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Experimental section

Pre-treatment of Ni-foam: First, several nickel foams (1 cm x 2 cm) were put in
0.5 M H,SO, solutions for 5 min to eliminate the surface oxides. Then, they were
transferred into 20 mL acetone for 10 min to experience a process of degreasing.
Finally, after 30 min ultrasonic cleaning and washing by deionized water, the nickel

foams was taken to an oven with 120 °C for 1 h.

Preparation of Ni-Co-CN electrodes: The Ni-Co-CN composite is synthesized
by one-step pyrolysis in muffle furnace. In a typically procedure, 2 g urea and 0.5 g
cobaltous nitrate hexahydrate (Co(NO;),-6H,0) were added into 10 mL deionized
water under stirring to form a homogeneous and transparent solution. Then, the dried
nickel foam is soaked twice in above solution and dried with hair dryer to achieve a
uniform load of active substances. Ultimately, the samples were transferred into a
boat shape crucible (10 cm x 3 cm X 2 cm), and subsequently heated to 350 °C at a
ramping rate of 3 °C min"! and maintained 2 h under air conditions. For the sake of
comparison, the same method was applied to fabricate the Ni-Co and Ni-Urea
electrodes, accordingly the precursor solutions are changed to 0.5 g cobaltous nitrate
hexahydrate (Co(NO3),-6H,0) and 2 g urea aqueous solutions, respectively.
Moreover, the effect of calcination temperature on Ni-Co-CN was investigated. To
this end, five different temperatures including 200 °C, 300 °C, 350 °C, 400 °C, 500 °C
were explored, where the as-fabricated electrodes were denoted as Ni-Co-CN-X, and

X is the actual temperature.



Assembly of Asymmetric Supercapacitors: 6 g polyvinyl alcohol (PVA)and 3 g
KOH were added into 60 mL deionized water to prepare gel electrolytes for ASC.
First, the above solution is heated to 100 °C for 30 min to obtain a homogeneous
solution, then the positive electrode materials (Ni-Co-CN, 1 c¢m?) and negative
electrode materials (porous carbon coated nickel foam, 1 cm?) were immersed into the
PVA/KOH electrolytes for 1 min. After repeated soaking for three times, the
electrodes were transferred to a petri dish and stand for 12 h before being assembled
into a button battery. And the specific assembly procedures of button batteries could

be found in our previous work.[1]

Characterization methods

A Rigaku Smartlab X-ray diffraction (XRD) equipment was applied to collect the
diffraction data of the obtained samples using Cu Ka (A = 0.1544 nm) radiation. The
Fourier transform infrared (FT-IR) spectra were recorded with a Vertex 70
spectrophotometer (Bruker Optik GmbH, Germany). Moreover, a Renishaw Invia
Raman spectrometer with a 20 mW Ar™ laser source of 532 nm was used to collect the
Raman spectra. The surface area and pore size distribution were characterized by the
N, adsorption isotherms at 77 K with a Micrometrics ASAP 2460 instrument, and the
multipoint Brunauer—Emmett—Teller (BET) method was performed to calculate the
SSA (specific surface area). The morphologies and structures of samples were
investigated by a field emission scanning electron microscope (FESEM) (Sigma 500
Zeiss Germany). In addition, a transmission electron microscopy (TEM, Tecnai F20,
FEI, USA) coupled with an energy-dispersive X-ray spectroscopy (EDS) were
conducted to detect the microstructure of active materials. The X-ray photoelectron
spectra (XPS) were also measured on a Thermo Scientific ECSALab 250Xi X-ray
photoelectron spectrometer with an Al Ko X-ray radiation (1486 eV) to investigate

the chemical states and surface composition. The contents of transition metal atoms in
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several samples were measured via Inductively Coupled Plasma Optical Emission

Spectrometry (ICP-OES PQ9000, Analytik Jena)

Electrochemical measurements

Evaluation of Supercapacitive Performances: All electrochemical tests were
based on a CHI 660E electrochemical workstation (CH Instrumental Co, Ltd,
Shanghai), and the electrochemical property of individual electrode is studied by a
three-electrode electrochemical set-up (Pt foil as the counter electrode, saturated
calomel electrode (SCE) as the reference electrode and the self-supported Ni-Co-CN
as the working electrode, respectively). In this system, an aqueous solution of 3 M
KOH was used as electrolyte, and the stability of electrode was tested under the scan
rate of 50 mV s°!. Besides, the range of frequency in the electrochemical impedance
spectroscopy (EIS) measurement is from 0.01 HZ to 100 KHz. Meanwhile, the
galvanostatic charge-discharge (GCD) tests were carried out from -0.1 V to 0.4 V and

the areal specific capacitance ( () were calculated by the equation as follows:

C, = It / ANV N

Where C; is the areal specific capacitance (mF cm2), I is the discharge current (A), t
is the discharge time (s), A represents the area of self-supported electrodes (cm?) and

AV is the potential window (V).

