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Calculation
The specific capacity C (C g-1) of VN nanosheets and Co(OH)2 nanoflowers in three-electrode system was calculated from the GCD data according to the following equations:

          (1)
Where I (A) is constant discharge current, t (s) is the discharge time, and m (g) is the mass of the electroactive material in the electrode.
The charges stored in the positive electrode (Q+) and negative electrode (Q-) should be balanced according to the relationship: Q+ = Q-. And the charges stored by each electrode can be obtained by the equations:
       (2)
       (3)
where  and are the specific capacity (C g-1) of positive electrode and negative electrode,  and  are the mass of active material in positive electrode and negative electrode.
[bookmark: OLE_LINK2][bookmark: OLE_LINK3]The capacitance values of VN//Co(OH)2-PHMSs (F g-1) based on the full device were calculated from the GCD data according to the following equations:
         (4)
Where I (A) is constant discharge current, t (s) is the discharge time, m (g) is the mass of the electroactive material in the electrode and U (V) is the voltage change of a full discharge.
The capacitance values of EG//EG-PMSs and VN//VN-PMSs based on the full device were calculated from the CV curves according to the following equation :
      (5)
Where Uf and Ui are the integration potential limits of the voltammetric curve, v (V s-1) is the scan rate, and U (V) is the discharge voltage range. 
Specific capacitance was calculated in term of the area, volumetric or mass of the device according to the following formula:

            (6)
Where CS refers to the areal capacitance (F cm-2), volumetric capacitance (F cm-3) or specific capacitance (F g-1), respectively. S is the total area (cm2) or volume (cm3) of the devices, including two electrodes and interspaces. S also referes to the mass (g) of two electrodes, respectively. 
The energy density and power density of VN//Co(OH)2-PHMSs were calculated based on the volumetric capacitance of the device as follows:
           (7)
where E (Wh cm-3) is the energy density, I (A) is the discharge current, U (V) is the potential window of the device, t (s) is the discharge time and V (cm3) is volume of the whole device, respectively.
Power density of the device was calculated from the formula:


      (8)
where P (W cm-3) is the power density, and t (s) is the discharge time. 


