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S1. Model reaction
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Yield: 83% Not detected

Synthesis of molecular analog 1: Following a modified procedure from reference*. 1,2,3,4-
tetrafluorobenzene (3.3 g mL, 22 mmol), catechol (2.20 g, 20.0 mmol), potassium carbonate
(8.30 g, 60.0 mmol) and N,N-dimethylformamide (DMF) (60 mL) were placed into a flask
under nitrogen atmosphere. The reaction mixture was stirred at 120 °C for 10 h, and then cooled
to room temperature. The mixture was acidified with 1M HCI ag. to pH 4 and extracted with
ethyl acetate (EtOAc). The organic layer was washed with water, dried over MgSQOa, and
filtered. The filtrate was evaporated and the crude product was purified by a short pad of silica
gel column chromatography (EtOAc) to yield the product (1) as a white powder (3.65 g, 16.6
mmol, 83%). *H NMR (500 MHz, DMSO-dg): & 7.10-7.02 (m, 4H), & 7.02-6.98 (t, 2H); *C
NMR (126 MHz, DMSO-ds) 8 147.46 (d, J = 3.8 Hz), 140.41, 131.90 (dd, J = 13.0, 6.4 Hz),
125.74, 117.31, 110.66 (dd, J = 17.2, 11.2 Hz); *F NMR (471 MHz, DMSO-ds): & -139.53 (s,
2F).

S2. Synthesis of phthalocyanine and PAE-2D COFs

S2.1 Synthesis of (2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato) metal (11) (MPcOHs,
M= Ni, Zn, Cu)

The synthesis of MPcOHg (M= Ni, Zn, Cu) was carried out according to the previous reported

literatures with minor modification.[?
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MPcOHg (M= Ni, Zn)

1,2-Dicyano-4,5-dimethoxybenzen: 1,2-Dibromo-4,5-dimethoxybenzene (25 g, 1 eq) was
heated under reflux (bath temperature 165 °C) for 5 h with 22.7 g (3 eq) of CuCN in 350 mL of
DMF. After being cooled, the reaction mixture was stirred in 1 L of concentrated ammonium
hydroxide under air atmosphere overnight. The blue solution was suction filtered (sintered
glass), and the solid residue was washed with a little dilute ammonium hydroxide and then with
copious amounts of water until the filtrates were neutral. The dry, crude olive-green product
was placed in the thimble of a Soxhlet extractor and extracted for 3 days with acetone. The
white crude powder isolated from the acetone was purified through the silica gel column with
dichloromethane and petroleum ether. Finally, the product was further crystallized from
methanol: yield 6.84 g, 43 %; colorless small needles. *H NMR (500 MHz, CDCls, §): § 7.18
(s, 2H, Ar H); § 4.00 (s, 6H, CHs). **C NMR (126 MHz, CDCls, §): § 152.61, 115.77, 114.80,
108.92, 56.68.

Nickel (11) (2,3,9,10,16,17,23,24-octamethoxyphthalocyaninato) (NiPcOMes): 1,2-Dicyano-
4,5-dimethoxybenzen (5.0 g, 26.6 mmol), urea (1.6 g, 26.6 mmol), NiCl, (907 mg, 7 mmol),
and ammonium molybdate (300 mg, 0.25 mmol) were refluxed in 100 mL of ethylene glycol

under argon atmosphere for 4 days. The mixture was then cooled to room temperature, and 100
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mL of water was added. Filtration gave a dark blue precipitate as the crude product. The
precipitate purified by Soxhlet extraction with methanol (24 h), acetone (24 h) and chloroform
(24 h). The product was then dried under vacuum to give (2,3,9,10,16,17,23,24-
octamethoxyphthalocyaninato) Ni (11) as a dark green solid in 63% yield (3.40 g). MS (MALDI-
TOF): calculated for C40H32NgOgNi: 810.17 (100%), found: 810.08 (100%).

Zinc (1) (2,3,9,10,16,17,23,24-octamethoxyphthalocyaninato) (ZnPcOMes): 1,2-Dicyano-
4,5-dimethoxybenzen (4.00 g, 1 eq) and zinc(II) acetate (1.17 g, 0.25 eq) together with 1.28 g
urea were stirred in N,N-dimethylacetamide (DMAC) (40 mL) at 140 °C for 3 days under the
argon atmosphere. After cooling to room temperature, the reaction mixture was treated with a
mixture of methanol and water (3/1in vol.; 100 mL), and the resulting solid obtained was
filtered, washed with methanol and acetone. The obtained green sample was vacuum dried in
~70% yield. MS (MALDI-TOF): calculated for C4oH32NgOsZn: 816.16 (100%), found: 816.18
(100%).

