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Organic electrode materials with bipolar-redox activity are a promising can-
didate for high-energy aluminum-ion batteries (AIBs), but face the capacity
ceiling due to limited active sites and low electron transfer number. To uni-
versally address this issue, seeking for a kind of multisite bipolar organic
material to achieve multielectron transfer is a prerequisite but challenging.
Herein, we develop a 12-electron transfer tetraalkynylporphyrin macrocycle
positive electrode with two p-type amine (-NH-) motifs, two n-type imine

(C =N) motifs and four n-type alkynyl (C = C) motifs. The bipolar 18m-electron
porphyrin macrocycle can alternately bind and release AICl;” anions at -NH-
sites and AICI," cations at C =N sites (oxidized from 18m to 161 or reduced
from 181 to 20m), achieving four electrons transfer. Furthermore, each term-
inal C = C site can also coordinate with two AICI," cations, thereby delivering
eight electrons. The designed aluminum-organic battery achieves a high
capacity of up to 347 mAh g™ (3-6 times that of conventional graphite positive
electrode, 60-120 mAh g™) and a high specific energy of 312 Wh kg™ (up to
150% compared to cells with graphite as positive electrode) based on the mass

of positive electrode materials.

Rechargeable aluminum-ion batteries (AIBs) are a promising high-
energy electrochemical energy storage device due to the high
volumetric capacity (8046 mAhcm™) and gravimetric capacity
(2980 mAh g™) of Al metal negative electrode’. Unfortunately, AIBs
are facing the challenges of low actual capacity and insufficient cycle
life due to the lack of suitable positive electrode materials
for storing large-sized Al-complex ions. Despite great efforts have
been devoted to various inorganic positive electrode materials, such
as carbon materials**, transition metal chalcogenides’”’, and
chalcogens®, the electrochemical performance is still unsatisfactory.
For example, graphitic positive electrode materials show broad

application prospects due to their high operating voltage (>2.0V)
and impressively long cycle life (thousands of cycles). However, the
intercalation mechanism of monovalent AICIl,” anion leads to a low
specific capacity (<120 mAhg™)’, which restricts their specific
energy. In contrast, based on the multielectron conversion reaction
mechanism, transition metal chalcogenides and chalcogens offer
high initial capacity but suffer from severe capacity deterioration
and short cycle life (<1000 cycles) because of their large volume
change and dissolution of active species®®. Till now, it remains a
critical challenge to develop high-energy and long-life positive
electrode materials for AIBs.
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Emerging organic materials have been promoted as a new solu-
tion for high-energy AlBs due to their diverse redox activity, flexible
molecular designability as well as unique charge storage mechanism.
According to the stored charge species, organic electrode materials
can be categorized into n-type (coordinated with cations), p-type
(coordinated with anions), and bipolar-type (coordinated with cations
and anions alternately). Carbonyl compounds are the most widely
studied n-type organic positive electrodes in AlBs, such as quinones®'°,
imides", and ketones'?, which undergo reduction reactions first and
coordinate with monovalent AICl," or divalent AICI** cations through
the enolization of carbonyl groups (C=0). Furthermore, some
organics with nitrogen-containing groups, including imines (C=N)",
nitriles (C=N)", and azo compounds (N=N)”, can also generate
anionic radicals that coordinate with AICI," cations. These n-type
organic positive electrodes typically exhibit a high specific capacity
and good redox reversibility but suffer from poor cycling stability due
to substantial dissolution in acid ionic liquid electrolytes. In contrast,
p-type organics generally undergo oxidation reactions first and coor-
dinate with AICl, anions via charge delocalization along their mole-
cular skeletons, such as polypyrenes' and aromatic amines”. However,
given the limited active sites and single-electron transfer, these p-type
organic positive electrodes only offer finite specific capacity. Innova-
tively, some bipolar-type organics, exhibiting both n-type and p-type
redox characteristics, have been explored for the alternate storage of
dual-ions (AICl,” anions and AIClL," cations) to obtain a higher
capacity'®"’. Nevertheless, the low electron transfer number per active
unit in most organic materials leads to a low ceiling of theoretical
capacity (<200 mAh g™), especially for AIBs using large-sized Al-com-
plex ions as charge carriers.

Porphyrins, a bipolar-redox 18m-electron conjugated macrocyclic
compound capable of multielectron transfer, show great competi-
tiveness in electrochemical energy storage’®”. Benefitting from the
small LUMO-HOMO gap, porphyrins can not only be oxidized by
donating mt-electrons (from 18 to 161) but also reduced by accepting
m-electrons (from 18m to 20m) at their 18m-electron macrocycles.
However, the high molecular weight of porphyrins confines their
specific capacity, which must be improved through ingenious mole-
cular design. Fortunately, the electrochemical properties of porphyr-
ins can be easily regulated by connecting different functional groups at
their meso- or §- sites. Some recent works have shown the great energy
storage potential of porphyrin-based electrode materials for AIBs. Han
et al.” reported a stable 5,10,15,20-tetraphenylporphyrin (H,TPP)
positive electrode material with a specific capacity of 101 mAh g™. The
electrochemical mechanism involves the reversible coordination/dis-
sociation reactions between two imine (C=N) nitrogen atoms and
AICl," cations. The redox activity of H,TPP can be regulated by intro-
ducing electron-withdrawing or electron-donating functional groups,
which can also serve as active sites to store more AICl," cations®. In
another work, Chowdhury et al.?* introduced four active diphenyla-
mine groups into H,TPP to store AICI,~ anions, enhancing the rate
capability to 83 mAh g™ at 1A g™’. Differently, the nitrogen atoms in the
porphyrin macrocycle can be protonated due to the acidity of the
electrolyte and serve as the storage sites for AICIl,~ anions. Never-
theless, owing to the unipolar-redox activity and single-electron-
transfer groups, the insufficient electron transfer number per por-
phyrin unit (no more than 6 electrons) restricts the specific capacity
(<180 mAh g™). Notably, the redox activity of the porphyrin macro-
cycle may be related to the Lewis basicity of imine (C=N) groups and
acidity of amine (-NH-) groups®*. Functional groups with strong
electron-withdrawing or electron-donating effects may cause low
basicity (or acidity) of nitrogen atoms, reducing their ability to coor-
dinate with cations (or anions). This, in turn, results in weak bipolar-
redox activity or even a unipolar redox mechanism. Encouragingly, the
alkynyl group (C = C-H) can induce a weak electron-withdrawing effect
due to its moderate electronegativity, which provides an opportunity

for designing porphyrins with appropriate basicity (or acidity) to
achieve bipolar redox. More importantly, the unsaturated C = C bond
can also serve as the active site to accept two electrons and transform
into a C = C bond, enabling dual-electron transfer’. In addition, studies
have shown that the porphyrins containing terminal alkynyl groups
can be self-polymerized by oxidative coupling reaction”*, which is
conducive to better cycling stability. These potential advantages,
including bipolar redox, multielectron transfer, and self-polymeriza-
tion, make alkynyl-porphyrins a highly desirable organic positive
electrode material for AlBs.

