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Broader context

Rechargeable aluminum batteries have gained significant research interest due to their high theoretical capacity, safety,
and material abundance. However, their widespread application is hindered by challenges such as cathode degradation,
poor conductivity, and limited cycle life, primarily caused by the corrosive nature of electrolytes. Addressing these
issues, a composite cathode material combining phenanthrenequinone (PQ) and graphite is proposed, which exhibits
twice the conductivity and improved stability in solid polymer electrolytes. Our study reveals that PQ and graphite
actively participate in the electrochemical process through two distinct mechanisms: the intercalation of AICl,~ into
graphite and the coordination reaction between PQ and AlCl,*. This collaborative interaction results in enhanced
capacity, cyclability, and energy density, making aluminum polymer batteries an interesting option for next-generation
batteries. Furthermore, the composite performs consistently across different graphite types, highlighting its adaptability.
These advancements contribute to the broader goal of sustainable energy storage, offering a safer, more abundant, and
cost-effective alternative to conventional battery technologies for future applications.
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Rechargeable aluminum batteries (RABs) are an emerging post-lithium technology for their large ore
DOI:00.0000M00000000x reserves and better safety properties. However, conventional cathode materials like graphite have
limited storage capacity because the intercalation of AlCl4~ occurs only in every third or fourth layer
of graphite. On the other hand, organic compounds with a different working principle lack stability
in the strongly Lewis acidic electrolytes due to rapid dissolution. Hence, this investigation presents
a composite consisting of an organic compound 9,10 - phenanthrenequinone (PQ) and graphite as
a cathode material for improved RABs. For the melt diffusion synthesis, spherical graphite (SPG)
was used at a ratio of 2:3 to PQ. A recently developed solid polymer based on aluminum chloride
(AICl3), triethylamine hydrochloride (EtsNHCI) and polyamide (PA6) was used as electrolyte. The
combination of fabricated composite and solid polymer electrolyte (SPE) with an Al anode offered
significant improvement in capacity and cyclability compared to pure SPG or pure PQ cathodes.
The cyclic voltammetry analysis showed that both components contribute to the capacity, which
was also confirmed by operando XRD, FT-IR, XPS, and EPR analysis. Therefore, both intercalation
and coordination reactions take place synergetically. Additionally, SPG was exchanged with meso
carbon micro-beads (MCMB) and graphite flakes (GF), which demonstrated no considerable impact
of the graphite particle shape on the cathode performance.

1 Introduction
One of the primary challenges is the fabrication of suitable cath-

In today’s world, lithium-ion batteries (LiBs) are dominating the odes that have sound compatibility with electrolytes® and facili-
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sector of rechargeable batteries due to their tremendous progress
in performance. However, there are still some issues like safety
concerns®, high costs of raw materials, i.e. lithium and cobalt,?,
and challenges like co-intercalation and the poor oxidative stabil-
ity of conventional electrolytes® so that researchers are looking
for alternative chemistries beyond LiBs. Among all the potential
replacements for LiBs, rechargeable aluminum batteries (RABs)
have drawn immense attention for their availability (3rd most
abundant element on earth), impressive theoretical volumetric
(8056 mA hem™2), and gravimetric (2981 mAhg™!) capacities
considering a three-electrons process, and comparatively safer
chemistry”. Despite the exceptional properties exhibited by Al-
metal anodes, the performance of rechargeable aluminum batter-
ies (RABs) remains inadequate for practical commercial deploy-
ment.
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tate multivalent Al ion storage. In particular, intercalating the
trivalent AI** ion into crystalline host structures poses inherent
challenges attributable to the strong coulombic attractions within
the anionic frameworks because of high activation energies”®.
The high activation energy promotes rapid complexation of AI**
with ions like Cl~, which inhibits its direct intercalation into the
host structure. Therefore, instead of the preliminary assertion of
having three electrons from a single Al atom, the most studied
cathode graphite offers only 3 electrons from 8 Al atoms by the
insertion of AlCl, 219

Al+ 7AICL ™ +— 4ALCl; ™ + 3e™ (@D)]

In the search for cathode materials with a higher number of
transferred electrons, so far, only a few cathodes (e.g. V20s
nanowires, TiO, nanotube arrays, MoS, microspheres, etc.) have
been reported to intercalate AI** ions™ "%, However, apart from
the early-mentioned strong coulombic attractions, these materi-
als also suffer from low electrical conductivity, lack of suitable
electrolyte match, unwanted side reactions, rapid capacity fading,
and limited cyclability*1®, In addition to the cathodes with in-
tercalation mechanism, coordination reaction-based cathode ma-
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terials, specifically organic materials like polycyclic aromatic hy-
drocarbons (PAH), conductive polymers, and tetradiketones are
explored by several research groups because of their structural
diversity and flexibility, sufficient intermolecular spaces to ease
the strain management and storage of complex Al carrier ions,
e.g. AICI?* and AICl, 718, For instance, Anthraquinone, 9,10-
phenanthrenequinone®, TetradiketoneY, and their derivatives
have exhibited promising performance. Nonetheless, they are in-
hibited by rapid dissolution and low electrical conductivity, lead-
ing to poor cyclability and significant capacity loss. To resolve
these challenges, a composite of 9,10-phenanthrenequinone and
activated carbon®?, poly(phenanthrenequinone) (pPQ)%® | poly-
thiophene (PT)2% a macrocycle of phenanthrenequinone or a hy-
brid of pPQ and graphite flakes (PQ-A-HY)?? are potential re-
search directions. Still issues like poor electrical conductivity, low
nominal voltage, and the use of highly corrosive ionic liquid (IL)
electrolytes persist.