(2,3,9,10,16,17,23,24-Octahydroxyphthalocyaninato) nickel (1) (NiPcOHzg): NiPcOMes (1.2
g, 14.76 mmol) was suspended in 50 mL of dried dichloromethane at room temperature, and
BBrz (5.7 mL, 59 mmol, 4 e.q.) was added under argon atmosphere. The mixture was stirred
for 6 days, and then slowly poured into 50 mL MeOH. The precipitate was collected by
centrifugation. The obtained solid was then dispersed in MeOH (30 mL), shaken vigorously
and then centrifuged. The solid was collected and then subjected by MeOH washing using
centrifuge for another 4 times. The product was then dried under vacuum to give NiPcOHs as
a dark green solid (0.75 g, yield 73%). *H NMR (500 M, DMSO-ds): & 8.60 (s, 8H), 10.37 (br,
8H). MS (MALDI-TOF): calculated for C32H1sNgOgNi: 698.22 (100%), found: 698.05 (100%).
zinc (1) (2,3,9,10,16,17,23,24-Octahydroxyphthalocyaninato) (ZnPcOHs): The procedure for
the synthesis of ZnPcOHg was the similar with that of NiPcOHs. Yield: 70%. 'H NMR
(pyridine-ds): & 9.57 (s, 8H), 6.79 (s, 8H). MS (MALDI-TOF): calculated for C32H1sNgOgZn:
704.04 (100%), found: 704.09 (100%).
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Copper (1) (2,3,9,10,16,17,23,24-octamethoxyphthalocyaninato) (CuPcOMes): 1, 2-
Dibromo-4,5-dimethoxybenzene (15.0 g, 0.05 mol) and 13.6 g (0.15 mol) of CuCN was
refluxed in DMF (200 mL) at 165 °C for 3 days. After cooling at room temperature, 600 mL of
concentrated ammonium hydroxide was added into the above reaction mixture and it was stirred
at room temperature for 18 h under air atmosphere. Then the green solid was obtained by
filtration and washing with copious amount of diluted ammonium hydroxide and water. The
dry, crude olive-green product was placed in the thimble of a Soxhlet extractor and extracted
with methanol, acetone and chloroform. The product was then dried under vacuum to give
CuPcOMeg as a green solid (3.1 g, yield 30%). MS (MALDI-TOF): calculated for
Ca0H32NgOgCu: 815.16 (100%), found: 815.29 (100%).

Copper (1) (2,3,9,10,16,17,23,24-octahydroxyphthalocyaninato) (CuPcOHs): The procedure
for the synthesis of CuPcOHg was the similar with that of NiPcOHs. Yield: 60%. MS (MALDI-
TOF): calculated for C32H16NgOgCu: 703.04 (100%), found: 702.97 (100%).

S2.2 Synthesis of hexadecafluoro(phthalocyaninato) Metal (MPcFi, M= Zn, Ni, Cu) [

Metal lons

MPCF16

Synthesis of zinc (11) hexadecafluoro(phthalocyaninato) (ZnPcF1s): tetrafluorophthalonitrile
(480 mg, 2.4 mmol) and dry zinc(ll) acetate (110 mg, 0.6 mmol) was intensively mixed in a
mortar. The mixture was filled in a glass vessel, three times flushed with nitrogen and vacuum,
and finally the glass ampoule was sealed under vacuum. After heating for 2 h at 190 °C, the

blue product was isolated and washed with water, acetone and petrol ether to remove impurities.

7



WILEY-VCH

Yield 0.34 g (65%). MS (MALDI-TOF): calculated for Cs2F16NsZn: 863.93 (100%), found:
863.79 (100%).

The syntheses of CuPcF1s and NiPcF1s were performed similarly, starting from CuCl, (135
mg, 1 mmol, 45 mol% based on tetrafluorophthalonitrile), Ni(OAc). (177 mg, 1 mmol, 37
mol% yield).

S2.3 PAE-2D COFs synthetic procedures

HO OH

PAE-M M, PcFy

Synthesis of PAE-M1MzPcFg

PAE-NIiNiPcFs: A Pyrex tube measuring 1.2 x 25 cm (0.d x length) was charged with NiPcOHg
(25.0 mg, 0.035 mmol), NiPcFis (30.0 mg, 0.035 mmol), K2CO3 (97 mg, 0.7 mmol), DMAC
(3.0 mL) in sequence. After sonication for about 20 minutes to disperse evenly, the tube was
flash-frozen at 77 K (liquid N2 bath) and degassed through three freeze-pump-thaw cycles by
evacuated through an oil pump and then sealed under vacuum. After the temperature recovers
to room temperature, the mixture was heated at 180 °C and left undisturbed for 7 days. A black
precipitate was isolated by filtration and washed with N-methyl-2-pyrrolidone (NMP), DMF,
deionized water, dichloromethane, methanol and acetone until the filtrate was colorless. Finally,
the product was evacuated at 60 °C under vacuum overnight to yield activated samples (~40
mg).

PAE-CuCuPcFs, PAE-NiCuPcFs, PAE-ZnZnPcFg, PAE-NiZnPcFs, PAE-CuZnPcFsg: The
synthesis of PAE-CuCuPcFg, PAE-NiCuPcFs, PAE-ZnZnPcFs, PAE-NiZnPcFg and PAE-
CuZnPcFs were carried out following the same protocol as PAE-NiNiPcFs, by using

phthalocyanines of different metals (M1PcOHg and M2PcFg).
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S3. Electrochemical measurement for energy Levels

Cyclic voltammetry (CV) was performed on a CHI 650E electrochemical analyzer in anhydrous
CH3CN containing recrystallized tetra-n butylammoniumhexafluorophosphate (TBAPFs, 0.1
M) as supporting electrolyte at 298 K. A conventional three electrode cell was used with a
glassy carbon working electrode (surface area of 0.3 mm?) and a platinum wire as the counter
electrode. The glassy carbon working electrode was routinely polished with a polishing alumina
suspension and rinsed with acetone before use. The measured potentials were recorded with
respect to Ag/AgCl reference electrode. The sample was wet-transferred onto the surface of a
glassy carbon working electrode and let the solvent evaporate at room temperature for 30 min.
S4. Electrochemical measurement of microsupercapacitors

