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CHAPTER 6 (Part I)

An electrochemical study on LiMn204 for AI®* ion storage in aqueous electrolyte

6.1.1 Introduction

Chapters 2-5 discusses the electrochemistry of AI** ion insertion in graphite,
bismuth-based compounds such as bismuth oxide (Bi2O3), bismuth oxychloride
(BiOCI), vanadyl ethylene glycolate (VO(CH20)2) and molydenium ditelluride
(MoTey). In this chapter, the AI** jon storage in lithium manganese oxide (LiMn2O4)
is discussed. LiMn,O4 is a cathode material of intense investigation for lithium-ion
battery over several decades [1-6]. Keeping aside the excellent electrochemical
properties, it attracted the interest again due to economic and safety factors [6]. Since
LiMn,0O4 could be considered to have attained a matured research stage, a vast pool of
information is readily available for design of highly stable LiMn2O4 cathodes for
facile Li" ion intercalation/deintercalation either in non-aqueous or aqueous
electrolytes [7-10]. In fact, LiMn»O4 cathode was used for the first time in
demonstrating the proof-of-concept of aqueous Li-ion battery [5]. However, the
trivalent ion electrochemistry of LiMn;O4 is least explored with no piece of
information available in the literature. A mere possibility of AI** ion insertion in
LiMn2Og4 bears significant impact in the further research of Al-metal or ion battery
since it opens up a new avenue for exploring the well-established lithium-ion battery
cathode materials for aluminum batteries. With this view in mind, the AI** ion
insertion electrochemistry of LiMn2Os4 in aqueous electrolyte is investigated in this
chapter. It was revealed that AI** ion could indeed be inserted in LiMn>Os initially via

conversion and later on via intercalation processes.

6.1.2 Experimental Section
6.1.2.1 Materials

Lithium manganese oxide (LiMn2Os4, Sigma Aldrich), Carbon black (Alfa Aesar),

Ethanol and Distilled water.
6.1.2.2 Synthesis

Commercially available LiMn2O4 was used for this study. It was purchased from
Sigma Aldrich (Product No. 482277) and no further treatment was performed prior to
the study.
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6.1.2.3 Characterization

The crystallographic phase identification was performed by using powder X-ray
diffraction (XRD, BRUKER AXS D8 FOCUS; Cu-Ka radiation, A = 1.5406 A) with a
scanning rate of 1° min™! in the 20 range of 10-70° at a generator voltage of 30 kV a
current of 30 mA. The morphology was observed by field emission scanning electron
microscopy (FESEM, JEOL JSM 7200F) and transmission electron microscopy
(TEM, FEI TecnaiG2 20 S-TWIN) at an accelerating voltage of 200 kV. XPS was
recorded with Thermo-Scientific ESCALAB Xi" spectrometer with a monochromatic

Al Ko X-ray source (1486.6 eV).
6.1.2.4 Electrochemical analysis

Electrode slurry was prepared by mixing LiMn2O4 powder with carbon black (Alfa
Aesar Product No. H30253) and polyvinylidene fluoride (PVDF) with weight
proportion of 70:20:10 in N-methyl-2-pyrrolidone (NMP). This prepared slurry was
coated on titanium substrate (breadth 1 cm and length 1.5 cm) and dried at 120 °C for
12 h. The mass loading of the material was approximately 2.5-3.5 mg.

Cyclic voltammetry (CV) and galvanostatic discharge/charge experiments were
performed in a glass cell (diameter 2.7cm, height 2.2 c¢cm) using Biologic SP300
electrochemical work station. Pt electrode and aqueous Ag/AgCl electrode were used
as the counter and reference electrodes respectively for three electrode system
measurements. The utilized electrolytes were 1 M LiCl and 1 M AICl3 aqueous
electrolytes unless otherwise stated. All the electrochemical experiments were
conducted at room temperature (25 °C). For ex-situ XRD, SEM and XPS
measurements, the electrodes were harvested after required discharge/charge cycles
and washed with deionized water and dried at 110 °C for 24 hr. For ex-situ XRD,
electrodes were prepared with graphite current collector. All the electrochemical

experiments were conducted at room temperature (25 °C).
6.1.3 Results and Discussion
Commercially available LiMn2O4 was used for this study without any further

processing. The XRD pattern shown in Figure 6.1.1a confirms the crystalline
phase of LiMn.Os; (JCPDS-35-0782, space group Fd3m). FESEM (Figure
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6.1.1b) and TEM (Figure 6.1.1c) images indicate existence of micrometer sized

LiMn204 particles.
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Figure 6.1.1 XRD pattern, (b) FESEM image and (¢) TEM image of LiMnOs4.

