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Experimental Section

Materials: MnSO4·H2O (> 98%), NaOH (> 98%) and glucose (> 99.5%) were 

purchased from Sigma Aldrich. CO(NH2)2 (> 98%) was purchased from Alfa Aesar. 

Na2SO4 (> 99%), carboxymethyl cellulose sodium (CMC), polydimethylsiloxane 

(PDMS), conductive carbon and silver (Ag) conductive paste, N-methyl-pyrrolidone 

(NMP) and polyvinylidene fluoride (PVDF) were purchased from Energy Chemical. 

LA132 (a water-based adhesive, polyacrylonitrile latex) was purchased from Indigo 

Technology Co., Ltd. Commercial solar cell was purchased from Dongguan 

Xinliangguang New Energy Technology Co., Ltd. 

Fabrication of p-Mn3O4@C hexagonal nanosheets: All of the chemical reagents were 

of analytical grade and used as received without any further purification throughout the 

experiments. In a typical procedure, 40 mL of 0.1 M MnSO4 aqueous solution was 

slowly dropped into 40 mL of 0.2 M NaOH solution to generate Mn(OH)2 flakes with 

vigorously magnetic stirring for 60 min, followed by the addition of 4 mmol urea 

(CO(NH2)2) and 16 mmol glucose. After stirring for 30 min, the above solution was 

transferred into a Teflon-lined autoclave with heat treatment at 160 °C for 24 h and then 

cooled to room temperature. The MnCO3 hexagonal nanosheets with carbon precursors 

obtained by centrifugation, which was also purified with ethanol and deionized water 

and dried at 80 °C overnight. Subsequently, the products were calcined in Ar 

atmosphere at 400 °C with a heating rate of 2 °C min−1 for 5 h. For comparison, the 

pure Mn3O4 was prepared with the same process except for glucose.

Formulation of the p-Mn3O4@C ink: The composition of p-Mn3O4@C ink included 

the p-Mn3O4@C powder, conductive carbon and LA132 resin with the weight ratio of 

75: 15: 10 were mixed and uniformly dispersed through intermittent high-speed agitator 

and ultrasonic treatment. After uniform dispersion, the thick black liquid could be 

directly used as the ink for screen printing.

Construction of PSCs: Flexible printable PSCs were constructed via a screen-printing 
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method. First, the PET substrate was treated with an O2 plasma. The Ag interdigital 

electrode was printed on the as-treated substrate and sintered at 120 °C as conductive 

current collector. Then, the p-Mn3O4@C ink was printed in overlay on the Ag current 

collector and dried at 80 °C for the preparation of p-Mn3O4@C electrode. PSCs with a 

range of film thicknesses were produced by changing various printed cycles. Next, The 

Cu conductive tape was pasted over the lead as the current collectors. To complete the 

fabrication of PSC, the gel electrolyte was uniformly coated on the patterned electrodes. 

The aqueous gel electrolyte was prepared by adding 5 g of Na2SO4 and 3 g of 

carboxymethyl cellulose sodium (CMC) into 50 mL of deionized water under quick 

stirring at 90 °C for 3 h until the gel became transparent. Finally, the PDMS (silicone 

elastomer base: curing agent = 10:1 in weight) was used as a passivation layer to 

encapsulate the PSCs for enhanced stability.

Materials characterizations

The field emission scanning electron microscopy (FE-SEM, FEI, QuanTA-200F), 

transmission electron microscopy (TEM, JEOL, JEM-2100F), and high-resolution 

transmission electron microscopy (HRTEM) were used to characterize the surface 

morphologies and microstructures of the as-fabricated samples. X-ray diffraction 

(XRD, PERSEE, XD-3 with Cu Kα radiation), energy-dispersive X-ray spectrometry 

(EDS, Tecnai G2 F30 S-TWIN), and X-ray photoelectron spectroscopy (XPS, Thermo-

VG, ESCALAB 250) were used to examine the structure and phase purity of the 

samples. Raman spectra were measured by a HORIBA Scientific LabRAM HR Raman 

spectrometer system. The nitrogen adsorption-desorption isotherms were measured at 

77 K with a Quantachrome Autosorb-iQ. The rheological properties of inks were 

recorded on the Anton Paar MCR 302 rheometer.