Synthesis of electrochemically exfoliated graphene: The electrochemically exfoliated
graphene (EG) sheets were prepared according to previously reported method ™. Typically, the
natural graphite foil, a Pt wire, and 0.1 M (NH4)2SO4 solution were acted as working electrode,
counter electrode, and electrolyte, respectively. The distance between the graphite foil and the
Pt electrode was about 2 cm during the electrochemical process. The electrochemical
exfoliation of graphite was carried out by applying positive voltage at 10 V. After the graphite
exfoliation was completed, the product was collected through a cotton fiber membrane filter
with ~0.2 um pore size and washed several times with deionized water by vacuum filtration.
The resultant EG was then dispersed in NMP by sonication for 60 min. The dispersion was
maintained for 2 days to precipitate un-exfoliated graphite flakes or particles. The supernatant
dispersion of EG nanosheets could be directly used for device fabrication.
PAE-M:1MzPcFs/graphene hybrid and device fabrication: Typically, EG (~1 mg mL?) and
PAE-M1M2PcFs (~0.3 mg mL™) were dispersion in NMP and mixed them with different
volume ratios. After sonication for another 60 min, the mixture solution was stirred overnight
to form a homogeneous suspension. Subsequently, the film was obtained by the suspension
through vacuum filtration of with a polypropylene filter membrane (pore size of 0.22 um) and
washed with ethanol and deionized water respectively. After drying at room temperature, PAE-
M1M2PcFg/EG hybrid film was transferred to rigid glass slide substrate, then a thin Au layer
was deposited these film surface. The interdigital electrode was fabricated by directly laser
scribing. Then, 1 M PVA/H2SO4 gel electrolyte was drop-casted onto the surface of interdigital
electrode and solidified overnight. Finally, all solid-state hybrid film-based in-plane
microsupercapacitors (MSCs) were manufactured. For further discussion, the PAE-
M1M2PcFs/EG hybrid film MSCs were prepared based on different EG and PAE-NiNiPcFs
weight ratios that were denoted as PAE-NINiPcFs/EG-3 (EG: PAE-NIiNiPcFs=3), PAE-

9
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NiNiPcFs/EG-5 (EG: PAE-NiNiPcFg=5) and PAE-NiNiPcFe/EG-7 (EG: PAE-NiNiPcFg =7).
For comparison, the pure EG film-based MSC also was prepared under the same experimental
condition. The PVA/H2SO4 gel electrolyte was prepared by mixing PVA (6 g) (molecular
weight 85,000-124,000, Sigma-Aldrich) and H2SO4 (6 mL) in 60 ml deionized water, and
heated at 85 °C under magnetic stirring until forming a clear solution. Finally, cooled naturally
to room temperature. The H.SO4/PVA gel electrolyte was obtained for the experiment. If no
otherwise specified, the PAE-M1M2PcFg/EG hybrid film or PAE-M1M2PcFg hybrid film is
PAE-M1M2PcFg/EG-5.
Electrochemical characterization: All the electrochemical measurements including cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD) measurements, and electrochemical
impedance spectroscopy (EIS) were conducted using an electrochemical workstation
(CHI660E).
The specific capacitance values of the device are calculated from the CV data according to the
equation (1) and (2):

1 r
ZvXAX(Vf—V-) Vi

Cy= 1(V)av (D

Cy =

4]
20 X V X (Vf V)j 17)dy 2)

where C, is donated as specific areal capacitance (mF cm) of PAE-M1M2PcFs /EG MSCs, v
is the scan rate (V s?), Vr and V; are the integration voltage limits of the voltammetric curve,
and I(V) is the voltammetric current with unit of ampere (A), A (cm) is the areal of the entire
device. Cy, is donated as specific volume capacitance (F cm=) and VV (cm) is the volume of the
entire device.

The specific areal capacitance (C,, mF cm) and specific volume capacitance (Cy, F cm™) of
the entire MSCs on the basis of GCD curves can be obtained according to the following
equation (3) and (4):

_] X At
A= "ay (3)
C
cv=7’* 4)

where J is the current density (A m) of charge/discharge, At is the discharged time (s), AV is
voltage output window (V), and d is the thickness of PAE-M1M2PcFg/EG film.

The electrochemical performance of the whole device showed in the Ragone plot is based on
the volumetric stack capacitance from the CV data. The specific areal (E4, pWh-cm) and

volumetric (E,, Wh-cm) energy densities are calculated from the equation (5) and (6):
10
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1 (AV)?

EA=§><CAx3600 (5)
1 (AV)?

EV=§XCVX36OO (6)

The AV is the discharge potential range (in volts).
The specific areal (P,, uW-cm™?) and the volumetric (P,, W-cm™®) power densities are

calculated according to the equation (7) and (8):

Eq

Pa = 55 X 3600 (7)
Ey

Py, = E X 3600 (8)

At is the discharge time in seconds.

Capacitance contribution calculation methods

The Trasatti method is used to differentiate the capacitance contribution from EDL capacitance
(Ca) and pseudocapacitance (Cp) reactions. CV measurements of PAE-NiNiPcFg are first
collected with the scan rates ranging from 2 mV s to 100 mV s™. Then, corresponding areal
capacitances are evaluated based on the aforesaid equation. Plotting the reciprocal of areal
capacitances (C™) against the square root of scan rates (v-®°) should yield a linear correlation
between them. Specifically, the correlation can be described by the following equation (9):
C~! = constant v°° + C;1 (9)
where C is experimental areal capacitance, v is the scan rate and Ct was the total capacitance,
respectively. The “total capacitance” equals the sum of EDL capacitance and pseudo-
capacitance.