First, in order to verify whether Li* ion from aqueous electrolyte could be
intercalated in the LiMn2O4 phase or not, CV experiment was performed in 1 M LiCl
aqueous electrolyte in a voltage range of -0.1 V to 1.5 V. Redox activities could be
observed as shown in Figure 6.1.2a. A prominent cathodic peak (A) at 0.35 V (vs
Ag/AgCl) and two anodic peaks (B) at 1.0 V and (C) 1.21 V (vs Ag/AgCl) could be
easily seen. A minor cathodic hump at 0.6 V (peak at D) is also present. It is fairly in
corroboration with the previous reports on LiMn204 in aqueous system [10]. Relying
on it, the A" ion electrochemistry of LiMn;O4 is investigated in aqueous system.
Figure 6.1.2b shows the CV profiles of LiMn2041in 1 M AICl3 agueous electrolyte in a
voltage range of 0.2 V to 2 V from 2" cycle onward. There exists a highly reversible
pair of very prominent cathodic and anodic peaks respectively at 1.54 V (peak A') and
1.88 V (peak B') in addition to a small cathodic peak at 1.85 V (peak C/). The
cathodic peaks may be assigned due to intercalation of AI** ion in LiMn,O4, while the
anodic peak can be correspond due to de-intercalation of AI** jon in LiMn2O4. The
potential is measured w.r.t. Al. However, the 1% cathodic cycle (Figure 6.1.3a)
unusually shows a broad peak centered at 1 V, which is completely different from the
rest of the cycles. Contrary to AIClz aqueous electrolyte, the CV profiles obtained
with 0.5 M Alx(SOs4)3 and 1 M AI(NOz3)s aqueous electrolytes are completely
different. As shown in Figure 6.1.2c, only one cathodic peak at 1 V (peak E) could be
seen and there is no signature of any reversible anodic peak in the case of Al2(SOa)3
aqueous electrolytes. Moreover, the 1% cycle also does not show any similar
characteristics as was seen in AICIz electrolyte. Interestingly, no electrochemical

activity could be seen at all in the case of AI(NO3)s electrolytes (Figure 6.1.3b) in any
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of the scans. Experiments were also performed in 0.5 M H>SO4 solution to identify
any possibility of reversible proton intercalation in LiMn2O4. However, CV profiles
(Figure 6.1.3c) indicate only a broad low intensity hump centered at 1.6 V in the
cathodic cycles with no indication of any reversibility in the anodic cycles. Hence,
there may be a possibility of small amount of irreversible proton intercalation in
LiMn,O4. To identify the AI** ion insertion process is an intercalation or not, CV
experiments were performed at different scan rates in AICls electrolytes (Figure
6.1.4). Clearly, as shown in Figure 6.1.2d, both the cathodic and anodic peak current
responses (1) exhibit a linear dependence with scan rates (y) according to the equation
I=ky®> (k is a constant). This further signifies a diffusion-controlled APP* ion

intercalation and de-intercalation processes in LiMn2O4 [11].
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Figure 6.1.2 CV curves of LiMn204 in (a) 1 M LiCl, (b) 1 M AICls, (c) 0.5 M
Al2(SO4); aqueous electrolytes at scan rate of 2.5 mVs™ and (d) variation of redox

peak current versus scan rate according to equation I=ky®® (Kk is a constant).
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Figure 6.1.3 CV curves of LiMn2O4in (a) 1 M AIClIz, (b) 1 M AI(NO3)3, and (c) 0.5