Herein, we demonstrate 12-electron bipolar-redox chemistry of
tetraalkynylporphyrin (H,TEPP) macrocycle positive electrode for
high-energy aluminum-organic batteries (Fig. 1). The bipolar-redox
activity of 18m-electron macrocycle enables alternate storage of dual
carriers (AICl, anions and AICI," cations) at two p-type amine (-NH-)
sites and two n-type imine (C =N) sites during charge/discharge pro-
cesses, thereby contributing to four electrons transfer. Impressively,
four n-type alkynyl (C = C) sites can also coordinate with more AICI,"
cations during the discharge process due to their modest electro-
negativity and affinity to cationic carriers, achieving eight electron
transfers. Both experimental results and theoretical calculations con-
firm the 12-electron transfer charge storage mechanism. As a result, the
Al | [H,TEPP battery achieves a high capacity of 347 mAh g and a high
specific energy of 312 Wh kg™, which is up to 150% compared to cells
with graphite as the positive electrode. Moreover, the H,TEPP positive
electrode also exhibits good cyclability of 87% capacity retention after
6500 cycles due to the in situ electropolymerization of terminal alky-
nyl groups. This work heralds a promising strategy for designing
multielectron-transfer bipolar-redox organic positive electrode mate-
rials to realize high-energy AlBs.

Results

Molecular design and structural characterizations

A high capacity is highly desirable to achieve the high specific energy
of batteries. The specific capacity of organic molecules mainly
depends on the electron transfer number per weight. To achieve
maximum electron transfer, we select three bipolar-redox porphyrin
molecules  5,10,15,20-tetraphenylporphyrin  (H,TPP), 5,10,15,20-
tetra(4-pyridyl) porphyrin (H,TPyP) and 5,10,15,20-tetraalk-
ynylporphyrin (H,TEPP) (Fig. 2a and Supplementary Fig. 1) as positive
electrode materials for AlBs. Each porphyrin molecule consists of an
18m-electron macrocycle (containing two imine (C = N) groups and two
amine (-NH-) groups) and four functional phenyl substituent groups.
Density functional theory (DFT) calculations is performed to study
their electronic properties. We first calculate the molecular electro-
static potential (MESP) to predict the active sites for nucleophilic and
electrophilic reactions (Fig. 2a)”’. Generally, the blue areas present
negative electrostatic potential, acting as electrophilic sites that tend
to bind with positive charge carriers, while the red regions manifest
positive electrostatic potential, serving as nucleophilic sites that
attract negative charge carriers. In the MESP maps, it can be seen that
the surface minimum value points (cyan balls) of three porphyrins are
mainly located on the imine (C=N) groups at the center of the 18m-
electron macrocycle, while the maximum value points (orange balls)
are distributed around the amine (-NH-) groups. The calculated sur-
face maximum and minimum values of MESP are shown in Supple-
mentary Table 1. Compared with the unfunctionalized H,TPP, the
pyridine (C=N) groups of H,TPyP and alkynyl (C=C) groups of
H,TEPP exhibit significant negative electrostatic potential, which
means that these functional groups may provide extra active sites for
electrophilic reaction. The introduction of these potential active
groups can significantly increase the electron transfer number of per
porphyrin unit, contributing to higher capacity. Notably, the strongly
electronegative pyridine groups significantly reduce the basicity of
imine groups in the macrocycle, which may lead to weak electrophilic

Nature Communications | (2025)16:2794


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58126-5

Initial state (H,TEPP)

Charge
+2AICl,~, —2e~

]\
e

State | (H,TEPP2*)

—-2AICl,", +2e~
Discharge
0 I
= N
o) NS o >
v o ¢ = g o f\(‘, 9 g
S P g s 2L S% 8
2 2 5 DO PR ® = 8
c O Z + Q o o' ' g
N » @ =z Z 0
| | o b x4
T D
AICl,* ©||© Alcl,*
Discharge
+8AICI,*, +8e"

State Il (H,TEPPZ")

——
T

-8AICl,*, -8e~
Charge
n-type

Alcl,*O||e Aict,*
State Il (H,TEPP10-)

Fig. 1| The 12-electron bipolar-redox charge storage mechanism of H,TEPP positive electrode in AlBs.

activity, while the moderately electronegative alkynyl groups with
weak electron-withdrawing effect induce appropriate basicity of imine
groups and acidity of amine groups. Furthermore, we calculate the
energies of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of three porphyrins
(Fig. 2b). The frontier electrons of all porphyrin molecules are mainly
distributed on the central macrocycle, which means that the electronic
structure change preferentially occurs at the 18m-electron macrocycle
during redox process. Impressively, H,TEPP shows a smaller LUMO-
HOMO gap (2.631eV) than H,TPP (2.671eV) and H,TPyP (2.722¢V),
indicating its higher electronic conductivity. In addition, the localized
orbital locator-rt (LOL-1t) color-filled maps of three porphyrins show
efficient m-electron delocalization throughout the 18m-electron mac-
rocycle (Fig. 2c and Supplementary Fig. 2), which ensures fast electron
transfer. Considering the significant advantage of alkynyl groups in
facilitating electron transfer, H,TEPP is selected as the preferred
positive electrode material for AlBs.

To reveal the potential multielectron transfer capability, the
interaction region indicator (IRI) method is applied to unveil the
intermolecular interaction of H,TEPP. The detected green spikes in the
sign(A,)p from — 0.02 to 0.00 arb. units (Fig. 2d) and green isosurfaces
(Fig. 2e) indicate the existence of m-m interaction between H,TEPP
molecules. Such m-t interaction in the out-of-plane direction between
H,TEPP molecules makes it easy to donate or accept electrons,
ensuring efficient charge transfer, multielectron redox activity, and
high accessibility of the active sites. Generally, aromatic molecules
exhibit prominent structural stability due to the m-electron delocali-
zation effect. The iso-chemical shielding surface (ICSS) method® is

used to reveal the aromaticity of H,TEPP. Protruding green magnetic
shielding isosurface in the perpendicular direction are observed in the
Z-component of ICSS (ICSSzz) for the macrocycle plane (Supplemen-
tary Fig. 3a), surrounded by a circular blue deshielding isosurface.
Positive ICSS(0)zz (31.7 ppm) and ICSS(1)zz (34.1 ppm) values indicate a
high level of m-aromaticity and in-plane m-electron delocalization
within the 18m-electron macrocycle. In addition, the ICSSz; slice planes
(pink to red area) exhibit a clear magnetic shielding effect and smooth
isosurface variation in the inner area of the macrocycle (Supplemen-
tary Fig. 3b). Such strong aromaticity along the whole molecular ske-
leton guarantees high structure stability, allowing for the injection and
release of multiple electrons due the redox process®.