Plotting the areal capacitances (C) against the reciprocal of the square root of scan rates (v%)
should also give a linear correlation described by the following equation (10) (if assuming a
semi-infinite diffusion of ions):

C = constant v %5 + Cy; (10)
Linear fit the plot and extrapolate the fitting line to the y-axis gives the maximum EDL
capacitance (Cqi). Subtraction of Cq from Ct yield the maximum C,.

Electrochemical quartz crystal microbalance analysis: The mass sensitivity of
electrochemical quartz crystal microbalance (EQCM) originates from the relationship between
the oscillation frequencies, as shown below equation (11):

AJup

Am = — 2f2

‘Af = —Cp - Af (11)

11
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where the EQCM sensor with the fundamental frequency of 7.946 MHz, A is the area of active
surface (0.196 cm?), u is the AT-cut quartz constant (2.947 x 101! g cm™ s2), p is the quartz
crystal density (2.84 g cm™), and then the sensitivity factor Cris 1.42ng Hz*.

The experimentally measured and theoretically calculated ion population changes (Al’) as a
function of charge density (AQ). The experimental ion population change (AL, is calculated
by the following equation (12):

Am

AFexp = V
i

(12)

where Am is the mass change, and the molecular mass (M;) of [H*]z[H30*] and SO42 is 19 and
96 g mol?, respectively. The theoretical ion population change (AT, is calculated with the

adoption of Faraday's law equation (13):

AQ
Altheor = nF (13)

where AQ is the charge passed through the electrode (C), n is the valence number of the ion (n
= 1), and F is the Faraday constant (96 485 C mol™).

12
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S5. Monomer materials characterization
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Figure S2. **F NMR spectrum of 1.
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Figure S4. *H NMR spectrum for 1,2-dicyano-4,5-dimethoxybenzen.
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Figure S5. 3C NMR spectrum of 1,2-dicyano-4,5-dimethoxybenzen.
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Figure S6. a) MALDI-TOF MS and b) elemental analysis of NiPcMeOsg.
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Figure S7. a) MALDI-TOFMS and b) elemental analysis of NiPcOHg.
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Figure S8. *H NMR spectrum of NiPcOHs.
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Figure S9. MALDI-TOF MS of a) ZnPcMeQOg and b) ZnPcOHs.
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Figure S10. *H NMR specctrum of ZnPcOHes.
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Figure S11. MALDI-TOF MS of a) CuPcMeOQOg and b) CuPcOHs.
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Figure S13. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s) and c) Ni (2p) of NiPcOHs.
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Figure S14. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s) and c) Cu (2p) of CuPcOHs.
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Figure S15. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s) and ¢) Zn (2p) of ZnPcOHs.
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S6. PAE-2D COFs material characterization
S6.1. Powder X-ray diffraction
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Figure S16. a) Experimental PXRD pattern of PAE-NiNiPcFs (red line), PAE-CuCuPcFg (wine
red line) and PAE-NiCuPcFg (dark cyan line); calculated PXRD patterns for AA stacking
(saffron yellow line), AA’ stacking (dark green line) and AB stacking (dark line). b) Top view

(left) and side view (right) of the AA stacking structure. c) Top view (left) and side view (right)

of the AA’ stacking structure. d) Top view (left) and side view (right) of the AB stacking

structure.
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S6.2. Solid state 13C cross-polarization magic angle spinning NMR
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Figure S17. 13C CP/MAS solid-state NMR spectrum for PAE-NiCuPcFs. The resonance signals
at 146 and 165 ppm are attributable to characteristic of carbons from C-O-C.

S6.3. Fourier-transform infrared spectroscopy
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Figure S18. The FTIR spectra of PAE-M1M2PcFg and starting materials. The vibration bands
at ~1260 cm™ and ~1050 cm™* belong to the characteristic peaks of dioxin C-O asymmetric and

symmetric stretching modes.
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S6.4. X-ray photoelectron spectroscopy
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Figure S19. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s) and c) Ni (2p) of PAE-NiNiPcFs.
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Figure S20. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s) and c) Cu (2p) of PAE-CuCuPcFs.
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Figure S21. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s), ¢) Ni (2p) and d) Cu (2p) of PAE-NiCuPcFs.
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S6.5. X-ray absorption spectroscopy
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Figure S22. a) XANES of Ni K-edge. b) Fourier transform EXAFS spectra of Ni foil, NiPc and
PAE-NiNiPcFs. c) k3-weighted k-space spectra.
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Figure S23. a) XANES of Cu K-edge. b) Fourier-transform EXAFS spectra of Cu foil, CuPc
and PAE-CuCuPcFs. ¢) k3-weighted k-space spectra.
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Figure S24. a) XANES of Ni K-edge. b) Fourier-transform EXAFS spectra of Ni foil, NiPc
and PAE-NiCuPcFs. ¢) k3-weighted k-space spectra. The Ni K-edge XANES spectra (Figure
S24a) of PAE-NiCuPcFg exhibits a typical Ni (11) peak at 8340 eV, which is similar to that of
the reference NiPc. EXAFS of PAE-NICuPcFg (Figure S24b) displays the radial structure
functions and clearly demonstrates the characteristic Ni-N coordination in PAE-NiCuPcFg with

