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Abstract. Rechargeable aluminum ion batteries (RAIBs) are a very attractive op-
tion for large-scale energy storage thanks to its promising theoretical capacity,
high energy density, low cost, abundant earth resources, and environmental
friendliness. While the cathode materials chosen and prepared are so essential for
the electrochemical performance of RAIBs that extensive efforts and research
have been done. In this study, the electrochemical performances of RAIBs were
optimally improved by chemical polymerisation of triphenylamine to obtain pol-
ytriphenylamine (PTPAn) as the cathode material. The polymerisation process
improved the spatial reticulate structure of triphenylamine, gained a three-dimen-
sional mesh-like nano structure, which provided more chemical reaction sites and
ion reaction channels, greatly increased the specific surface area, and accelerated
the electrochemical reaction kinetics. On this basis, a stable discharge specific
capacity around 137.4 mAh g! was achieved at high current densities of 1 A g’!
for the PTPAn cathode, and the Coulombic efficiency was maintained at about
99% after the life of 500 cycles. The understanding and appreciation of the charg-
ing and discharging working principle of PTPAn material as RAIBs cathode,
meantime, were deepened by a multitude of ex-situ experiments. These findings
are anticipated to serve as the cornerstone for the subsequent development of
large-scale RAIBs systems for energy storage that use organic polymers as the
cathode material.

Keywords: Rechargeable aluminum ion batteries; Organic cathode; Triphenyl-
amine; Polytriphenylamine

1 Introduction

The growing demand for sustainable and environmentally responsible energy solutions
has driven significant efforts in recent years to develop innovative energy storage tech-
nologies [1, 2]. In large-scale electrochemical energy storage devices, rechargeable bat-
teries are essential components [3]. Thereinto, aluminum, being the third most abundant
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element on earth and the least reactive metal, is easily extracted [4]. The aluminium
ions (AI*") have a high theoretical volumetric capacity of 8046 mAh cm™ and a corre-
sponding high specific gravity capacity of 2980 mAh g!, and they have the ability to
distribute three free electrons in an electrochemical process [5]. This has sparked ex-
tensive research into the development of Rechargeable Aluminum Ion Batteries
(RAIBs) [6].

From the current state of research, RAIBs are still in their infancy and the main ob-
stacle to their large-scale commercial application involves the new generation of active
charge storage materials for cathodes [5, 7, 8]. Early studies favoured the high initial
specific capacity of VI A transition metal compounds due to valence migration, but the
subsequent cycle life and rate performance proved challenging to obtain because to the
high AI3* diffusion potential barrier and low electrical conductivity [9-11]. In contrast,
the carbon-based materials have significant promise for strong rate performance and
excellent cycle life due to their open-layer crystal structure and outstanding electrical
conductivity [10, 12]. Applications especially to further improve the discharge specific
capacity are still difficult to implement, however, due to the extensive issue of self-
discharge, as well as the more difficult preparation procedures and higher application
costs of some carbon materials [13].

Recent organic polyaniline RAIBs exhibit good specific capacity and a stable cycle
life, which may indicate that the long-range benzene ring and quinone ring structures
are stable as well as the activity of N functional groups as reaction sites, reflecting the
potential research space in the derivatives of aniline and their polymers [14-17]. Still,
the investigation of the underlying reaction processes and the creation of REDOX
chemistry with adequate reversible participation of Al carriers (AI**, AICls", AICL," and
AICI?") remain major challenges [18].

A large quantity of organic polymer materials play an important role in the battery
electrode and electrolyte system [19-22]. Among them, triphenylamine and its deriva-
tives are particularly outstanding. They have received a great deal of interest and study
in the realm of electrochemical energy storage devices because of their superior charge
transfer properties [23, 24]. The center N atom of triphenylamine has a high capacity
for electron transfer, a low ionization energy, and is easily oxidized to produce positive
cationic free radicals [25]. As the cathode for a Li-organic battery, Chen et al. employed
a functional star-shaped triazine triphenylamine framework, presented a multistage dis-
charge voltage plateau during the charge-discharge process and exhibited a stable spe-
cific capacity of ~123 mAh g!' [26]. By using straightforward electro-spinning and in-
situ polymerization techniques, Mo and his colleagues created CNF@PTPAn compo-
site membranes that operate as free-standing cathodes for high-performance sodium ion
batteries., exhibited a high reversible capacity of 105 mAh g' [27].The findings demon-
strate that trichromatic amines have high energy density and reversible REDOX char-
acteristics, making them a potential cathode material.