The molecular structures of the three porphyrins are further
characterized by Fourier transform infrared spectroscopy (FTIR)
(Supplementary Fig. 4). The bands at about 1600 cm™ of H,TPP and
H,TEPP are associated with the C = C stretch in benzene groups™, while
the band at 1593 cm™ of H,TPyP is assigned to the C=C stretch in
pyridine groups®. For H,TEPP, the peaks at 1349 and 1473 cm™ cor-
respond to the C-N and C=N vibrations in the 18m-electron macro-
cycle, respectively®***. The peaks at 2108 and 3290 cm™ are assigned to
the C=C and C = C-H vibrations of alkynyl groups, respectively®.. X-ray
diffraction (XRD) patterns show obvious crystal characteristics of the
three porphyrins (Supplementary Fig. 5). Scanning electron micro-
scopy (SEM) images show that all porphyrins present irregular micron
block morphology (Supplementary Fig. 6). Thermogravimetric analy-
sis (TGA) reveals high thermal stability of H,TEPP with an onset
decomposition temperature of up to 400 °C under N, atmosphere
(Supplementary Fig. 7).
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As analyzed above, the capacity of porphyrins can be improved by
introducing more active sites to increase the electron transfer number.
Figure 2f shows the relationship between the specific capacity and
electron transfer number of three porphyrins. Compared with H,TPP,
which can only transfer four electrons, H,TPyP and H,TEPP can theo-
retically transfer up to 8 or 12 electrons due to the introduction of four
single-electron-accepting pyridine (C = N) sites and four dual-electron-
accepting alkynyl (C=C) sites. According to the results of the elec-
trochemical test, the specific capacities of H,TPP, H,TPyP, and H,TEPP
are 118, 251, and 347 mAh g™, respectively. With the electron transfer
number increasing from 4 to 12, the specific capacity of H,TEPP is
increased by 3 times. Benefitting from the high specific capacity, the
H,TEPP positive electrode presents a competitive specific energy over
300 Whkg™ compared with the recently reported organic positive
electrode materials in AlBs, including n-type, p-type, and bipolar-type
organics (Fig. 2g and Supplementary Table 2). This result represents an
apparent advantage of multielectron-transfer organic materials, which
break through the specific energy limitation of conventional graphite
positive electrode materials (100-200 Wh kg™).

Electrochemical performance of Al-porphyrin batteries

The electrochemical performances of Al-porphyrin batteries are eval-
uated using Al foil as the negative electrode, three porphyrins as the
positive electrode, and aluminum chloride/1-ethyl-3-methylimidazo-
lium chloride (AICI;/[EMIm]CI) ionic liquid as the electrolyte. Galva-
nostatic charge/discharge tests are performed in a voltage range of
0.1-2.2 V. Despite a larger molecular weight than H,TPP and H,TPyP,
the H,TEPP delivers a high initial discharge capacity of 347 mAh g™ at
0.2 Ag™ (Fig. 3a and Supplementary Fig. 8), which means that H,TEPP
may offer a higher electron transfer number. The irreversible charge/
discharge capacities and large overpotentials in the first few cycles are
mainly attributed to the unique self-polymerization process of
porphyrins®*, This irreversibility is frequently observed in porphyrin-
based electrode materials, especially at low current rates, which may
also be related to the formation of solid electrolyte interphase (SEI)*.
Notably, the charge/discharge curves of the three porphyrin electro-
des gradually tend to be stable after activation (Supplementary Fig. 9).
Compared with H,TPP and H,TPyP, H,TEPP delivers a higher average
discharge voltage of 1.3V with a lower overpotential of 0.32V. Even
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Fig. 3 | Electrochemical performance of Al-porphyrin batteries. a Galvanostatic
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specific energy and specific power of H,TEPP with recently reported organic and
graphitic positive electrode materials in AIBs. The source of the literature data
shown in this figure can be found in Supplementary Information, Table 2. g Long-
term cycling stability of H,TEPP at 2 A g, h Performance comparison of H,TEPP
and other porphyrin-based positive electrode materials in AlIBs.

after 400 cycles, H,TEPP still maintains a high reversible capacity of
200 mAh g with good cycling stability, which is much higher than
H,TPP (83 mAhg™) and H,TPyP (64 mAhg™) (Fig. 3b). The capacity
experiences a decay in the first few cycles, mainly owing to the inevi-
table initial dissolution of porphyrin molecules in the electrolyte
(Supplementary Fig. 10). However, compared with the obvious dis-
solution of H,TPP and H,TPyP, H,TEPP shows a lighter dissolution
phenomenon.

To investigate the electrochemical behavior of H,TEPP during the
first few cycles, cyclic voltammetry (CV) test is performed at 0.1mVs™
(Supplementary Fig. 11). In the first anodic scan, three distinct irreversible
oxidative peaks appear at 1.93, 2.01 and 2.14 V, suggesting an intense
oxidation reaction of H,TEPP, which can be attributed to the insertion of
Al-complex anions and irreversible oxidation self-polymerization of
alkynyl groups (as discussed below). In subsequent cycles, the peak at
2.01V disappears, and the peaks at 1.93/2.01V gradually decrease,
showing enhanced redox reversibility. Impressively, the cathodic scan
displays multiple reductive peaks at 1.36, 1.57, 1.70, 1.84, and 198V,
indicating a multiple-electron redox process, which contributes to a high
specific capacity. The dQ/dV curves of H,TEPP in the first three cycles
manifest three potential peaks, indicating a three-step discharge process
(Fig. 3c). The weakened reductive peak (1.36 V) and potential peaks (b

and c) indicate that there may be incomplete coordination of H,TEPP
with Al-complex ions as the cycle progresses.

To further explore the irreversible oxidation reaction in the first
cycle, in-situ FTIR is performed to analyze the H,TEPP electrode
(Supplementary Fig. 12a). The vibration of C=C-H group at 3264 cm™
significantly weakens after fully charged to 2.2V in the first charge
process, but does not recover in subsequent discharge and recharge
processes, indicating that the terminal alkynyl groups are in-situ self-
polymerized under the electric field****. The weak residual absorption
signal after fully recharging may be due to incomplete polymerization
of alkynyls. Furthermore, XRD patterns show that H,TEPP changes
from pristine crystalline characteristic to amorphous polymer char-
acteristic after the first charge process (Supplementary Fig. 12b). SEM
is used to observe the morphology change of H,TEPP before and after
cycling (Supplementary Fig. 13). The pristine electrode shows willow
leaf-like morphology of H,TEPP with a size of ~ 5 x 1 um. After the first
cycle, these micro-leaves are interconnected and transformed into
large microsheets. After 400 cycles, the large microsheets are further
connected into a whole without an obvious dissolution phenomenon.
The above results indicate that the porphyrins containing terminal
alkynyl groups might be in-situ electrochemically polymerized into
conjugated polymers during the first cycle (Supplementary Fig. 14).
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Such in-situ electropolymerization behavior of H,TEPP guarantees its
long cycling stability.

The changes in electronic and ionic conductivity of H,TEPP are
investigated by electrochemical impedance spectroscopy (EIS) analy-
sis (Supplementary Fig. 15). The corresponding distribution of relaxa-
tion times (DRT) suggests that both charge transfer and ion diffusion
resistances significantly decrease after the first cycle. Additionally, DFT
calculations are performed to study the electronic structure properties
of H,TEPP after polymerization. Compared with the monomer, the
H,TEPP dimer shows a smaller LUMO-HOMO gap (Supplementary
Fig. 16), indicating an enhanced electronic conductivity. The MESP of
H,TEPP dimer shows that both central nitrogen atoms and terminal
alkynyls still maintain obvious negative electrostatic potential (Sup-
plementary Fig. 17). In fact, the alkynyl groups have special affinity to
metal cations given their modest electronegativity, which can provide
additional active sites for ion storage®. These results suggest that
electropolymerization can effectively improve the electronic and ionic
conductivity of organic materials, which allows for better rate per-
formance. Furthermore, the binding energy (AE) of H,TEPP upon self-
polymerization is also calculated (Supplementary Fig. 18 and Table 4).
The positive AE value indicates that the oxidation polymerization of
alkynyl groups (C = C-H) is an endothermic process, meaning that the
electropolymerization occurs in the charging process, which may lead
to a large reaction energy barrier and overpotential in the initial cycle.