intensive peak at around 1.4 A.
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Figure S25. a) XANES of Cu K-edge. b) Fourier-transform EXAFS spectra of Cu foil, CuPc
and PAE-NiCuPcFs. ¢) k3-weighted k-space spectra. The Cu K-edge XANES spectra of PAE-
NiCuPcFg (Figure S25a) shows a typical Cu peak at 8985 eV (1s to 3d electron transition)
indicating the oxidation valence of Cu atom as +2. EXAFS of PAE-NiCuPcFg (Figure S25b)
reveals the existence of coordination bonds Cu-N coordination in PAE-NiCuPcFg with

intensive peak at around 1.5 A, in agreement with CuPc.
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S6.6. N2 adsorption-desorption isotherms

a)

=]
(=]

—>—PAE-NiNiPcF;

~
=]
i

=]
(=]
L

[52]
(=]
1

o
o
1

w
(=]
1

0

Quantity Adsorbed (cm®g STP)

N
(=]

3 6 9
Pore width (nm)
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P,)

b) _ C) 160
& —a—PAE-CuCuPcF, .
w 407 . B 140
o 0
i’ 9120
£ ] =
5 300 £ i 1.40m
3 5,100+ |
o ' o
5 200{ [4 8 801
% ' af ity et s S L L LT —" o
< 0 3 6 9 12 15 % 60 4
2 10 AT ki
£ o= S 2 40
© gj €
=
c 01 g 20+ 0 P pordwidth (3m) 12 »
00 02 04 06 08 1.0 00 02 04 06 08 10
Relative Pressure (P/P ) Relative Pressure (P/P )

Figure S26. N2 adsorption-desorption isotherms for a) PAE-NiNiPcFs, b) PAE-CuCuPcFsand
c) PAE-NICuPcFsg. Insets: pore size distributions from fitting the quenched solid functional
theory (QSDFT) model to the adsorption isotherms.
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S7. Chemical stability
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Figure S27. Chemical stability of PAE-NiNiPcFs. The chemical stability of PAE-NiNiPcFs
was examined by immersing it into different solvents (such as concentrated H2SO4 (12 M),
concentrated HCI (12 M) and concentrated KOH (12 M)) at room temperature for at least 24 h.

No obvious differences are observed from the PXRD after the treatment, indicating its structural

robustness.

Figure S28. SEM of PAE-NIiNiPcFg-CST. First, disperse PAE-NiNiPcFg-CST in acetone
solution by ultrasonic, then scanning electron microscopy (SEM) were performed to
characterize the morphology of PAE-NiNiPcFs-CST, which showed a morphology of sheet

structure with varying sizes from 5 to 20 um.

29



WILEY-VCH

—o— PAE-NiPcF,-CST

=

(=]

o
L

<o
o
1

[=2]
o
1

IS
1=
L

N
=}
1

Quantity Adsorbed (cm®g STP)

o
1
o

3 6 9 12
Pore width (nm)

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P )

Figure S29. BET of PAE-NiNiPcFg-CST. The BET surface area also retained well with values
around 223.76 m? g~ ! for PAE-NiNiPcFs-CST
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Figure S30. FT-IR spectra of PAE-NiNiPcFg-CST and start material. The FTIR spectrum of
PAE-NiNiPcFg-CST sample display the obvious asymmetric and symmetric stretching peak of
C-O-C at ~1256 and ~1048 cm™!, respectively, that is the same as PAE-NiNiPcFs,
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Figure S31. TGA profile of PAE-NiNiPcFs-CST under N2 atmosphere. TGA results indicates
that PAE-NiNiPcFg-CST was stable up to 400 °C
S8. Optical and electronic structure characterization

S8.1. Ultraviolet-visible absorption spectra
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Figure S32. The UV-vis-NIR spectra of PAE-NiNiPcFs, PAE-CuCuPcFgand PAE-NiCuPcFs.

S8.2. Ultraviolet photoelectron spectroscopy
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Figure S33. a) UPS spectrum and b) (Ava)? versus hv curve of PAE-NiNiPcFs. The value at the

intersection baseline and the tangent of the curve is the bandgap (Eopt = 0.91 eV).
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Figure S34. a) UPS spectrum and b) (iva)? versus hv curve of PAE-CuCuPcFs. The value at

the intersection baseline and the tangent of the curve is the bandgap (Eopt = 0.91 eV).

31



WILEY-VCH

a) . b)o.10
PAE-NICuPcFy PAE-NiCuPcF
- 8
_ ] ‘ 0.08 -
3 ! i
© | ! =
o i \ w006 Een=0858V
:E' ! ! E
g f \ <
2 ' -tl 0.044
i .
i i 0.02
{620 ev :193 oV
20 18 16 1 20 15 10 5 0 53 ¢ 3 O e 0 111213 14 15
Binding energy (eV) T Thvev) T T

