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Synthetic strategies

Chemicals

NbCls (99 %), pyrrole (99%), oleylamine (OAM), ammonium persulphate ((NH4),S:0s,
APS), diazanium sulfate (NH4),SO,4, polyvinyl alcohol (PVA), n-methyl-2-pyrrolidone
(NMP), and lithium chloride (LiCl) were bought from Sigma-Aldrich. Manganese
sulfate (MnSQ,), sodium nitrate (NaNOs), Se powder (99 %), and graphite foil (0.13
mm, 99.8 %) were purchased from Alfa Aesar. All the solutions not specified were
prepared using double-distilled water (ddH,0). All of the chemicals are in analytical
grade and used without further purification.

Synthesis of NbSe; nanosheets

The NbSe; nanosheets were synthesized in a one-pot reaction followed by thermal
decomposition. In a typical reaction, 20 mL of degassed OAM was added to the
mixture of NbCls (1 mmol) and Se (2 mmol) in Ar. The mixture was vigorously stirred
at the temperature of 250 °C for 4 h, during which the precursors dissolved and form
a black suspension. The suspension was then cooled slowly (5 °C min™?) from 250 °C
to room temperature (RT) before being washed with hexane repeatedly. After dried
in a vacuum, the air-stable intermediate is heated at 450 °C for 3 h in Ar.

Synthesis of NbSe,@PPy (NPy-x) nanosheets

NbSe,@PPy (NPy-x) nanocomposite was synthesized by the in-situ chemical
oxidation polymerization on the surface of the NbSe, nanosheets. In a typical
process, 80 mL NbSe, nanosheet solution (0.25 mg mL™?) was mixed with different
amounts of pyrrole monomers (25 plL, 50 plL, and 100 pL), followed by
ultrasonication at RT. The solution is then transferred into an ice bath, cooled down
to below 5 °C, and stirred for 30 min. The polymerization of pyrrole was induced by
the dropwise addition of the APS solution and lasted for at least 12 h. 50 pL, 100 pL
or 200 pL APS solution (0.41 g mL™) was added into the NbSe,/pyrrole solution
containing 25 uL, 50 pL or 100 pL pyrrole monomers, respectively (mole ratio of APS :
pyrrole = 1 : 2). The product was collected by filtration, washed successively with
ddH,0 and ethanol, and then dried at 60°C for 24 h in a vacuum to obtain black
powder. For comparison, pure polypyrrole (PPy) was synthesized under the same
condition in the absence of NbSe, nanosheets.

Synthesis of MnO, nanosheets

MnO; nanosheets were synthesized by a molten salt method.! Typically, 5g of
NaNOs; was added into a crucible and transferred to the muffle furnace at a
temperature of 350 °C for 10 min until it completely melted. 0.2 g of MnSO,4 powder
was then added into the molten salt for 1 min. Then, the product was removed from
the muffle furnace and cooled to RT at ambient conditions. Finally, the product was
washed with ddH,0 to remove NaNO:s.
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Synthesis of exfoliated graphene (EG)

EG was prepared by exfoliating graphite foils based on our previous work.%3 Typically,
the exfoliation was performed in a two-electrode system, with the graphite foil as
the working anode, the carbon rod as the counter electrode, and 0.5 M (NH,4),S0, as
the electrolyte. The electrochemical exfoliation was carried out by applying a
constant positive voltage (10 V) on the working electrode. The EG powder was first
collected with cellulose filters and washed repeatedly with ddH,O to clear any
chemical residues. The EG powder was then dispersed in DMF by sonication for 2 h
in an ice bath. The dispersion was kept for 24 h for the precipitation of un-exfoliated
graphite flakes. The upper solution is collected for further use.

Preparation of working electrodes

Typically, the working electrodes were made by drop-casting the active material
slurry on the surface of porous Ni foam and dried in a vacuum at 60 °C overnight.
The slurries were prepared by mixing active materials with carbon black and PVDF at
a mass ratio of 7.5 : 1.5 : 1 in NMP followed by ultrasonication for 0.5 h. The mass
loading of the electrode is 1 mg cm™.

Asymmetric supercapacitor device assembly

EG was added to improve the flexibility of the electrodes. NPy-1 and MnO, were
individually mixed with EG at the mass ratio of 1 : 1, followed by sonication in DMF
for 2 h. NPy-1/EG and MnO,/EG electrodes were obtained by vacuum filtration. The
supercapacitor was assembled by simply sticking the two electrodes, separated by
the cellulose membrane, after the drop-casting of PVA/LICl gel electrolyte (prepared
by dissolving 4 g PVA and 8.5 g LiCl in ddH,0) onto the electrodes and solidified
overnight. No additional current collector was needed.