Besides, the energy density and power density of Ni-Co-CN//porous carbon ASC

are calculated by the two equations as follows:

1
E="/,cV* )

P=E/t (3)
Where F represents the energy density (mWh cm™), C; is the areal specific

capacitance (F cm™), V' means the operating voltage (V), Pis the power energy (mW

cm?), trefers to the discharge time (s).



Also, to achieve 9+ = q—, the mass ratio of positive electrode active material to

negative electrode active material is determetered from the following equation:

o =(J4) (4,

The mass ratio of the positive electrode active material to the negative electrode
active materials was determined from the cyclic voltammograms acquired at 10mV/s

(Fig S8a) for both electrodes.

Evaluation of Electrocatalytic Activity for OER: The catalytic performances of
self-supported electrodes were measured in 1 M KOH electrolytes with a standard
three-electrode system. During the testing process, the as-fabricated self-supported
electrodes used as working electrode directly, a platinum foil as counter electrode and
a SCE electrode as the reference electrode, respectively. After successive cyclic
voltammetry (CV) scanning for activating, the linear sweep voltammetry (LSV)
measurements were performed at a scan rate of 2 mV s*! without any iR-correction

and the overpotential (1) was calculated by the following equation:

n = E, RHE —-1.23V 5)

E,, RHE

Where means all the potentials are recorded relative to the reversible

hydrogen electrode (RHE), just as shown in the Nernst equation:
E, RHE = E, Hg/Hg,Cl, + 1.068 + 0.059 pH 6)

In addition, Tafel slope (b, mV decade) is calculated based on the equation as

follows:
n = blogj (7)

Where jmeans the current density (mA cm2).



Calculation of C,

Based on the linear fitting of Fig S12, take Ni-Co-CN as an example, we can derive

its specific capacitance as follows:

_k; _ 3386, _ 2
Cy="/, = /5 =16.93mF/cm ®

where Ca is the specific capacitance of Ni-Co-CN, k is the fitting slope.

Asymmetric supercapacitors (ASC)

A solid-state ASC was fabricated to explore the practical application of electrode
materials. In the assemble procedure, the as-prepared Ni-Co-CN, porous carbon from
our previous work and PVA/KOH gel were chosen as positive electrode, ! negative
electrode and electrolyte, respectively. As shown in Fig. S8a, the potential windows
of Ni-Co-CN//porous carbon ASC were determined through the test of voltage range
at a scan rate of 10 mV s'!. As depicted in Fig. S8b and S8c¢, the CV and GCD tests
were conducted at different potential windows from 0.8 V to 1.6 V. No obvious
polarization could be observed when the potential window was less than 1.6 V (Fig.
S8b), suggesting that the operating voltage of ASC could be broadened up to 1.6 V.
As displayed in Fig. S8d, a series of redox peaks appeared at the CV plots in different
scan rates, indicating that both pseudocapacitance and double-layer capacitance take
effect in the process of electrode reaction. And the CV curves of ASC device nearly
remain its initial shape, suggesting a good reversibility of electrode materials.
Additionally, based on Fig. S8e and Equation 1, the areal specific capacitances of Ni-
Co-CN//porous carbon can be calculated as 905, 766, 502, 375 and 270 mF cm™ at the

current densities of 0.5, 1.0, 2.0, 4.0 and 8.0 mA c¢m2, respectively.



Energy density and power density are two important parameters in evaluating
supercapacitive performance and both high values of them means an excellent energy
storage material. Herein, the as-obtained Ni-Co-CN//porous carbon ASC device
exhibits a superior energy density of 0.29 mWh cm? when its power energy up to 2
mW cm=. And the energy density of ASC devices can still be achieved to 0.19 mWh
cm? as the power density up to a high value of 6.4 mW cm2, outperforming most of
Ni-based asymmetric supercapacitors. The specific values are shown in the Ragone
plots (Fig. S9¢) and performance comparisons table (Table S6). Furthermore, the
values of R (~3.06 Q) and R (~2.65 Q) derived from the EIS measurement in Fig.
S9a are used for evaluating the charge transfer process occurred on electrode
materials, which demonstrates a good -electrochemistry property for Ni-Co-
CN//porous carbon ASC. In addition, cycling stability of ASC was also estimated
through GCD method at a current density of 1 mA c¢cm2. Although there are abnormal
fluctuations during testing, the capacitance still remains ca.79.2% of initial values
after 5000 cycles (Fig. S9b). Besides, the pattern of “UCAS” that comprises of
several LEDs was successfully lighted up by using two ASC devices in series (Fig.
S9d). Overall, the Ni-Co-CN//porous carbon ASC devices assembled enable the

practical application and display a preferable performance.

