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1. Supplement on iR-compensation.

In the water electrolysis system, the additional resistance generated at the
electrochemical interface will lead to the additional overpotential, which will result in
a drop in the potential that is actually used to catalyze the reaction.!!-?! In order to reflect
the true catalytic capacity of the catalysts, ohmic drop compensation (iR-compensation)
is generally required.B’! Applying 100% compensation can often result in equipment
damage or abnormal results. In general, 90% iR-compensation is widely used.*

2. Supplement on the Tafel slope value.

In general, the Tafel slope value of Pt/C used as the catalyst for acidic HER is
between 30 and 40 mV dec’'. However, when it is applied to alkaline HER, its activity
and kinetics decrease significantly, because of the slow water dissociation rate and the
lack of H protons supply.l6-1 In addition, the Pt/C electrode made in this paper is coated
on the surface of NF. This connection is not tight and can hinder the electron transport
between the catalyst and the collector, thus further slowing down the reaction kinetics.
The above reasons ultimately lead to the Tafel slope values of Pt/C for acidic HER (48
mV dec!) and alkaline HER (58 mV dec!) exceeding the range of 30-40 mV dec’!
(Figure S14b and Figure 4b).

3. The calculation details of ECSA

The CV was used at non-Faradaic overpotentials as the means for estimating the
effective electrochemical surface areas. Test was at different scan rates (10, 20, 40, 60,
80 and 100 mV s’!, showing in Figure S12, Figure S14 and Figure S16). The
differences in current density variation (Aj=j,-j.) at the middle potential plotted against
scan rate were fitted to estimate the electrochemical double-layer capacitance (Cy),
which is proportional to the ECSA of the material. As the specific capacitance for a flat
surface was generally found to be within the range of 20~60 pF cm2, therefore, 40 uF
cm? was used in the following calculations of the ECSA. The ECSA was thus
calculated from the following formula:

Cdl

Secsa = )

40pF-cm™ 2 per cm
In addition, the current density was normalized by the ECSA to exclude the
contribution from the surface area.

4. Computational Method

All DFT calculations were performed using spin-polarized density functional
theory (DFT) framework as implemented in the Quantum-Espresso package.['9 The
electron-ion interactions were described using ultrasoft pseudopotentials and exchange-
correlation interactions using the generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) functional.[!!-12] The Kohn-Sham (KS) orbitals and the
charge density were represented using plane waves (PWs) basis sets up to a maximal
kinetic energy of 50 Ry and 400 Ry, respectively. The hybrid structures of NC@NiCoP
and M-OH@NiCoP were built by coupling nitrogen doped 4x4x1 graphene sheet and
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3x3x1 Ni(Co)OH to the NiCoP surface, respectively, to study the HER evolution
process in alkaline solutions. The vacuum spacing in the supercell is 15 A along the ¢
direction to avoid the fake mirror interactions. The long-range dispersion effect was
considered using van der Waals correction in Grimme’s DFT-D3 scheme.[!3] Gamma
point was used to perform the integration in the Brilliouin zone for geometric
optimization.[' All structures were optimized at the convergence criteria of 1x1077 eV
for the energy and 1x10* eV/A for the force. The Gibbs free energy of the adsorbed
intermediates was calculated by
AG = AE + AEzpg — TAS

where AE is the adsorption energy of the intermediate on the active sites of studied
catalysts, and AEzpg is the zero-point energy correction for intermediate adsorption. AS
is the vibrational entropy of adsorbed intermediates which can be derived from
frequency calculations.

