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1. Material and methods

1.1 Materials:

Phenazine, sodium dithionite, sodium tert-butoxide, 2-dicyclohexylphosphino -2',6' -
diisopropoxybiphenyl (S-Phos) were provided by Macklin. Chloro-(2-dicyclo hexyl -
phosphino-2',6'-diisopropoxy-1,1'-biphenyl)[2-(2'-amino-1,1'-biphenyl)]  palladium
(I) (Energy Chemical), 2,7-Dibromonaphthalene were purchase from Energy
Chemica. AlCls, (99.99%) and 1-ethyl-3-methylimidazolium chloride (Sigma Aldrich,
97.0%) were supplied by Sigma Aldrich. MWCNTs were purchase from Shenzhen
Suiheng Graphene Technology Co., Ltd. Anhydrous ethanol, toluene and methanol

were obtained from Sinopharm Chemical Reagent Co., Ltd. Graphene oxide (GO, 1.0
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wt.%) was supplied by the Sixth Element (Changzhou) Materials Technology Co.,
Ltd. PVDF, N-methyl-2-pyrrolidone (NMP) and acetylene black provided by
Guangdong Canrd New Energy Technology Co., Ltd. All chemicals were utilized as

received without additional purification.

1.2 Synthesis of 5,10-dihydrophenazine

5,10-Dihydrophenazine (DHPNZ) was synthesized via the reduction of phenazine
(PNZ) following a reported procedure [, Briefly, 2.0 g of PNZ, 50 mL of ethanol,
and 23.3 g of Na2S:04 were dissolved in 200 mL of deionized water. The mixture was
transferred into a three-neck round-bottom flask pre-purged with argon and stirred
under an argon atmosphere at 120 °C for 4 h. After cooling to room temperature, the
prepared mixture was filtered, and the resulting solid product was washed thoroughly
with deionized water and then dried in a vacuum oven at 70 °C for 24 h to yield a
light-green powder (1.75 g, 87.5% yield). The obtained DHPNZ was stored in an

argon-filled glovebox for subsequent use.

1.3 Synthesis of NaphPz

In an argon-filled glovebox, 5,10-dihydrophenazine (183 mg, 1.00 mmol), RuPhos
ligand (14 mg, 0.03 mmol), 2,7-dibromonaphthalene (287 mg, 1.00 mmol), RuPhos
Pd G2 precatalyst (23 mg, 0.03 mmol), and t-BuONa (481 mg, 5.00 mmol) and 50 mL
toluene were added to a 150 mL Schlenk flask. Under argon atmosphere, continue
stirring until the reactants are completely dissolved. The mixture was then heated to
110°C and react for 48 h. After cooling to room temperature, the mixture was
centrifuged, and the resulting solid was sequentially washed five times with toluene,

methanol, and deionized water. The product was collected and dried in a vacuum

oven at 70 °C for 24 h, and obtained as a solid product (yield: 285 mg, 92.2%).

1.4 Preparation of multi-walled carbon nanotube and graphene oxide-coated

separators (MCNT-GO-S)
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95 mg graphene oxide (GO) was ultrasonically dispersed in 200 ml deionized water.
The resulting GO suspension was vacuum-filtered onto a GF/F separators.
Subsequently, a suspension of multi-walled carbon nanotubes (MWCNTs, 95 mg) in a
mixture of ethanol and N-methyl-2-pyrrolidone (NMP) was vacuum-filtered onto the
GO-coated separators. The modified separators was then removed, placed flat in a
forced-air oven, and dried at 70 °C for 12 h to obtain the MWCNT/GO-modified
separator (MCNT-GO-S).

1.5 Cell fabrication and electrochemical tests

Cathodes were prepared by mixing NaphPz, acetylene black, and poly(vinylidene
fluoride) (PVDF) in NMP at a mass ratio of 7:2:1. The resulting slurry was uniformly
coated onto tantalum foil using a coating knife, with a mass loading of approximately
1.0mgcm™. The coated electrodes were dried under vacuum at 90 °C for 12h to
remove residual NMP. Electrochemical measurements were performed using
Swagelok-type cells assembled in an argon-filled glovebox. Aluminum foil was used
as the anode. A modified separator (MCNT-GO-S) and a piece of glass fiber paper
(Whatman A) were placed sequentially between the Al anode and the cathode. The
electrolyte consisted of an AICI/EMImCI ionic liquid with a molar ratio of
AICI/EMImCl=1.3. Cyclic voltammetry (CV) tests were conducted using the
Chenhua CHI660E electrochemical workstation. The scan voltage range was set to
0.1-2.3 V, and the electrochemical impedance spectroscopy (EIS) tests of the battery
were also performed on the Chenhua electrochemical workstation. The equivalent

circuit used for EIS fitting is shown below:
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The rate performance and cycling performance of the battery were tested on the
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Wuhan Blue Electric CT 4003A.