In ionic liquid (IL) electrolytes, such as AlCls:Etz;NHCI?,
AlCl3:pyridinium  chloride®®,  AlCl;:urea’,  AlCls:1-ethyl-3-
methylimidazolium chloride ([EMIM]CI)#¢2% AlCl;-NaGl-KCI1®%,
AlCl3-NaCl-LiCl-KCI®¥ the electrochemically active species
Al,Cl;~ acts as a source of anolytes for the electrochemical depo-
sition of aluminum®®~2, which is crucial for battery functioning.
However, these electrolytes possess certain disadvantages,
especially their extremely corrosive nature and susceptibility
to moisture, impacting both Coulombic efficiency and cycling
stability®®. As a result, these limitations curtail the commer-
cialization of aluminum batteries in large-scale energy storage.
Addressing these issues, IL-based polymer electrolytes were
introduced, which can lower moisture sensitivity, and electrolyte
leakage and also enable separator-free RABs®#3Z, In one of our
recent studies, we presented an iono-polymer electrolyte based
on polyamide (PA6)*® with some promising results, however, the
capacity with spherical graphite cathodes is still compromised.

Herein, addressing all the above points, this study presents
a composite cathode material based on PQ and SPG synthe-
sized by a one-step melt diffusion process for RABs using an
EtsNHCI:AlCl3-based solid polymer electrolyte (see Figure S1,
ESI"). The iono-polymer electrolyte is flexible, easy to pre-
pare, and suitable for commercial cell housings because of re-
duced leakage and corrosivity~®. With this approach, the capac-
ity (Ctathode) can be increased with a higher nominal voltage, i.e.
better energy density compared to the individual components.
Moreover, we propose a combination of coordination and inter-
calation ion transfer mechanisms supported by operando X-ray
diffraction (XRD), fourier transform infrared spectroscopy (FT-
IR), X-ray photoelectron spectroscopy (XPS), electron spin res-
onance spectroscopy (ESR) and cyclic voltammetry (CV). Con-
sidering the variation in electrochemical performance associated
with the morphology of different graphite forms=?, we investi-
gate their role as host materials for PQ in RABs. Additionally, the
effect of temperature on the performance of RABs using SPE is
explored.
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2 Results and discussion

2.1 Properties of the composites

The composite formed a mold like the shape of the container af-
ter heat treatment (see Figure S1 a, ESI), which was the first
indication of a successful fabrication through melt diffusion, be-
cause melted PQ worked as a binder for the graphite particles.
To study the changes in surface morphology, concentric backscat-
tered electron microscopy (CBS) analysis was done using a FEI
Helios Nanolab 600i with an acceleration voltage of 10 kV and
a current of 69 nA. The study shows that the composite shown
in Figure (1| d had no shape like its components (Figure [1|a and
[[]b). Although the milling process could potentially influence this
disparity, Figure[I]c suggests otherwise. The ball milling does not
appear to significantly alter the particle shapes, as evidenced in
Figure [1| c. However, a slight deformation of the SPG particles
is noticeable, particularly in the inset of Figure 1| c. Hence, the
considerable explanation is that the PQ particles completely melt
and adhere to the surface of the deformed graphite particles dur-
ing the melt diffusion process. As a result, the composite particles
exhibit smooth surfaces, in contrast to the layered structure of the
graphite particles (compare Figure[1|b and [1|d with inset). Such
smooth surfaces of the particles confirm a well-synthesized com-
posite, which is also claimed by Yoo et al. for their composite of
activated carbon and PQ%2.

To determine the quantity of PQ present in the SPGPQ compos-
ite material, a thermogravimetric analysis (TGA) was conducted
under argon atmosphere using a Setaram TGDSC + IR 120523.
The samples (4.5 mg of each) were heated from room tempera-
ture to 600 °C at a heating rate of 10 K/min. Figure[I]e shows the
TGA analysis of an SPGPQ composite sample and the two start-
ing materials (pure PQ and SPG powder). It can be seen that the
pure PQ powder is completely vaporized at around 260 °C (melt-
ing temperature 206 °C). In comparison, there is no change in
the pure SPG powder. On the other hand, the composite mate-
rial shows a weight loss of around 57 % at approximately 270 °C.
From this, it can be concluded that the PQ has completely evap-
orated and the composite consists of approx. 43 wt.% graphite
(close to a 3:2 ratio).

The powder diffraction patterns of the composite are also dif-
ferent from the diffraction patterns of PQ and SPG. Figure [1} f,
shows that diffractions of PQ either disappeared or shifted af-
ter the formation of the composite due to the reduction of crys-
tallinity. The reflections that could be attributed to PQ, such as
those at 260 = 12°, 14°, 20°, and 24°, were also significantly sup-
pressed in intensity. Similar trends are also observed at higher an-
gles. Such reduced crystallinity is also reported for PQ composites
with activated carbon?. The intensity of graphite 002 reflection
in the composite was also significantly decreased compared to
pure graphite. This characteristic can be attributed to the coating
of the PQ onto the graphite particles or the partial reduction of
graphite to graphene oxides due to annealing at 250 °C4%4L, The
position (26.4°) and width of the reflection is almost similar to
the reflection of pristine SPG, implying that SPG particles were
functioning well as hosts for the PQ melts.
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Fig. 1 Comparison between properties of SPGPQ and its components: CBS images of a) PQ, b) SPG, c) SPGPQ composite (after 30 min of milling),
inset: slightly deformed particles, d) SPGPQ composite (after melt diffusion), inset: smooth surface of one particle indicating the composite formation,

e) TGA analysis, and f) XRD of all materials.