Electrochemical measurements

All electrochemical measurements were evaluated with a CHI 660E electrochemical 

workstation (Chenhua, Shanghai). To test the electrode of p-Mn3O4@C, p-Mn3O4@C 

was mixed with PVDF, carbon black in the weight ratio of 8:1:1 with N-methyl-2-



S-4

pyrrolidone. The mixture was grinded for 15 min to obtain slurry. The obtained-slurry 

was later coated onto carbon cloth which served as a current collector, and the dried at 

90 ℃ overnight. In the half-cell (three electrode), 1 M Na2SO4 was used as the 

electrolyte, and the as-prepared samples as the working electrode. A platinum plate 

counter electrode was used as the counter electrode and Ag/AgCl was used as the 

reference electrode. For the full cell (two electrode), CMC-Na2SO4 was used as a gel 

electrolyte.

Electrochemical calculations: 

The specific capacitance C (F g-1) of p-Mn3O4@C electrode was calculated from the 

GCD curves by using the following formula:

                              (1)
𝐶 =

𝐼∆𝑡
𝑚∆𝑉

where I (A) is the discharge current, m (g) is the mass of the active material, Δt is the 

discharge time (s), ΔV is the potential window (V).

The specific areal capacitance CA (mF cm-2) and volumetric capacitance CV (mF cm-3) 

of the PSC devices were also calculated from the GCD curves based on equation (2):

                       (2)
𝐶𝐴 =

𝐼∆𝑡
𝑆∆𝑉

𝑜𝑟 𝐶𝑉 =
𝐼∆𝑡

𝐴∆𝑉

where I (mA) is the discharge current, ∆t (s) is the discharge time, ∆V (V) is the 

potential window, S (cm-2) is the area of the device including the electrodes and the gap 

between the electrodes, and A (cm-3) is the volumetric of the PSC devices.

The areal energy density EA (mWh cm-2), volumetric energy density EV (mWh cm-3), 

areal power density PA (mW cm-2) and volumetric power density Pv (mW cm-3) were 

defined according to equations (3) and (4), respectively:

                   (3)
𝐸𝐴 =

𝐶𝐴Δ𝑉2

7200
 𝑜𝑟 𝐸𝑉 =

𝐶𝑉Δ𝑉2

7200
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                 (4)
𝑃𝐴 =

𝐸𝐴 × 3600

∆𝑡 
 𝑜𝑟 𝑃𝑉 =

𝐸𝑉 × 3600

∆𝑡 

where ∆t (s) is the discharge time, ∆V (V) is the potential window.

The contribution from diffusion-controlled process and surface reaction can be 

evaluated by using CV curves.1,2 The relationship between current (I) and scan rate (v) 

can be written as:

a                              (5)𝐼 = 𝑣𝑏

Where a and b are constant can be obtained from log v versus log I plots. Importantly, 

b-value gives valuable insight on charge storage kinetics. When b= 0.5 indicates an 

ideal diffusion-dominated process and when b = 1.0 indicates surface-determined 

capacitive-controlled behavior. Furthermore, the capacitive contribution to the total 

current can be differentiated quantitively by using the following equations:

                       (6)𝐼(𝑉) = 𝑘1𝑣 + 𝑘2𝑣
1
2

                        (7)

𝐼(𝑉)

𝑣
1
2

= 𝑘1𝑣
1
2 + 𝑘2

Where I is the current density at a voltage (V), v is the scan rate (mV s-1), k1 and k2 can 

be obtained from the slope and intercept, respectively. Where k1v can be attributed to 

the current from surface capacitance contribution, while k2v1/2 is indexed to the 

diffusion process.
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Fig. S1. SEM image of Mn(OH)2 nanosheets.
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20 nm

ba

200 nm

Fig. S2. (a) SEM and (b) TEM images of MnCO3@C precursors.
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Fig. S3. XRD pattern of MnCO3@C precursors.
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a