M H2SO4 aqueous electrolyte at a scan rate of 2.5 mVs™.
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Figure 6.1.4 CV curves of LiMn2Os4 in 1 M AICI3z aqueous electrolyte at different

scan rates.
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Galvanostatic discharge/charge experiments were performed to estimate
the AI®* ion storage capacities of LiMn2O4 in a voltage range of 0.2 V to 2 V.,
Figure 6.1.5a shows the discharge/charge profiles (after 1% discharge cycle) of
LiMn204 in 1 M AICI; aqueous electrolyte at a specific current of 200 mAg™.
The cell shows very high degree of reversibility. The discharge and charge
profiles show distinct potential plateaus at 1.5 V and 1.85 V (vs Al)
respectively. This is absolutely in agreement with the CV profiles (Figure
6.1.2b). The second discharge and charge capacities are 140 mAhg™ and 110
mAhg? respectively. There is a gradual decline in capacity and the discharge
capacity is 40 mAhg™ at the 15" cycle (Figure 6.1.5b). Similarly, the cell was
tested at a high specific current rate of 600 mAg™?. As shown in Figure 6.1.5c,
the potential plateaus could be seen. At the end of 120 cycles, the discharge
capacity is found to be approximately 20 mAhg? (Figure 6.1.5d). It is
interesting to note that the initial (1% cycle) discharge capacity is exceptionally
high in all investigate cases as shown in Figure 6.1.6. It is found to be 1125
mAhg? and 641 mAhg? at current rates of 200 mAg™? and 600 mAg™
respectively. In addition, the initial discharge profile is significantly different
than the rest of the discharge cycles, which is consistent with the CV profiles
(Figure 6.1.3a). On the other hand, LiMn204 could not be cycled at any current
rates with Al>(SO4)3 and AI(NOs)sz aqueous electrolytes (Figure 6.1.7a and
6.1.7b). Capacity fading in pristine LiMn2O4 is a well-known phenomenon
which is mostly ascribed to the dissolution of Mn species in acidic environment
[6]. In an effort to mitigate this issue, a finite amount of low-valence Mn salt
was introduced in the system [12-13]. It was found that addition of 0.25 M
MnCl. in the 1 M AICI3 aqueous electrolyte could not only significantly
improve the AI®* ion storage capacities of LiMn,O4 but also provides better
cycling stability (Figure 6.1.5e, f). At a current rate of 800 mAg™, a discharge
capacity of 65 mAhg™ is achieved at the 75" cycle. The discharge and charge
potential plateaus are still maintained at the same potentials as observed for
pristine AICIs aqueous electrolyte. Another striking and important feature of
LiMn20Os is that it exhibits exceptionally negligible self-discharge. Figure 6.1.8
shows the variation of the open circuit potential of an Al-LiMn2O4 cell with
time. It was measured after charging the cell up to 2 V. It is observed that the
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cell maintains a very steady potential of 1.5 V for 24 h signifying the high
stability of the cell.
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Figure 6.1.5 Galvanostatic discharge/charge curves and variation of specific
capacities of LiMn2O4 in 1 M AICIs electrolyte at a current rate of (a, b) 200 mAg?,
(c, d) 600 mAg™ and (e, f) in a mixture of 1 M AICl; and 0.25 M MnCl, aqueous

electrolyte at current of 800 mAg™. DC: discharge cycle, C-charge cycle.
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Figure 6.1.6 Galvanostatic discharge/charge curves of LiMnzO4 in 1 M AICI; at a
current rate of (a) 200 mAg™ and (b) 600 mAg™. DC-discharge cycle, C-charge cycle.
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Al2(S04)3, and (b) 1 M Al(NOs3)s aqueous electrolytes. The current rate is 200 mAg™.
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Figure 6.1.8 Self-discharge profile of Al-LiMn2O4 cell in 1 M AICIs aqueous

electrolyte.