2.2 Stability of the composite in the electrolyte
The stability of the composite and its components in solid poly-
mer electrolytes was investigated via attenuated total reflection
(ATR) in the infrared range (FT-IR spectroscopy). PQ and SPGPQ
electrodes were kept in contact with the electrolyte for 5 min and
30 min to analyze the caused changes. Figure |2|a and b show
that the pure PQ electrode is unstable in the ionic polymer and
reacts over time. The FT-IR spectra of the PQ without air con-
tact show clear differences for 5 min and 30 min and longer time
led to more pronounced changes in the IR spectra. Particularly,
the change in the spectral range of the carbonyl stretching vibra-
tion (v C=0) shows a clear shift from 1673 cm ™! to 1542cm™*.
This shift can be attributed to the complexation of AlICI, species
at the electroactive C=0 group, forming a C=0-[AICL]*~* com-
plex D232

In addition, broad and prominent vibrational modes are ob-
served at 762cm™! and 483cm™', whereby the former could
have its origin in the bending vibration of the new carbonyl com-
plex and the latter could be assigned to adsorbed electrolyte
residues. The latter is plausible, as it is the typical vibrational
range of species like v AICl;~ and v A12C17’. The other vi-
brational modes, for example, the bending vibration § C-H-C
and § C-C—C at 1120-1163cm ™" and 1230-1333cm ™" respec-
tively, are reduced in intensity. It is seen that the § C-ring mode
(763cm™') and v C=C (1450cm™ ') intensity are almost un-
changed, which confirms the statement about complexation only
in the carbonyl group. This observation indicates a purely chem-
ical, rather than electrochemical, interaction with the electrolyte
under an Ar atmosphere, which is unfavorable for stable battery
performance.

Interestingly, the vibration modes exhibit recovery upon air
contact, and within approximately 150 s the spectrum of the C=0

stretching vibrational mode is almost restored. In both cases, sim-
ilar characteristics are observed. Such observation suggests that
the complexation is limited to the surface and happens with a
highly reactive and transient species, which interacts rapidly with
air and then decomposes.

The behavior of the composite SPGPQ is quite stable (see Figure
[2c and d) with no significant spectral changes observed even after
30 min of contact with the electrolyte. The strong resemblance of
these SPGPQ spectra to that of the pristine PQ cathode (shown
in blue at the top of Figure 2| ¢ and d), is a clear indication of a
successful synthesis and the enhanced chemical stability against
the strong Lewis acid. The C=0-[AICL > complexation is also
absent, so that there are no changes in the relevant PQ vibration
modes, i.e. C=C and C=0, while the sample was exposed to air.
This confirms that the composite avoids the undesirable chemical
interaction seen in pure PQ, making it a more suitable cathode
material for reversible electrochemical processes in batteries.

2.3 Ion transfer mechanism
2.3.1 Intercalation of AICl;~ species

Figure |3| a shows the diffraction pattern of a cell with SPG cath-
ode with a voltage-time plot during charging and discharging.
The 5% cycle is considered for analyzing the data compared to
the diffraction pattern of the as-prepared cell. It is clearly seen
that the graphite 002 reflection is partly shifted with the increase
of voltage while charging and at 2.35 V, when the cell is com-
pletely charged, there are 3 reflections at 260 of 20.7°, 26.6°, and
27.8° for the SPG cathode. The observed peak shifting and emer-
gence of new peaks are in good agreement with the literature?%42,
The persistent reflection at 26.6° may be attributed to inactive
graphite material.
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Fig. 2 FT-IR spectra comparison showing the stability of electrodes in SPE: PQ electrodes after (a) 5 min and (b) 30 min of contact; SPGPQ
composite electrodes after (c) 5 min and (d) 30 min of contact with the spectrum of the pristine PQ cathode shown at the top (blue)
.The vibration modes of pure PQ are indicated.

The XRD data suggest well-defined staging and long-range or-
der in the anion-graphite intercalation structures, comparable to
stage-4 intercalation of AlCl,~ into graphite at room temperature,
as suggested by Pan et al®, The reflections at 20.7° and 27.6°
gradually emerge while charging, whereas the original reflection
at 26.6° is losing some intensity. This development can be at-
tributed to a structural evolution of graphite from stage n to stage
n —1 (n = integer; corresponding to one layer of ions for every n
graphene layers) of the AICL,~ intercalated SPG compound®#5,

4| Journal Name, [year], [vol.], 1

This means at stage-4 during charging > 2 V, when AICl;~ ions
intercalate into graphite, they force the layers apart, leading to
a new reflection at 20.7°, caused by periodically inserted AICl;~
ions. At the same time, a partial peak shift towards higher angles
results from the compression of non-intercalated layers.

Figure [3| b shows the changes in diffraction pattern over time
during charging and discharging over 14 cycles. A repetitive pat-
tern can be observed during discharging; however, it does not
return exactly to its pristine state, probably due to residual disor-
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cycle, inset: zoom-in of the reflection at 20 = 20° — 22°, b) contour plot of the same cell for 14 cycles with the changes in c-axis of the graphite
structure, c) diffraction patterns of a cell with SPGPQ composite cathode with voltage-time curve, inset: zoom-in of the peak at 20 = 20° — 22° and
d) contour plot of the same cell for 9 cycles with the changes in c-axis of the graphite structure.

der and strain, which could be attributed to an irreversible reac-
tion process. Although the peak intensity at 26.6° is reduced at
the end of charging, it is still dominating. The partial but consis-
tent peak shifting towards higher angles for every charged state
(2.35V) and returning to its initial state at 0.5 V indicates a high
degree of reversibility of the intercalation-deintercalation process
even though the graphite structures were not restored completely.
The structural analysis also suggests a continuous structural com-
pression and elongation along the c-axis from 6.4 A (charging) to
6.7 A (discharging), which is similar to previous studies®%43,