Supplementary Figures

[image: ]
[bookmark: OLE_LINK53]Fig. S1. a The N2 sorption isotherms and the pore size distribution (inset) of VN nanosheets. b The N2 sorption isotherms and the pore size distribution (inset) of Co(OH)2 nanoflowers. VN nanosheets exhibit a typical type-IV isotherm, characteristic of the mesoporous structure with a measured BET specific surface area of 52.4 m2 g-1, and pore size distribution of 5~30 nm. The Co(OH)2 nanoflowers showed a BET specific surface area of 80.9 m2 g-1 and a pore size distribution of 5~60 nm.
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Fig. S2. Characterization of EG nanosheets. a,b SEM images, scale bar are 1 μm, c TEM image (scale bar is 1 μm) and d HRTEM image (scale bar is 10 nm) of EG nanosheets.
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Fig. S3. Electrical conductivity of a EG films, b VN/EG hybrid films and c Co(OH)2/EG hybrid films, measured by a four-point probe measurement.
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[bookmark: OLE_LINK75]Fig. S4. Top-view SEM images of the electrodes. a-c VN/EG hybrid films (scale bar are 100 μm, 10 μm and 1 μm, respectively) and d-f Co(OH)2/EG hybrid films (scale bar are 100 μm, 10 μm and 1 μm, respectively).
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[bookmark: OLE_LINK37][bookmark: OLE_LINK38][bookmark: OLE_LINK72][bookmark: OLE_LINK73]Fig. S5. Electrochemical characterization of porous VN nanosheets and Co(OH)2 nanoflowers. a CV curves measured at different potential windows at 10 mV s-1, b cycling stability at a current density of 15 A g-1, c Nyquist plot showing the imaginary part versus the real part of impedance of porous VN nanosheets. d CV curves measured at different potential windows at 10 mV s-1, e cycling stability at a current density of 30 A g-1, f Nyquist plot showing the imaginary part versus the real part of impedance of Co(OH)2 nanoflowers. The Nyquist plots in Figure S2c and S2f exhibited low ESR values, e.g., 1.0 Ω for porous VN and 1.4 Ω for Co(OH)2 nanoflowers. Moreover, both of them also showed small charge transfer resistance, e.g., 0.8 Ω for porous VN and nearly 0 Ω for Co(OH)2 nanoflowers, manifesting low intrinsic resistance and excellent capacitive properties.
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Fig. S6. The dependence of the peak current with scan rate of a VN nanosheets electrode and b Co(OH)2 nanoflowers electrode.
[bookmark: OLE_LINK20][bookmark: OLE_LINK23][bookmark: OLE_LINK18][bookmark: OLE_LINK19]For a redox reaction limited by semi-infinite diffusion, the peak current i varies as v1/2; for a capacitive process, it varies as v. The relationship represents in the classic equation of i=ab, where i is CV current (A),  is scan rate (mV s-1), and b=0.5 for battery-like behavior and b=1 for pseudocapacitive behavior. From Fig. S6, it is shown that the dependence of the peak current with  is linear (b=1), indicating a surface-controlled, capacitive response for VN electrode. And the peak currents of Co(OH)2 scale linearly with v1/2 (b=0.5), indicating a diffusion-controlled battery-type Faradaic process.
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[bookmark: OLE_LINK69][bookmark: OLE_LINK70]Fig. S7. Electrochemical characterization of EG//EG-PMSs in KOH/PVA electrolyte. a CV curves measured at scan rates from 100~1000 mV s-1. b Specific capacitance and areal capacitance as a function of scan rate. It is calculated from the CV curves that the areal capacitance obtained from 10~100 mV s-1 is 0.018 to 0.01 mF cm-2. That is, the capacitance contribution of EG collector to the electrodes (21 to 9.4 mF cm-2) is less than 0.1%. In our case, EG nanosheets served as both electrically conductive layer and metal-free current collectors for rapid electron transport, guaranting high rate capability of VN//Co(OH)2-PHMSs. 
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[bookmark: OLE_LINK4][bookmark: OLE_LINK5]Fig. S8. Cross-sectional SEM images and EDX elemental mapping of electrodes in VN//Co(OH)2-PHMSs. a Cross-sectional SEM image (scale bar is 1 μm) of VN negative electrode, with a thickness of 5.3 μm, b-d EDX elemental mapping of C (red), V (yellow), and N (green). e Cross-sectional SEM image (scale bar is 1 μm) of Co(OH)2 positive electrode, with a thickness of 4.6 μm, f-h EDX elemental mapping of C (red), Co (yellow), and O (blue).
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Fig. S9. a-e GCD curves of VN//Co(OH)2 -PHMSs obtained at a current density of 0.5 mA cm-2 based on the different VN/Co(OH)2 mass ratios from 1 to 3 in 1 M KOH aqueous electrolyte. f Areal capacitance and specific capacitance as a function of VN/Co(OH)2 mass ratio. 
The mass ratio of negative electrode and positive electrode was calculated to be 2.8, in term of the equation:= /. Note that previous simulation using mathematical models predicted that the maximum capacitance value could be obtained at a low negative/positive mass ratio.1,2 Therefore, to determine the optimal VN/Co(OH)2 mass ratio, we fabricated PHMSs using different negative/positive mass ratios of 1, 1.5, 2, 2.5, and 3. The optimal performance of PHMSs was obtained at VN/Co(OH)2 mass ratio of 2.5.
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Fig. S10. Electrochemical studies of VN//Co(OH)2-PHMSs in aqueous 1 M KOH electrolyte. a CV curves measured at different voltages at a scan rate of 10 mV s-1. b Areal capacitance as a function of the increased voltage, inset is GCD curves measured at different voltages at a current density of 1 mA cm-2. c Cycling stability at a current density of 3 mA cm-2. d Impedance Nyquist plot (inset is the magnified high-frequency plot). It is found that elaborated selection of a suitable operation voltage is key for enhancing electrochemical performance of VN//Co(OH)2-PHMSs. Although the cell was stably operated in 1.2~1.7 V without polarization, a maximal capacitance was disclosed at 1.5 V.
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Fig. S11. Impedance Nyquist plot (inset is the magnified high-frequency plot) of all-solid-state VN//Co(OH)2-PHMSs.


