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Materials characterizations

The morphological characteristics and structural properties of Ni-NDPC,

Cu/Ni-NDPC, Mo/Ni-NDPC, and Fe/Ni-NDPC were measured via field emission

scanning electron microscope (FESEM, Germany, MERLIN Compact, ZEISS),

transmission electron microscopy (TEM, America, ThermoFisher Talos F200X), and

conjoined with the X-ray diffractometer (XRD, America, D/Max 2200, MDI). The

surface information and defect/graphitic information of Ni-NDPC and M/Ni-NDPC

were measured via X-ray photoelectron spectroscopy (XPS, America, Thermo

ESCALAB 250XI) and Raman spectroscopy (France, LabRAM HR Evolution),

respectively. The surface area and pore properties were measured via nitrogen

adsorption-desorption measurement (ASAP2020, America). Atomic-level resolution

images were obtained on a high-angle annular dark-field scanning/transmission

electron microscope (HAADF-STEM, JEM-ARM200F, 200 kV) with an

aberration-corrected probe. The X-ray absorption fine structure (XAFS) spectra were

performed collected at 1W1B station in Beijing Synchrotron Radiation Facility

(BSRF). The raw EXAFS data were background-subtracted, normalized and Fourier

transformed by the standard procedures using the Athena module and Hephaestus

module implemented in the IFEFFIT software packages. The coordination parameters

were obtained by a least square fit in the R-space, k-weighted Fourier transformed

data using Artemis.
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Electrochemical characterization for IRR

The Electrochemical characterization including cyclic voltammetry (CV), EIS, and

Tafel polarization tests was evaluated by using an electrochemical workstation (CHI

660E, Chenhua, Shanghai, China). Cyclic voltammetry (CV) measurement of

catalysts was conducted in a three-electrodes system which is composed of Ag/Ag+

(reference electrode), Pt (counter electrode), and as-prepared IRR electrode (working

electrode), and acetonitrile electrolyte (containing 10 mM LiI, 0.1 M LiClO4, and 1

mM I2). The EIS results were fitted via Z-view software. The J-V curves of the

liquid-junction solar cells were measured using a solar simulator (USA,

EASISOLAR-50-3A, CROWNTECH, INC.,) and a digital source meter (USA,

Keithley 2400) under standard sunlight (AM 1.5, 100 mW cm-2).

Electrochemical characterization for HER

The HER activity of electrocatalysts was evaluated by using a three-electrode system

in 1 M KOH solution with the help of a CHI 660E electrochemical analyzer. This

three-electrode system consists of graphite rod (counter electrode), HER electrode

(working electrode), and Hg/HgO electrode (reference electrode). Linear sweep

voltammetry (LSV) was measured with the 95% ohmic potential drop (iR) correction

with the potential from -1.4 to -0.8 V with the scan rates of 5 mV s−1. According to the

Tafel equation, we deduced the Tafel slope curves from the LSV curves. EIS test was

performed with an amplitude of 5 mV matched with the frequency from 105 to 10-1 Hz.

The long-term stability of electrocatalysts was performed by comparing the variation

of LSV curves before and after 1000 cycles of the CV test. Chronopotentiometric

measurements (CP) were conducted for 10 h. To avoid the influence of air in the

system on the test results, the test system should be cleaned via the N2. The potentials

and reversible hydrogen electrode (RHE) were converted through the equation of E

(vs. RHE) = E (vs. Hg/HgO) + 0.059 pH + 0.098.
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Figure S1. (a) HRTEM images of Fe/Ni-NDPC, FFT images of (b) nanoparticles regions and (c)
graphitic carbon regions of Fe/Ni-NDPC.
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Figure S2. The EDS elemental mapping images of (a) Mo/Ni-NDPC and (b) Fe/Ni-NDPC.
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Figure S3. The XRD patterns of as-prepared (a) Ni/ZIF-8 and ZIF-8 simulate.

Figure S4. The pore size distribution of as-prepared catalysts.
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Figure S5. The high-resolution of Ni 2p and C 1s XPS spectrum in the (a)-(b) Cu/Ni-NDPC,
(c)-(d) Mo/Ni-NDPC, (e)-(f) Fe/Ni-NDPC, and (g)-(h) Ni-NDPC catalysts, respectively.
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Figure S6. The corresponding (a) Fe K-edge and (b) Mo K-edge EXAFS fitting curves of
Fe/Ni-NDPC at q space.
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Figure S7. CV curves of (a) Ni-NDPC, (b) Mo/Ni-NDPC, and (c) Cu/Ni-NDPC at scan rates of
25, 50, 75, and 100 mV/s in I-/I3- electrolyte, respectively; the relation between peak current
density and the square root of scan rate of CVs for (d) Ni-NDPC, (e) Fe/Ni-NDPC, and (f)
Mo/Ni-NDPC CE.
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Figure S8. CV curves in a non-Faraday region (-0.06 – 0.06 V vs. Hg/HgO.
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Figure S9. LSV curves of (a) Fe/Ni-NDPC, (b) Cu/Ni-NDPC, and (c) Ni-NDPC before and after
1000 CV cycles in 1 M KOH.
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Figure S10. XPS spectra of (a) Ni 2p and (b) Mo 3d of Mo/Ni-NDPC after CP measurement; (c-d)
TEM of Mo/Ni-NDPC after CP measurement.
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Table S1. Compilation of BET surface area based on metal modified nitrogen doped carbon-based
electrocatalysts under different applications.