In Figure 3| ¢, the diffraction pattern of the SPGPQ composite
cathode during cell cycling is shown. The organic PQ does not
show any distinct diffraction peaks other than the characteristic
peak of graphite at 26.6°. This indicates that the complexation
of PQ with AlCls-based ions has converted PQ to an amorphous
phase. From the FT-IR analysis, it is observed that complexation
reactions take place between C=0 of PQ and [AIC],]*™* when
they come into contact, which could result in such an amorphous
state (see Figure [3| c and d). Therefore, the crystallinity of PQ
likely does not play a significant role in the electrochemical pro-
cess. In addition, the amorphization of PQ could be advantageous
in resisting phase transition and dissolution, and enhancing sta-
bility, which implies enhanced cyclability?®?2, Although the in-
tensity of the graphite 002 reflection in SPGPQ is weaker than for
the pure SPG cathode, a similar trend of peak shifting and new
peak emerging is observed during cycling. This strongly supports
the hypothesis of the graphite contributing to electrochemical re-

actions (intercalation) also for composite cathodes. In this case,
the peak shifts to a slightly higher angle of 27.8° compared to the
SPG cathode with 27.6°. The stable reversibility of intercalation-
deintercalation can also be confirmed from Figure (3| d, i.e. the
composite cathode behaves similar to SPG.

2.3.2 FT-IR analysis

Like all n-type compounds that accept electrons and become neg-
atively charged during discharge, C=0, the electroactive func-
tional group of PQ, is reduced during discharge and interacts
with AlpCl;~. There are different opinions in the literature
about the coordinating chloroaluminate complexes, for example,
AICl, T 204687 and AlCI12* 2382 \which influences the achievable
capacity of the cathodes accordingly. To investigate the reac-
tion mechanism, ATR-FTIR spectroscopy is carried out on differ-
ent states of the solid polymer RABs with SPGPQ cathodes. In
this case, the IR spectra of pristine SPGPQ and cells after charge-
discharge, discharge-charge-discharge, after the first charge and
the 25" charge are recorded (see Figure@) to have a clear under-
standing of the mechanism and reversibility.

The spectrum of the pristine SPGPQ composite is dominated
by the stretching vibrations and bending vibrations of the ring
compound consisting of C=C and C-H-C groups. The stretching
vibration of the carbonyl bond C=0, the characteristic mode of
quinone is found at 1673 cm 8 After the first charge (2.35V),
the characteristic peak at 1673 cm ™' disappears and a new broad
and dominant peak appears at 1536 cm ™" (see FigureEIb), which
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Fig. 4 FTIR spectra of the SPGPQ composite at different states of cycling: a) full spectra, b) magnified portion for C=O—[AICIX]3_X complexation

and c¢) magpnified portion for C—O formation during discharging.

can be attributed to the interaction between the electroactive car-
bonyl group and the AlyCl;~. This could be the stretching vi-
bration of a new complex of the carbonyl group G=0-[AICL ]3>
(0 < = < 3). A couple of other peaks observed around 1314 cm™*
can also be attributed to such complexation®? (see Figurec).

Both the discharged spectra at a voltage of 0.5 V show a dis-
tinct difference compared to the charged state. The vibrational
modes at 1536 cm ™' and 1314 cm ™" entirely disappear and a dou-
blet of new vibration modes at 1337 cm ™! and 1350 cm ™!
prominently, which can be assigned to the stretching vibration
of C-0O (see Figure [4] ¢)?). This phenomenon suggests that the
interactions between the C=0 group of quinone and AlCl, com-
plexes change the vibrational modes and never return to their ini-
tial state. The new peaks at 1337 cm ™' and 1350 cm ™! reflect the
electron transfer process during discharge, where C=0 is reduced
to C-0.

Furthermore, the spectrum of a charged cathode after the 25
cycle produced almost a similar spectrum to the charged cathode
after the first charge indicating the high reversibility of the com-
plexation reaction. The ratio of the integrated area of the broad
peaks at 1536.cm ™' (see Figure |4 b) of the two charged states
is &~ 94 %, which also suggests a highly reversible complexation
process with minimal irreversibility. This observation highlights
the consistent appearance of the peak for C=0-[AICl, ]~
plexation while charging and decomplexation during discharging
after multiple charge and discharge cycles. The slight decrease in
the integrated area could be caused by some minor side reactions
or slow decomposition of PQ and SPGPQ. However, the analy-
sis evidently supports that the core electrochemical processes are

increase

com-

6| Journal Name, [year], [vol.], 1

highly reversible, which is crucial for the long-term stability and
efficiency of the battery.

2.3.3 X-ray photoelectron spectroscopy (XPS) analysis

The XPS peak shift provides practical insight into the binding
structures of the charge carrier ions. This is due to the sensitivity
of the binding energy of the core electrons to the chemical envi-
ronment of the corresponding element. For this, ex-situ XPS mea-
surements of pristine, fully charged and fully discharged SPGPQ
cathodes were performed. It is noteworthy that all XPS peaks
were referenced relative to the C—C bond at 284.8 eV in the C
1s branch. The individual spectra of O 1s, C 1s, Al 2p and Cl 2p
with fitting curves are illustrated in Figure Figure S2 in the
electronic supporting information (ESI') shows the survey spec-
tra and pristine O 1s and C 1s. The O 1s spectrum of the pristine
SPGPQ (see Figure S2 c) is deconvoluted into peaks at 532.3 €V,
533.7 eV and 534.3 eV, which can be assigned to C=0 (carbonyl
group of PQ), C—0, and C—-OH™*, The carbonyl group is dom-
inating in the charged state and decreasing significantly, when
completely discharged (see Figure |5|a). This can be attributed
to the formation of C=0-[AlCl,]*~* through a coordination re-
action. The fully charged state exhibits slightly broader peaks
compared to the pristine state (see Figure S2 c¢) probably due to
the presence of AlCl, species, i.e. C=0-[AICl,]*™*. This is in
agreement with the FT-IR results in the previous section.
Significant changes are observed in the C 1s spectra. Spectra
in the pristine sample (see Figure S2 b, ESI") do not have any
shoulder or doublet, where C=0 or C-C, C-0, C-H and C=0
would be located at 284.7 €V, 285.6 €V, 286.9 eV and 288.6 €V,
respectively* =%, The charged state develops a broader and more
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Fig. 5 XPS spectra of elements for charged and discharged state of the SPGPQ cathode with fitting curve: a) O 1s, b) C 1s, c) Al 2p and d) Cl 2p.