500 nm 1 µm

b

Fig. S4. SEM images of p-Mn3O4@C nanosheets.
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Fig. S5. (a, b) TEM images of p-Mn3O4@C nanosheets with single nanosheet 

thickness of ~ 9.6 nm. (c) The lateral size distribution of p-Mn3O4@C nanosheets by 

nano measurer software. The lateral size of p-Mn3O4@C nanosheets range in 85 ~ 

134 nm with an average value of 107 nm.
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Fig. S6. EDS spectrum of p-Mn3O4@C nanosheets.
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200 nm 20 nm

a b

Fig. S7. (a) SEM and (b) TEM images of pure Mn3O4 nanosheets.
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Fig. S8. Raman spectra of p-Mn3O4@C and pure Mn3O4 nanosheets.
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Fig. S9. XPS spectra of p-Mn3O4@C. (a) survey, (b) Mn 2p, (c) Mn 3s, (d) C 1s and 

(e) O 1s.

The full survey scan spectrum reveals the co-existence of Mn, C and O elements in the 

as-prepared sample (Figure S9a). As for Mn 2p spectrum (Figure S9b), distinct peaks 

at the binding energies of 641.8 and 643.3 eV for Mn 2p3/2 can be observed, which agree 

well with literature reports for the coexistence of Mn2+ and Mn3+ in Mn3O4.3 The Mn 

3s spectrum also shows two distinct peaks located at 83.4 and 88.7 eV, agreeing well 

with that of Mn3O4 (Figure S9c).4 The C 1s spectrum is resolved into three peaks 

observed at 284.2, 284.6, and 288.1 eV, which can be indexed to the C-C, C-O, and 

C=O bonds, respectively (Figure S9d). Similarly, The O 1s spectrum can be divided 

into three components centering at 529.3, 529.8, and 531.2 eV, corresponding to 

different oxygen species in Mn3O4, hydroxyl groups, and absorbed water, respectively 

(Figure S9e).3
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Fig. S10. N2 adsorption/desorption isotherms of MnCO3@C precursors.
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Fig. S11. (a) CV curves of p-Mn3O4@C electrode in different potential windows at 50 

mV/s.
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Fig. S12. (a) The b-values at variation potentials. (b) CV curve of p-Mn3O4@C 

electrode from 0 to 1.3 V with shadowed area representing the surface capacitive 

contribution.
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Fig. S13. CV curves of p-Mn3O4@C electrode in different potential windows of (a) 0-

1.2 V, (c) 0-1.1 V and (e) 0-1.0 V at different scan rates. GCD curves of p-Mn3O4@C 

electrode in different potential windows of (b) 0-1.2 V, (d) 0-1.1 V and (f) 0-1.0 V at 

different current densities.
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Fig. S14. The specific capacitances of p-Mn3O4@C electrode in different potential 

windows.
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Fig. S15. (a) CV curves of the pure Mn3O4 electrode at different scan rates. (b) GCD 

curves of the pure Mn3O4 electrode at different current densities. (c) Specific 

capacitances of the pure Mn3O4 electrode calculated at different current densities.
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200 nm200 nm

a b

Fig. S16. SEM images of (a) p-Mn3O4@C and (b) pure Mn3O4 electrodes after 10000 

cycling stability test.
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Fig. S17. EIS spectra of pure Mn3O4 and p-Mn3O4@C electrodes.
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O
Mn

Fig. S18. The optimized crystal structures of (a) Mn3O4 and (b) p-Mn3O4@C.