Figure S35. a) a) UPS spectrum and b) (/va)? versus hv curve of PAE-NiCuPcFs. The value at

the intersection baseline and the tangent of the curve is the bandgap (Eopt = 0.85 eV).
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S8.3. Cyclic voltammetry measurement for energy level
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Figure S36. The cyclic voltammograms of the a) PAE-NiNiPcFg, b) PAE-CuCuPcFs and c)
PAE-NiCuPcFs measured in CH3sCN at a scan rate of 20 mV-s™.
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S8.4. Computational model of band structures and PDOS
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Figure S37. The calculated band structures of monolayer for PAE-NiNiPcFg, PAE-CuCuPcFg
and PAE-NiCuPcFs. Almost dispersionless CB and VB, implying that in-plane charge transport
for monolayer was practically null because of an extremely large effective mass for charge
carriers. Such similar band structures indicate that different metal center does not change the

band gap of monolayer.
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Figure S38. The calculated band structures and density of states (DOS) of AA stacking for a)
PAE-NiNiPcFs and b) PAE-NiCuPcFs. For AA stacking, the band gap of PAE-NiNiPcFg and
PAE-NiCuPcFg are narrowed to 0 eV and 0.62 eV with respect to the monolayer (~1.0 eV) as
result of the interlayer n-n interaction. The DOS plots of PAE-NiNiPcFs and PAE-NiCuPcFs
indicate that both C and O contribute to the VBM, whereas CBM is dominated by C and N
atoms. Thus, this suggests that the Pc mainly contributes to the conduction band, in contrast,

the polyarylether unit is dominant in the valence band.
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S9. Microsupercapacitor experiments
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Figure S39. Schematic fabrication of PAE-MiM2PcFs based MSCs. First, the PAE-
M1M2PcFg/EG solution was prepared from the combination of PAE-M1M2PcFg and EG in NMP
at room temperature. Then, PAE-M1M2PcFg/EG hybrid films were fabricated through vacuum
filtration that was transferred onto transparent glass substrates. Subsequently, the as-prepared
films were deposited using Au and then laser-scribed to rapidly produce interdigitated
electrodes. After that, electrolyte was drop casted on the interdigital electrodes and overnight
solidification.

Finger Width, w / mm 0.5
Finger Length, // mm 7
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Total Surface Area / mm? 49.5

Figure S40. The parameters of the prepared PAE-M1M2PcFs/EG hybrid film-based MSCs.
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Figure 41. Cross-section view SEM images of a) PAE-NiNiPcFs/EG, b) PAE-CuCuPcFs/EG
and ¢) PAE-NiCuPcFs/EG electrode layered structure. All the side-view SEM images have the
same morphology with layer-by-layer structure. By error correction, the film thickness of PAE-

NiNiPcFs/EG, PAE-CuCuPcFs/EG and PAE-NiCuPcFs/EG is ~10, ~13 and ~11 pm

respectively.
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Figure S42. Supercapacitor performance of PAE-NiNiPcFs/EG samples based on pure EG and
different EG and PAE-NiNiPcFg weight ratios that were denoted as PAE-NiNiPcFs/EG-3 (EG:
PAE-NiNiPcFg=3), PAE-NINiPcFs/EG-5 (EG: PAE-NiNiPcFg=5) and PAE-NiNiPcFs/EG-7
(EG: PAE-NiNiPcFs=7) at PVA/H,SO4: @) CV curves at 50 mV s%; b) GCD curves at a current
density of 0.04 mA cm; c) specific areal capacitance calculated from CV curves at different

scan rates; d) specific areal capacitance as a function of current densities based on GCD curves.
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Figure S43. Electrochemical performances of PAE-NiNiPcFg at PVA/H2S0O4: a) CV curves at

scan rates from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm?; ¢)

specific volumetric capacitances calculated from CV curves at different scan rates; d) Nyquist

plot.
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Figure S44. Electrochemical performance of PAE-CuCuPcFg at PVA/H2SO4: a) CV curves at
scan rates from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm; C)

specific volumetric capacitances calculated from CV curves at different scan rates; d) Nyquist
plot.
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Figure S45. Electrochemical performances of PAE-NiCuPcFg at PVA/H2SO4: a) CV curves at
scan rates from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm?; )
specific volumetrics capacitance calculated from CV curves at different scan rates; d) Nyquist

plot.
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Figure S46. Electrochemical performances of Pure EG at PVA/H2SO4: a) CV curves at scan
rates from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm%; ¢) specific
volumetric capacitances calculated from CV curves at different scan rates; d) specific areal

capacitance as a function of current densities based on GCD curves.
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Figure S47. Supercapacitor performance of PAE-NiNiPcFs/EG-5 samples in different
electrolytes (H2SO4/PVA, LiCI/PVA and IL (1-Butyl-3-Methylimidazolium Tetrafluoroborate),
respectively): a) CV curves at 50 mV s™'; b) GCD curves of RTT-MSC-4 at a current density of
0.04 mA cm?; ¢) Nyquist plots.
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Figure S48. a) CV curves of the PAE-NiNiPcFs/EG-5 MSCs device at different scan rates.
Capacitance contribution calculation using Trasatti method: b) plot of reciprocal of areal
capacitance (C™!) against the square root of scan rate (v%); ¢) plot of C against reciprocal of the

square root of scan rate (v--%).
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Figure S49. Electrochemical performance of PAE-NiNiPcFs-CST in PVA/H2SO4: a) CV curves
at the scan rate from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm™;

c) areal capacitance calculated from CV curves at different scan rates; d) Nyquist plot.
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S10. Extended PAE-2D COFs based on ZnPc monomer
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Figure S50. Experimental PXRD patterns of PAE-ZnZnPcFs (cyan line), PAE-NiZnPcFg
(violet line) and PAE-CuZzZnPcFs (brown line); calculated PXRD patterns for AA Stacking
(saffron yellow line). The PAE-ZnZnPcFs, PAE-NiZnPcFg and PAE-CuZnPcFs have the same
morphology and crystalline structure as that of PAE-NiNiPcF8. A series of PXRD peaks at 5.7°,
11.0° and 26.1° are assigned to (100), (200) and (001) facets, respectively, indicating long-

range ordering within the ab-plane with a metal center-to-center distance of 15.4 A.
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Figure S51. Comparison of PAE-M1M2PcFg and starting materials FT-IR. The vibration bands
at ~1270 cm™ and ~1050 cm™ belong to the characteristic peaks of dioxin C-O asymmetric and

symmetric stretching modes.
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Figure S52. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s) and c) Zn (2p) of PAE-ZnZnPcFs.