The testing conditions of the Galvanostatic Intermittent Titration Technique (GITT)
are as follows: a constant current density of 100 mA g is applied for 10 minutes,
followed by a 10 min equilibration period. The D,/>" was calculated using the

following equation:

D = el gy
nt M,S AE,
Among this equation, 7 is the relaxation time, mb and Vm are the mass and molar
volume, Mb is the molar mass, S is the contact area between the electrolyte and active
substance, AEs is the change in voltage during the open circuit, AEs is the voltage
change, and AE-t is the current pulse.
All electrochemical tests were conducted at a constant temperature of 26 °C.
1.6 Materials characterizations
Functional group information of the PZ monomer and NaphPz polymer powders was
obtained using Fourier transform infrared spectroscopy (FTIR, Thermo Nicolet iS10).
Solid-state 13C nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker Avance III HD 400 MHz spectrometer. X-ray diffraction (XRD) patterns were
collected using a Bruker AXS D2 Phaser A26 diffractometer. Thermogravimetric
analysis (TGA) was carried out on a Merrler Toledo TGA/DSC2 thermal analyzer
from 30 to 800 °C under a nitrogen atmosphere at a heating rate of 10 °C min™'. The
microscopic morphologies of the samples were examined using a scanning electron
microscope (SEM, SU8100) and transmission electron microscope (TEM, JEM-
2100PLUS). The degree of polymerization of the PZ-based polymers was determined
by gas chromatography-time-of-flight mass spectrometry (GC-TOFMS, LECO).
Specific surface area and pore size distribution were analyzed using a Microtrac Mrb
Belsorp Max fully automatic surface area and pore size analyzer. Elemental
composition and distribution were characterized by energy-dispersive X-ray

spectroscopy (EDS). X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
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Alpha) was employed to determine the elemental composition and valence state
changes of the electrode materials during charge-discharge cycling.
The DFT simulations on the electronic structure of Pz-based polymers and related
building blocks was conducted by using Gaussian 09 at the B3LYP level of theory
with the 6-31G(d,p) basis set [2].
1.7 Calculation of the theoretical capacity of NaphPz

The theoretical capacity of NaphPz can be calculated according to equation:

nF
3.6Myaphpz

where QOugnp: is the theoretical specific capacity (mAh g1), n is the theoretical

QNapth =

electron-transfer numbers, F' is the Faraday constant (96485 C mol'') and My,pp- is
the relative molecular weight of one repeating unit (308 g mol!). Therefore, the

theoretical capacity of PPHZ can be determined as follows:

3 X 96485

_ ~ -1
36x 308~ 200mAhg

QNap hPz =

2. Supporting Figures
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Fig. S1 The band gap of the optimized structures of DPPZ, DTPAPZ, and Naphpz
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Fig. S2 MALDI-TOF mass spectrum of Naphpz
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Fig S3 TEM images of NaphPz at different resolutions
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Fig. S4 Thermogravimetric analysis of Naphpz and dihydrophenazine under N,

atmosphere
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Fi.g S5 Cycling performance and CE of Naphpz cathodes at 0.1 A g™!

Fig. S6 Photo (a) and SEM images (b), (¢) and (d) of MCNT-GO-S
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Fig. S7 Photographs of (a) AICls/EMImCI ionic liquid (1.3:1 molar ratio), (b) ionic
liquid containing NaphPz, and the GF/A separator after 50 cycles in batteries

assembled with (¢) MCNT-GO-S separator and (d) conventional separator.”
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Fig. S8 Cycling performance of MCNT-GO-S separator at 0.1A g-!
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Fig. S9 Discharge-charge GITT profiles of the NaphPz electrode at 0.1 A g™! and

corresponding AI** diffusion coefficients
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Fig S10 SEM images of initial (a), cycling for12 h (b), and 72 h (¢) of Naphpz
cathode, and the MCNT-GO-S separator after cycling for 72 h (d).
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Fig. S11 Molecular surface electrostatic potential (ESP) of Naphpz
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Fig S12 Ex situ FT-IR spectra of Naphpz cathode charging and discharging at
different voltages
Table. S2 A comparative assessment of the electrochemical performance of the

NaphPz cathode versus previously reported cathode materials in aluminum batteries

Sample ngr)r]lcl!?:r Currentggllensity/A Capacit¥/mAh g  Reference

NaphPz 500 0.8 111 This work
PQ-A 5000 2 53 [3]
PQ-A-HY 500 0.2 114 [3]
Polypyrenes 1000 0.2 100 [4]
2D-COFs 4000 1 82 [5]
BDTO@MXene 500 0.5 134.9 [6]
TPB 250 0.1 175 [7]
TDK 300 0.1 170 [8]
PYTQ-CNT 4000 1 85 [9]
H,TPP 5000 0.2 75 [10]
Anthracene 800 0.1 130 [11]
TCNQ 500 2 115 [12]
N4 4000 1 116 [13]
TCQ 1000 0.1 56 [14]
Anthraquinone 200 0.1 192.5 [15]
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HEPBA 10000 5 79.2 [16]

VO,-B 1000 I 72.9 [17]
ALMO 1000 1 138 [18]
(Tig.9500.0501.79Clo.0s( 110 3 78.3 [19]
)o.13 '
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