of O and H elements are removed, and cellulose
fiber is converted into amorphous carbon fiber and further partially graphitized. A large hollow
space between the neighboring carbon fiber bundles can be preserved. As demonstrated in Figure 4a,
pyrolysis in PECVD causes cellulose texture to have an anisotropic contraction and the sheet size
is reduced by a factor of 5–6 after being converted into VG/CMF. Composition analysis shows that
only a trace amount of oxygen element, mainly in the C–O bonding form, remains in CMF. The X-ray
diffraction (XRD) patterns of cellulose fiber and VG/CMF in Figure 4b show the differences in their
crystalline structures. The pristine cellulose fiber, consisting of cellulose Iβ, has a monoclinic unit
cell. The observed five peaks in the XRD pattern can be well indexed to cellulose Iβ (101), (101),
(021), (002), and (040) planes [51]. In contrast, the VG/CMF only has one diffraction peak at ~26.2◦,
corresponding to the characteristic (002) plane of graphite. SEM images (Figure 4c,d) reveal a maze-like
network composed of VG sheets wrapped around CMFs, with plenty of exposed graphene edges and
straightforward channels. By using the thin and freestanding VG/CMF sheets as electrodes and KOH
aqueous solution as electrolyte, the resulting HF-ECs exhibited superior performances with f0 above
the kHz, areal capacitance of 0.6–1.5 mF cm−2 (depending on the electrode thickness) and volumetric
capacitance of 0.6 mF cm−3 in terms of a single electrode.

Even though aqueous based kHz HF-ECs have been widely reported in the literature, their low
voltage ratings, 0.8–0.9 V restricted by water decomposition, limit their practical applications. Organic
electrolytes have larger voltage ratings (2.5–3.5 V), rendering them a better electrolyte option for
practical HF-ECs in spite of their relatively low conductivity. Herein, VG/CMF electrode based organic
cells were also studied by using 1 M tetra-ethylammonium tetrafluoroborate (TEABF4) in anhydrous
acetonitrile (AN) solution as the electrolyte. The CV curve (Figure 4e) indicates that the potential
window of the organic HF-EC is significantly widened by a factor of ~3 in comparison with that of
the inorganic one and maintains the desired quasi-rectangular shape at the scan rate of 1000 V s−1,
reflecting its high-speed capability. In addition, from the Nyquist plot of this organic cell (Figure 4f),
it is observed that a small semicircle and a near 45◦ linear region appear in the high frequency scope
and a near vertical part shows up below the knee frequency of 3.8 kHz, indicating that this impedance
plot can be simulated by a series RC model as described above. By using equations based on this model,
the areal capacitance of single electrode was calculated (Figure 4g) and found to be ~0.49 mF cm−2

at 120 Hz. From its Bode diagram (Figure 4g), the organic cell exhibits a phase angle of −80.4◦ at
120 Hz and an f0 of 1.3 kHz. The impedance spectrum was further analyzed by introducing complex
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capacitance C = C′ − jC′′ (where C′ is the accessible capacitance at the corresponding frequency
and C” corresponds to energy dissipation) and the results are presented in Figure 4h. The modeled
capacitance (C′) agrees with the result shown in Figure 4g. The value of C” reaches a maximum at
a frequency of 1.3 kHz, defining a relaxation time constant (τ0) of 0.8 ms, in accordance with the
characteristic frequency.

Figure 4. (a) Photo showing the cotton round (cellulose sheet, the white one) and the VG/CMF sheet
(the black one). (b) XRD patterns of the cellulose and the VG/CMF sheets. (c,d) SEM images of
VG/CMF at different magnifications. Electrochemical performances of VG/CMF electrode: (e) CV
curves at 1000 V s−1 rate in aqueous and organic electrolyte cells. (f) Nyquist impedance spectrum
with the inset showing the zoom-in high frequency range, (g) RC model-derived electrode’s areal
capacitance vs. frequency plot and its Bode diagram, and (h) real and imaginary components of the
complex electrode capacitances in an organic cell. Reproduced with permission from Ref. [6] for (a–c),
Copyright 2016, and Ref. [9] for (e–h), Copyright 2019, Elsevier.

As a proof of concept, the assembled VG/CMF-based HF-EC with organic electrolyte was further
tested for ripple current filtering in the 60 Hz line-frequency AC/DC conversion. The circuit diagram is
described in Figure 5a, a 60 Hz sinusoidal wave voltage with a 4 V amplitude (Figure 5b) is simulated
as the input which passes through a full-bridge rectifier and an HF-EC filter capacitor in turn before
being supplied to a load. As shown in Figure Figure 5c, compared to the output voltage profile
collected without using the filter capacitor, a near ripple-free 2.8 V DC voltage applied to the load is
obtained. This clearly demonstrates that, with their larger capacitance densities, HF-ECs are promising
to replace bulky AECs for AC line-filtering in electronics and power applications in the future.