Inspired by the above related researches, we took triphenylamine as the basic re-
search object and polymerizes the corresponding polymer by chemical oxidation
method with ferric chloride as oxidant. The chemical structure of the polymer is con-
firmed by XRD, FT-IR and Raman. The electrochemical performance of triphenyl and



its amine polymer electrode and the battery as RAIBs cathode material were investi-
gated.

2 Experimental section

2.1  Materials Synthesis

Polytriphenylamine (PTPAn) was prepared by chemical oxidation of triphenylamine
(TPAn) monomer. The synthesis was carried out as follows: first, 0.05 mol of TPAn
was dissolved in chloroform (CHCI3) under magnetic stirring; then, 0.2 mol of FeCl3
was slowly added to the above solution and the reaction was carried out at room tem-
perature with magnetic stirring for 6 hours; subsequently, the mixed solution was
poured into methanol, during which the PTPAn produced was precipitated from the
methanol solution. Finally, after filtration and four methanolic washes, the product is
dried under vacuum at 80°C for 24 hours to give a pale yellow PTPAn primary product.
The primary product was again dissolved in chloroform, filtered to remove insoluble
impurities and the filtrate was poured into a mixture of acetone and 5% ammonia to
precipitate once more. After filtration, the corresponding product was dried under vac-
uum at 50°C for 12 hours to give the final product, a pale yellow PTPAn powder.

2.2 Structural Characterization

The microscopic morphology and microstructure of materials were studied using trans-
mission electron microscopy (TEM, HT-7800, Japan) and field-emission scanning elec-
tron microscopy (SEM, Requlus-8100, Japan). An INC 250 from Japan Electronic was
utilised to map the samples using Energy dispersive X-ray spectrometry (EDX). The
functional groups contained in the materials were investigated using Raman and Fou-
rier-transform infrared spectroscopy (FT-IR, Thermo Scientific Nicolet iS50, USA).
Raman spectroscopy was carried out using a Horiba Lab RAM HR Eolution analyser
from Japan. A D8 Advance powder X-ray diffraction (XRD) from Bruker, Germany,
was used to examine the crystalline structure of the material and to determine the phys-
ical phase type. On a Micromeritics ASAP 2460 from the USA, Nitrogen adsorption
and desorption isotherms were performed. The X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha, USA) was used to examine the surface chemical
composition and valent states of the elements.

2.3 Electrochemical measurements

A typical RAIB was constructed using pure aluminium foil for the anode and the coun-
ter electrode, a Waterman GF/D glass fibre film as a separator, as illustrated in Fig. 1.
Conducive carbon and PTFE were mixed with TPAn and PTPAn, respectively, and
then coated on the molybdenum sheet to act as the cathode electrode in a weight ratio
of 8:1:1. There was a bulk loading of around 2 mg of active material for each functional
electrode.



A multichannel NEWARE battery test system was used to charge and discharge the
electrodes under test and record the relative data change over time. CV testing was
carried out using a PARSTAT MC electrochemical workstation from Princeton Scien-
tific Instruments, USA. The test voltages ranged from 0.1 to 2.1 V and the sweep rates
were varied from 0.1 to 2 m V s, The same workstation was used for the EIS tests and
a circuit was fitted to the test data, which was collected in the range of 100 kHz to 0.1
Hz.

Fig. 1. The working principle in charging of RAIBs with PTPAn as cathode.