prominent shoulder at a higher binding energy of 286.3 €eV. This
could be a result of the electrochemical oxidation of graphite by
the intercalation of AlCl,~%%, which is reduced when discharged
(see Figure [5|b). However, it does not return to its initial state.
More insights into ion species can be obtained from the Cl 2p
(199.3 eV for 2 p,,3 and 200.9 €V for 2 p; 3) and Al 2p (75.6 eV)
spectra, where the intensity in the charged state was significantly
higher than the discharged state. The calculated atomic concen-
tration ratios of Al and Cl are approximately 1:4 in the charged
state and 1:2.2 in the discharged state. These ratios suggest that
AlCl4~ species dominate in the charged state, which is consistent
with the intercalation of AICl;~ into graphite layers. In the dis-
charged state, the possible ionic compound is AICl,*, indicating
the coordination reaction accompanied by a one-electron transfer
process, likely involving the formation of C=0- [AICL 13~ com-
plexation. Energy dispersive X-ray spectroscopy (EDS) analysis
at multiple points (see Figure S3, ESI) reveals atomic ratios of
1:3.8 in the charged state and 1:2.0 in the discharged state, as
shown in Table S2 (ESI"), further corroborating this finding. A
similar ratio is also reported by Yoo et al.“! and Mao et al.#Z,

2.3.4 Electron spin resonance (ESR) analysis

ESR spectra of the samples were recorded, as depicted in Fig-
ure [6] All treated composites and the pristine state exhibit a
signal close to the free electron of approximately g. = 2.004.
The untreated SPGPQ composite displays only a very weak sig-
nal, which possesses the well-known shape of graphitic material
with its anisotropic ge value (see Figure |§| inset)>L.

| 330 335 340 345

NORM. INTENSITY (a. u.)
o
1
\
\

“ | ~— Charged
“‘ Discharged
| Initial state

T T T T T T T T T T T T T T T
325 330 335 340 345 350 355 360
B Field (mT)

Fig. 6 ESR analysis of initial, charged and discharged state of an SPGPQ
cathode normalized to sample mass, inset: a magnified view of the initial
state spectrum.

Conversely, the loaded and unloaded composite materials ex-
hibit a large signal, attributable to the accommodation of charges.
During the charging process, AlCl4~ is intercalated into the
graphite; due to the reversibility of this process, this signal should
be significantly reduced upon discharging. However, this is not
the case, but almost an equally large area (3.8992 at 2.35 V
after fully charged and 3.6429 at 0.5 V after fully discharged)
under the ESR signal is detected. This confirms the FTIR re-
sults, indicating the formation of radical states due to complex-
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ation processes involving the carbonyl group of PQ upon con-
tact with the electrolyte. Both the C=0-[AICI,]* complexation
and C-0-AICl;* coordination are ESR-active. In the discharged
state, only one electron per molecular unit of PQ is available,
which explains the resulting spectral shape. This means the one-
electron transfer process of PQ is preferable, which is also sup-
ported by the XPS analysis2%22,

2.4 Electrochemical analysis
2.4.1 Reaction kinetics

Figure|7|a shows the CV curves comparing PQ, SPG, and SPGPQ
at a scan rate of 1 mV/s, where the specific (sp.) current density
is calculated using the active mass of the cathode. The CV curves
have multiple oxidation and reduction peaks, and the compos-
ite offers a significantly higher sp. current density compared to
its components. In the case of SPGPQ, the peaks are merged,
suggesting that both graphite and PQ contribute synergistically
to the electrochemical reaction kinetics, similar to previously re-
ported PQ composites??. This merging of peaks in SPGPQ en-
ables the possibility of a wider voltage window for charging and
discharging, which is advantageous for enhanced battery perfor-
mance. When comparing the peak positions across all curves,
it becomes evident that the fabricated composite offers a wider
functional charge-discharge window (2.35 V - 0.5 V) compared
to PQ (1.8 V-0.2V) and SPG (2.35V-0.8V).

Notably, the primary oxidation peak of SPGPQ occurs at 1.6 V
with a sp. current density of ~ 240 mA/g, while the correspond-
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ing reduction peak is observed at ~ 1.2 V with a higher sp. current
density of 364 mA/g. The ratio of the reduction (190.7 V-mA/g)
and oxidation (188.4 V-mA/g) area is nearly 1, which suggests
excellent reversibility with high efficiency. The composite also
has a remarkably higher integrated CV area (423.6 V-mA/g) than
the sum of CV areas of its components (263.3 V-mA/g). The cal-
culated capacity of SPGPQ cathode based on the integrated area
is 1.6 times higher than the combined capacity (see Figure|7]a).
Such an increase in CV capacity could be attributed to the syner-
gistic contribution of its components.

In addition, the increased surface area due to changes in shape
and surface morphology during annealing (see Figure [1|d) may
also result in more active sites for electrochemical reactions. This
enhanced surface area would facilitate better ion accessibility and
shorter diffusion pathways, resulting in efficient charge storage
and higher capacity. The significantly increased conductivity of
the composite electrodes (1.36 S/m) compared to PQ (0.56 S/m)
(see Table suggests better electrical pathways and reduced
resistance, which ensures faster electron transfer. This also de-
creases the energy loss, supporting higher current density and
contributing to a higher overall performance.