 
Figure 5. Demonstration of AC line filtering function of HF-EC using VG/CMF electrodes: (a) AC/DC
conversion circuit diagram, (b) a 60 Hz sine wave signal with 4 V amplitude used as the input,
and (c) the output from the rectifier with (blue line) and without (green curve) filtering capacitor.
Reproduced with permission from Ref. [9], Copyright 2019, Elsevier.
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5. Cross-Linked Carbon Nanofiber Derived from Bacterial Cellulose Aerogel

In addition to VG based electrode materials, we also studied cross-linked carbon nanofibers (CCNFs)
to simplify the electrode structure but maintain their excellent performances. The CCNFs were obtained
by rapid pyrolysis of bacterial cellulose (BC) precursor (Figure 6a) in the PECVD system. BC pellicles
are comprised of cellulose microfibrils secreted bacterially. These cellulose microfibrils first are bound
into bundles and then are woven into nanoribbons which further branch into a three dimensional
web [52,53]. In our research, BC pellicles were synthesized using Kombucha strains by a fermentation
process [54]. After chemical cleaning to eliminate bacterial cells in the BC pellicles and freeze-drying
processes, BC aerogel was produced, which contained less than 1 wt % of its hydrogel counterpart.

As a precursor for carbon nanofibers, BC is preferred over other natural celluloses due to its smaller
fiber size (around 10–50 nm, Figure 6b,c), higher degree of crystallinity and purity (Figure 6d,e) [55–58].
Exclusively, unlike cellulose fibers derived from plants that are not interconnected, BC with branched
structure (Figure 6c) can yield cross-linked CNFs (Figure 6f) after pyrolysis. These downsized
carbon nanofibers with cross-linked structure not only decrease the inner contact resistance, but
also provide a larger surface area compared to other microscale fibers, and are expected to have a
larger capacitance density.

As we know, the pyrolysis processes for polymer and cellulose precursors are commonly conducted
in an inert ambient atmosphere at high temperatures for several hours [59,60]. Micropore activation,
through physical decomposition and chemical etching, is a common practice for achieving a large surface
area [58]. Figure 6g compares the complex impedance spectra of CCNFs produced by rapid plasma
pyrolysis in the PECVD system and conventional thermal pyrolysis in a tube furnace [61]. Although
the traditional thermal pyrolysis method can dramatically enlarge the specific surface area of CCNFs by
introducing a large amount of micropores, the frequency response of CCNFs is significantly restrained,
making them unsuitable for HF-ECs. In contrast, CCNF film fabricated by the rapid plasma pyrolysis
process can avoid this microporous structure, which is a key factor for its success in HF-EC application.
The nitrogen absorption–desorption result of this CCNF gives a specific surface area of 57.5 m2 g−1 and a
pore volume of 0.374 cm3 g−1 with a minimum pore diameter of 3.8 nm. The meso- and macro-pores
allow a rapid transportation of electrolyte ions throughout the electrode mesh with a low diffusion
resistance, and the cross-linked structure of CNFs guarantees a high electronic conductivity. Consequently,
this web-like electrode engenders a fast frequency response with improved specific capacitances.

CCNF freestanding electrodes with different thickness (10, 20, and 60 μm) were first studied in
KOH aqueous electrolyte by assembling them into coin cells. For example, the Bode diagram of the
20 μm electrode (Figure 6h) shows that the absolute value of the phase angle stays above 80◦ with
frequency increasing to a few hundred Hz. In particular, the 120 Hz phase angle is around −82◦

and the f0 is close to 3.3 kHz. The value of the areal capacitance for a single electrode at 120 Hz is
proportional to the thickness of the electrode, while f0 varies inversely ((1.51, 4,1), (2.98, 3.3) and
(4.50 mF cm−2, 1.3 kHz) for 10, 20, and 60 μm electrode, respectively). For the two thinner electrodes,
a volumetric capacitance of ~1.50 mF cm−3 is achieved. Figure 6i shows the results of cycling stability
for the 10 μm electrodes. After 100,000 continuous cycles with full charge and discharge, about 95%
of its initial capacity is maintained. These CCNF electrodes exhibited extraordinary performance in
terms of both areal capacitance and frequency response.