3 Results and discussion

3.1 Morphology and physiochemical properties

It can be seen from the SEM images in Fig. 2a and b that the monomers of TPAn have
the structure of irregular blocks, while a few chains of PTPAn may firstly intertwine
and stack to form a thicker main chain, and then demonstrate a distinct three-dimen-
sional spatial mesh structure. Nanoparticles with a uniform distribution of about 50-
100 nm were also grown on the chains, which may have been formed by the winding
of long chains during the polymerization process. These are confirmed by the TEM
image results in Fig.2d, e and f, TPAn monomers are sub-micron blocks with smooth
surface diameter and 10-20 um. While for PTPAn, the covering intertwining of chains
is more obvious in some regions, and most of the chains disperse and form a better
spatial reticulate structure. In Fig. 2¢, some fine granular products can be observed on
the PTPAn chain, which may be branched chains in the early stage of growth. The
diameters of typical PTPAn chains are about 50-200 nm, and the diameter of the typical
intermediate pores can be as high as 160 nm, and the larger could be up to 200-500 nm
in diameter, facilitating the transmission of the doping anions and faster ion channels
in chemical reactions.
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Fig. 2. SEM images of (a) TPAn and (b) PTPAn, SEM magnification images of (¢) PTPAn,
TEM images of (d) TPAn and (e) PTPAn, TEM magnification images of (f) PTPAn.

FT-IR spectrum in Fig. 3a displays a string of characteristic peaks at 1277, 1490,
and 1592 cm’!, which are indicative of the C-N bending, as well as the C-C and C=C
ring stretching of TPAn, respectively. For the C-H bond, the out-of-plane wobble vi-
brations on the 1, 4-disubstituted benzene ring, and the bending vibrations on the ben-
zene ring are represented by the peaks at the positions of 819, then 1177 and 1325 cm’
!, Importantly, PTPAn exhibits a novel peak at 819 cm! in the area corresponding to
C-H out-of-plane vibrations, demonstrating that the structural unit of TPAn is con-
nected by para-substituted benzene rings.

Additionally, Raman analysis was carried out to further determine the precise struc-
ture of TPAn and polymerized PTPAn by bonding modifications. Fig. 3b illustrates
how the TPAn monomer significantly altered bond strength after polymerization.
Stretching of the C=C ring at 1169 cm’!, the C-N ring at 1287 cm™!, and the C-H bending
vibration at 1608 cm™ all resulted in a considerable increase in peak strength of benzene
ring, while the strength of the peaks at 999 and 1025 cm™!, which stand for mono-sub-
stituted rings, dropped and dramatically eliminated at the same time, pointing to the
formation of PTPAn.

The XRD patterns in Fig. 3¢ show a series of strong crystal diffraction peaks that are
present in the TPAn monomer, together with the polymerized PTPAn, like other mon-
omers subsequent polymerization, shows one single wide peak at 20 = 20°, clearly dis-
playing an amorphous structure[28]. In addition, PTPAn was found to have a large spe-
cific surface area of 44.63 m2 g! as opposed to a small one of TPAn with 0.05 m2 g!
(Fig. 3d), resulting in its increased penetration in the electrolyte and the potential to
greatly boost the electrochemical performance of the PTPAn cathode as RAIBs.

The effectively synthetization of PTPAn has been further demonstrated and con-
firmed by these outcomes after the proper aggregation procedure, and its high ratio



surface and excellent porosity make it a potential choice for the outstanding perfor-
mance cathode material for RAIBs.
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Fig. 3. TPAn and PTPAn figures of (a) FT-IR spectra, (b) Raman spectra, (c) XRD patterns and
(d) N2 sorption isotherms, the inset showed the pore size distribution.