45



WILEY-VCH

a b
) PAE-NiZnPcF, C1s ) o Raw Ofs
Fitting ff@%
—c-0C & %
- 01s ~| —c-oH g
3 3| —nhn,0
s L
> >
£ £
v (2]
= c
D [T] A
t c
Wﬁf/ \%
1200 1000 800 600 400 200 537 534 531 528
Binding energy (eV) Binding energy (eV)
c) d)
i Zn 2py;,
Ni 2p Ni 2p,, Zn2p
3 3
8 L3
2 Ni 2p,, 2
2 =
S P
Q
£ o o E
[aTves)
€S [§)
O
882 875 868 861 854 1050 1040 1030 1020

Binding energy (eV)

Binding energy (eV)

Figure S53. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s), ¢) Ni (2p) and d) Zn (2p) of PAE-NiZnPcFs.
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Figure S54. X-ray photoelectron spectroscopy survey spectrum a) and high-resolution spectra
for b) O (1s), ¢) Cu (2p) and d) Zn (2p) of PAE-CuZnPcFs.

The O 1s signals of PAE-ZnZnPcFg, PAE-NiZnPcFg and PAE-CuZnPcFg generate peaks at
~531.7, which is attributed to the C-O-C bond of dioxin linkages. The Zn 2p, Ni 2p and Cu 2p
XPS spectra exhibit two sets of peaks with binding energies of 1021.37 and 1044.51 eV for Zn
2p32 and Zn 2p12, 854.58 and 872.05 eV for Ni 2ps2 and Ni 2p12, 934.79 and 954.77 eV for
Cu 2pz2 and Cu 2p12, respectively, which suggest stable existence of Zn (1), Ni (I1) and Cu
(1) species in PAE-ZnZnPcFs, PAE-NiZnPcFg and PAE-CuZnPcFs.
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Figure S55. N> adsorption-desorption isotherms for a) PAE-ZnZnPcFs, b) PAE-NiZnPcFs, ¢)
PAE-CuZnPcFs. Insets: pore size distributions from fitting the QSDFT model to the adsorption
data. Brunauer-Emmett-Teller (BET) surface areas of PAE-ZnZnPcFg, PAE-NiZnPcFs and
PAE-CuZnPcFsg are found to be 70, 91, 96 m? g%, respectively. The pore size distributions of
these PAE-2D COFs are calculated using QSDFT model to fit the adsorption branch of the
isotherms yielding estimated pore widths of ~1.40 nm, which agree well with the predicted

values for an AA stacking model.
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Figure S56. UPS spectrum of PAE-ZnZnPcFs. The Ew, (7.03 eV) and work function (4.69) of

PAE-ZnZnPcFg was determined by subtracting the UPS width using excitation photon energy
(Hel, 21.22 eV).
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Figure S57. UPS spectrum of PAE-NiZnPcFs. The Ew (7.35 eV) and work function (5.10) of
PAE-NiZnPcFs was determined by subtracting the UPS width using excitation photon energy
(Hel, 21.22 eV).
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Figure S58. UPS spectrum of PAE-CuZnPcFs. The Ew (6.92 eV) and work function (5.35) of
PAE-CuZnPcFg was determined by subtracting the UPS width using excitation photon energy
(Hel, 21.22 eV).

49



WILEY-VCH

a)
0.010 {——PAE-ZnZnPcF,
0.005 4
<
£ 0.000
€
g-O.DDS 1
= o
©0.010 :
-0.015 4 o
0.020 " paartinliv ve- Ferrocene)
20 15 10 -05 00 05 10 15
Potential (v vs. Ferrocene)
b) C) 0.010
001 PAENiZnPCF, ——PAE-CuznPcF,
- 0.424 eV 0.005 -
0.00 1 -
To01 -0.286 eV = 0:0001
£V £
e =-0.005
c-0.02 4 c
£ £ 0.010 g
5-0.03 5 £
0 o E
-0.04 -0.015 1 : e
0.05- -0.020 o /_,"_/
05 _ 0.0 05 76 05 oo o5
0.06 . . . . Polentllal ¢vvs.r:mocene)l 0.025 . . . Fotentia (v vs. Fermcene)
20 15 1.0 05 00 05 10 15 20 A5 40

Potential (v vs. Ferrocene)

05 00 05 10 15

Potential (v vs. Ferrocene)

Figure S59. The cyclic voltammograms of a) PAE-ZnZnPcFs, b) PAE-NiZNPcFs, ¢) PAE-