To broaden its applicable potential window, 10 μm CCNF electrodes were further studied using 1
M TEABF4/AN electrolyte, in which the cell can work at an elevated voltage up to 3.5 V (Figure 7a).
Other promising electrochemical results such as a knee frequency of 3.0 kHz, a phase angle of −80◦,
and an areal capacitance of 0.51 mF cm−2 for a single electrode at 120 Hz (corresponding to volumetric
capacitance of 0.51 F cm−3) and the characteristic frequency of 1.8 kHz well prove that these CCNFs
are one of a number of excellent candidates for high voltage AC line filtering ECs.
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Figure 6. (a) Schematic showing the BC-derived CCNF fabrication processes and their electrochemical
test. (b) SEM image of BC aerogel. (c) TEM image showing the cross-linked structure of BC nanofibers.
(d) High-resolution TEM image and (e) XRD pattern showing the high crystalline of BC. (f) SEM image of
CCNF showing the macroporous structure. The inset TEM image shows branched CNF. (g) Comparison
of complex impedance spectra between CCNF produced by rapid plasma pyrolysis and conventional
thermal pyrolysis. (h) Plots of phase angle and electrode capacitance vs. frequency for a 20 μm thick
CCNF electrode. (i) Galvanostatic charge-discharge stability result at a current density of 50 mA cm−2

for a 10 μm CCNF electrode, with the inset as a section of the C-D curve. Reproduced with permission
from Ref. [13] Copyright 2017, Elsevier.

Figure 7. (a) CV profiles within different potential windows at scan rate of 100 Vs−1 and (b) Bode plot
for the organic cell. (c) The diagram and (d) photo of the circuit used for pulse energy scavenge and
storage. (e) The scavenged pulse Vi (red curve) and the DC output Vo (green curve) after being filtered by
the HF-EC to a micro-power load. Reproduced with permission from Ref. [13] Copyright 2017, Elsevier.
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Besides filtering applications, HF-ECs, if their self-discharge and leakage current can be minimized,
may also be suitable for pulse energy storage in an energy scavenge system. There are strong interests in
using piezoelectric or triboelectric mechanisms to harvest the environmental noise and vibration and
convert them into electricity for self-powered autonomous sensors. Since these mechanical energy
sources typically vibrate at tens or hundreds of Hz [62–64], HF-ECs, as compact energy storage
devices, are needed to efficiently store these harvested pulse powers. As a demonstration in our
study, a piezoelectric element was used to generate pulses from vibrations. The testing circuit diagram
and photo of these elements are respectively shown in Figure 7c,d. Pulses picked up by a piezoelectric
microgenerator are first rectified by a full-bridge and then stored in the HF-EC. This stored energy
is further used to power a micro-sensor and a green light-emitting diode (LED) is used to simulate a
high-power pulse load. In Figure 7e, the voltage pulses (Vi) from finger-tapping of the piezoelectric
element and the DC output (Vo) to the micro-load are presented. In addition to providing a constant
current to the micro-power load, this HF-EC can even drive a high-power pulse load by turning on a
green LED for a short period. These preliminary results prove that our fabricated CCNF based HF-ECs
are promising for ripple current filtering and pulse energy harvest and storage applications.

6. Conclusions

By designing and synthesizing different types of carbon-based electrodes, great progress is being
steadily made toward practical HF-EC applications, with a goal of very compact EC devices acting as
both energy storages and filtering capacitors. In this mini-review, based on our selected works in this
field, the characteristics and performances of several representative VG based materials are discussed,
with their pros and cons clearly described. The substrates used for growing VG have been proved to
be critical in determining the final specific capacitance and the speed of frequency response of HF-ECs.
Compared to frequently used metal foams, carbon fibers with a three-dimensional configuration are
more suitable for HF-ECs in terms of their light weight, reduced volume, high specific surface area, and
resistance to corrosive electrolytes. Benefiting from the high efficiency of the PECVD pyrolysis process,
more structural engineering works for the substrates could be considered in the future. For instance,
the metal foams normally have a very large pore size (tens to hundreds of micrometer) which not
only reduces the available sites for VG growth, but also decreases the volumetric capacitance of the
electrochemical devices. Filling part of the pores with other materials such as polymers or carbon
fibers before VG growth may alleviate these problems. In Section 5, CCNFs are shown to be superior
in electrochemical performances even to VG/CFs, ascribed to their cross-linked structure and highly
available surface area. This unique architecture constructed by the branched nanofibers could provide
fast ion and electron transportation pathways, resulting in a more desirable frequency response as well
as specific capacitance and cycling stability in both inorganic and organic electrolytes. Furthermore,
the successful demonstrations in AC line filtering and pulse energy harvesting and storage give them
a promising prospect in practical applications. These results also provide a reference for optimizing
the performance of carbon-based electrodes by introducing effective cross-linked structures.

Last but not the least, although some HF-ECs made from different electrodes have been proved to
possess excellent electrochemical performances, their applicable potential windows are still restricted
by the electrolytes’ decomposition voltages (~0.8–0.9 V for water-based electrolyte and ~3.0–3.5 V for
organic based electrolytes), which inevitably limit their application areas. The rated voltage can be
elevated by the stacking process, but the capacitance as well as the frequency response will be decreased
dramatically, making them uncompetitive in practical use. How to increase their rated voltages without
compromising their frequency response speed, becomes a tough problem needing to be addressed
urgently. Stacking design, packaging configurations, and minimizing the contact resistances between
single cells are very important in solving this issue. With more efforts being currently carried out in
this research area, we believe that significant achievements will soon be implemented.
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