5. The exposition of the innovation point.

Different from most previously reported researches, the novelty of this work lies
in the carbon layer modification and the surface activation behavior analysis. Firstly,
the carbon layer prepared by electrodeposition reveals the effect of its own thickness
on the electronic configuration and catalytic activity of the coated materials. DFT
calculations also prove that the carbon layer can effectively optimize the H,O
dissociation energy and the hydrogen adsorption free energy for catalysts. Secondly, to
date, a large number of researches are focused on the design of phosphide catalysts for
efficient water electrolysis, such as the design of nanostructures, the optimization of
element composition, and the simplification of synthesis pathways, etc. However, the
possible surface activation behavior and the actual surface state during the reaction
process are seldom discussed, especially for HER. Therefore, this paper has employed
a variety of characterization techniques to clarify the surface activation behaviors in
different reaction processes and electrolytes. In short, the generated substances from
activation processes are attached to the surface of catalysts to form new catalytic
systems (NiCoP/M-OH for alkaline HER and NiCoP/M-OOH for alkaline OER). DFT
calculation confirms that M-OH can further decrease the energy barriers for water
adsorption/dissociation and optimize the adsorption/desorption capacities for
intermediates in alkaline HER. In addition, the phosphide catalyst does not undergo the
substance evolution process in acidic HER.



Figure S1 Original morphology of NF.



Figure S2 SEM images at different magnifications of (a, d) NiCoCO;(OH),@NF and
xPANI@NiCoCO;(OH),@NF with different electrodeposition time: (b, €) 0.5 min, (c,
) 1.0 min, (g, j) 1.5 min, (h, k) 2.0 min, (i, 1) 4.0 min.
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Figure S3 XRD patterns of (a) NiCoCO3(OH),@NF precursor, (b) NiCoP@NF and

xNC@NiCoP@NF.



xNC@NiCoP@NF with different electrodeposition time (b, €) 0.5 min, (c, f) 1.0 min,
(g,7) 1.5 min, (h, k) 2.0 min, and (i, ) 4.0 min.
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Figure S5 Bar graph of nanoparticles particle size distribution in
1.ONC@NiCoP@NF.
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Figure S6 (a) TEM image, (b) EDS spectrum of 1.0ONC@NiCoP@NF, where the Cu
signal comes from the Cu net substrate.
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Figure S7 (a) STEM image of 1.0ONC@NiCoP@NF and (b) corresponding element

line scanning results.
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Figure S8 Raman spectra of the obtained NiCoP@NF and 1.0NC@NiCoP@NF

11



&
=

Survey =
ot
3 && ©
°o
- 4 655 F— w S DR
5 5 e | I - . 3
& z z :yfq & : & E:
£ [1.oNc@NicoP@NF —-'.E:"-L'J‘li 4
g : %
. o Z
= 1 &s §
c Z o=
G| =z &
A SN
NiCoP@NF -———-—J——L‘L%_m
1200 1000 800 600 400 200 0 292 290 288 280 284 282
Oinding nerey €D Binding Energy (eV)
C
O 1s
: H,O _A..-..'-'"""‘
% |[LONC@NiCoP@NF
§
= P
H,O
537 535 533 531 =20

Binding Energy (eV)

Figure S9 (a) XPS survey spectra for NICoOP@NF and 1.0NC@NiCoP@NF. High-
resolution XPS spectra of (b) C 1s and (¢) O 1s for NiCoP@NF and
1.ONC@NiCoP@NF.
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Figure S10 High-resolution XPS spectrum of S 2p for 1.ONC@NiCoP@NF.
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Figure S11 HER performance of NiCoP@NF and xXNC@NiCoP@NF (x=0.5, 1.0, 1.5,
2.0 and 4.0) in 1.0 M KOH electrolyte, (a) LSV curves (scan rate =2 mV s™!), (b)

Tafel plots, (c) Nyquist plots (overpotential = 80 mV, the equivalent circuit is

inserted), (d) Cq plots, () ECSA-normalized LSV curves.
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Figure S13 Cyclic voltammetries at different scan rates (20, 40, 60, 80, and 100 mV
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xNC@NiCoP@NF (x=0.5, 1.0, 1.5, 2.0, and 4.0) for evaluating the Cy values of

catalysts in alkaline HER.