To shed light on the electrochemical mechanism undergoing on the
LiMn2O4 cathode, the charged-discharged state electrodes were analyzed with
ex-situ microscopy and spectroscopy techniques. Ex-situ FESEM images
(Figure 6.1.9b and 6.1.10b) of the 1% discharge state electrode show complete
disintegration of the micrometer sized LiMn2O4 particles. Besides, there is an
appearance of a smooth and compact polymer type layer (Figure 6.1.10b). The
charging however results in disappearance of this layer (Figure 6.1.9¢c) and few
nanosized particles alongside carbon black could be observed (Figure 6.1.10c).
In consistent with the ex-situ FESEM images, as shown in Figure 6.1.9d, ex-
situ XRD pattern of 1% discharged state electrode also shows complete loss of
LiMn2O4 crystal phase. Rather, few new diffraction peaks appeared after 1%
charge. These are observed at 26= 22.5°, 37° and 65.6° which correspond to vy-
MnO_ (JCPDS no. 44-0644). The other peak at 26= 18.9° belongs to LiMn20Oa.
This peak may appear due to some unreacted residual LiMn2O4 particle in the
electrode. FESEM images also show existence of such particles after 1%t charge
(Figure 6.1.9¢). There is also a new diffraction peak 20 = 44.45° which
corresponds to pure phase of Al (JCPDS no. 004-0787). This diffraction peak is
also observed after 2" discharge. Besides this, ex-situ XPS measurement was
also carried out. As show in Figure 6.1.9e, Al 2p peak at 74.9 eV could be

observed for both the 1% discharged and 1% charged state electrodes signifying
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presence of Al [13-14]. Elemental mapping and energy dispersive X-ray spectra
(EDX) also show presence of Al in both these electrodes (Figure 6.1.11 and
Figure 6.1.12). Similarly, the Mn 2p peak (Figure 6.1.9f) is composed of two
doublets with binding energies located at 642.5 eV and 654.4 eV,
corresponding to Mn 2ps. and Mn 2p12, which fall in the respective ranges of
Mn3* and Mn*" oxidation states respectively [15]. However, both these peaks
are slightly shifted to lower binding energies, which may be attributed to
reduction of LiMn2Qg after the 1% discharge. There is also a change in the Li 1s
spectrum. As shown in Figure 6.1.13a, there is almost no trace of Li 1s peak,
which is located at 54.2 eV, after the 1% discharge/charge signifying a possible
structural transformation of LiMn2O4 during the intercalation/deintercalation
process of AI* ions. Furthermore, as shown in Figure 6.1.13b, the peaks at
530.2 eV and 531.5 eV which could be seen for the pristine LiMn2O4 electrode
represent Mn-O-Mn and Mn-OH bonds [15]. However, the minor peak at 531.5
eV is shifted to higher binding energy (532.39 eV) after the 1% discharge/charge
state, which approximately falls in the binding energy range of Al-O-OH [16].
Based on the above-mentioned analysis, the following could be inferred. First,
the LiMn2O4 losses its crystal structure upon AI®* ion intercalation during the
first discharge and possibly produces an amorphous phase of MnOz. The
LiMn2Os does not regain its original structure upon subsequent charging.
Second, the presence of Al in the ex-situ XRD patterns also hints at possible
formation of Al-Li alloy. The exact phase is unknown though. Third, the
amorphous MnO; phase turns to nanocrystalline MnO, phase upon AI** ion
deintercalation and this process of phase transformation continues in
subsequent cycles. Therefore, the following possible reaction mechanism could
be proposed: during first discharge (i) 2LiMn2O4 + 3xAI3* + Qxg Istdhase ,
3AIxMnOz(amorphous) + Li-O + MnO and during subsequent charge-discharge

cycles (ii) AlxMnO2 (amorphous) ﬁ'ge—\ MnO: (crystalline) + xAIP* + 3xe.

The Li>O and MnO produced during the 1% discharge may dissolve in the acidic
AIClz aqueous electrolyte (pH ~ 3) [17].

128 Investigation on electroactive materials for rechargeable agqueous aluminum-metal/ion battery.



CHAPTER 6 (Part I)

#LiMn O,  «7y-MnO,

Intensity (a.u)

T T T T T 1

10 20 30 40 50 60 70

pristine
LiMn O,
1stDC
—fitted data

1stC
——fitted rata

(e) Al 2p

Intensity

70 72 ) 7_'4 76 78 20
Binding energy (eV)

(f) Mn 2p

1stC
fitted dat

Intensity

—pristine LiMn,0O,
—fitted data

635 640 645 650 655 680
Binding energy (eV)