To verify the influence of electronic conductivity on cycling stabi-
lity, we have carried out a controlled experiment by changing the
amount of conductive additive in the H,TEPP electrode (Supplementary
Fig. 19). The capacity contribution of conductive carbon is neglectable.
With the additive increasing from 30 wt.% (6:3:1) to 40 wt.% (5:4:1), the
reversible capacity of H,TEPP increases from 234 mAh g™ to 259 mAh g*
at 0.2A g with a similar cycling stability. However, when the additive
decreases to 20 wt.% (7:2:1), H, TEPP electrode shows an apparently lower
capacity of 171mAhg™ and an inferior cycling stability. This may be
because of the decrease in conductivity that hinders the electro-
polymerization process of H,TEPP in the first cycle. Considering the
specific energy of the whole electrode, the H,TEPP electrode containing
30 wt.% conductive carbon is preferred.

The rate performance of porphyrin electrodes after activation is
tested at different current rates from 0.1 to SAg™. H,TEPP delivers
reversible capacities of 269, 221,180, 152,127 and 99 mAh g at 0.1, 0.2,
0.5, 1, 2 and 5Ag™ (Fig. 3d). The discharge capacity recovers to
263 mAh g™ when the current rate returns to 0.1 A g, maintaining 98%
of the initial capacity, which is better than H,TPP and H,TPyP (Fig. 3e
and Supplementary Fig. 20). Benefitting from the multi-electron
transfer and good rate performance, H,TEPP shows competitive
comprehensive performance compared with previously reported
organic positive electrode materials in AIBs (Fig. 3f and Supplementary
Table 2). The long cycling performance of H,TEPP is also evaluated at
2 Ag™. Even after 6500 cycles, H,TEPP still maintains a high reversible
capacity of 127mAh g™ with a capacity retention of 87% (Fig. 3g),
demonstrating long-term cycling stability. With the increase of cycle
number, the charge-discharge profiles gradually tend to be stable
(Supplementary Fig. 21). FTIR spectra show that H,TEPP still maintains
the main vibration bands of 18m-electron macrocycle after thousands
of cycles (Supplementary Fig. 22), indicating its high structural stabi-
lity, which benefits from the aromaticity and flexibility of porphyrin
macrocycle. Furthermore, H,TEPP can effectively store Al-complex
ions even after 6000 cycles because in-situ electropolymerization
inhibits the initial dissolution (Supplementary Fig. 23). Consequently,
compared with the reported porphyrin-based positive electrode
materials in AIBs, H,TEPP shows significant advantages, especially in
terms of electron transfer number, specific capacity, specific energy
and cycle life (Fig. 3h). In fact, porphyrin-based redox-active materials
have great application potential in energy storage due to their natural
availability, chemical versatility and environmental friendliness**”".

To elucidate the charge storage mechanism of H,TEPP, CV mea-
surements are performed at various scan rates from 0.5 to 10 mVs™ to
analyze the capacity contribution of faradaic and non-faradaic pro-
cesses (Supplementary Fig. 24a). The faradaic process involves ion
diffusion and charge transfer in the redox reaction process, while the
non-faradaic process relates to the capacitive ion adsorption in the
electric double layer”. The capacity contributions from these two
processes can be identified by fitting the relationship between peak
current (f) and scan rate (v) according to the following Equation:

i=a® @

where the b value can be determined by the slope of (log v)-(log i) plot.
The b=0.5 corresponds to a diffusion-controlled process, whereas
b=1indicates a capacitive-controlled process. The calculated b value
of the oxidation (peak 1) and reduction (peaks 2 and 3) are 0.73, 0.72,
and 0.78, respectively (Supplementary Fig. 24b), indicating that the
capacity is contributed by both ion diffusion and capacitance.

To further explore the ion diffusion kinetics of H,TEPP, the gal-
vanostatic intermittent titration technique (GITT) is carried out after
activation at 0.1A g™ (Supplementary Fig. 25). During the charging
process, the Al-complex ions (SOC below 50%) in H,TEPP show rela-
tively fast kinetics with a diffusion coefficient (D) on the order of
1078-10"° cm? s™, while with the progress of charging (SOC 50-100%),
the D value gradually decreases to 10~°-10™ cm? s\, This process may
be caused by the insertion/extraction of large-sized Al-complex anions,
such as AICl,". In the discharge process, the Al-complex ions extract
(insert) quickly from (into) H,TEPP with D~107%-10° cm? s (SOC
100-50%), and the subsequent Al-complex ions slightly slower with
D=107-10"°cm?s™ (SOC below 50%). The magnitude of these diffu-
sion coefficients indicates fast diffusion of the ions within the H,TEPP
positive electrode, which is in a similar range of AICl,” ion in graphite
(107°-10" cm?s™)*". Molecular dynamics (MD) simulations are further
carried out to evaluate the diffusion behavior of Al-complex anion
(AICl;) and cation (AICl,") in H,TEPP (Supplementary Fig. 26). Con-
sidering the self-polymerization characteristic of H,TEPP, the periodic
structure model of H,TEPP polymer is established in the simulation
box. The simulation snapshots show that AICl,” anions tend to migrate
along the pore channels of the H,TEPP polymer, while AICI," cations
tend to migrate along the interlayer channels. Meanwhile, a quantita-
tive characterization of AICl,~ and AICI," diffusivity in the transport
process is simulated by the mean square displacement (MSD) (Sup-
plementary Fig. 27). Both AICl,” and AICI," display fast ion diffusion
with a diffusion coefficient on the order of 10° cm?s™, which are
comparable to the order of magnitudes of experimental results.

Redox reaction mechanism of H,TEPP

To clarify the redox reaction mechanism of H,TEPP, ex-situ Raman
spectroscopy, in-situ FTIR, and ex-situ X-ray photoelectron spectro-
scopy (XPS) are performed on the electrodes at different charge and
discharge states. Raman spectroscopy is conducted to monitor the
structural evolution of H,TEPP at the selected states in Fig. 4a. The
assignment of different bands of pristine H,TEPP positive electrode is
shown in Supplementary Fig. 28 and Table 3°**%%*, As shown in Fig. 4a,
all peaks are broadened after charging and discharging compared with
the pristine H,TEPP, which can be due to the interaction of Al-complex
anions and cations with H,TEPP that changes the symmetrical
structure*’. The C;,, =N peak at 1468 cm™ occurs redshift to 1450 cm™
during the charge process and then occurs blueshift to 1469 cm™
during the discharge process. The blueshift is caused by the increased
force constants of C;,=N bonds due to the coordination with Al-
complex cations. The decreased peak intensity after fully charged to
2.2V may be ascribed to the insertion of large-sized Al-complex anions
that distort the planar structure of the porphyrin macrocycle. Fur-
thermore, the C = C peak at 1556 cm first decreases and then increases
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during the charging process, and the discharge process also shows the
same change tendency. Such reversible change is related to the
structural rearrangement of C = C bonds caused by the redox reaction
of 18m-electron porphyrin macrocycle. Similar to the C;,, =N peak, the
C=C peak at 1496 cm™ also exhibits reversible red shift and blue shift
during charge and discharge processes. Notably, it can be observed
that the peak intensity of C = C increases after charging and decreases
after discharging. On the contrary, the new characteristic peak of C=C
(sp*> C) at 1585cm™ decreases during the charging process and
increases during the discharge process. The increased intensity of
C = C peak after discharging can be attributed to the reduction of C=C
bonds to C = C bonds*, which forms the hybrid sp? C. This process may
be accompanied by the coordination of Al-complex cations because of
the electrophilic activity of the C = C group and its special affinity for
cationic charge carriers®. In fact, this process is similar to the over-
lithiation reaction of the unsaturated C=C bond of alkynyl-based
electrode materials in lithium-ion batteries’®*'. Notably, the reduction

