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A lithium-ion hybrid capacitor comprising of a battery type mattmponent olivine

(LiMn 15Coy3Ni13POy) cathode and a capacitive type carbon negative electrode is reported. Olivine
phosphate synthesi ze gvinyipyrtolldone (P¥P) ar trietmagolarairge € TTEA)O s
showed uniform carbon coating throughsitu process exhibiting a surface area 5*gwith porosity

0.02 cni/g. The surface area for commercial carbon electrode was observed to be’igisamhigh
porasity 0.76 cni/g. Galvanostatic charge/discharge cycling tests were conducted in the coin cells,
olivine vs. Li, offering a cell voltage of 4.75 V vs. Li with a maximum specific capacitance of 125 F/g.
In the case of olivine vs. carbon in a lithiiam hybiid device delivered a high discharge capacitance

of 86 F/g at a specific current of 0.12 A/g with a cycling retention of 53 F/g (38% loss) after 250
cycles. The obtained performance of PVP synthesized olivine material is manifested to uniform carbon
coatirg and the trapped organic products that provide pathways for facile electrochemical reactions
than their TEA counterparts.
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1. INTRODUCTION

Among the available electrochemicahergy storage devices, i.e. batteries, fuel cells and
supercapacitors, the supercapacitors are known for their high power densities and longer life time
exhibiting high coulombic efficiency [1]. Supercapacitors (also called electrochemical capaan@'s) st
energy in two parallel electrodes with opposing charges using one of the mechanisms either ion
adsorption (electrochemical double layer capacitor, EDLC) formed at electrode/electrolyte interface or
fast surface redox reactions (psewdpacitors) betwen the electrode and the electrolyte3]1 In
contrast to EDLC, pseudocapacitors store charge faradaically through electron transfer between
electrode and electrolyte achieving through insertion and extraction procesfds The
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electrochemical capacit® are considered as excellent storage device that compliment batteries, as the
primary requisite for these devices in providing quick charge release when required and the amount of
charge they can accommodate is not as crucial as for batterdes6]2 These devices are used to
deliver a high power during a short time in combination with rechargeable lithium batteries, resulting
in hybrid devices with high specific energy and high specific power that could be suitable for
applications such as electric wvelks and largescale stationary energy storage and conversion [7]. In

the past two decades, numerous publications have appeared on various electrode materials that hay
been investigated for battery and capacitor system as a single electtbdle Fwe\er, either the

current battery technologies or symmetric capacitor system alone cannot meet large scale application
due to poor efficiency and power density. To meet these requirements, in recent years, an
Aasymmetrico ener gy st opedawte caphetive eeetrodbsacd diffierené n
natures. Very recently, hybrid device relating to a distinct charge storage mechanism with the
combination of battery type and capacilige electrode has also been developed]2B

The t er m A a snsntifferdntr electiiochemieah active materials with different
operating potentials as positive and negative electrodes that increase the overall cell potential, resulting
in higher energy and power densities -fll. Asymmetric hybrid capacitors (also cdlléybrid
capacitors) reported in the literature include a range of combinations of electrode materials such as
conducting polymer vs. carbon [20], conducting polymer vs. metal oxide [21], carbon vs. metal
nitrides [22], carbon vs. metal oxides [23], carvenmetal phosphates [24].

Following the oxide based intercalants, a technological breakthrough has occurred, using
phosphates as host in rechargeable battery systems. It has been reported that the materials based on
tetrahedral polyanion unit (RPare structurally more stable than those of the oxide counterparts,
MnO, and LiCoQ [10]. In this context, lithium iron phosphate (LiFeP@as been widely studied as a
lithium insertion host for a decade now [10] which demonstrated the reversible irttercalad de
intercalation of lithium and found suitable for rechargeable battery applications. The success of
LiFePQ, as a cathode material for a battery system inspired the present investigation on the lithium
(multi-component transition metal) phosphatenpound and extending this for a potential application
in hybrid devices. The reported olivitgpe LiCoPQ for hybrid deviceinanecaqueous medi a
exhibit the long term cycleability [25]. The alternative, LiNiP@as safety and cost issues asged
with poor cycling stability [2627]. Hence, in the present work, the combination of Mn, Co and Ni
phosphate (mukcomponent olivine cathode; LiMBCoysNiysPOQy) as a hostompound has been
investigated to tune the redox couple of the transitiotaincations present.