16



a
0-0 b0'3 O NiCoP@NF
— A 05NC@NiCoP@NF
T w02 ¥ 1ONC@NiCoP@NF
s - & 1.5NC@NiCoP@NF
< Z 02} < 2ONC@NICoP@NF
Z 0.4 = [ > 4ONC@NiCoP@NF
- = © P/C@NF
g g 97 mV dec!
= ———NiCoP@NF s 94 mV dec
= -0.6 ——0.5NC@NiCoP@NF | & 88 mV dec’!
£ —— LONC@NiCoP@NF | 2 0.1F 99 mV dec’!
H —— 15NC@NiCoP@NF | © 101 mV dec!
© 08 ———2.ONC@NiCoP@NF 103 mV dec
—— 4.ONC@NiCoP@NF 48 mV dec M
—— P/C@NF :
-1,0 L 1 1 0.0 A " "
-0.4 -0.3 -0.2 -0.1 0.0 0.5 1.0 1.5 2.0 2.5
1 Potential (V vs RHE) d loglji/mA em?|
C ® NiCoP@NF
1.0FA 0.5NC@NiCoP@NF
sl ¥ LONC@NiCoP@NF
€ LSNC@NiCoP@NF
0814 2ONC@NIColP@NF
= & P 4 ONC@NICoP@NF
E 6 =
S 5 06}
e Rs -
N 2
N 4 ® NiCoPGNF ;E' 04l gi mg"mz
A 05NC@NiCoP@NF| = -2 mErem
v LONC@NiCoP@NF| = 7.5 mE/em’
2 & 15NC@NiCoP@NF 02l 9.2 mF/em”
4 2.0NC@NiCoP@NF 8.0 mE/em’
o b 4.0NC@NiCoP@NF s 7.0 mF/cm
0 3 6 9 12 15 18 20 40 60 80 100
e 0 Z' (ohm) f 0.0 Scan rate (mV s™)
100 mA ecm?
& -f =
5 = 0.1
Z af 2
z é
w
s 3 =
e S =
= L8 ——NiCoP@NF _ g
] g ——0.SNC@NICoP@NF| 3
= —— LONC@NIiCoP@NF | £°-0.3
< st —— 1LSNC@NICoP@NF [ 2
e 2. ONC@NICoP@NF
——— 4.O0NC@NiCoP@NF
f'0.5 -0.4 -0.3 -0.2 -0.1 0.0 0 10 20 30 40 50 60 70 80 90 100

Potential (V vs RHE)

Time (h)
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Figure S15 Cyclic voltammetries at different scan rates (20, 40, 60, 80, and 100 mV
s~ 1) for (a) NiCoP@NF and (b-f) xNC@NiCoP@NF (x=0.5, 1.0, 1.5, 2.0, and 4.0) for
evaluating the Cg4; values of catalysts in acid HER.

The performance of xXNC@NiCoP@NF for acidic HER has also been tested in
detail, to reveal the effect of carbon layer modification on the intrinsic activity, reaction
kinetics, and electron conductivity in acidic media and expand the application
environment of these phosphide catalysts (Figure S14). With the increase of NC layer
thickness, the electrocatalytic activity of catalysts increases first and then decreases.
1.ONC@NiCoP@NF shows the lowest overpotential of 190 mV at 100 mA cm2, which
is superior to most of the recently reported TMPs catalysts (Table SS5). Furthermore,
the corresponding Tafel slopes and R values have the same trends. As for the ECSA,
the Cg4 value of NiCoP@NF and xNC@NiCoP@NF concentrated near a specific value,
but the value of 1.ONC@NiCoP@NF is slightly less than others. However, the ECSA-
and mass-normalized LSV curves show that 1.0NC@NiCoP@NF has the highest
intrinsic activity for acidic HER (Figure S12b and Figure S14e). Furthermore, the
chronopotentiometry measurement on 1.0ONC@NiCoP@NF is carried out for 100 hours
at the current density of 100 mA c¢m? and the potential shows slightly decrease.