[image: ]
Fig. S12. Electrochemical characterization of miniaturized VN//Co(OH)2-PHMSs in 1 M KOH electrolyte. a CV curves obtained at different scan rates of 10~100 mV s-1. b GCD profiles measured at current densities from 1.67 to 6.67 mA cm-2. c Areal capacitance and volumetric capacitance as a function of scan rate. d Cycling stability at a current density of 3.33 mA cm-2, inset is the photograph (scale bar is 1 mm) of miniaturized PHMSs with interdigitated electrodes (finger length of 800 μm, finger width of 100 μm, and interspace width of 100 μm). 
The miniaturized VN//Co(OH)2-PHMSs were fabricated in the same method by filtering 10 μL ethanol dispersions of EG (0.1 mg mL-1) in each side of mask to form uniform conductive current collectors. Then, the asymmetric interdigital micropatterns of VN//Co(OH)2 electrodes were directly manufactured by continuous deposition of porous VN nanosheets/EG (45 μL, 0.25 mg mL-1, 10 wt% EG) dispersion and Co(OH)2 nanoflowers/EG (15μL, 0.25 mg mL-1, 15 wt% EG) solution on the different sides of mask as negative and positive electrodes, respectively, on a nylon membrane. The resulting miniaturized VN//Co(OH)2-PHMSs presented impressive electrochemical performance, with areal capacitance of 37.9 mF cm-2, volumetric capacitance of 68.9 F cm-3, energy density of 21.5 mWh cm-3 and power density of 3070 mW cm-3. Also, this cell disclosed exceptionally durable and long-term cyclability with 80% capacitance retention after 7000 cycles.
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Fig. S13. Electrochemical studies of VN//VN-PMSs in KOH/PVA electrolyte. a CV curves measured at different scan rates of 10~100 mV s-1. b Areal capacitance and specific capacitance calculated from the different scan rates.
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Fig. S14. Electrochemical studies of Co(OH)2//Co(OH)2-PMSs in aqueous 1 M KOH electrolyte. a CV curves of at scan rates from 5~50 mV s-1. b GCD curves at different current densities from 0.005~0.4 mA cm-2.
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Fig. S15. The capacitance obtained at the current density of 1 mA cm-2 and voltage versus the number of serially-connected VN//Co(OH)2-PHMSs. 
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[bookmark: OLE_LINK58][bookmark: OLE_LINK59]Fig. S16. The dimensions of PHMSs with the interdigitated electrodes. Adevice is the entire projected surface area of the device, including the area of microelectrodes and the interspaces between them.


Supplementary Table

Table S1. Electrochemical performance of VN//Co(OH)2-PHMSs.
	Electrolyte
	Capacitance a
	Energy dendity a
	Power density a

	
	CA (mF cm-2)
	CV (F cm-3)
	Cs (F g-1)
	E (μW h cm-2)
	E (mW h cm-3)
	E (W h kg-1)
	P
(μW cm-2)
	P
(mW cm-3)
	P
(W kg-1)

	1M KOH
	33.4
	63
	98.1
	10.4
	19.7
	30.6
	1093
	2064
	3210

	KOH/PVA
	21
	39.7
	66.5
	6.6
	12.4
	20.7
	927
	1750
	2932


a These values are calculated based on the whole device.


Table S2. Comparison of electrochemical performance of VN//Co(OH)2-PHMSs with the state-of-the-art PHMSs and planar asymmetric MSs in liquid electrolyte.
	Electrodes
	Electrolyte
	CA a
	CV a
	Ea
	P a
	A,V
	Refs.

	
	
	mF cm-2
	F cm-3
	mW h cm-3
	mW cm-3
	cm-2, cm-3
	

	VN//Co(OH)2
	1 M KOH
	33.4
	63
	19.7
	2064
	1.61, 8.510-4
	This work

	GQDs//PANI
	0.5 M Na2SO4
	0.667
	_
	_
	_
	0.368, -
	3

	MnO2//AC
	0.2 M K2SO4
	30
	27.5
	8.6
	4540
	0.0576, 5.7610-5
	4

	GQD// MnO2
	0.5 M Na2SO4
	1.1
	
	
	
	0.368, -
	5

	GQD// MnO2
	EMIM-
NTF2-FS
	0.81
	
	
	