3.2  Electrochemical performance

Two materials were prepared as the cathode for RAIBs and tested to find out their elec-
trochemical performance. The cyclic performance of TPAn and PTPAn cathodes at a 1
A g! current density is shown in Fig. 4a. Whereas the PTPAn cathode has an initial
discharge specific capacity of 81.3 mAh g”!, the PTPAn cathode has a capacity of 34.9
mAh g, Over the first 300 cycles, both of their specific capacities have a rising trend.
The specific capacity of PTPAn and TPAn cathodes both increase in the initial 300
cycles while the raise of the former is significantly higher than that of the latter. After
that, PTPAn stabilizes at 136-137 mAh g, with Coulombic efficiency of 98-99%,
while TPAn stabilizes at 41-42 mAh g!, with Coulombic efficiency of 93-94%, indi-
cating that PTPAn has excellent charge-discharge performance. Moreover, additional
charge-discharge tests were carried out on PTPAn cathodes with different mass load-
ings at the current density of 1 A g'. As shown in Fig. 3Sd, the specific discharge
capacity of 2.5 mg cathode stabilizes at 88.1 mAh g after 500 cycles. The specific



capacity of the 3.5 mg cathode is lower than 76.6 mAh g after 300 cycles and shows
a trend of continuous decline. These indicate that the higher load may reduce the actual
conduction efficiency of ions and electrons for the cathode material, resulting in disap-
pointing electrochemical performance. The charge-discharge curves of PTPAn in vari-
ous cycles over a voltage range of 0.1-2.1 V at a current density of 1 A g! are shown
in Fig. 4b. The PTPAn has a remarkable cycling performance, exhibiting initial dis-
charge specific capacities of 81.3 mAh g, and 112.5 mAh g of 100", 135.6 mAh g"!
of 300", and 136.7 mAh g of 500", and the rising trend demonstrates a promising
cycling performance.

Fig. 4c shows the rate performance of TPAn and PTPAn cathodes at different current
densities. Compared to a current density of 0.2 A g!, the average capacity retention of
PTPAn at a high current density of 1 A g is 84.7%. Compared to 80.5% for TPAn, it
is actually a very significant performance improvement when the former has a stable
discharge specific capacity of over 3.3 times that of the latter. In addition, after being
charged and discharged at a higher current of 2 A g'!, with a capacity retention rate of
around 100%, the PTPAn was capable of maintaining a discharge specific capacity of
124 mAh g! at a current density of 1 A g!, demonstrating the outstanding cycle stabil-
ity, together with a good rate performance and reversibility. Fig. 4d shows the charge-
discharge curves of PTPAn in the voltage range from 0.1 V to 2.1 V at different current
densities. The discharge specific capacity of PTPAn was 143.8 mAh g' of 0.2 A g’!,
141.2 mAh g' of 0.5 A g, 124.1 mAh g' of 1 A g, and 96.4 mAh g' of 2 A g’!,
verifying the good rate performance of PTPAn Cathode.

Fig. 4. (a) Cycling performance and the Coulombic efficiency of the TPAn and PTPAn cathode
at a current density of 1 A g*! with the cut-off voltage of 2.1 V, (b) Specific capacities of the
PTPAn cathode after different cycles from 1% to 500, (c) Specific capacities of the TPAn and
PTPAn cathode at different current densities from 0.2 to 2 A g, (d) Typical charge-discharge
voltage profiles of the PTPAn at different current densities.