The aim of the current work is to investigate the cathode material with the new multi transition
metal lithium phosphate that can sustain high rate performance and be able to maintain large
capacitance after multiple cycles. To the tbek our knowledge, mukcomponent olivine of this
combination LiMn,3Coy3Ni1 PO, has not been studied in hybrid devices usingaqureous solutions.
However, in a separate study, this compound has been tested for agueous battery system and tho:
resuls have been reported by us elsewhere [28]. Also, a -oaitiponent olivine type of
LiMn 1,3Coy3Fe3POy has been reported by Kang et al [29] and used as a cathode for lithium secondary
batteries exhibiting an excellent performance. In the current workawe adopted a sgkel synthetic
route to prepare LiMisCoy/3Ni1sPO, using chelating agents such as polyvinylpyrrolidone (PVP) and
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triethanolamine (TEA) and have evaluated its capacitance performance vs. Li metal. For hybrid device
configuration, a comnreial carbon has been used as anode inatueous electrolyte, 1M LiRF
dissolved in ethylene carbonate, diethyl carbonate and dimethyl carbonate (2:1:2 v/v). Carbon has beel
chosen as EDLC electrode owing to its high surface area, low cost, porosithemdaally stability

with wide range of operating temperatures.

2. EXPERIMENTAL

Soligel synthesis of LiCgMnysNiysPO; was performed while mixing a stoichiometric
amount of precursors containing lithium acetate, cobalt acetate, manganese ackktecatate,
ammonium dihydrogen phosphate in distilled water with an effective stirring. During stirring,
polyvinylpyrrolidone (PVP) was added to the solution as a chelating agent in 1:1 weight ratio to the
metal ions. The pH of the solution was adjdgi® 3.5 by adding nitric acid. The resulting sol was then
heatedat8& C f or an hour to obtain a viscous A€l
in hot air oven for 1h. The resultant powder was calcined at 800 f hoand aB55@ Gor 6h in
air with intermittent grinding. The resultant
anal ysi s. The carbon powder reEC&)xdasddr mnpt
Fuzhou Yihuan Carbon Co., China.

The synthesized oline lithium phosphate (LiMisCopsNiysPOQy) powders were subject to
systematic physical and electrochemical studies. PowdeayXdiffraction (XRD) patterns were
recordedonaxX ay di ffractometer (Bruker D8 ady\ance
1.5418 ) source. The microscopy studies were
Co. Sirion) and transmission electron microscopy (JEOL JEM 2100F). Surface area and pore size
distribution of the samples were measured using Micriicersurface area analyser (model ASAP
2020).

All electrochemical studies were carried out in a coin cell (CR2032). Both the olivine and
carbon powders were coated on stainless steel disc as current collector. Li metal was used as count
and referenceelectrodes. The stainless steel disc was polished with successive grades of emery,
degreased, etched in dilute 10% HNghd 10% HCI, washed with detergent and rinsed with distilled
water and acetone followed by drying in air. The active material (olivibewt %), conductive
material (Ketjen black, 15 wt %) and polyvinylidene fluoride (PVDF, 10 wt %) were mixed and
ground in a mortar. I n the case of carbon el
preparation. Few drops ofmethyl pyrrolidinore (NMP) were added to form slurry. The slurry was
coated on the prreated stainless steel foil until getting the required loading level and dried the coated
di sc at 100 AC wunder r eabueous dolutipnm af $M LiRFdEssolffed in 1 2
ethylene carbonate, diethyl carbonate and dimethyl carbonate (2:1:2 v/v) electrolyte (Chameleon) was
used as an electrolyte. The cyclic voltammetry (CV) and galvanostatic atiacharge cycling were
measured by a Biologic SA multichannel potentiostatayabgtat model VMP3.
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3. RESULTS AND DISCUSSION

The solgel method is a wethemical synthetic technique that has attracted special interest [30]
and used widely for the fabrication of materials whose morphologies range from discrete particles to
continuaus polymer networks [31]. Its importance will be evident from the capacitance measurements
as detailed in the following section. Generally, -gel preparation involves hydrolysis and
polycondensation reactions of metal ion precursors that pave the syayth@size organic inorganic
nanocomposites. The distinct advantage of using this methodology as opposed to the conventiona
solid-state sintering is that, obtaining a porous material through gel process, control of grain growth
and achieving the resutthproduct at a much lower temperature [32]. Here, polymer assisted method
(polyvinylpyrrolidone (PVP) and triethanolamine (TEA)) is used for the production of higher surface
area hanocomposites as well as for preventing particle aggregation.