Characterizations

Transmission electron microscope (TEM) images were performed on a field-emission
TEM (Talos F200X, FEl) operating at 200 kV. Scanning electron microscope (SEM)
images were performed on FE-SEM (Carl Zeiss NVision 40 integrated with an EDAX
system) at an accelerating voltage of 10.0 kV. X-ray photoelectron spectroscopy (XPS)
analysis was measured on an ESCALAB MKII X-ray photoelectron spectrometer (VG
Co.) with Al Ka X-rays radiation as the X-ray source for excitation. X-ray diffraction
(XRD) analysis was carried out on a Rigaku D/Max 2550 X-ray diffractometer using
Cu/Ka radiation (35 kV, 200 mA) in the range of 10° — 90° (26). Atomic force
microscopy (AFM) images were obtained with Veeco Instruments Nanoscope in
tapping mode. The samples for AFM measurements were prepared by dropping the
diluted colloidal suspension (0.01 mg mL™) onto a freshly cleaved mica surface and
then dried in a vacuum.
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Electrochemical measurements

CV, EIS, and GCD analyses were performed on an electrochemical workstation
(Biologic VMP3). EIS measurements are performed at open-circuit voltage with
frequencies ranging from 100 kHz to 10 mHz.

The gravimetric capacitance (Cg) for the synthesized materials was tested in a
three-electrode system in 5 M LiCl, where the counter electrode was Pt plate, and
the reference electrode was Ag/AgCl in saturated KCl aqueous solution. The
potential window is from -0.8 V to -0.3 V vs. Ag/AgCl. The CV profiles were collected
at the scan rates of 5, 10, 20, 40, and 80 mV s™* and the GCD profiles are collected at
the speeds of 0.5, 1, 2, 5, and 10 A g. Cycling tests for NPy-1 and NbSe, are
conducted at 5 A g™* for 10000 cycles.

The assembled supercapacitor was tested in a two-electrode system with the
NPy-1 as the anode and MnO; as the cathode. The potential window is able to reach
up to 1.8 V. The electrochemical performance were measured under potential
output window 1.2 V - 1.8 V. The GCD curves are collected at 0.5, 1, 2, 4 and 8
mA cm™ and the CV profiles are scanned at 5, 10, 20, 40, and 80 mV s, To test the
uniformity of the assembled devices, two devices were connected in series and
parallel. Cycling tests were conducted at 6 mA cm~2 for 10000 cycles.

The capacitance, in general, was given by the following formula:

=— #1
A

Where Cis the capacitance, /is the current, fis the time, A is the applied
potential window.
When calculated from the CV profile, the formula can be transformed into:

= = #2
A A

Where Uis the potential and Vis the applied scan rate.
When calculated from the GCD curve, the formula can be simplified into:

=— #3
A

Gravimetric capacitance Gy is calculated based on the mass of materials used in
the working electrode. Areal capacitance C; and volumetric capacitance C, are
calculated based on the area or the volume of the device electrodes.

In this work, the electrochemical performance of NPy-1 nanosheets was
evaluated by gravimetric capacitance Cq4, which is calculated based on the mass load
of the material on the working electrode. As for the assembled asymmetric
supercapacitor NPy-1//Mn0,, the volumetric capacitance C, is considered, which is a
more critical factor for practical purposes. The area used is the area of the round
electrode with a diameter of 16 mm and the volume is calculated based on the total
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electrode volume excluding the electrolyte, which is the product of the area and the
total thickness of both electrodes.
The volumetric power (P, in W cm™) and energy (E, in Wh cm™3) density of the
device were calculated using the following formula:
=05 A ? #4
= #5
Where A is the discharge time.

Supplemental figures and tables

Figure S1 Morphology characterization of NPy-n nanosheets. SEM image of NPy-1 (a), NPy-2
(b) and NPy-3 (c) nanosheets.

a 4 b
— 10mvs? ~-0. 1
o O N
I -2
< ? L 3
> [
Z <o
c [
3] >
©
= -
g 2 NPy- )
5 NPy- -
O NPy- ° \
4 . : . : > 08 ; T : :
08 07 <06 <05 <04 03 0 100 200 300 400 500 600
Voltage (V vs. Ag/AgCl) Time (s)

Figure S2 Electrochemical performance of NbSe,@PPy (NPy-x). Cyclic voltammetry (a) with a
sweeping rate of 10 mV s and galvanostatic charge-discharge profiles (b) at a current
density of 0.5 A g™* for NPy-x electrodes in 5 M LiCl. Results show that NPy-1 exhibited the
highest capacitance, thus being further investigated.