Figure 6.1.9 FESEM images of (a) pristine LiMn2O4, (b) after 1% discharge and
(c) 1% charge LiMn2Og electrodes. (d) Ex-situ XRD patterns (black-pristine
LiMn2O4, blue-after 1% discharge, red-after 1%t charge, green-after 2"
discharge), Ex-situ XPS spectra of (e) Al 2p and (f) Mn 2p of pristine LiMn20a,
after 1 discharge and after 1%t charge. White circles and green circles in Figure
6.1.9c respectively represent carbon black and residual LiMn2O4 particles. Gr-
graphite peaks. Ex-situ XRD was performed using graphite current collector.
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1), S

Figure 6.1.10 Ex-situ FESEM images of LiMn.O4 electrode (a) before discharge, (b)

after 1% discharge and (c) after 1 charge. Scale bar = 1 pm.

Figure 6.1.11 (a) SEM image of scanned area for elemental mapping of 1% discharge
state LiMn2O4 electrode. Elemental mapping images of (b) Al, (c) Mn and (d) O of the
1° discharge state electrode. (¢) SEM image of scanned area for elemental mapping of
1% charge state LiMn2Oy4 electrode. Elemental mapping images of (f) Al, (g) Mn and
(h) O of the 1¥ charge state electrode.
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Figure 6.1.12 Energy dispersive X-ray (EDX) spectrum of LiMn2Os (a) after 1%

discharge state electrode and (b) after 1% charge electrode.
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Figure 6.1.13 (a) Li 1s and (b) O 1s XPS spectra of LiMn2O4 electrode before

discharge, after 1% discharge and after 1% charge.
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6.1.4 Conclusion

In summary, the possibility of AI** ion intercalation/extraction in LiMnyOx in
aqueous medium is demonstrated. It is noticed that AI** ion intercalation process
completely destroys the crystal structure of LiMn2Os after first discharge with
concomitant rise of a new phase of MnO,. Moreover, when tested with reference to an
Al anode, LiMn>O4 shows an almost flat discharge plateau at 1.5 V with a very low
polarization (< 0.4 V). Interestingly, the discharge capacity could be significantly
enhanced by pre-addition of a low-valence Mn salt in the electrolyte and it is seen that
a discharge capacity of 65 mAhg! could be achieved at a higher current rate of 800
mAg™! at the 75" cycle. Moreover, the Al-LiMn,Os cell demonstrates remarkably low
self-discharge.
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Reversible AIF* ion storage in lithium manganese phosphate (LiMNnPOa) in

aqueous electrolyte

6.2.1 Introduction

In the previous chapter, the electrochemistry of AI** ion insertion in lithium
manganese phosphate (LiMn2O4) was discussed. It was found that LiMn2Os4 can
indeed store AI** jon and it shows a flat discharge plateau at 1.5 V (vs Al) with a very
low polarization (~ 0.4 V). Therefore, with this view in mind, this chapter explores
the electrochemical possibility of AI** ion insertion in lithium manganese phosphate
(LiMnPQg4) in aqueous electrolyte. LiMnPOs is a well-known cathode material for
non-aqueous lithium-ion battery with theoretical capacity of 170 mAhg?. This
material is promising because of low toxicity, safety, easy processing and rich
electrochemical properties [1-4]. The AI** ion electrochemistry of LiMnPOys in either
aqueous or non-aqueous electrolyte is hitherto been unknown. Therefore, the
electrochemical behavior of LiMnPO4 in an AI** ion cell is investigated and found
that LiMnPOs4 exhibits distinct discharge and charge potential plateaus with

reasonably high storage specific capacity.

6.2.2 Experimental Section
6.2.2.1 Materials

Sodium sulfide nonahydrate (NaS-9H20, Sigma Aldrich), Lithium sulfate
monohydrate (Li2SO4-H20, Sigma Aldrich), Manganese sulfate monohydrate
(MnSO4-H20, Sigma Aldrich), Ethanol and Distilled water.