Indeed, untreated nickel foam will be corroded in acidic media. However, in this
paper, the surface of nickel foam skeleton which is covered with plentiful and dense
phosphides (Figure S4) can maximize the protection of the internal Ni metal from
corrosion. Stability test also shows that 1.0ONC@NiCoP@NF possesses good durability
in acid media (Figure S14f).
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Figure S16 OER performance of NiCoP@NF and xXNC@NiCoP@NF (x=0.5, 1.0, 1.5,

2.0 and 4.0) in 1.0 M KOH. (a) LSV curves (scan rate =2 mV s !), (b) Tafel plots, (c)

Nyquist plots (overpotential = 300 mV, the equivalent circuit is inserted), (d) Cq plots,
(e) ECSA-normalized LSV curves.
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H,SO, (green line).
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Figure S19 The Raman spectra for different reaction stages at 1200-1700 cm=. (The
left corresponds to HER in 1.0 M KOH, the middle corresponds to OER in 1.0 M
KOH, and the right corresponds to HER in 0.5 M H,SO, of 1.0NC@NiCoP@NF)
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Figure S20 High-resolution XPS spectra of (a) Ni, (b) Co, (c) P, (d) O, and (e) C for
1.ONC@NiCoP@NF after HER (in KOH and H,SO,) and OER (in KOH) stability
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Figure S21 XPS spectra of (a) C 1s, (b) P 2p, (c) O 1s, (d) N 1s, () Ni 2p, and (f) Co
2p for 1.ONC@NiCoP@NF after 40 hours HER stability test in 0.5 M H,SOy,.
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Figure S22 XPS spectra of (a) C 1s, (b) P 2p, (c) O 1s, (d) N 1s, () Ni 2p, and (f) Co
2p for 1.ONC@NiCoP@NF after 40 hours HER stability test in 1.0 M KOH.
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Figure S23 XPS spectra of (a) C 1s, (b) P 2p, (c) O 1s, (d) N 1s, () Ni 2p, and (f) Co
2p for 1.ONC@NiCoP@NF after 40 hours OER stability test in 1.0 M KOH.
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HeCoNegPoO®WNi@Co

Figure S25 (a) Optimized adsorption slab models of NiCoP towards the HER in
alkaline conditions. (b) Three-dimensional charge density difference diagram for
NC@NiCoP, (the blue area indicates charge depletion and the red area indicates
charge accumulation). (¢) Optimized adsorption slab models of NC@NiCoP towards
the HER in alkaline conditions.
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Figure S26 (a) XRD pattern of the nickel foam after direct phosphorization
(Ni,P@NF). (b-c) LSV curves of Ni,P@NF for HER in (b)1.0 M KOH and (c) 0.5 M
H,SO, (scan rate =2 mV s7!). (d) LSV curve of Ni,P@NF for OER in 1.0 M KOH
(scanrate =2 mV s7!).

According to the results of our work, the phase of phosphides is NiCoP instead of
Ni,P. Firstly, Ni and Co elements are uniformly distributed across the catalyst in the
TEM mapping images (Figure 2e). This result excludes the case of Ni alone
aggregating to form Ni,P. Secondly, the peak of phosphide in the Ni 2p XPS spectrum
of NiCoP@NTF is at 853.23 eV. It is inconsistent with the 852.80 eV of Ni,P (Figure
3c¢).l3 Thirdly, the characteristic peaks of 1.0NC@NiCoP are located at 40.99°, 44.90°,
47.58°, 54.44°, 55.33°, 66.69°, and 75.41° in the XRD pattern (Figure S3b). This
reveals that the catalyst phase is NiCoP. Fourthly, the surface of nickel foam skeleton
is covered with plentiful and dense NiCoCO3(OH),@NF precursor (Figure S2), which
can protect the internal Ni metal from phosphorization. This phenomenon has been
confirmed by several studies with similar synthesis methods.[!: 13221 In addition,
comparative experiments have been added to eliminate the effect of the phosphorization
of nickel foam substrate. The clean nickel foam was used as the precursor, and the
phosphorization process was similar to XNC@NiCoP@NF. The XRD pattern indicates
that the synthesized sample is Ni,P@NF (Figure S26a). However, Ni,P@NF prepared
by the method of this work shows very poor activity for water electrolysis, thus having
little contribution to the electrocatalytic performance (Figure S26b-d).
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Table S1 The loading of active components on NF for the prepared phosphide

catalysts.
Catalysts Loading amount (mg)
NiCoP@NF 3.54
0.5NC@NiCoP@NF 3.49
1.ONC@NiCoP@NF 3.60
1.SNC@NiCoP@NF 3.82
2.0NC@NiCoP@NF 3.89