500 nm Nb

Figure S3 Morphology characterization of NbSe, nanosheets. SEM image (a) and EDS
elemental mapping (b) of NbSe; nanosheets.
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Figure S4 XRD spectra for NPy-2 and NPy-3.
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Figure S5 XPS spectra of NbSe, nanosheets. Full XPS spectrum (a) and high-resolution XPS
spectra of Nb 3d, Se 3d, C 1s, O 1s, and N 1s (b-f) for NbSe; nanosheets.
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Figure S6 XPS spectra of NPy-1. Full XPS spectrum (a) and high-resolution XPS spectra of Nb
3d, Se 3d, C 1s, O 1s, and N 1s (b-f) for NPy-1.
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Figure S7 XPS spectra of NPy-2. Full XPS spectrum (a) and high-resolution XPS spectra of Nb
3d, Se 3d, C1s, O 1s, and N 1s (b-f) for NPy-2.

S8



al —NPy-3 . b [Nb 3d
3 Nb®
8
>
- —
2
[} Se 3p 1/2
T [NKLL e 35 5e 332
- Nb 3p 1127 / NH 4s

Nb 3d 3/2 sd3d

/
Nb 3d 5/2
) _ Nb3d3R2 m//
1200 1000 800 600 400 200 O 215 210 205 200 65 60 55 50
Binding energy (eV) Binding energy (eV) Binding energy (eV)
d|C1s f[N1s
N
S
1y
e
‘B
| =
5] ‘
2
= /
202 288 284 280 540 538 536 534 532 530 528 526 410 405 400 395 390
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure S8 XPS spectra of NPy-3. Full XPS spectrum (a) and high-resolution XPS spectra of Nb
3d, Se 3d, C 1s, O 1s, and N 1s (b-f) for NPy-3.
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Figure S9 TGA curves of NbSe, and NPy-x under air atmosphere. The mass ratio of surface

PPy to NbSe; were tuned by the amount of pyrrole added during oxidative polymerization.

The mass ratios of NbSe,:PPy are determined to be 1:0.64, 1:0.97,1: 2.3 for NPy-1, NPy-2,

NPy-3, respectively.
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Figure S10 TEM images and EDS spectra of NbSe, and NPy-x. The mass percents of Nb, Se, O,
N, and C elements are determined. The actual content of C element is less than the value

measured due to the contribution from the carbon film on copper mesh.
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Figure S11 High-resolution XPS spectra of C 1s, O 1s, and N 1s for NPy-1 (a-c) and NbSe; (d-f)

after cycling in three-electrode system.
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Figure S12 XRD patterns of NPy-1 after cycling in the assembled asymmetric all-solid-state

supercapacitor.
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Figure S13 Specific surface area (a) and pore size distribution of NbSe; and NPy-x nanosheets

by density functional theory (DFT) mode

Figure S14 SEM images of synthesized PPy (a), MnO; nanosheets (b), and exfoliated
graphene (EG) (c).
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Figure S15 Characterization of the electrode used in the assembled all-solid-state
supercapacitor. The photograph (a), low- (b) and high- (c) magnification cross-sectional SEM
images of 86 um thick NPy-1/EG electrode. The photograph (d), low- (e) and high- (f)
magnification cross-sectional SEM images of 66 um thick MnO,/EG electrode.
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Figure S16 (a) CV curves with the sweeping rate of 50 mV s™* for one device and two devices

connected in series and parallel. (b) Two supercapacitors connected in series can light a
bulb.
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Table S1 Summary of supercapacitor properties for TMD based electrodes.

Capacitance Current density/ Capacitance retention

Material Electrolyte Reference
(Fg) Scan rate (n cycles)
NPy-1 394 5mVs;
(NbSe,@PPy) 353 5 M LiCl 0.5 A gt 97.0% (10000) This work
e, Y SAg
1T MoS; 188 0.5 M K;SO4 05Ag 90% (5000) Ref. 4
TaS; 94 PVA/LIiCI 05Ag? 92% (4000) Ref. 5
MoS; 380 0.5 M LizSO4 5mV s 88% (5000) Ref. 6
MoS,/rGO 265 1 M HCIO4 10 mV st 92% (1000) Ref. 7
MoS,/NiS 1373 6 M KOH 05Ag? 93.8% (7000) Ref. 8
MoS,/G 272 6 M KOH 5mV st 120% (4000) Ref. 9
CeSe; 195.6 1 M NaSOs 2mVst 88.4% (4000) Ref. 10
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