A scan rate-dependent CV measurement of a full RAB with
SPGPQ cathode was carried out from 1 mV/s to 4 mV/s (see Fig-
ureb) to elucidate the current contributions. The peak currents
increased gradually with increasing sweep rate, with a slight peak
shift from 1.67 V at 1 mV/s to 1.73 V at 4 mV/s (anodic) and
from 1.14 V at 1 mV/s to 1.06 V at 4 mV/s (cathodic), while peak
shapes remained unchanged. This phenomenon can be attributed
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Table 1 Electrode conductivity and performance of different cathodes with only SPE at 25 mA/g

Conductivi i Maximum Capacity re- Coulombic effi- Energy

Cathode SD (S/m) ty Clathode tention (%, ciency (%, af- Density
(mAh/g) after cycle 75) ter cycle 75) (Wh/kg)

PQ 0.56 £+ 0.02 45.6 70 44 64
SPG 5.43 4+ 0.80 47.4 99 99 66
GFPQ 1.24 £ 0.04 88.0 87 90 119
SPGPQ 1.36 + 0.04 79.2 99 99 111
MCMBPQ 0.92 + 0.08 86.4 87 97 121

to a partial diffusion-controlled current with mostly reversible be-
havior. Peak currents are proportional to the square root of the
sweep rate with an impressive R? value > 0.99 for both anodic
and cathodic reactions, which suggests high reversibility (see Fig-
ure7|c). Further analysis using the power law

i=ar’ 2
at different peak positions and constant voltage shows that the
b values differ from 0.7 to 0.9 (see Figure [7| d). Here, i is cur-
rent, v is scan rate and a, b are adjustable constants®?, There
are two well-defined conditions, where b = 0.5 signifies an ideal
diffusion-controlled current contribution and b = 1 represents an
ideal capacitive response. Therefore, the b value between 0.7 and
0.9 means the RAB with SPGPQ is a partial diffusion-controlled
system, which is similar to pure PQ and also well-aligned with Yoo
et al.?2. To separate the individual contributions to the reaction
kinetics a simplified equation

i = kv + kot/*/? (3)

is used, where kiv is capacitive current and kov'/? is diffusion

controlled current®?. Figure [7] e indicates that, at a scan rate of
1 mV/s, the diffusion current contributes 66 % of the total cur-
rent, with the remaining 34 % attributed to the capacitive cur-
rent. However, as the scan rate increases, the capacitive current
gradually rises from 34 % to 48 % (see Figure |7| ), signifying
accelerated reaction kinetics®3>%,

2.4.2 Battery performance

RAB coin cells with composite, pure PQ, and SPG cathodes were
cycled at 25 mA/g to evaluate the improvement of the SPGPQ
performance compared to its components (see Figure [8|a). The
cut-off charging and discharging voltages were set based on the
CV analysis and the specific capacity is calculated considering
the mass of active material of the cathode (see Table S1, ESI).
SPGPQ offers a capacity of 80 mAh/g, which is higher than
the individual component capacity of PQ (46 mAh/g) and SPG
(48 mAh/g).

However, the theoretical capacity of SPG (70 mAh/g) and PQ
(129 mAh/g, for 1 electron process and 257 mAh/g for 2 elec-
tron process) mentioned in the supporting information' are much
higher than the experimental values. The discrepancy could be
due to the partial inactivity of the active materials during cycling
of the batteries with SPE. Moreover, the lower ionic conductivity

of the SPE (0.3 mS/cm)®® than the IL (12 mS/cm)* could be an
influencing factor.

To test the hypothesis, different aluminum polymer batteries
were cycled with ionic liquid wetted cathodes under similar con-
ditions, ensuring the better utilization of the active materials. In
this case, 5 uL of 2:1 AlCl;/EtsNHCI IL were used to wet each
of the cathodes before cycling at 25 mA/g. The results, shown
in Figure [8| b, exhibit significantly higher capacities for all of the
cathodes, with near theoretical values of SPG and PQ cathodes.
These results validate the hypothesis that wetting of the cathodes
enhances active material utilization. However, the capacity of the
wet PQ cathode with SPE dropped drastically after the first cy-
cle compared to the cell without wetting (see Figure S4, ESI')
due to faster dissolution of PQ?. Although the wet SPG cath-
ode offers slightly better capacity, CE decreases to 90 % (see Fig-
ure S4 c, ESI"), which is lower than that of the cell with only SPE.
A similar trend is observed for the wet composite cathode. Both
the composite and its components offer poor cyclability when the
cathodes were wet.

A closer inspection of the plateau of the curves in Figure |8 a
reveals a synergistic effect in the case of SPGPQ. After a sharp
increase of the voltage from 0.5 V to 1.7 V, SPG offers a broad
and gradual charge plateau (grey curve), which starts at 4 mAh/g
and increases to 47 mAh/g during charging, suggesting the in-
tercalation of AlCl;~. On the other hand, the discharge voltage
is around 1.8 V as the capacity approaches 46 mAh/g until the
cut-off voltage of 0.5 V. PQ shows a much more stable plateau
(1.4V 1.2V) throughout its capacity until a sudden voltage drop
at around 44 mAh/g during discharge is caused by concentra-
tion polarization and over-potential®®. The voltage of PQ during
charging reaches its cut-off voltage at a steady pace.

The composite (blue curve) follows both of the trends. It starts
its plateau at around 1.4 V and imitates the consistent behavior
of PQ delivering a specific capacity of 44 mAh/g during charging.
At 1.7 V, it has a similar pattern to pure SPG with an extended
capacity of 80 mAh/g. The combined properties are also well vis-
ible during discharging. Moreover, there is no sharp fall in capac-
ity like for PQ cathodes; rather it reaches its cut-off voltage more
steadily from 50 mAh/g at 1.3 V to 80 mAh/g at 0.5 V. Therefore,
the composite incorporates the advantages of both SPG and PQ,
resulting in improved performance and efficiency.