of the C=C group usually involves only dual-electron transfer (from
C=C to C=C rather than C-C bond) because of the strong steric-
hindrance and inductive effect of the coordination intermediate®. This
means that the four C = C groups can accept up to 8 electrons during
the discharge process, which contributes to a high specific capacity.
To further clarify the redox reaction mechanism, in-situ FTIR
characterization is carried out to unveil the structural evolution of
H,TEPP (Fig. 4b). The peak signals of -NH- (790cm™)*, C=N
(1490 cm™) and C=C (2108 cm™) groups* decrease in the discharge
process and increase in the recharge process, indicating their strong
redox activity. It is noted that two new signals appear at 743 and
832 cm™ after fully discharged, which can be attributed to the forma-
tion of N-Al bonds**** due to the synergetic coordination of pyrrole N
atoms (-NH-) and imine N atoms (C=N) with Al-complex cations.
More importantly, the peak signal at 1570 cm™ assigned to C = C bonds
is strengthened during the discharge process, meanwhile, a strong
response signal at 1164 cm™ emerges due to the formation of

Nature Communications | (2025)16:2794


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58126-5

coordination intermediates (Al-C=C-Al) of C=C groups and Al-
complex cations®. The Raman and FTIR spectra results indicate that
both -NH-/C=N and C=C groups are likely to be the active sites for
storing Al-complex ions.

The charge storage mechanism of H,TEPP is further identified by
XPS. Generally, the soluble halides of Al element undergo asym-
metric cleavage in chloroaluminate electrolyte to generate AlICl4
anions and AICI," cations’, which can serve as active charge carriers
for p-type and n-type redox reactions in organic electrodes. The
pristine N1s XPS spectrum (Fig. 4c) shows two characteristic peaks
with binding energies at 398.0 and 400.2 eV, which are assigned to
the -NH- and C=N groups of H,TEPP, respectively*’. After fully
charged to 2.2V, a new peak appears at a higher binding energy of
401.6 eV, which is attributed to the generation of =NH"- cationic
radicals due to the p-type oxidation reaction of porphyrin macro-
cycle from 18m to 16m*. This allows the AICl, anions in the electro-
lyte to insert into H,TEPP and interact with the N atoms of -NH-
groups. After fully discharged to 0.1V, the =NH'- peak disappears,
and an intense peak signal is detected at 402.1eV, which can be
assigned to the formation of N-Al bonds. This means that the AICI,"
cation can also insert into H,TEPP to coordinate with the N atoms
due to the n-type reduction reaction of porphyrin macrocycle from
181 to 20T accompanied by the transformation from C =N to C-N',
which is verified by the decrease of C =N peak. Moreover, compared
with the pristine Al 2p and Cl 2p spectra, both charged-state and
discharged-state spectra show obvious Al peaks and Al-Cl peaks
(Fig. 4d, e), further confirming the insertion of Al-complex ions.
Notably, the intensity of the Al-CI signal at the discharged state is
remarkably higher than that at the charged state, suggesting the
insertion of more AICl," cations due to the reduction reaction of
extra C=C groups. In addition, the energy-dispersive spectroscopy
(EDS) spectra show that the CI/Al atomic ratio is 3.76 after fully
charging to 2.2V, indicating that the coordinated anionic carriers are
AICl;~ (Supplementary Fig. 29). After fully discharging to 0.1V, the
content of Al and Cl elements significantly increase, while the CI/Al
atomic ratio decreases to 2.10, indicating that abundant AICI,
cations are inserted into the H,TEPP positive electrode (Supple-
mentary Fig. 30). These results indicate that both Al-complex anions
and cations participate in the redox reactions. As a result, a 12-
electron bipolar-redox reaction mechanism is proposed, as shown
in Fig. 4f. Due to the bipolar-redox activity of the 18m-electron
macrocycle, AlICl,~ anions and AICI," cations can be alternately
inserted into/extracted from H,TEPP during charge/discharge pro-
cesses. Furthermore, four active C=C groups can also coordinate
with more AICI," cations, and the whole process can transfer up to 12
electrons.

To further confirm the alternate storage mechanism of AICl,”
anions and AICI," cations, we perform time-of-flight secondary ion
mass spectrometry (TOF-SIMS) on fully charged/discharged H,TEPP
electrodes. The chemical composition of the electrode’s surface and
interior can be accurately determined by bombarding the electrode
with a primary bismuth (Bi) ion beam to produce secondary ions
(Fig. 5a). According to the flight time of different secondary ions from
the electrode to the detector, the composition and content of these
ions can be obtained. The 2D sputtering images show four secondary
ions (Al', CI5, AICI,” and AICly") on the electrode surface (Supplemen-
tary Fig. 31). These secondary ion fragments mainly originate from the
Al-complex anions/cations inserted in the electrode. The 3D rendering
images further display the distribution of different secondary ions
inside the electrode (Fig. 5b). At the charge-2.2V state, the intense
signals of CI” and AICl,~ components can be observed, indicating that
the AICl;~ anion is inserted into H,TEPP after fully charged. At the
discharge-0.1V state, the weakened signal of AICl,” suggests that the
AICl,” anion is extracted from H,TEPP after fully discharged. Notably,
the intensity of Al", CI, and AICl,” components at discharge-0.1V state

is significantly higher than that at the charge-2.2'V state, which indi-
cates the insertion of abundant AICI," cations after full discharge.
Furthermore, the depth profiles show the intensity distribution of
different secondary ions in depth at charge-2.2V and discharge-0.1V
states (Fig. 5¢). As shown in the magnified views of the depth profiles
(Fig. 5d, e), the sputter amount of AICl, at charge-2.2 V state is more
than that at discharge-0.1V state, while the sputter amount of Al', CI",
and AICI,” at charge-2.2V state is significantly less than that at
discharge-0.1V state. These results further demonstrate the bipolar-
redox reaction mechanism, which involves the alternate storage of
AICl,” anion and AICI," cation. Interestingly, with the increase of
sputtering depth in the range of 0-25 pm, the intensity of all secondary
ions increases first and then tends to be stable in both charge and
discharge processes. It is worth noting that strong AICl,~ and AICl,”
signals are still observed even at a sputtering depth of 25-50 pm,
indicating the diffusion of active ions into the interior of the electrode.
The high accessibility of multiple active sites in H,TEPP promotes the
storage of Al-complex anions/cations, thus contributing to a high
capacity.