The density functional theory (DFT) calculations were performed in the Vienna ab 

initio simulation package (VASP).5 A spin-polarized GGA PBE functional with 

pseudopotentials was used with an energy cutoff of 400 eV, and a projector augmented 

wave (PAW) method were adopted.6,7 A (3 × 3 × 1) Monkhorst-Pack mesh was used 

for the Brillouin-zone integrations to be sampled.8 The conjugate gradient algorithm 

was used in the optimization. The convergence threshold was set 1×10-4 eV in total 

energy and 0.05 eV/Å in force on each atom.
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Fig. S19. Optical images of fine-printed Ag conductive patterns on different 

substrates of (a) PET and (b) PI. (c, d) SEM images of the printing Ag conductive 

paste. Ag flakes compactly stacked on the various substrates, and formed a continuous, 

electrically conductive network.
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Fig. S20. SEM images of printed p-Mn3O4@C patterns. The printed electrode clearly 

shows a fine edges and smooth appearance.
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Fig. S21. Screen printing of p-Mn3O4@C on different substrates to show the print 

versatility.
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Fig. S22. CV curves of p-Mn3O4@C PSCs at different scan rates from 1 V/s to 5 V/s.
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Fig. S23. (a) The b-values at variation potentials. (b) CV curve of the printed PSCs 

from 0 to 1.3 V with shadowed area representing the surface capacitive contribution. 

(c) Separations of diffusion-controlled and capacitive charge at different scan rates for 

p-Mn3O4@C PSCs.
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Fig. S24. (a) The specific areal and volumetric capacitances of p-Mn3O4@C PSCs at 

different current densities. (f) Ragone plot comparison of this work with other 

previously reported symmetric PSCs.
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Fig. S25. The Nyquist plots of as-prepared PSCs before and after 10 000 charge-

discharge cycling and after 500 bending cycles measurement.
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Fig. S26. The optical photograph of the screen-printed PSCs, showing the great 

prospect of scale-up production of high-performance PSCs.
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Fig. S27. (a) GCD curves of four serially-connected p-Mn3O4@C PSCs. (b) Output 

voltage and capacitance as functions of serial cell number. (c) GCD curves of four 

parallelly-connected p-Mn3O4@C PSCs.



S-33

Fig. S28. XRD patterns of p-Mn3O4@C electrode before and after self-discharge 

measurement.
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Fig. S29. Core level (a) Mn 2p, (b) Mn 2s, (c) C 1s and (d) O 1s XPS spectra 

collected for p-Mn3O4@C electrode before and after self-discharge measurement.



S-35

Table S1. Electrochemical properties for p-Mn3O4@C in comparison with those Mn-

based electrode materials in earlier reports.

Mn-based electrodes Electrolyte
Voltage range 
(V vs. Ag/AgCl 

or SCE)

Specific 
capacitance

(F/g)

Rate 
capability

(F/g)
Ref.

rGO@Mn3O4 1 M Na2SO4 -0.1 to 1.2 V 288 at 0.7 A/g 174 at 24 A/g 4
-MnO2/-MnO2 1 M LiCl 0 to 1.0 V 233 at 1 mV/s 116 at 20 mV/s 9

m-MnO2 nanosheets 5 M LiTFSI 0 to 1.0 V 243 at 1 mV/s -- 10
D-MnO2 1 M Na2SO4 0 to 0.8 V 202 at 1 A/g 137 at 20 A/g 11
GrMnO2 1 M Na2SO4 -0.1 to 0.9 V 350 at 0.2 A/g 162 at 10 A/g 12

HCC@MnO2 1 M LiCl 0 to 0.8 V 243 at 1 A/g 139 at 10 A/g 13
3D MnO2/Graphene 0.5 M Na2SO4 0 to 0.8 V 422.5 at 1 A/g 228.8 at 10 A/g 14
MnOx@C@MnOx 6 M KOH -0.1 to 0.55 V 350 at 1 A/g 122 at 20 A/g 15