Based on CV and GCPL results, it is evident that both of the
components are actively taking part in the electrochemical pro-
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Fig. 8 Electrochemical performance of SPGPQ cathodes: a) voltage profile of SPGPQ and its components over capacity with fit, b) discharge
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number; inset: fluctuation in discharge capacity during day and night, and e) temperature dependency on the capacity at 180 mA/g.

cesses. The XRD analysis and spectroscopic results (XPS, FTIR,
ESR) also support that both intercalation and coordination reac-
tion are happening synergistically. To quantify the contribution
of PQ and SPG to the composite overall capacity, a curve-fitting
approach is employed using a simple linear combination model
as a function of voltage:

Cspepo = ¥y - [z - Cpo + (1 — ) - Cspg| @

Here x signifies the fractional contribution of PQ, (1 — x) is the
contribution of SPG, and y is a performance enhancement fac-
tor describing the synergistic effects in the composite. The fitting
analysis predicts the charge and discharge capacities of SPGPQ
with SPE to be 72 mAh/g, having an average of z = 0.660+0.011
and § = 1.668 £ 0.009 (see Figure |8 a). The enhancement
factor suggests that the composite fabrication activates one or
both components, potentially enhancing the kinetics and improv-

10 | Journal Name, [year], [vol.], 1

ing utilization of active sites or ion diffusion pathways. The re-
sults demonstrate a firm alignment with the fitting values derived
from the RABs having wetted cathodes (see Figure 8| b), where
Z = 0.526 4+ 0.007 and y = 1.502 4 0.014, thereby validating
the methodological approach employed. The details of the frac-
tional contribution of PQ () and enhancement factor (y) are pre-
sented in the electronic supporting information (ESI'), Table S3.
Changes in x may influence the specific capacity. Higher = values
could shift the charge-discharge plateau toward that of PQ, while
lower z values may align it more closely with SPG. Such adjust-
ments could provide a balance between capacity, cyclability, and
structural integrity of the composite.

Furthermore, the analysis indicates that PQ and SPG contribute
to the SPGPQ capacity at a fractional ratio «/(z — 1) of 1.1 - 1.9.
While this ratio differs from the composite’s molar ratio of 2.77:1
(see supporting information), it could reflect an underlying re-
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lationship between the electrochemical contributions and the
composition. Furthermore, the performance enhancement factor
(y > 1) is consistently observed across all cases, supporting the
notion of synergy and the amplified performance of the compos-
ite.

To analyze the battery performance at different current densi-
ties, an RAB coin cell was cycled from 13 mA/g to 250 mA/g (see
Figure [8| ¢). The battery exhibits the typical trend of decreasing
capacity with increasing current density, as higher charging and
discharging rates (e.g. 250 mA/g) result in kinetic limitations
such as slower ion diffusion and increased polarization effects.
Despite these challenges, the composite cathode sustained a ca-
pacity of 80 mAh/g at 50 mA/g after returning from 250 mA/g.
The high Coulombic efficiency of (99 + 2) %, along with this ca-
pacity recovery, demonstrates the battery’s impressive rate capa-
bility and reversibility. At the highest tested current density of
250 mA/g, the battery maintained a capacity of ~ 51 mAh/g, re-
taining approximately 56 % of its low-rate capacity (91 mAh/g
at 13 mA/g). Moreover, the capacity recovery to 80 mAh/g at
50 mA/g and 68 mAh/g at 100 mA/g after the current density was
reduced further suggests that the composite material remained
stable during higher-rate cycling. This indicates that the capacity
loss observed at higher rates is primarily due to kinetic limitations
rather than irreversible damage to the battery.

Figure |8/ d shows the cyclability of a solid polymer RAB with
composite cathode at a current density of 210 mA/g for charg-
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ing and 175 mA/g for discharging. The initial capacity was
61 mAh/g, which kept increasing over cycling and reached
122 mAh/g at cycle 1500 with a high Coulombic efficiency of
(99 £ 1) %. The capacity was not stable but rather had a zigzag
trend. This continuously increasing trend in capacity along with
the high efficiency indicates the system is probably undergoing
some activation processes with a larger over-potential or envi-
ronmental influences. This type of activation process during the
initial charging and the gradual increase in capacity is also men-
tioned in the case of PQ composite with activated carbon“Z. In
addition, the use of solid iono-polymer electrolytes may also cru-
cially limit cathode wetting. This means, over the cycles more and
more composite material becomes accessible to the electrolyte
thereby increasing capacity. There is a small drop of capacity af-
ter the 35™ cycle, which could be a result of a stabilization phase
at the electrode-electrolyte interface, i.e. the system reaches a
saturation state.

Other possible reasons could be unwanted side reactions with
the moisture content present in the deeper layers of the cath-
odes or initial dissolution of PQ limited to a certain proportion.
However, the consistent CE of 99 % suggests that such unwanted
reactions or dissolution are very limited. Apart from these, the
ambient temperature can also be a critical parameter. An increas-
ing pattern in Ceamode during the day and a decreasing trend dur-
ing the night (see the inset of Figure [8| d) suggest the vital role
of temperature. It is important to note that the temperature in-
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of capacity between composites studied in this work and previously reported cathodes.
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creased from 22°C to 31°C during the cycling. An increase in
temperature can enhance ion mobility and reduce cell resistance
resulting in a capacity increase, however, the consistent and high
Coulombic efficiency ensures that there is no significant degrada-
tion inside the cell and the composite remains stable at least in a
certain temperature range.