6.2.2.2 Synthesis

LiMnPO4 was synthesized by a hydrothermal method as reported in ref [5]. Briefly to
describe, an aqueous mixture of 14 mmol of Na»S-9H,0, 40 mmol Li,SO4-H>0, 20
mmol MnSO4-H20 and 20 mmol of NH4H2PO4 was heated at 200 °C for 10 h in a
Teflon-lined stainless-steel autoclave. Afterwards, the solution was cooled down to
room temperature and the resulted white precipitate was collected by centrifugation
followed by washing with deionized water and ethanol and finally the product was
dried at 60 °C for 12 h.
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WO; was synthesized by a hydrothermal method [8]. Briefly, 0.825 g of NaaWO4
2H>0 and 0.290 g of NaCl were dissolved in 19 ml of deionized water and the pH
was adjusted to 2 by 3 M HCI. The resulting solution was heated at 180 °C for 24 h in
an autoclave. The resultant precipitate was collected after cooling and washed with

deionized water and ethanol followed by drying at 80 °C for 12 h.
6.2.2.3 Characterization

The material was characterized by powder X-ray diffraction (BRUKER AXS D8
FOCUS; Cu-Ka radiation, A = 1.5406 A) and the morphologies of the samples were
characterized using field emission electron microscopy (FESEM, ZEISS Supra 40V)
and transmission electron microscopy (TEM, JEOL-2010 F).

6.2.2.4 Electrochemical analysis

Electrode slurries were prepared separately for LiMnPO4 cathode and WOs3 anode
using Super P, polyvinylidene fluoride with a weight ratio of 70:20:10 in N-methyl-2-
pyrrolidone as solvent. The slurry was drop cast on pristine carbon cloth (Panex
PWOG carbon fiber, Product code: 625304, USA) and dried at 90 °C for 12 h. Cyclic
voltammetry (CV) and galvanostatic discharge/charge experiments were conducted in
a conventional three-electrode electrochemical glass cell in a voltage range of -0.3 V
to 1.2 V (vs Ag/AgCl), where LiMnPOg act as the working electrode, Pt and Ag/AgCl
were used as the counter and reference electrodes respectively. The used electrolytes
were 1 M LiCl and 1 M AICIs aqueous electrolyte. All the electrochemical

experiments were conducted at room temperature (25 °C).

An aqueous Al-ion full cell was tested with WO3 as anode and LiMnPOy as cathode.
The utilized electrolyte was 1 M AICl; aqueous solution. The galvanostatic
discharge/charge and CV experiments were performed in the voltage range of 0.01-
1.5 V considering LIMNnPO4 as the working electrode and WOs3 as both the reference

and counter electrodes.

6.2.3 Results and Discussion

Figure 6.2.1a shows the XRD pattern of the synthesized LiMnPOs and all the
diffraction peaks could be indexed to the orthorhombic crystal structure of LiMnPO4
(JCPDS no. 74-0375) with a Pnmb space group. FESEM image of LiMnPO4 indicates
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formation of plate like structure with lateral dimension of approximately 200 nm-1
um (Figure 6.2.1b). TEM image also further supports the 2D structure of LiMnPO4
(Figure 6.2.1c) and crystallinity could be seen from HRTEM image (Figure 6.2.1d).

(a) —LiMnPO,
JCPDS no. 74-0375

Intensity (a.u)

Figure 6.2.1 (a) XRD pattern, (b) FESEM image, (c) TEM and (d) HRTEM images of
LiMnPO..

Figure 6.2.2a shows the CV profiles of LiMnPO, in 1 M AICIl3 aqueous
electrolyte at a scan rate of 2.5 mVs™. It could be clearly observed that there are two
sharp cathodic peaks (labeled as A and B) at 0.85 V and 1.04 V. The peak B is
stronger than peak A. However, only one anodic peak (C) is identified at 1.10 V. This
phenomenon is in contrast to the electrochemical behavior of LiIMnPO4in 1 M LiCl
aqueous electrolyte. As shown in Figure 6.2.2b, in this case, the CV profiles exhibit
broad cathodic and anodic peaks around 0.88 V and 0.61 V. CV experiment of
LiMnPO4in 1 M AICl3 aqueous electrolyte at different scan rates are shown in Figure
6.2.3 and the linear dependence between peak current response and square root of
scan rate indicates a diffusion-controlled AI** ion intercalation and deintercalation
process in LiMnPOq [7].
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Figure 6.2.2 CV profiles of LiMnPO4 in (a) 1 M AICI3 and (b) 1 M LiCl aqueous

electrolytes. Galvanostatic discharge/charge profiles in (a) 1 M AICI; and (d) 1 M

LiCl aqueous electrolytes, variation of discharge capacities with cycle number at

current density of (e) 1 Ag™ and (f) 2.5 Ag™.