Computational datails

First-principles calculations were performed by using the Vienna Ab initio
Simulation Package (VASP) > to investigate the oxygen evolution reaction (OER)

process. The valence-core electrons interactions were treated by Projector Augmented
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Wave (PAW) ¢ potentials and the electron exchange correlation interactions were
described by the generalized gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) functional. 7 Considered long-range interaction between
molecules/intermediates and surface, Van der Waals interactions were considered
using DFT-D3 correlation. ® Models were built according to growth subsequence and
to avoid effects come from another slab, a vacuum of 20 A was added along z
direction. The convergence criterion of geometry relaxation was set to 0.01 eV+A~!in
force on each atom. The energy cutoff for plane wave-basis was set to 450 eV. The K

points were sampled with 3x3x1 by Monkhorst-Pack method.® Free energies of each

reaction steps were calculated as , where “DFT is the DFT

calculated energy, Ezpe and TAS are calculated by DFT vibration frequency

calculations and presented in Table S9. In order to consider the effect of an applied
electric potential on the electrode reaction, a value of —neU was added to calculate the
free energy of each step, where n is the number of electrons involved in the reaction,

U is the applied bias.



Fig S1. The photos of obtained Ni-Co-CN, Ni-Co, Ni-Urea and Ni-foam self-

supported electrodes.
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Fig S2. (a) The CV, (b) GCD, (¢) EIS tests for supercapacitors and (d) LSV plots for
OER of Ni-Co-CN-X (X=200°C, 300°C, 350°C, 400°C, 500°C).
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Fig SS. (a, b) TEM images of Ni-Urea with different magnifications and locations; (¢)
HRTEM images and (d) the corresponding SAED pattern of the Ni-Urea; (e)
HAADF-STEM image; (f) an expansion image in the region of orange rectangle in (e);
(g) EDS elemental mapping images reveal the homogenous distribution of C, N, O

and Ni element of the Ni-Urea composite.

13



Fig S6. (a, b) TEM images of Ni-Co with different magnifications and locations; (¢)
HRTEM images and (d) the corresponding SAED pattern of the Ni-Co; (¢) HAADF-
STEM image of Ni-Co electrode; (f) an expansion image in the region of orange
rectangle in (e); (g) EDS elemental mapping revealing the homogenous distribution of

N, O, Co and Ni element of the Ni-Co composite.
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of Ni-Co-CN//porous carbon ASC to current density.
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Table S1. The specific performance results of Ni-Co-CN-X (X=200C, 300C, 350°C,

400°C, 500°C) derived from Fig S2.

Cs (F cm?)
Overpotential (mV) 251 273

456 485

Table S2. The contents of each element in Ni-Co-CN species measured by XPS.

Cls 36.47
N1s 24.65
O1s 30.21
Co2p 1.77
Ni2p 6.91

Table S3. The contents of transition metal atoms in several samples measured via
ICP-OES.

Ni-Co 46.6 233
Ni-Urea 0.2 40.7
Ni-Co-CN 10.2 65.7
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Table S4. Comparison of Ni/Co-based materials applied to supercapacitors.

NiCo0,0,@NiCo0,04 2 M KOH 2.2//5 10
NiCo0,S;@Co(OH), 2 M KOH 9.6//2 11
NiCo,S;@PPy/NF 3 M KOH 9.781//5 12
Ni(OH),/RGO/NF 1M KOH 15.65//7 13
NiCe:04 3 M KOH 3//5 14
nanowire@Ni;S,
NiCo2S4@PANI 6 M KOH 4.74/12 15
Co-MOF/NF 2 M KOH 13.6//2 16
Co0304@NiCo0,04 2 M KOH 9.17/72 17
CoS@NiCo,S, 2 M KOH 7.62//5 18
CoNi,S, 2 M KOH 5.71/120 19
g-C;N4/NiO/CoN 3 M KOH 18.8//2 This work

Table S5. The values of Ry and R for Ni-foam, Ni-Co, Ni-Urea and Ni-Co-CN
electrodes.

R, (©2) 1.247 1.345 1.189 1.238
R (2) 36.97 26.44 3.944 2.132
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Table S6. Comparison of Ni/Co-based materials assembled to ASC in the field of
supercapacitors.