	0.368, -
	6

	VN//NiO
	1 M KOH
	1.85
	28.5
	16.2
	106769
	-, -
	7

	VACNT// MnO2/VACNT
	0.5 M Na2SO4
	0.113
	1.39
	0.27
	810
	0.22, -
	8

	OMCNT//MnO2
	0.5 M Na2SO4
	2.4
	_
	_
	_
	0.022, -
	9


a These values are calculated based on the whole device. A: area of the discussed device; V: volume of the discussed device.
GQDs: graphene quantum dots; PANI: polyaniline; VACNT: vertically aligned carbon nanotube; OMCNT: oxidized multiwalled-carbon nanotube.


[bookmark: OLE_LINK1]Table S3. Comparison of electrochemical performance of all-solid-state VN//Co(OH)2-PHMSs with the state-of-the-art PHMSs and planar asymmetric MSs in gel electrolyte. 
	Electrodes
	Electrolyte
	CA a
	CV a
	E a
	P a
	A,V
	Refs.

	
	
	mF cm-2
	F cm-3
	mW h cm-3
	mW cm-3
	cm-2, cm-3
	

	VN//Co(OH)2
	KOH/PVA
	21
	39.7
	12.4
	1750
	1.61, 8.510-4
	This work

	MnO2-PPy//V2O5-PANI
	PVA/LiCl
	_
	55.7
	19.81
	2570
	-, -
	10

	LIG-FeOOH//LIG-MnO2
	PVA/LiCl
	21.9
	5.4
	2.4
	2891
	0.75，0.003
	11

	GQDs//PANI
	PVA/H3PO4
	0.21
	_
	_
	_
	0.368
	3

	NPG/MnO2//
NPG/Ppy
	PVA/LiCl
	1.27
	127
	45.3
	440400
	0.36, 3.610-6
	12

	[bookmark: _Hlk496029530]K2Co3(P2O7)2//GS
	KOH/PVA
	0.72
	6
	0.96
	54.5
	1.2, -
	13


a These values are calculated based on the whole device. A: Area of the discussed device; V: Volume of the discussed device.
[bookmark: OLE_LINK52]PPy: polypyrrole; PANI: polyaniline; LIG: laser-induced graphene; GQDs: graphene quantum dots; NPG: Nanoporous gold; Ppy: polypyrrole; GS: graphene nanosheets.


REFERENCES
1. Zheng, J. P. High Energy Density Electrochemical Capacitors Without Consumption of Electrolyte. J. Electrochem. Soc. 156, A500-A505 (2009). 
2. Snook, G. A., Wilson, G. J. & Pandolfo, A. G. Mathematical functions for optimisation of conducting polymer/activated carbon asymmetric supercapacitors. J. Power Sources 186, 216-223 (2009).
3. Liu, W., Yan, X., Chen, J., Feng, Y. & Xue, Q. Novel and high-performance asymmetric micro-supercapacitors based on graphene quantum dots and polyaniline nanofibers. Nanoscale 5, 6053-6062 (2013).
4. Shen, C. et al. A high-energy-density micro supercapacitor of asymmetric MnO2-carbon configuration by using micro-fabrication technologies. J. Power Sources 234, 302-309 (2013).
5. Liu, W. W., Feng, Y. Q., Yan, X. B., Chen, J. T. & Xue, Q. J. Superior Micro-Supercapacitors Based on Graphene Quantum Dots. Adv. Funct. Mater. 23, 4111-4122 (2013).
6. Shen, B. S., Lang, J. W., Guo, R. S., Zhang, X. & Yan, X. B. Engineering the electrochemical capacitive properties of microsupercapacitors based on graphene quantum dots/MnO2 using ionic liquid gel electrolytes. ACS Appl. Mater. Interfaces 7, 25378-25389 (2015).
7. Eustache, E. et al. Asymmetric electrochemical capacitor microdevice designed with vanadium nitride and nickel oxide thin film electrodes. Electrochem. Commun. 28, 104-106 (2013).
8. Sun, L. et al. Optimization of coplanar high rate supercapacitors. J. Power Sources 315, 1-8 (2016).
9. Dinh, T. M., Mesnilgrente, F., Conédéra, V., Kyeremateng, N. A. & Pech, D. Realization of an asymmetric interdigitated electrochemical micro-capacitor based on carbon nanotubes and manganese oxide. J. Electrochem. Soc. 162, A2016-A2020 (2015).
10. Yue, Y. et al. A Flexible integrated system containing a microsupercapacitor, a photodetector, and a wireless charging coil. ACS Nano 10, 11249-11257 (2016).
11. Li, L. et al. High-performance pseudocapacitive microsupercapacitors from laser-induced graphene. Adv. Mater. 28, 838-845 (2016).
12. Zhang, C. et al. Planar integration of flexible micro-supercapacitors with ultrafast charge and discharge based on interdigital nanoporous gold electrodes on a chip. J. Mater. Chem. A 4, 9502-9510 (2016).
13. Pang, H., Zhang, Y., Lai, W. Y. & Hu, Z., Huang, W. Lamellar K2Co3(P2O7)2·2H2O nanocrystal whiskers: High-performance flexible all-solid-state asymmetric micro-supercapacitors via inkjet printing. Nano Energy 15, 303-312 (2015).
image2.png