Theoretical calculations
DFT calculations are performed to further reveal the charge storage
mechanism of H,TEPP. We first calculate the MESP distribution to
determine the active sites (Fig. 6a). The oxidation species H,TEPP*
displays intensely positive charge characteristics throughout the
molecule, especially at the N atoms region of -NH- groups, which can
serve as nucleophilic sites to bind with anions. In contrast, the reduc-
tion species H,TEPP*” and H,TEPP'*" exhibit distinctly negative charge
characteristics at the regions of central C =N groups and terminal C=C
groups, which are electrophilic sites that bind with cations. The MESP
results theoretically evidence that the N atoms at the center of the
macrocycle and C=C groups are the active sites. Anisotropy of the
induced current density (AICD) and nucleus-independent chemical
shift (NICS) calculations are conducted to evaluate the m-aromaticity
and molecular stability of H,TEEP during the redox process
(Fig. 6b—e)*. In AICD plots of neutral H,TEPP (18m), the clockwise
diamagnetic continuous current flows over the whole molecular
backbones, indicating a global aromatic characteristic. The corre-
sponding NICS(1)z; map displays significant negative values. In con-
trast, the oxidation-state H,TEPP* (1611) and reduction-state H,TEPP*
(20m) show obvious antiaromatic characteristics on the porphyrin
macrocycle, as suggested by the anticlockwise current in AICD plots
and the positive NICS(1)z values. However, owing to the conjugation
effect*®, they can be well stabilized by the four aromatic benzene rings
during the redox process. Even after accepting 10 electrons to
H,TEPP'", the porphyrin macrocycle still maintains its antiaromaticity
of the 20m-electron configuration. Such aromatic-antiaromatic trans-
formation follows Huckel's rule and shows significant m-electron
delocalization, suggesting that both the oxidation and reduction states
are thermodynamically stable. To further clarify the structure stability
of H,TEPP at different redox states, we calculate the LUMO-HOMO
energy levels of H,TEPP at different redox states to illustrate the
position of external electrons and qualitative information of their
electronic properties (Supplementary Fig. 32). The frontier electrons
of H,TEPP are mainly distributed on the porphyrin macrocycle, and are
well positioned and retained in the molecular structure of all redox
states, indicating that all the redox states are stable. This means that
the H,TEPP can carry 1-2 positive charges or 1-10 negative charges. In
addition, the LUMO-HOMO gaps of different redox states are smaller
than that of the neutral state, indicating faster electron transfer, which
facilitates the interaction between H,TEPP and anions (cations) during
charging (discharging).

To confirm the 12-electron bipolar-redox mechanism of H,TEPP,
we calculate the binding energies (AE) between H,TEPP with different
ions in the electrolyte (Supplementary Fig. 33). The positive AE values
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indicate the interaction between H,TEPP and anions during the charge
process*’, while the negative AE values suggest a spontaneous reaction
between H,TEPP and cations during the discharge process. Compared
with large-sized Al,Cl;™ anion, the binding of AICl, to H,TEPP is more
favorable because of the lower binding energy, while the more nega-
tive binding energy indicates that H,TEPP prefers to bind with AICI,"
cation rather than EMI". In this case, all possible configurations of
H,TEPP upon binding with AICl,~ anions or AICI," cations are con-
sidered and optimized to obtain the most stable structures (Supple-
mentary Fig. 34). The calculated total energies and corresponding
binding energies of H,TEPP-mAICl,” (m=1, 2) and H,TEPP-nAICI,"
(n=1,2,3,4,5,6,7, 8,9, 10) are shown in Supplementary Table 5.
Compared with H,TEPP-AICI," b (-6.65eV), the more negative AE
value of H,TEPP-AICI,"_a (- 8.43 eV) indicates a preferential binding of
AICl," cation to the central N atoms in H,TEPP, which is attributed to
the stronger electrophilic activity of C=N groups than C=C groups.
Notably, when C = C groups bind with AICL," cations, the AE value of

the second AICI," is significantly lower than that of the first AICI,",
suggesting that the C = C groups may prefer to bind with two AICI," to
form a more stable structure. In addition, all AE values of H,TEPP and
AICI," at each reaction step are negative, indicating that H,TEPP can
bind with up to 10 AICI,".

The Gibbs free energy changes (AG) of H,TEPP upon binding with
AICl,~ anions and AICI," cations are also calculated based on the most
stable coordination configurations (Supplementary Fig. 35 and Table
6). In the charge process, the positive AG indicates the reaction of
H,TEPP with AICl,™ anion is an endothermic process*®. The increased
AG (AG; < AG,) means that the two-step single-electron reactions of
H,TEPP with AICl," can occur successively. In the discharge process,
the negative AG suggests the reaction of H,TEPP with AICI," cations
can take place spontaneously. The AG decreases step by step in the
whole discharge process, indicating that the H,TEPP can stably bind
with 10 AICL," cations in thermodynamics. Similar to the charge pro-
cess, the increased AG (AG; <AG,) means that the two-step single-
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electron reactions of H,TEPP with AICI," can also occur successively.
Considering the fast electron transfer ability of the 18m-electron
macrocycle, a dual-electron redox reaction may occur during the
charge/discharge process. However, the AG of each step from H,TEPP
to H,TEPP-10AICL," (from AG, to AG,o) does not increase continuously,
indicating that the discharge process may not be successive ten-step
single-electron reactions, but two-step successive dual-electron and
8-electron reactions. Notably, the sum of the AG values of two-step
reactions for each C=C group is nearly equal, indicating that four
alkynyl sites can coordinate with 8 AICI," cations simultaneously. The
more negative value of AG; + AG, suggests a preferential coordination
of porphyrin N atoms with AICI,". Therefore, a three-step 12-electrons-
transfer reaction process is proposed (Fig. 6f). Furthermore, the cal-
culated LUMO-HOMO levels show that the energy gaps of all H,TEPP
complexes are smaller than the fundamental gap of H,TEPP (Supple-
mentary Fig. 36), which further demonstrates the thermodynamically
favorable reaction between H,TEPP and AICl,” anions (or AICIL,"
cations).

We further perform an independent gradient model based on
Hirshfeld partition (IGMH) analysis to reveal the interaction between

H,TEPP and AICl, /AICI," carriers (Fig. 6g-i)*°. In the charge complex
H,TEPP-2AICI,~ (state 1), the detected green isosurfaces and the
corresponding green spike in the sign(4,)p from - 0.02 to 0.00 arb.
units indicate a weak interaction between H,TEPP and AICI, anions.
In the discharged complexes H,TEPP-2AICI," (state 1) and H,TEPP-
10AICI," (state IlI), bule isosurfaces and bule spikes in the sign(1,)p
from —0.05 to - 0.02 arb. units are observed, suggesting the strong
N-Al and C-Al coordination interaction between H,TEPP and AICI,"
cations. Moreover, the charge transfer between H,TEPP and AICl,/
AICl," carriers is also revealed by the electron density difference
(EDD) plots (Supplementary Fig. 37). When combined with AICI,~
anions, there is an electron depletion region (blue) on the porphyrin
macrocycle, indicating that the H,TEPP participate in the electron-
donating process. When combined with AICI," cations, the significant
electron accumulation regions (red) are observed around center N
atoms and terminal C=C groups, suggesting the strong charge
transfer from AICI," carriers to H,TEPP and their strong coordination
interactions to form stable configurations. In addition, the LOL-1t
method is used to reveal the m-electron delocalization behavior of
H,TEPP during charge/discharge processes (Supplementary Fig. 38).
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In pristine H,TEPP, the continuous LOL-Tt isosurfaces throughout the
18m-electron macrocycle shows high conjugation and m-electron
delocalization. After binding with two AICl,™ anions, H,TEPP displays
a slight break in Ti-electron isosurfaces, which could be attributed to
the distortion of the molecular structure caused by large-sized
anions. Impressively, H,TEPP exhibits favorable m-electron iso-
surfaces even after binding with ten AICI," cations, indicating high
structural stability.