Ni@Ni(OH),/ACC 1910 0.6 0.37 20
Ni,CoS,@NiCo0,0,/CFP 1250 0.44 0.16 21
NiC0,0; NG @ CF 25 0.001 2 22
Ni(OH), Nanowire@OMC 21 0.01 7.3 23
ﬁf}g‘gﬁg 404 0.01 78 24
NiO@MnCo-LDH/NV/AC 368 0.02 0.38 25
3D-
NiMoO/Ni@CW//rGO/C 504 0.2 4.1 26
F
NiO/rGO 248 0.1 0.88 27
Cltillf;i(:_z:()(“)?l)z 888 0.32 0.77 28
NiO//0-Fe,0, 229 0.05 0.3 29
Ni-Co-CN// ,
Porous earbon 770 0.3 2 This work

Table S7. The overpotential values for Ni-foam, Ni-Co, Ni-Urea and Ni-Co-CN
electrodes under different current densities.

Sample
Overpotential

Current density

10 mA/cm? 457 mV 367 mV 253 mV 195 mV

40 mA/cm? 519 mV 417 mV 493 mV 302 mV
80 mA/cm? 680 mV 629 mV 678 mV 495 mV
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Table S8. Comparison of Ni/Co-based materials developed for the catalysts of
oxygen evolution reaction.

NiCo,N/NF IM KOH 290 30
CoN nanowires IM KOH 290 31
CoN/Ni;N@N-doped IMKOH 247 37
carbon
Cos47;N NP@N-PC IM KOH 248 33
NiO@CoN PINWs 1M KOH 300 34
Ni-NiO/N-rGO 1M KOH 240 35
Niy 32C0¢.150@C-NF 1M KOH 190 36
Cog.25Fe;3.75sNiz;sOx 1M KOH 186 37
NiFe-LDH
IM KOH 224 38
nanoplatelet array
NiSe;NCs IM KOH 250 39
g-C;N4/NiQ/CoN 1M KOH 195 This work

Table S9. Calculated zero-point energies and entropies of different adsorption species,

where the * denotes the adsorption site. T was set as 300K.

*OH 0.35 0.08

*0 0.07 0.05

*OOH 0.44 0.12

28



References

vk wDe

N o

10.

11.
12.

13.

14.

15.
16.

17.
18.

19.

20.

21.
22.

23.

24.

Fan, P.; Ren, J.; Pang, K.; Cheng, Y.; Wu, X.; Zhang, Z.; Ren, J.; Huang, W.; Song, R. ACS
Sustainable Chem. Eng., 2018, 6, 7715-7724.

Kresse, G.; Hafner, J. Phys. Rev. B., 1994, 49, 14251.

Kresse, G.; Furthmiiller, J. Comp. Materi. Sci. 1996, 6, 15-50.

Kresse, G.; Furthmiiller, J. Phys. Rev. B. 1996, 54, 11169.

Segall, M.; Lindan, P. J.; Probert, M. a.; Pickard, C. J.; Hasnip, P. J.; Clark, S.; Payne, M. J.
Phys.: Condens. Matter. 2002, 14, 2717.

Blochl, P. E. Phys. Rev. B., 1994, 50, 17953.

Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, M. R.; Singh, D. J,;
Fiolhais, C. Phys. Rev. B., 1992, 46, 6671.

Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. J. Chem. Phys. 2010, 132, 154104.

Monkhorst, H. J.; Pack, J. D. Phys. Rev. B., 1976, 13, 5188.

Liu, X.; Shi, S.; Xiong, Q.; Li, L.; Zhang, Y.; Tang, H.; Gu, C.; Wang, X.; Tu, J. ACS 4ppl.
Mater. Interfaces., 2013, 5, 8790-8795.

Li, R.; Wang, S.; Huang, Z.; Lu, F.; He, T. J. Power Sources., 2016, 312, 156-164.

Yan, M.; Yao, Y.; Wen, J.; Long, L.; Kong, M.; Zhang, G.; Liao, X.; Yin, G.; Huang, Z. ACS
Appl. Mater. Interfaces., 2016, 8, 24525-24535.

Min, S.; Zhao, C.; Zhang, Z.; Chen, G.; Qian, X.; Guo, Z. J. Mater. Chem. A., 2015, 3, 3641-
3650.

Liu, B.; Kong, D.; Huang, Z. X.; Mo, R.; Wang, Y.; Han, Z.; Cheng, C.; Yang, H. Y.
Nanoscale., 2016, 8, 10686-10694.

Liu, X.; Wu, Z.; Yin, Y. Chem. Eng. J., 2017, 323, 330-339.