4.O0NC@NiCoP@NF 3.70
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Table S2 The bonding energy information of NiCoP@NF and 1.0NC@NiCoP@NF
obtained from the XPS spectra.

NiCoP@NF 1.ONC@NiCoP@NF
Element Bond Peak BE (eV) Element Bond Peak BE(eV)
C-C 284.78 Csp? 284.88
C sp? 283.88
Cls Cc-0 286.41 Cls C-O/C-N 286.34
CcC=0 288.70 C=0/C=N 288.45
P-M 3/2 130.11 P-M 3/2 130.36
P 2p P-M 1/2 131.16 P 2p P-M 1/2 131.41
P-0 312 134.27 P-0 3/2 134.29
P-O112 135.22 P-O1/2 135.24
O-P-O 533.28 0-P-O 533.10
O-P 531.25 O-P 531.24
Ols 0-H 531.77 Ols 0-H 531.72
H,0O 534.66 H,O 534.28
Co-P 3/2 778.40 Co-P 3/2 778.29
Co-P 1/2 793.09 Co-P 1/2 792.98
Co 2p Co-03/2 782.37 Co 2p Co-0 3/2 782.08
Co-01/2 798.11 Co-0 1/2 797.82
Co sat. 3/2 786.84 Co sat. 3/2 785.95
Co sat. 1/2 802.58 Co sat. 1/2 801.69
Ni-P 3/2 853.23 Ni-P 3/2 852.91
Ni-P 1/2 870.34 Ni-P 1/2 870.04
. Ni-O 3/2 857.00 . Ni-O 372 856.93
NP N0 12 874.86 Ni2p Ni-01/2 874.75
Ni sat. 3/2 861.69 Ni sat. 3/2 861.49
Ni sat. 1/2 880.05 Ni sat. 1/2 879.84
pyrrolic-N 400.09
N Is graphitic-N 401.45

pyridinic-N 398.90
oxidized-N 402.30
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Table S3 Comparison of catalytic parameters of different HER catalysts in 1.0 M
KOH.

Overpotentia ~ Overpotential
lin 10 mA  in 100 mA cm-

Electrocatalysts Substrate Ref.
cm? (mV vs. 2 (mV vs.
RHE) RHE)
i This
1.ONC@NiCoP@NF NF 145
work
PANI/Ni/NF Ni foam 72 190 Ref [23]
Mn-Co (PO4)/PANI@NF Ni foam 121 259 Ref 1241
0O-doped Co,P/CuO NWs/CF Cu foam 101 220 Ref [23]
Carb
Co/NC@CP aoon 145 245 Ref ¢
paper
CoMoS-PANI/NF Ni foam 98 320 Ref 1271
Ni,P-NisP,/NF Ni foam 107 265 Ref [28]
CoPx @NF Ni foam 93.6 168.4 Ref 2]
NiFeCoP/NF Ni foam 167.5 Ref B3
MnCoP/NiP/NF Ni foam 170 Ref B
Fe-NisP,/NiFeOH@NF Ni foam 197 Ref 321
Carb
NisP,-NiOOH@CC arbon 87 Ref 53
cloth
Carb
CoP NAs/CP aron 132 Ref (4
paper
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Table S4 R, and Rgvalues of catalysts in different reactions.