To evaluate the electrochemical performance of the prepared cathode materials, the
electrochemical performance of TPAn and PTPAn was characterized by galvanostatic
charge-discharge (GCD) and cyclic voltammetry (CV). Typical CV curves for TPAn
and PTPAn electrodes were scanned over the potential range of 0.1-2.1 V (Fig. 5a and
b). Notably, three pairs of REDOX peaks appear at 1.22 V, 1.46 and 1.74 V vs. Al/ AI**
for TPAn charging, and at 1.66 V, 1.31 V and 1.06 V for discharging (vs. AVAP").
Similarly, three pairs of REDOX peaks were found for PTPAn at 1.25 V, 1.52 and 1.81
V during charging and 1.67 V, 1.36 V and 1.09 V during discharging (vs. A/AI"). In
addition, the specific charge-discharge capacity of PTPAn was found to be much higher
than that of TPAn cathode. In a typical charge-discharge curve, at a current density of
1 A g’!, the specific charge and discharge capacities of TPAn were 45.0 and 42.5 mAh
g’!, respectively, with a Coulombic efficiency of 94.4%, whereas the specific capacities
of PTPAn were 138.3 and 135.7 mAh g”!, respectively, with a Coulombic efficiency of
98.1%. It can be seen that the discharge specific capacity and Coulombic efficiency of
PTPAn are significantly better than those of TPAn, with an improvement rate of
219.3% and 3.9%, respectively. It is worth noting that the discharge platforms of the
two cathode materials differ dramatically, PTPAn has a wider size, a longer range, and
a more gradual fall tendency, whereas TPAn is the absolute reverse. A smaller polari-
zation could be observed in PTPAn, indicating a more stable structure and then a better
electrochemical performance compared to TPAn.
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Fig. 5. (a) CV curves of TPAn and PTPAn cathodes at a scan rate of 1 mV s’ (b) Typical
charge-discharge voltage profiles of the TPAn and PTPAn, (c) Nyquist plots of the TPAn and
PTPAn cathodes, (d) CV curves of PTPAn cathode at various scan rates from 1 to 2 mV s, (e)
linear fitting of log(i) vs. log(v) for PTPAn, (f) contribution ratio of Pseudo-Capacitive of CV
curves of PTPAn at various scan rates from 0.1 to 2 mV s,



The improved electrochemical performance and Coulombic efficiency can be ex-
plained by the EIS measurements after 20 cycles at a current density of 1 A g'!, deter-
mining the low ohm resistance and charge transfer resistance of PTPAn, as shown in
Fig. Sc. The findings indicate that the polymerization has little impact on the samples
of ohm resistance changes from 2.2 to 1.9 Q, it has not changed by orders of magnitude
or can even be barely described as essentially the same. On the contrary, it clearly re-
duces the charge transfer resistance from 47.3 to 3.5 Q, and the smaller impedance is
advantageous to the operation and utilization of RAIBs. In combination with the results
of the morphology in Fig. 2¢ and the N> sorption isotherms in Fig. 3d, the fast ion
transfer channels produced by the ideal spatial reticulate configuration of PTPAn, as
well as the high specific surface area and numerous reaction sites produced by the
widely dispersed nano-protrusions on the chain surface, not only accelerate the speed
of chemical processes in the RAIBs and increases the contact surface between PTPAn
and the electrolyte but also facilitate ion doping/de-doping and REDOX reactions.

A typical CV curve for the PTPAn cathode at different scan rates is shown in Fig 5d.
Three pairs of REDOX peaks are evident in the curves and as the scan rate increases,
the reduction peak shifts to lower potentials while the oxidation peak shifts to higher
potentials. The electrode polarisation at the increased scan rate is to blame for this [29].
In Fig. 5e, the constant » for PTPAn of O1, 02, O3, and R1, R2, R3 are 0.834, 0.868,
0.912, 0.976, 0.891 and 0.902, respectively. This suggests that RAIBs facilitated more
pseudocapacitive kinetics in the REDOX processes occur at high voltages. The behav-
ior of the pseudo-captative process can be further understood by Fig. 5f and Fig. S1,
the pseudo-capacitance contribution of the electrode was calculated for different scan
rates from 0.1 mV s to 2 mV s, and the pseudo-capacitance contribution of the
PTPAn increased gradually with increasing scan rate, from 59.9% to 84.4%, indicating
that its excellent rate capacity may be mainly due to the contribution of pseudo-capac-
itance kinetics [30]. In addition, the ion diffusion rate was studied in Figs. S3a-c. It is
worth noting that, as shown in Fig. S3c, the slope of oxidation peak for the cathode of
PTPAn is significantly higher than that of the TPAn cathode, which strongly indicates
that PTPAn compounds have more prominent reaction kinetics.