3.1Physical Claracterization
3.1.1 XRD diffraction studies
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Figure 1. X-ray diffraction (XRD) patterns of asynthesized mukcomponent olivine
LiMn 1,3Coy3Ni13POy samples with chelating agents (a) PVP and (b) TEA withridexes of
major reflection peaks marked, (c) represents the pattern-fecaised carbon powder.
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Powder Xray diffraction (XRD) patterns of the &ynthesized olivine LiMp3Coy3NisPOy
material with the chelating agent PVP and TEA are displaye&ign 1(ab), respectively. All
diffraction peaks in Fig. A are indexed to muitomponent olivine cathode i.e.
LiMn 1,3Coy3F e3P Oy [29] and pure olivine structure (orthorhombic) wiRmnaspace group (PDF 01
0850002) of the parent LiFeR@ompound [3B As the combination of multi dopant cations (Mn, Co
and Ni) have a comparable ionic radius the material is preferred to crystallize identical to lithium iron
phosphate compound. The observed diffraction patterns are identical to that reported for multi
component olivine cathode by Kang et al [29]. The sharp diffraction peaks with high intensity indicate
that the asynthesized olivine material is a well crystalline and the chosegesqgirocess is very
effective to prepare new polymer inorganic mategial a | ow t emperature (55
small peak splitting is observed in the major diffraction peaks obtained for PVP as the chelating agent
(Fig. 1a) which is a characteristic of the chosen chelating agent. This can be explained by the
formation of discrete olivine phases such as LiMpgPOCoPQ, and LiNiPQ, [34-35]. The existence
of these multiple single phase compounds with slightly varying lattice parameter led to splitting in
major peaks. Triethanolamine as the chelating agent reactsapiéimdcations and acts as a surfactant
during the synthesis [36]. Furthermore, it is also suggested that adsorption of TEA residue on the
surface of the olivine powders may have controlled the peak splitting (Fig. 1b) and its morphology.
The role of the chlating agent is that above the decomposition temperature, the chelating agent
decomposes and the carbon atoms are then entangled in the PVP cappgsCtiMi, PO, with a
uniform coating layer on the surface [37]. Despite this, no carblated diffaction peaks could be
detected, this suggests that the carbon generated from the PVP and TEA could be amorphous or to
little to detect through the XRD technique. Evidently, the presence of carbon (from CHNS analysis) in
the olivine materials using PVP af&A was found to be 0.6% and 3.0% respectively. The lower
amount of carbon seen in the olivine (PVP) composite illustrates PVP not only functions as a capping
agent [37] to control the particle grain growth but also contributes to the effective trappirggaoic
layer over the active material that enhances the monodispersity between the particles [38]. The highel
amount of carbon content in the olivine (TEA) composite shows TEA just acts as shape controller.
Figure 1c shows the XRD pattern of carbon pemwdith broad peaks illustrating an amorphous in
nature. The absence of (004) and (006) peaks (in Fig. 1c) indicates the type of carbegraphitic.

3.1.2 Microscopy studies : SEM and TEM

To study the role of PVP and TEA and its effect on the shape,m@phology, porosity and
particle aggregation of LiMmCo/3Ni PO, synthesized by salel route, the aprepared samples
have been subjected to a range of microscopy analysis and the results are displayed-th Figsre
2 shows SEM images of {8 olivine materials synthesized by PVP aned]cTEA as well as (€
carbon.

It can be observed from Fig. 2-@a that the materials mainly consist of well defined particles
in submicron range (00 . 3 Om) . The di sper si oams by AP asl{TEAD n g
allows the high degree of interparticle contacts and densification, which are prerequisites for energy
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storage materials. The XRD results are in parallel with SEM corroborating the strong crystallinity of
the assynthesized olivine matials.
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Figure 2. Scanning electron micrographs (SEM) of-sgsthesized multi-component olivine
LiMn 1,3C013Ni13PO, samples with chelating agentski(p PVP and (ad) TEA with different
magnifications. Images {®@ represents aseceived carbon powder with different
magnifications.
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Figure 3. Transmission electron microscope (TEM) images edyaghesizeanulti-componenblivine
LiMn 1,3C013Ni13PO; samples with chelating agents PVP (a) regions showvengtered
particles of good connectivity with uniform carbon coating and its maginified image, (b)
showing lattice fringes of crystalline in nature and (c) corresponding selected area electron
diffraction pattern (SADP) indicating a crystalline phase \gitld ring patterns.
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Figure 4. Transmission electron microscope (TEM) images edyaghesizeanulti-componenblivine
LiMn 1,3C013Ni13POy samples with chelating agents TEA (a) regions showing patrticle
morphology and size distribution artd maginified image, (b) showing lattice fringes of less
crystalline in nature and (c) corresponding selected area electron diffraction pattern (SADP)
with lower number of brighter spots.

The SEM images of the @sceived carbon (Fig. 2 ) show platelike stacked morphology
with diameter in the range 0i22 Om. The samples are also analy
From the TEM images of the olivine material with PVP (Figc3é is clearly seen that particles have
a good interparticle contact pessing polymer matrix with uniform carbon coating [39]. In addition,
these particles shows lattice fringes indicating a good crystallinity and the corresponding selected arec
diffraction pattern displays several concentric rings composed of individuabdiffin spots,
confirming the polycrystalline nature of the-agthesized olivine material with PVP as chelating
agent [39]. The TEM photographs of the olivine material with TEA (Figc)4show aggregated fine
particle size (0100 mage)in FigT4beindiehRS [Eddfined arystaline e i
regions with no clear fringes. The corresponding selected area diffraction pattern, in Fig. 4c, shows
lower number of individual diffraction spots and undefined concentric ring like patterns to that of
observed for PVP samples. The finer particle size means the short diffusion distance for intercalant
ions.