As a result, a 12-electron bipolar-redox mechanism has been
demonstrated for H,TEPP (Supplementary Fig. 39), which involves
the alternate storage of dual charge carriers (AICl, anion and AICI,"
cation). In the first charge process, H,TEPP loses two m-electrons
from 18m to 16m configuration and coordinates with two AICl4”
anions. During the discharge process, H,TEPP first accepts two T-
electrons from 16 to 18 accompanied by the release of two AICl,~
anions simultaneously. Due to the bipolar-redox activity, a reduction
reaction from 18m to 20m enables two AICI," cations to insert into
H,TEPP. In the subsequent discharge process, four terminal C=C
sites can store up to eight AICl," cations, and each site coordinates
with two AICl,". The whole charge/ discharge process involves 12
electron transfer and three-step redox reactions. Such alternate
storage of opposite charges and multielectron-redox reaction make
the utmost of active sites in H,TEPP, remarkably improving the
electrochemical activity and storage capacity (Supplementary
Fig. 40). Besides, compared with conventional single-ion storage
mode, the unique dual-ion alternate storage mode is more likely to
accelerate ion transport kinetics and contribute to better rate
performance*°,

Discussion

In summary, we have demonstrated a 12-electron transfer bipolar-
redox tetraalkynylporphyrin organic positive electrode to
realize high-energy AlBs. The bipolar 18m-electron porphyrin mac-
rocycle achieves a 4-electron redox reaction to alternately bind and
release dual charge carriers (AICl,” anions and AICI," cations) during
charge/discharge processes, thus doubling the capacity of the uni-
polar organic positive electrode. Simultaneously, four terminal
alkynyl (C=C) electrophilic sites undergo 8-electron redox to
reversibly coordinate/dissociate more AICl," cations with 2-electron
transfer for each active site. Consequently, the constructed
aluminum-organic battery delivers a high capacity of up to
347 mAh g™ (3-6 times that of the graphite positive electrode, 60-
120mAh g™) and a high specific energy of 312Whkg™ (up to 150%
compared to cells with graphite as positive electrode) based on the
mass of positive electrode materials. The multielectron-transfer
molecular design strategy can be extended to other bipolar organic
electrode materials for achieving high-capacity and high-energy
metal-organic batteries.

Methods

Materials

5,10,15,20-tetrakis(4-ethynylphenyl) porphyrin (H,TEPP, 97%) was
purchased from Aladdin (Aladdin, Shanghai, China). 5,10,15,20-tetra-
phenyl porphyrin (H,TPP, 97%), 5,10,15,20-tetra(4-pyridyl) porphyrin
(H,TPyP, 97%), aluminum chloride anhydrous (AICl;, 99.9%), 1-ethyl-3-
methylimidazolium chloride ([EMImICI, 98.0%), N-methyl-2-
pyrrolidinone (NMP, 99.5%) and acetonitrile (99.5%) were obtained
from Macklin (Shanghai, China). All chemicals and reagents were
purchased and used without further purification. Aluminum foil
(50 pm thickness, 99.99%), and tantalum foil (10 um thickness, 99.95%)
were purchased from Qing Yuan metal co. LTD (China). Molybdenum
mesh (20 pm thickness, 100 mesh, 150 um pore size, 99.99%) was
purchased from Guan Tai Metal Co. LTD (China). All metal materials
were used without any chemical treatments prior to electrode
fabrication.

Material characterizations

Scanning electron microscopy (SEM, Zeiss Gemini 300) with energy-
dispersive spectroscopy (EDS) was used to characterize the micro-
morphology and elements of samples. Fourier transform infrared
(FTIR) spectra were conducted on Thermo Fisher Scientific Nicolet
iS20 spectrometer from 400 to 4000 cm™. In-situ electrochemical
FTIR spectra were performed on a Thermo IS50 spectrometer from
650 to 4000 cm™. The X-ray diffraction (XRD) patterns were col-
lected using a Rigaku D/max-RB X-ray diffractometer with Cu Ko
radiation (1=1.5406 A). Thermogravimetric analysis (TGA) was car-
ried out on a Rigaku TG/DTAS8122 thermal analyzer at a heating rate
of 10 °C min™ under N, flow. Raman spectra were collected from a
HORIBA LabRAM/HR800 confocal Raman microscope with a laser
wavelength of 532nm to investigate the structural evolution of
organic molecules. X-ray photoelectron spectroscopy (XPS) tests
were performed on a Thermo Scientific K-Alpha spectrometer to
analyze the chemical states of the electrodes. Time-of-flight sec-
ondary ion mass spectrometry (TOF-SIMS) depth profiling and ana-
lysis were carried out on a TOF secondary ion mass spectrometer
(TOF-SIMS ion tof Gmhb 5) using a primary bismuth ion source
(negative ion mode).

All electrode samples for ex-situ characterizations were dis-
assembled from the Swagelok cells at different charged/discharged
states in an argon-filled glove box (0,<0.1 ppm, H,0<0.1 ppm).
The electrodes were washed three times with anhydrous acetonitrile
to remove the electrolyte, followed by drying under vacuum
for 2 h. The electrodes for ex-situ XPS and TOF-SIMS characteriza-
tions were transferred from the glove box to the test chamber
with a vacuum transfer vessel to avoid exposure to oxygen and
moisture. The electrodes for ex-situ Raman, FTIR, and SEM-
EDS characterizations were separately sealed in the glove box and
stored in a vacuum chamber, and the packages were opened during
testing.

Cell preparation and electrochemical measurements

The electrochemical performances were measured using pouch cells
or Swagelok cells. To prepare the organic positive electrode, active
material (H,TEPP, H,TPP and H,TPyP), acetylene black, and poly-
vinylidene fluoride (PVDF) binder were mixed in NMP solvent by a
weight ratio of 6:3:1. At room temperature and air atmosphere, the
mixture was mixed on an automatic mixer for 12 h to form a homo-
geneous slurry, which is then cast onto a tantalum foil current collector
using a wet film coater. The electrode was dried overnight at 60 °Cin a
vacuum drying oven, and the mass loading of active material is ca.
1.0 mgcm™ To prepare the ionic liquid electrolyte, in an argon-filled
glove box (0,<0.1 ppm, H,0<0.1 ppm), AICl; was slowly added to
[EMIm]CI in a molar ratio of 1.3:1 (AICI5:[EMIm]CI) in a glass bottle. The
electrolyte was then stirred using a stir bar at room temperature for
12 h. The pouch cells were assembled with an organic positive elec-
trode (1.5 x 1.5 cm), a modified glass fiber separator (Whatman GF/A,
2.5x25cm), an aluminum foil negative electrode (2x2cm), and
350 pL AICI3/[EMIm]CI electrolyte in the argon-filled glove box. The
Swagelok cells were assembled with an organic positive electrode
(12 mm diameter), a modified glass fiber separator (Whatman GF/A,
14 mm diameter), an aluminum foil negative electrode (14 mm dia-
meter), and 100 pL AICIz/[EMIm]CI electrolyte in the argon-filled glove
box. The Swagelok cells using polytetrafluoroethylene shells (14 mm
inner diameter), and molybdenum rods (14 mm diameter) as the cur-
rent collector. Galvanostatic charge-discharge measurements were
conducted using pouch cells on the multichannel battery testing sys-
tem (Neware BTS-53) in a voltage range of 0.1-2.2V at 25 °C and air
environment. Cyclic voltammetry (CV) was performed on the EC-Lab
electrochemical workstation in a range of 0.1-2.3V at different scan
rates from 0.1t0 10.0 mV s™. Electrochemical impedance spectroscopy
(EIS) measurements were carried out on an EC-Lab electrochemical
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workstation in a frequency range of 100 kHz to 0.01Hz with a per-
turbation amplitude of 5mV under the open circuit potential. Galva-
nostatic intermittent titration technique (GITT) measurement was
performed with a galvanostatic pulse current of 0.1Ag™ for 6 min,
followed by an open-circuit relaxation of 1h. The CV, EIS, and GITT
measurements were performed using Swagelok cells to study the in-
situ electropolymerization behavior and electrochemical kinetics of
porphyrins.