3.3 Energy storage mechanism

In order to verify the working principle of PTPAn cathode material, especially, the spe-
cific reaction sites of PTPAn skeleton, ex-situ FT-IR and Raman tests were performed
on PTPAn cathodes in different states. Combined with the Raman diagram of Fig. 6a,
it can be seen that before and after charging and discharging, the C-N bond located at
1287 cm™! has an obvious stretching vibration change. Combined with the FT-IR data
of Fig. 6b, it can be seen that before and after charging and discharging, the v (C-N)
bond located at 1276 cm™! has an obvious stretching vibration change, and the intensity
ratio of C=C bond (1585 cm™) and C-C bond (1486 cm™) also changes accordingly. It
can be inferred from the two spectra that in the charge-discharge reaction of PTPAn,



10

the doping/dedoping reaction occurs mainly at the N position located in the middle of
the three benzene rings.
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Fig. 6. Ex-situ data of (a) Raman spectra; (b) FT-IR spectra; (c) XPS spectra and (d) EDX spec-
tra for PTPAn cathode at different state.

The EDX result would be supported by the ex-sifu XPS results in Fig. 6¢ and S2,
which reveal the outcomes with a considerable change of the Al and Cl elements in the
sample completely charged to 2.1 V. Furthermore, EDX analysis and mapping on elec-
trodes in various charge-discharge stages were carried out as shown in Fig. 6d that the
kinetic energy of Al 2p and Cl 2p changed a lot during the charge-discharge process.
More details could be found in the EDX mapping images of PTPAn. Electrical signals
of the main skeleton of C and N elements were observed in the pristine sample (Fig.
7a). After charging to 1.1 V (Fig. 7b), a significant Al and Cl electrical signal is gener-
ated on the sample, which was different from the pristine sample indicating the doping
of anions. A large number of Al and Cl signals are generated on a fully charged sample
(Fig. 7c) and distributed fairly evenly throughout the electrode, while only a small num-
ber of Al and Cl signals are retained in a fully discharged sample (Fig. 7d). The trace-
able changes in the electrical signals of Al and Cl elements validate the doping/dedop-

ing of anions during charge-discharge process, which further indicate the working prin-
ciple of PTPAn cathode in RAIBs.
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Fig. 7. EDX mapping images for Al, Cl, C and N of PTPAn in different states (a) Pristine; (b)
Charged to 1.1 V; (c) Fully charged to 2.1 V and (d) Fully discharged to 0.1 V.

The working principle of PTPAn cathode in RAIBs could be then described as: At
the cathode, AICl4 anions are dopes onto PTPAn and release electrons during charging,
while during discharging the reverse is true, with AICly” and PTPAn detaching and ab-
sorbing electrons. At the anode, ALCl; interconverts with Al and AICls through a
charging and discharging process. This also corresponds to the typical charging and
discharging plateaus in Fig. 5b, respectively. The specific reaction equation for the
electrodes is shown below.

Cathode reactions:

PTPAn+ nAICl; — ne~ & PTPAn(AICL,), (1)

Anode reaction:

4n Al,Cl7 + 3ne” o nAl+7n AlCl; 2)
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4 Conclusion

In summary, we have developed a PTPAn material for RAIBs cathode by polymerizing
TPAn monomers. The polymerisation process improves the spatial structure of the or-
ganic skeleton, allowing the TPAn to grow from a single particle into a three-dimen-
sional spatial reticulate structure, greatly increasing the specific surface area of the ma-
terial and providing a greater pseudo-capacitance contribution. This PTPAn cathode
has a stable specific capacity around 137.4 mAh g' at 1 A g! (about 3.3 times higher
compared to TPAn) with a Coulombic efficiency of around 99% and a life of 500 cy-
cles. The retention rate of specific capacity is 84.5 % with good rate performance after
the current density is expanded by 5 times (from 0.2 to 1 A g!). This indicates that the
polymerisation significantly enhanced a better electrochemical performance of PTPAn
than that of the TPAn monomer. The working principle of the PTPAn cathode material
is also discussed through various ex-situ tests. These results lead to a better understand-
ing of the organic conducting polymer PTPAn as the RAIBs cathode material and
demonstrate its potential.
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