α-MnO2 1 M Na2SO4 0 to 0.9 V 304 at 3 mA/m2 -- 16
MnO2/EG 0.5 M K2SO4 -0.1 to 1.2 V 308 at 2 

mA/cm2

250 at 20 
mA/cm2

17

CC/Na0.5MnO2 NWAs 1 M Na2SO4 0 to 1.3 V 366 at 1 A/g 231 at 16 A/g 18
rGO/MnOx 0.5 M Na2SO4 0 to 0.8 V 202 at 1 mV/s -- 19

MnO2@PPy NWs 1 M Na2SO4 0 to 0.9 V 325 at 1 A/g 200 at 20 A/g 20
β-MnO2 1 M Na2SO4 -0.1 to 0.9 V 306 at 0.25 A/g 177 at 32 A/g 21

MnO2 hollow 
structure

1 M Na2SO4 -0.2 to 0.8 V 306 at 5 mV/s -- 22

α-MnO2 nanowire 0.5 M Na2SO4 -0.1 to 0.9 V 345 at 1 A/g 60 at 50 A/g 23

p-Mn3O4@C 1 M Na2SO4 0 to 1.3 V 386 at 1 A/g 260 at 30 A/g This work



S-36

Table S2. Comparison study on the electrochemical performance of symmetric PSCs 

in this work with previously reported results. V: voltage window (V); Ca: areal 

capacitance (mF cm-2); Ea: maximum areal energy density (μWh cm-2); Pa: maximum 

areal power density (mW cm-2); Ev: maximum volumetric energy density (mWh cm-3); 

Pv: maximum volumetric power density (W cm-3).

Electrode materials Electrolyte V Ca Ea Pa Ev Pv Ref.

Ti3C2Tx-rGO PVA/KOH 0.6 34.6 2.18 0.18 -- -- 24
2D-Ti3C2Tx PVA/H2SO4 0.6 1035 8.4 3.7 56 24.9 25
RGO/CNT 3 M KCl 1.0 6.1 0.39 51.9 0.68 77 26
EG/V2O5 PVA/LiCl 1.0 3.92 -- -- 18.2 235 27

MWNT/Mn3O4 PMMA-PC-LiClO4 1.2 -- -- -- 1.8 4.4 28
I-Ti3C2Tx PVA/H2SO4 0.6 61 0.76 0.33 -- -- 29

Graphene-CNT PVA/H3PO4 1.0 9.81 1.36 0.25 -- -- 30
PEDOT:PSS-CNT PVA/H3PO4 0.9 -- 0.015 1.05 3 210 31
B-doped graphene PVA/H2SO4 1.0 16.5 1.4 3.2 0.56 8 32
Mn/Mo@MWCNT ADN/SN/LiTFSI/P

MMA
2.0 7.5 4.2 1.0 -- -- 33

G-/CNT/PH1000 PVA/H3PO4 0.8 107.5 1.27 1.22 -- -- 34
Polypyrrole nanowires PVA/H2SO4 0.5 -- 0.427 0.50 15.25 17.7 35

Graphene/EC PVA/H3PO4 1.0 -- 0.0052 1.112 1.29 278 36
MXene PVA/H2SO4 0.6 27 2.34 1.95 18 15 37

rGO/Fe2O3 PVA/KOH 1.0 0.347 1.61 9.82 38
rGO PVA/H2SO4 1.0 0.081 -- -- 2.5 495 39

N-doped graphene PVA/H3PO4 0.8 3.4 -- -- 0.3 0.2 40
ECG/CNT H3PO4/PVA 1.0 7.7 -- -- 10.7 3.17 41

Polypyrrole/graphene PVA/H2SO4 0.8 38 -- -- 2.5 0.397 42
g-C34N6-COF LiCl/PVA 0.8 15.2 -- -- 7.3 10.4 43

Graphene/CNTcarpets 1 M Na2SO4 1.0 2.16 -- -- 2.42 115 44
Exfoliated graphene PVA/H2SO4 0.8 9.8 0.29 0.76 2.9 2.34 45

p-Mn3O4@C CMC/Na2SO4 1.3 30.1 7.07 1.30 14.14 2.60 This work
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