image3.wmf
S

C

C

S

=


oleObject2.bin

image4.wmf
3600

t

´

D

=

E

P


oleObject3.bin

oleObject4.bin

image5.png
)

g
8

Volume STP (cm®

140

120

80

60

F 0.020

20015

3
Z0.005

10 20 30 40 50 60 70 M

Pore diameter (nm) /
- -

-I-’-.—-

E ../
o 0010 f ./.l
[ D0.000 //

02 04 06 08
Relative Pressure (P/P))

1.0

b 200

180
160

120
100
80
60

Volume STP (cm®g™)

40
20

140 -

0.000 /

10 20 30 40 50 60
Pore diameter (nm) /
Sl

02 04 06 0.8
Relative Pressure (P/P,)

1.0




image6.tiff




image7.tiff
~

Conductivity (S cm™)

500

5
&
8

300

200

100

2 3
Test point

b 175

(Scm
g 3 3 B 3
8 & 8 B 8

Conductivity

»
S

2 3
Test point

c 150

Scm”)
3 »
g B

-
3

Conductivity (
3

25

2 3
Test point





image8.tiff




image9.tiff
o
g

Potential (V vs. Hg/HgO)

Cycle number

Z' (Ohm)

140
0.004 -
S e 120 .
0002 = 15
< s
- € 60 -
5 0.000 § 10 .
E o 3
5 = ]
S _0.002 Z 40 05
1
S
o 0.0
-0.004 —e—-1.00-0V O 20
—=—0.950V 1 3
-0.008 o 0
40 08 06 04 02 00 200 400 600 800 1000 50 100 150 200 250 300
Potential (V vs. Hg/HgO) Cycle number f Z' (Ohm)
0.03 100 160 .
= 140 .
0.02 = 80 120 N
~ s - oos
<oot = E100
2 £ €0 [ 10
2 < =
£ o000 = N
8} g 40 60 05,
<4
-0.01
E 40 00l
2 L]
002 B 15 20 25
0
-0.03 0
02 00 02 04 06 08 200 400 600 800 1000 100 200 300 400 500




image10.tiff
0.025

0020

=4
o
o

Peak current (A
e
>

0.005

0.000

[ —H— experimental data
linear fit

R?=0.99976

0 10 20 30 40 50
v(mVs™)

Peak current (A)

0.08 -

0.07

0.06
0.05
0.04
0.03
0.02
0.01

0.00

—m— experimental data
linear fit

R?=0.99975





image11.tiff
0.03

0.02

Current (mA)
o
=4

o
o
S

o
2

-0.02

bos
t —=—1000 mVs" —@— specific capacitance
—e—500mVs’ S —m— areal capacitance
| —+—200mVs" D04r
—v—100mV's” ~
@
So03 \i
L [ohead \
5 2
©
L o
) o > e e G e Jo2r
Q
=
I 3
Qo.1f
(2]
. . . . . 0.0 . . . . .
0.0 0.2 04 0.6 0.8 0.00 0.02 0.04 0.06 0.08 0.10
Voltage (V) Scan rate (Vs™)

0.020

0.01

(mF cm?)