Catalysts Alkaline HER Acid HER Alkaline OER

R/Q RJ/Q R./Q R/Q R /Q Ry/Q
NF 219.5 1.3 / / 13.5 1.2
NiCo(CO3)OH,@NF 26.2 1.2 / / 11.5 1.3
NiCoP@NF 17.1 1.2 27.8 1.5 2.5 1.1
0.5NC@NiCoP@NF 13.5 1.1 25.6 1.8 2.1 1.1
1.ONC@NiCoP@NF 12.6 1.2 17.6 1.3 1.3 1.0
1.SNC@NiCoP@NF 9.4 1.3 21.0 1.5 1.8 1.0
2.0NC@NiCoP@NF 9.5 1.1 19.6 1.4 1.6 1.0

4.ONC@NiCoP@NF 9.1 1.4 21.8 2.0 2.2 1.2
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Table SS Comparison of catalytic parameters of different HER catalysts in 0.5 M

H,SO,.
Overpotential in ~ Overpotential in
Electrocatalysts Substrate 10 mA cm? 100 mA cm? Ref.
(mV vs. RHE) (mV vs. RHE)
1.ONC@NiCoP@N Ni foam 190 This
F work
Pd@PANI/Au Au foil 60 180 Ref 3]
PANI/Ni,P-NF Ni foam 83 274 Ref B3¢
PANI/CoNiP-NF  Ni foam 61 190 Ref B7]
Cuf@NisPy Cu foam 90 164 Ref 38
WS,/NisPy- .
fi 4 211 Ref B
Ni,P@NF Ni foam 9 e
MOSy/Ni5P4- .
fi 172 Ref [40]
Ni,P@NF Ni foam 96 7 e
NisP4-Ni,P@NF Ni foam 131 230 Ref 391
N-NiCoP /CFP  CAPon 98 140 Ref 141

fiber
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Table S6 Comparison of catalytic parameters of different OER catalysts in 1.0 M

KOH.
Overpotentia  Overpotential
Electrocatalysts Substrates C:nu; (lr(l)l\r/n és. C;Irllzl ?r?l?/l és. Ref.
RHE) RHE)
1.ONC@NiCoP@NF ~ Ni foam 310 This
work
PANI/Fe;04@NF Ni foam 265 390 Ref [42]
v 04)21\/4;1/;%} aNF Ni foam 254 310 Ref 124
O-doped Co,P/CF Cu foam 320 570 Ref [2°]
CoMoS-PANI/NF Ni foam 250 430 Ref [27]
CoP@NF Ni foam 276 384 Ref [43]
CosN-CeO,/GP Graphite 239 290 Ref 14
plate
NiCoP/CC Carbon 430 Ref 491
cloth
Co,P/Ni P-x%Mo@NF Ni foam 357 Ref [40]
FeOOH@Ni-P/NF Ni foam 220 350 Ref [47]
Mn-Ni-P/NF Ni foam 230 425 Ref [48]
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Table S7 Comparison of catalytic parameters of different water electrolysis catalysts
in 1.0 M KOH.

Voltage in Voltage in
10 mA cm? 100 mA cm™

FEl 1 Ref.
ectrocatalysts Substrates (mV v, (mV v, e
RHE) RHE)
1.ONC@NiCoP@NF Ni foam 1.70 This work
FeCo-
i [49]
LDH/PANI@NF Ni foam 1.53 1.78 Ref
Mn-Co
1 f 1.54 1. Ref [24]
(PO,),/PANIGNF TV foam > 85 ©
CoMoS-PANI/NF Ni foam 1.58 1.77 Ref27]
Fe-
i 1. 1.71 Ref
NisP/NiFeOH@NF Vi foam 33 7 ©
CoPx@CNS@NF Ni foam 1.63 1.81 Ref130]
COZP/NizP‘ .
f 1. 1. Ref'[46]
x%Mo@NF Ni foam 56 79 e
Co,P-Ni,P/NF Ni foam 1.47 1.9 Ref 5l
NiCoP/NF Ni foam 1.52 1.9 Ref43]
W,Mo-NiCoP/NF Ni foam 1.59 1.73 Ref 1]
C-NiCoP/NF Ni foam 1.6 1.95 Ref 2]
NiCoP/CC Carbon 1.61 1.96 Ref 4]

cloth
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