CuZnPcFg measured in CH3CN at a scan rate of 20 mV-s™. Based on the onset reduction and

onset oxidation potentials (vs Ferroncene), the energy level of valence band (Ew) and
electrochemical Eg are determined to be 5.25 and 0.76 eV for PAE-ZnZnPcFs, 5.22 and 0.71
eV for PAE-NiZnPcFg, 5.08 and 0.67 eV for PAE-CuZnPcFs.
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Figure S60. Electrochemical performance of PAE-ZnZnPcFg at PVA/H>SO4: a) CV curves at
scan rates from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm?; C)

specific areal capacitance calculated from CV curves at different scan rates; d) Nyquist plot.
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Figure S61. Electrochemical performance of PAE-NiZnPcFs at PVA/H2SO4: a) CV curves at
scan rates from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm; ¢)

specific areal capacitance calculated from CV curves at different scan rates; d) Nyquist plot.
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Figure S62. Electrochemical performance of PAE-CuZnPcFs at PVA/H>SO4: a) CV curves at
scan rates from 2 to 50 mV s™'; b) GCD curves at current densities of 0.04-0.4 mA cm; C)

specific areal capacitance calculated from CV curves at different scan rates; d) Nyquist plot.
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Table S1. Relative stability of layered PAE-NiNiPcFg in different stacking modes.

Stacking Model AN’ AA

AB
Energy/eV -1668.48020679 -1670.07209200 -1667.40326402
Table S2. Nitrogen physisorption data of as-synthesized PAE-M1M2PcFs.
Sample Sper/m2gt SLang/M?g! Sy /m?g!  Vppr/em’g! D, /nm
PAE-NiNiPcFy 230.401 319.657 31.045 0.106 1.4
PAE-CuCuPcFjg 261.285 621.986 66.695 0.331 1.4
PAE-NiCuPcF; 368.758 632.603 72.999 0.212 1.4

Table S3. Elemental contents of as-synthesized PAE-M1M2PcFg based on XPS results.

Element (At %)  PAE-NiNiPcFg; PAE-CuCuPcFg PAE-NiCuPcFg

Cls 75.80 73.16 74.77
N1s 12.12 15.54 11.94
018 10.69 8.81 11.46
F1ls 1.08 1.94 1.53
Ni 2p 0.31 - 0.18

Cu2p - 0.54 0.13

Table S4. Electrochemical properties and band gap of as-synthesized PAE-M1M2PcFs.
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Sample EZ'c (ev) 11 E§f&io(ev) ™ E{io (eV)d EJT" (ev)
PAE-NiNiPcFy 0.653 -4.810 4.157 0.91
PAE-CuCuPcFg 0.694 -5.044 4350 0.91
PAE-NiCuPcF; 0.608 -5.020 4412 0.85

l[Band gaps determined from the cyclic voltammogram; [®Calculated from the corresponding onsets of
redox waves referred to Fo/Fc* set as -4.8 eV versus vacuum, E5Y 0= -Eor- 4.8 eV; FESY 0= -E,eq- 4.8 eV.
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Table S5. The performance of the in-plane micro-supercapacitors based on different materials.

Voltage

Ca/mF Cv/F Energy density Power density
Name Electrolyte window / Ref.

cm? cmr v maximum maximum
PAE- This

28.1 28.1 H2SO4/PVA 0-0.8 2.5 mWh cm’ 321 mW cm’
NiNiPcFs/EG work
Niz[ CuPc(NH

18.9 31.5 LiCI/PVA 0-0.8 1.7 uWh cm 168 mW cm 5]
)s]-MOF/EG
Ni-CAT

15.2 - LiClI/PVA 0-1.4 4.1 pWh cm? 7 mW cm? 1
MOF/LSG
g-CaNe COF

15.2 - LiClI/PVA 0-0.8 7.3 mWh cm 10.4 W cm’® g
/CNT
PiCBA-MOF  0.102 34.1 H2SO4/PVA 0-1.0 4.7 mWh cm 1323 W cm’ 8]
Ni(OH)2 - 8.8 KOH/PVA -0.3-0.4 0.59 mWhem? 1.8 Wem? ]
rGO/Fe203 0.347 11.57 KOH/PVA 0-1.0 1.6l mWhcem®  9.82 W cm? (10}
Thiophene/Gr

3.9 375 H2S04/PVA 0-1.0 13 mWh cm3 776 W cm oy
aphene
SPANI

3.31 16.55 H2SO4/PVA 0-0.8 1.5 mWh cm - (2l
/Graphene
Onion-like 1 M

0.9 1.3 -3.0 10 mWh ¢m3 1000 W cm3 )
carbon TEABF4/PC
EG/V20s 3.92 130.7 LiCI/PVA 0-1.0 20 mWh cm3 235 W cm? [14]
TTF-

11.6 - H2SO4/PVA 0-1.0 1.57 mWhcm® 0.2 W em™ i)
TCNQ/OG
MoSx@rGO/

13.7 - H2SO4/PVA 0-1.0 1.9 uWh cm™ - (16l
CNT
Phosphorene/

9.8 37.0 Tonic liquid 0-3.0 11.6 mWhcem® 1.5 Wcem? (171
Graphene
Laser-Scribed

2.32 3.05 H2SO4/PVA 0-1.0 - 200 W cm [18]
Graphene
EG/MXene 3.26 33 H>PO4/PVA 0-0.5 3.4 mWh cm? 1.6 W cm™ el
TiO2/rGO 1.5 233 H2PO4/PVA 0-0.8 7.7 mWh cm 312 Wem? (201
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