For the in situ electrochemical FTIR spectra test, the H,TEPP
positive electrode was prepared using the same method with
molybdenum mesh as the current collector. The weight ratio of
H,TEPP, acetylene black, and PVDF binder is 6:3:1, and the mass
loading of active material is ca. 1.0 mg cm™. The Al | |H,TEPP cell was
assembled with an H,TEPP positive electrode (12 mm diameter), a
glass fiber separator (Whatman GF/A, 18 mm diameter), an alumi-
num foil negative electrode (14 mm diameter), and 150 pL AICls/
[EMIm]CI electrolyte in the argon-filled glove box. The charge-
discharge test was performed in a voltage range of 0.1-2.2V
at 0.1Ag™.

Density functional theory calculations

All DFT calculations were performed using the Gaussian 16 software
package®. The geometry structures of all porphyrin molecules, ions,
and coordination compounds were fully optimized at the level of
B3LYP*/def2-SVP>* with Grimme’s DFT-D3(BJ) empirical dispersion
correction®* to describe the weak interaction. The vibration frequency
calculations of the optimized structures were performed at the same
level to confirm that the optimized geometry is the local minimum
point on the potential energy surface (no imaginary frequencies) and
obtain the thermal correction of Gibbs free energy. The implicit sol-
vation model based on density-generic ionic liquid (SMD-GIL)* is used
to consider the solvation effect of AICI3/[EMIm]CI ionic liquid elec-
trolyte for geometry optimization and frequency calculations. The
average ionic liquid solvent parameters of SMD-GIL are shown in
Supplementary Table 7.

The precise single point energy (E) of the optimized structures
was further calculated at a higher level of M06-2X°¢/def2-TZVP*, and
the solvation effect was also considered by SMD-GIL. The binding
energies (AE) between H,TEPP and different ions in the electrolyte are
calculated using the formula:

AE= E(x)ion - E(x—l)ion —Eion 1)

where Eyion, Ex_1i0n and Ey,, are the single point energy for H,TEPP
with x ions, H,TEPP with x —1ions, and the ion, respectively; x is the
number of ions.

The Gibbs free energy (G) was calculated using the Shermo
program” based on the precise single point energy, the
thermal correction value of Gibbs free energy, and the zero point
energy (ZPE) correction factor. According to the ZPVE15/10
database®, the ZPE correction factor of the B3LYP/def2-SVP level
was fitted as 0.9826. The Gibbs free energy change (AG) of H,TEPP
in each step of the reaction process can be calculated using the
formula:

AG=G; — G; — NGy, @)

where Gy, G;, and G;,, are the Gibbs free energy for the final and initial
state of H,TEPP, and for the Al-complex ions (AICl, or AICI,"),
respectively; n is the number of Al-complex ions.

The calculated results of molecular electrostatic potential
(MESP), molecular orbital (MO) composition, localized orbital
locator-rt (LOL-m), iso-chemical shielding surface (ICSS), nucleus-
independent chemical shift (NICS), interaction region indicator (IRI),
independent gradient model based on Hirshfeld partition (IGMH)

and electron density difference (EDD) were performed via Multiwfn
3.8 program®. The isosurface maps were visualized by Visual Mole-
cule Dynamics (VMD) 1.9.3 software®’. The anisotropy of the induced
current density (AICD) were calculated by the AICD program®.

Molecular dynamics simulations

Molecular dynamics (MD) simulations were conducted using the
GROMACS software®? to elucidate the diffusion behaviors of AICL*
cations and AICl,~ anions within the H,TEPP matrix. The UFF force
field*® was employed for these simulations. Force field parameters for
the AICI," cation and AICl,” anion were derived using the Seminario
method® in conjunction with the RESP charge model. The periodic
structure of the H,TEPP polymer was parameterized using the UFF
force field. To accurately model the Coulombic interactions between
H,TEPP and Al-complex ions, the H,TEPP polymer structure was
refined using the CP2K quantum chemistry software package®. Sub-
sequently, the REPEAT atomic charges® of H,TEPP polymer at varying
charge states were calculated to serve as input parameters for the MD
simulations.

The initial simulation boxes were populated AICI," cations and
AICl,” anions, ensuring that the overall net charge of each system was
neutral. The simulation box contained 160 repeated H,TEPP units, with
a charge state of 50% for both AICI," and AICl,, resulting in 160 AICl,~
and 960 AICI," ions, respectively. The systems were subjected to
energy minimization followed by a thermal annealing process from O K
to 400K within 1ns (time step: 1ps) to achieve equilibrium®. The
systems were then equilibrated at 298.15K using a velocity-rescale
thermostat®® (relaxation time constant is 1ps) and maintained at
1.01325 x 10°Pa with a Berendsen’s barostat (isothermal compressi-
bility constant is 4.5 x 10°). Considering the periodicity of the systems,
periodic boundary conditions were imposed in all dimensions.
Particle-mesh Ewald (PME) method was used to calculate the electro-
static interactions and van der Waals forces, and the cut-off distance
was set to 15 A. Finally, a 20 ns MD simulation was conducted under the
NVT ensemble, recording the trajectory snapshots every 1ps. Sub-
sequent statistical analysis was performed on the trajectory data using
GROMACS tools. The simulation box visualization was accomplished
using the VMD program.

The translation diffusion coefficient was calculated by linear fit-
ting of the mean square displacement (MSD) of the center of mass of a
molecule:

MSD(7) = < (r(t +7) — K(t))* > 3)
_ MSD(5)
D= = )

where 1 is the lag time between the two positions. The
coefficient before the MSD takes the value of 1/6 for a three-
dimensional system.

Evaluation of the specific energy
The specific energy of aluminum batteries can be calculated using the
following equation:

E=— 5)

where E is the specific energy (Wh kg?), V is the average
output voltage (V) of the battery, C is the capacity (mAh), and m is
the mass (mg) of the active material. Therefore, the specific energy of
the Al||H,TEPP battery based on the active material (H,TEPP)
reaches 312 Wh kg™, this value is higher than those reported in most
literature for organic and graphitic positive electrode materials
in AlBs.
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Data availability

All relevant data supporting the findings of this study are available in
this article and Supplementary Information. The data are available
from the corresponding author on request. Source data are provided
in this paper.
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