Electrocatalysts Carbon source BET surface (m2 g-1) catalytic field Ref.

Co-N-C

ZIF-67

395.3

HRR

OER
1

Co0.75Fe0.25-NC 334.9

Co0.75Cu0.25-NC 360.5

Co0.75Ni0.25-NC 331.9

FeCo@NC Prussian Blue 42 Zn-air battery 2

Ni@NCx

MOF

383

OER 3
Fe@NCx 236

NiFe@NCx-P 328

NiFe@NCx 350

FeCo@NC nitrogen doped graphene 89.2 HER 4

Ni@NC
pyromellitic dianhydride

176.24
OER 5

NiFe@NC 154.25

Fe@NC

Single layer graphene

188.3

OER 6

Co@NC 133.5

Ni@NC 111.6

FeCo@NC 157.1

FeNi@NC 168.2

CoNi@NC 112.1

FeCo@NC ZIF/MIL 403 ORR 7

FeCo/NC Bulk C3N4 491.9 ORR/OER 8

FeCo@NC 2,2-bipyridine 263.5 OER/ORR 9

Fe-N/C

Dopamine

384.5

ORR 10Co-N/C 417.7

FeCo-N/C 442.6

Ni-NDPC

ZIF-8

743.64

IRR

HER
This work

Mo/Ni-NDPC 636.42

Cu/Ni-NDPC 494.32

Fe/Ni-NDPC 614.42

Table. S2 EXAFS data fitting results of the Fe/Ni-NDPC.

Sample Absorption edge Path R (Å) CN σ2 (eV) ∆E0 R

Fe/Ni-NDPC
Fe K-edge

Fe-N 2.03 2.9 0.009 3.07
0.002

Fe-Ni 2.75 0.9 0.007 -1.00

Ni K-edge
Ni-N 1.92 2.9 0.002 4.53

0.003
Ni-Fe 2.67 0.8 0.003 -0.12

CN is coordination number. R is distance between absorber and backscatter atoms.ΔE0 (eV), inner
potential correction accounts for the difference in the inner potential between the sample and the
reference compound. σ2 is Debye-Waller factor value to account for both thermal and structural
disorders. R factor indicates the goodness of the fit.
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Table S3. the average and variance of photovoltaic parameters in five solar cells based on
Fe/Ni-NDPC, Mo/Ni-NDPC, Cu/Ni-NDPC, Ni-NDPC, and Pt counter electrode catalysts.

CE Voc (V) Jsc (mA cm-2) FF (%) PCE (%)

Ni-NDPC 0.81±0.06 13.86±0.97 64.10±4.04 7.18±0.06

Fe/Ni-NDPC 0.78±0.01 16.08±0.05 65.08±0.33 8.16±0.05

Cu/Ni-NDPC 0.75±0.01 15.42±0.74 65.52±2.57 7.61±0.09

Mo/Ni-NDPC 0.75±0.01 15.42±0.11 67.86±0.10 7.79±0.10

Pt 0.78±0.01 15.04±0.21 61.77±0.53 7.25±0.06

Voc: open-circuit voltage, Jsc: short-circuit current density, FF: fill factor, PCE: power conversion
efficiency.

Table S4. Comparison of the η10 and corresponding Tafel slope for the HER of the as-prepared
catalysts and reported M-N-C catalysts in alkaline condition.

Electrocatalysts
Electrode

substrate

Carbon

source

Overpotential/mV

(at 10 mA cm-2)

Tafel solpe

(mV dec-1)
Ref.

Co-N-C glassy carbon polymer 180 59.07 11

Co-N-C carbon paper
polyaniline derived

carbon nanofibers
178 102 12

Co-N-C glassy carbon graphene 337 70 13

Co@N-C glassy carbon prussian blue 200 112 14

Co-N-C glassy carbon ZIF-67 232 133 15

Co-N-C/CNT glassy carbon ZIF-67, CNTs 203 125 16

Co-N-C
glassy carbon

Co-MOF 255 101
17

Fe-N-C Fe-MOF 370 119

Ni-N-C
exfoliated

graphene foil
dicyandiamide 307 183 18

Ni@N-C
cellulose filter

paper
phenanthroline 190 … 19

Ni@NC nickel foam Ni-MOF 205 160 20

Co0.75Fe0.25-NC ZIF-67 202 67.96 1

CoNi@NC glassy carbon graphene spheres 142 104 21

FeCoNi@FeNC
glassy carbon EDTA

105 67
22

CoNi@NC 179 105

MoNiNC nickel foam resin-F127 110 … 23

Ni-NDPC nickel foam

ZIF-8

173.8 102.0

In this

work

Mo/Ni-NDPC nickel foam 117.8 81.7

Cu/Ni-NDPC nickel foam 153.8 88.1

Fe/Ni-NDPC nickel foam 134.8 80.9
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