0.010;

| capacitance

0.005

Area

0.000




image12.tiff




image13.tiff
Voltage (V)

o

Voltage (V)

16 b 16 c®
14 14 14
12 12 12
10 210 2 10
) 3
08 Sos &os
o o
06 > 06 > 08
. 1.5:1 2:1
04 11 04 04
02 02 02
00 00 00
0 10 20 30 40 50 60 70 (] 20 40 60 8 100 0 20 40 60 80 100 120 140 160
Time (s) Time (s) Time (s)
16 C 1 f 30 . Je0
14 14 | —m—areal capacitance — ~
5 25| —e—specificcapaiance o'
12 12 S w
w @
= 20
10 S 10 E 402
< © s
I 8 B
08 2 08 515 308
06 S os 8 8
: 31 g 208
04 25:1 0a g £
g 08
02 02 £ @
00 00 0 0
0 20 40 60_ 80 100 120 140 160 0 20 40 60 80 100 120 140 160 11 &1 21 251 34
Time (s) Time (s) Mass ratio




image14.tiff
c

. 0 g g F—E— = —g—=
<\.'
£
o 16 ——1.1V]
w o5l ’ ——12V|
g S 14 ——13V
S 14V
3 —— 15V
=4 810 —— 16V
= 10F 508 1.7V
S >
g 06
04
—+—13V ° 02
—v—14V S 5t -
o
——15V < 005 20 40 60 80
——16V Time (s)
I L L I 1 I I I 1w7 v 0 I I I I L 1 1
00 02 04 06 08 10 12 14 16 11 12 13 14 15 16 17
Voltage (V) Voltage (V)

C d 12000
100 L-'} \- .
= e 10000 |
S ""1.. =
<
3 ¥ TENmmg  E 8000 .
S
I 5 . %
© 6or = 6000 | -
bl = L 20 .
8 h [ ] .
€ ol 4000 = 10
8
5
s 2000 o ESR=38.8
@ 20f
(&) 40 50 60 70
0 L
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 12000

Cycle number Z' (Ohm)




image15.tiff
12000

10000

100
80
60
u 40

o

-/ESR=51.3Q

60 90 120 150 180

2000 4000 6000 8000 10000 12000

Z' (Ohm)





image16.tiff
-0.15

(@)
]

A

-2

e (MF cm
- N N N w
(] o S [«*] N

Areal capacitanc
N

o h ®

00 02

04 06 08 10 12 1
Voltage (V)

4

1.

—=— areal capacitance

[ —o— volumetric capacitance

40 60 80
Scan rate (mV's™)

100

®
o

)

N W A O N
© © o ©o o o
m

o
Volumetric capacitance (F c

o

b

14+

12

1.0

0.8

Voltage (V)

0.6

0.4

0.2

—e—1.67 mA cm”
—=—3.33mAcm?
—v—6.67 mAcm®

0.0
0

ol

Capacitance retention (%)

100 f

®
o

@
=]

IS
o

N
=]

0

1500 3000 4500
Cycle number

6000

7500




image17.tiff
Current (mA)

c‘

—4—10mVs”

—v—20mVs’
[—e—50mVs’
—=—100mVs,

—— Specific capacitance

o\
.\: —m— Areal capacitance

~
\. _

1

o o

Areal capacitance (mF cm™)
(&)

0.0 0.2 0.4 0.6 0.8 1.0 20 40 60 80 100

" n 0 " . . n L

Voltage (V) Scan rate (mV s™)

N w F
o o o

5
Specific capacitance (F ™)




image18.tiff
V]

0.2

o
=

Current (mA)
o
o

-0.1

L L

0.0
Voltage (V)

0.2 0.4

Voltage (V)

04

0.2

-0.2

—e—0.58 mA cm?
—v—0.43 mA cm?
—4—0.29 mA cm™*

—o—0.14 mA cm?

—=—0.072 mA cm?

60 70




image19.tif
(A\) ebejon

LO < ™ (Q\ ~

=

©
—

o J
) ] )
4
WO

(.

— 1
AN o (00 © < AN
—

1

4JW) 82IA8p JO aduelioeden

20 25 30 35 40
Device number

1.5

1.0




image20.tiff




image1.wmf

oleObject1.bin