The CV outcome was further corroborated with galvanostatic discharge/charge
measurements. Figure 6.2.2c shows the discharge/charge profiles of LiIMnPO4in 1 M
AICI; aqueous electrolyte a current density of 1 Ag™. There are two discharge
plateaus at 1.09 V and 0.86 V which are consistent with the CV measurement. An
initial discharge capacity of 146 mAhg? is estimated. On the other hand, the
discharge/charge profiles of LiMnPO4in 1 M LiCl aqueous electrolyte show a kink at
around 0.8 V rather than a flat discharge plateau in the discharge cycles (Figure
6.2.2d). Moreover, LiMnPO4 shows an initial discharge capacity of only 28 mAhg?in
this case. The variation of discharge capacities with cycle number clearly indicates
that electrochemical performance of LiMnPO, is much better in case of AI®* ion
(Figure 6.2.2¢).
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In addition, LiMnPO4 exhibits stable specific capacity of 50 mAhg™ over 450 cycles

at a current rate of 2.5 mAg™ (Figure 6.2.2f), which was not supported in case of LiCl
electrolyte.
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Figure 6.2.3 CV profiles of LIMnPOg4 at different scan rates in 1 M AICl3 aqueous
electrolyte, and (b) linear dependence between peak current response and square root
of scan rate according to the equation I=ky®> (where k is a constant). The peaks (A’

and B') marked by the arrows are considered here.
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Figure 6.2.4 (a) XRD pattern and (b) FESEM image of WQO3, for LiMnPO4//WQ3 cell
(@) CV profile at a scan rate of 2.5 mVs™? and (d) galvanostatic discharge/charge
profiles in 1 M AICIselectrolyte at current of 0.5 Ag™.
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With this information at disposal, a rechargeable AI** ion cell was assembled
using LiMnPOQ; as cathode and WO3 as anode in 1 M AICIs aqueous electrolyte. It is
noted here that our group previously examined the feasibility of AI®* ion storage in
WOs3 electrode and found that redox activities could be seen at negative potential i.e.,
after -0.4 V (vs Ag/AgCl) [6]. Hence, WOs is selected as anode. WO3 nanorod was
synthesized as per the previous report [8]. The XRD pattern and FESEM image of the
synthesized WOs are shown in Figure 6.2.4a, b. Figure 6.2.4c shows the CV profile of
the assembled LiMnPO4//WOj3 cell at a scan rate of 2.5 mVs™. A very broad cathodic
peak in the range of 1-1.4 V and a minor peak at 0.38 V could be seen, whereas only
one anodic peak appears at around 1.3 V could be observed. This is again reflected in
the discharge/charge profiles. There is one discharge plateau extending over the
potential range 1-1.4 V and a charge plateau in the potential range of 1.2-1.4 V
(Figure 6.2.4d). The LiMnPO4//WQ3 cell shows very stable cycling behavior. The
estimated discharge capacity is in the range of 27-30 mAhg™ over 200 cycles at
current rate of 0.5 Ag™* (Figure 6.2.5).
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Figure 6.2.5 Variation of specific capacities with cycle number in 1 M AICl; aqueous

electrolyte at a current rate of 0.5 Ag™.
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6.2.4 Conclusion

In summary, the ability of LiMnPO4 to electrochemically store A" ion in

aqueous electrolyte is demonstrated in this chapter. It is found that LiMnPO4 could

deliver discharge capacity as high as 146 mAhg™ at a current rate of 1 Ag™. Based on

it, a fully rechargeable AI** ion cell is demonstrated with LiMnPOy4 as cathode and

WO3 as anode. This cell exhibits excellent cycling stability over 200 cycles with a

discharge capacity of 27-30 mAhg at a current rate of 0.5 Ag™.
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