Zhu, G.; Wen, H.; Ma, M.; Wang, W.; Yang, L.; Wang, L.; Shi, X.; Cheng, X.; Sun, X.; Yao,
Y. Chem. Commun., 2018, 54, 10499-10502.

Lu, Y.; Li, L.; Chen, D.; Shen, G. J. Mater. Chem. A., 2017, 5, 24981-24988.

Zeng, W.; Zhang, G.; Wu, X.; Zhang, K.; Zhang, H.; Hou, S.; Li, C.; Wang, T.; Duan, H. J.
Mater. Chem. A., 2015, 3, 24033-24040.

Mei, L.; Yang, T.; Xu, C.; Zhang, M.; Chen, L.; Li, Q.; Wang, T. Nano Energy., 2014, 3, 36-
45.

Jin, Z.; Zhou, M.; Hu, J.; Li, K.; Tang, L.; Zhao, H.; Cai, Z.; Zhao, Y. J. Alloys Compd., 2019,
784, 1091-1098.

Cao, L.; Tang, G.; Mei, J.; Liu, H. J. Power Sources., 2017, 359, 262-269.

Senthilkumar, S. T.; Fu, N.; Liu, Y.; Wang, Y.; Zhou, L.; Huang, H. Electrochim. Acta., 2016,
211,411-419.

Dong, X.; Guo, Z.; Song, Y.; Hou, M.; Wang, J.; Wang, Y.; Xia, Y. Adv. Funct. Mater., 2014,
24, 3405-3412.

Yang, H.; Xu, H.; Li, M.; Zhang, L.; Huang, Y.; Hu, X. ACS Appl. Mater. Interfaces., 2016,

8, 1774-1779.
29



25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

Gao, L.; Fan, R.; Xiao, R.; Cao, K.; Li, P.; Wang, W.; Lu, Y. Appl. Surf. Sci., 2019, 475,
1058-1064.

Naderi, L.; Shahrokhian, S. J. Colloid Interface Sci., 2019, 542, 325-338.

Luan, F.; Wang, G.; Ling, Y.; Lu, X.; Wang, H.; Tong, Y.; Liu, X. X.; Li, Y. Nanoscale.,
2013, 5, 7984-7990.

Xu, K.; Zou, R.; Li, W.; Liu, Q.; Liu, X.; An, L.; Hu, J. J. Mater. Chem. A., 2014, 2, 10090-
10097.

Zhang, S.; Yin, B.; Wang, Z.; Peter, F. Chem. Eng. J., 2016, 306, 193-203.

Wang, Y.; Zhang, B.; Pan, W.; Ma, H.; Zhang, J. ChemSusChem., 2017, 10, 4170-4177.
Zhang, Y.; Ouyang, B.; Xu, J.; Jia, G.; Chen, S.; Rawat, R. S.; Fan, H. J. Angew. Chem. Int.
Ed., 2016, 55, 8670-8674.

Ray, C.; Lee, S. C.; Jin, B.; Kundu, A.; Park, J. H.; Chan Jun, S. J. Mater. Chem. A., 2018, 6,
4466-4476.

Chen, Z.; Ha, Y.; Liu, Y.; Wang, H.; Yang, H.; Xu, H.; Li, Y.; Wu, R. ACS Appl. Mater.
Interfaces., 2018, 10, 7134-7144.

Yin, J.; Li, Y.; Lv, F.; Fan, Q.; Zhao, Y. Q.; Zhang, Q.; Wang, W.; Cheng, F.; Xi, P.; Guo, S.
ACS Nano., 2017, 11, 2275-2283.

Liu, X.; Liu, W.; Ko, M.; Park, M.; Kim, M. G.; Oh, P.; Chae, S.; Park, S.; Casimir, A.; Wu,
G.; Cho, J. Adv. Funct. Mater., 2015, 25, 5799-5808.

Yang, H.; Chen, Z.; Hao, W.; Xu, H.; Guo, Y.; Wu, R. 4ppl. Catal. B: Environ., 2019, 252,
214-221.

Wu, Z.; Wang, X.; Huang, J.; Gao, F. J. Mater. Chem. A., 2018, 6, 167-178.

Li, Z.; Shao, M.; An, H.; Wang, Z.; Xu, S.; Wei, M.; Evans, D. G.; Duan, X. Chem. Sci.,
2015, 6, 6624-6631.

Kwak, I. H.; Im, H. S.; Jang, D. M.; Kim, Y. W.; Park, K.; Lim, Y. R.; Cha, E. H.; Park, J.
ACS Appl. Mater. Interfaces., 2016, 8, 5327-5334.

30