To verify the temperature sensitivity and identify the operat-
ing range, a temperature-controlled GCPL was carried out at
225 mA/g. For each temperature increase, there was a 2-hour
resting period to allow the cell to adapt to the new temperature.
There is a distinct trend of increasing capacity with increasing
temperature suggesting that the system is severely sensitive to
temperature. Figure|8|e shows that the initial capacity is around
40 mAh/g, which increases up to 53 mAh/g until the 35 cycle
at room temperature. The observed trend could be attributed to
enhanced cathode wetting with SPE, leading to improved acces-
sibility of the solid electrolyte to the active material. The capacity
reaches 90 mAh/g at 30°C and 102 mAh/g at 35°C following
a consistent pattern due to enhanced ionic conductivity and im-
proved electrode kinetics. Additionally, the increased fluidity of
the SPE at elevated temperatures likely facilitates cathode wet-
ting, enabling better utilization of the active material in the elec-
trochemical reaction. Cspgpo returns to its initial value when the
temperature is lowered back to room temperature further con-
firming the temperature sensitivity of the cell. The system main-
tains a high CE of (98 £ 2) % up to 35 °C, which indicates a high
reversibility in this temperature range and the increased capacity
does not come at the cost of efficiency. However, despite the high
capacity at 40°C, a gradual decrease in CE suggests the initia-
tion of side reactions and irreversible material degradation. These
parasitic side reactions are possibly attributed to thermal degra-
dation of the PA6-based polymer electrolyte, the onset of chemical
decomposition of the PMMA binder, or partial dissolution of PQ
under electrochemical stress at elevated temperatures. Upon re-
turning to room temperature, the capacity reverted to its initial
value; however, the persistent capacity fading signifies continued
degradation. This observation indicates an optimal temperature
limit of 35°C and also confirms that the temperature influence
was dominating while the cell was cycling (see Figure[8|d). In
addition, the use of thermally stable solid polymer electrolytes,
such as PAN-based systems®’ along with alternative binder ad-
ditives and optimized graphite to PQ ratio, could help mitigate
performance degradation at elevated temperatures (> 35 °C).

2.4.3 Influence of the graphite shape

To analyze the shape dependency of the graphite host material
on the composite cathode performance, different graphites, i.e.
MCMB, GF, and SPG, were tried as hosts for the synthesis of com-
posites using melt diffusion. Figure[9]a illustrates the CV curves
of GFPQ, SPGPQ and MCMBPQ at 1 mV/s. All of the cathodes
have almost identical curves with very similar peak shapes and
positions. Although the specific current density of the SPGPQ
peak is lower than for the other two, the patterns are similar. The
specific capacity considering the integrated area of the SPGPQ
(424 mA-V/g) was also lower than for both GFPQ (510 mA-V/g)
and MCMBPQ (550 mA-V/g). The variations can be attributed to
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the shape of the hosts and the process parameters. As mentioned
earlier, the SPE may take some time to wet cathodes, which may
vary from cell to cell.

The trend of increasing capacity observed in CV is also reflected
in the charge-discharge voltage profile at a current density of
25 mA/g (see Figure [9|b). MCMBPQ offers the highest capac-
ity of ~ 84 mAh/g compared to GFPQ (79 mAh/g) and SPGPQ
(63 mAh/g) after the 50" cycle. The plateaus during charging
and discharging are also similar, indicating the improved perfor-
mance of the composites regardless of the graphite type. How-
ever, when charging at a higher current density of 150 mA/g,
the difference in capacities is reduced significantly with a promis-
ing CE (99+4) % (see Figure E] ¢). The influence of increased
current density on SPGPQ is minimal, which can be attributed
to its superior electrical conductivity of 1.36 S/m (see Table [T,
facilitating faster electron transport and enabling more efficient
electrical pathways. Table 1| presents the electrochemical perfor-
mances of different composite cathodes. The capacity retention
of all the composites is also improved up to 99 % compared to
pure PQ (70 %) after 75 cycles (see Figure S4 a and 4b, ESID).
The energy density of the composite cathodes with SPE is also
improved almost 100 % compared to both PQ and SPG.

A comparison of the initial discharge capacities for cathode ma-
terials from this study and literature is presented in Figure [9]d.
The composite cathodes synthesized in this work achieve capac-
ities up to 90 mAh/g with SPE, and 160 mAh/g, when wetted
with an ionic liquid (IL). This performance confirms a significant
improvement over conventional graphite cathodes paired with IL
or SPE.

3 Conclusion

A composite consisting of PQ and graphite was synthesized us-
ing a simple one-step melt diffusion process for RABs, which was
confirmed by several experimental observations, i.e. CBS, TGA,
and XRD. The FTIR data analysis indicates that the composite is
comparatively more stable than the pure PQ while its electrical
conductivity is nearly twice as high, demonstrating a significant
improvement.

In the electrochemical reaction process, two different ionic
species are involved, which are the intercalation of AlCl;~ into
graphene layers during charging and coordination reactions be-
tween C=0 and AlCl,* during discharging with a high degree of
reversibility. To verify this hypothesis, operando XRD, ATR-FTIR,
XPS and EPR measurements were carried out. All of the analyses
support the hypothesis that two different reaction mechanisms
are taking place simultaneously with impressive reversibility. The
CV curve analysis confirms the peak merging, which is also con-
gruent with the other findings.

The overall battery capacity of the composite cathode with SPE
is significantly improved by more than 70 % compared to pure
graphite and 82 % compared to PQ, which is consistently re-
produced with two other forms of graphite. The experimental
data also suggest that the iono-polymer RABs with a composite
cathode can operate without degradation up to a temperature of
35°C. All the composites can be cycled at a high current den-
sity of 250 mAh/g with an exceptional Coulombic efficiency of
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(99 £2) %. Overall, the composite has high potential as an ac-
tive material for safe and high-performance iono-polymer RABs.
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