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1. Experimental Section

Chemicals: Cobalt(Il) chloride hexahydrate (CoCl,-6H,0), urea (CO(NH;),),
dicyandiamide (NH,C(=NH)NHCN), sodium hypophosphite hydrate
(NaH,PO,-xH,0, ~95%), and Nafion (5 wt%) were purchased from SIGMA-
ALDRICH. Furthermore, Ni foam was purchased from MTI corporation. All
chemicals were not purified further.

Fabrication of the Co-precursor nanoneedles: The Co-precursor was produced by
hydrothermal reaction. Typically, 6 mmol CoCl,-6H,0 and 12 mmol CO(NH;), were
dissolved in 35 mL deionized (DI) water under magnetic stirring for 3 h until the
solution clarification. After that, the mixed solution was transferred to a 50 mL
hydrothermal autoclave and reacted at 120 °C for 6 h in the oven, and cooled down
naturally. Finally, Co-precursor was received by extraction using a centrifuge with
DI-water and ethanol three times and then drying for 12 h at 60 °C in the oven.
Structure characterizations: XRD patterns were obtained using a Rigaku
diffractometer (DMAX-2500V/PC) with Cu-Ka (A= 1.541 A) source. The generator
settings were 40 kV and 100 mA at the 26 angle from 10° to 80°. The morphologies
were observed by a scanning electron microscope (FE-SEM, Hitachi S-4800). TEM
patterns were analyzed using an FE-TEM (Tecnai G2 F30ST). Raman spectroscopy
was measured using the labRAM ARAMIS IR2 instrument. XPS was performed
using the ULVAC-PHI instrument. Furthermore, UV-vis was tested using an Agilent

Technologies (Cary 5000) instrument. TGA was tested in an Ar atmosphere with 10



°C/min heating rate. BET was analyzed using Tristar 11 3020 (Micromeritics, USA).
Electrochemical analysis: The electrochemical performance testing was performed
using electrochemical workstations (Biologic SP-300) with a standard three-electrode
system. The as-prepared catalyst was coated into a nickel foam as the working
electrode with a size and loading of 1x1 cm? and approximately 5 mg/cm?,
respectively. Hg/HgO (saturated 1 M NaOH) electrode and Pt wire were used as
reference and counter electrodes, respectively. We used 1.0 M KOH solutions as
electrolytes. The values of all potentials shown in this study were based on the values
of reversible hydrogen electrode (RHE) after calibration. The relationship between
potential and RHE potential is E (RHE) = E (Hg/HgO) + 0.098 + 0.059 % pH, where
E(RHE) is the potential referred to as RHE and E(Hg/HgO) denotes the measured
potential against Hg/HgO (saturated KOH) reference electrode.

The polarization curves were measured by the LSV technique at 5 mV s! with 90%
iR correction supported by the Biologic instrument. EIS was analyzed within a
frequency range of 200 kHz-100 MHz in the 1.0 M KOH solution. The
electrochemically active surface areas (ECSA) were determined from the double-layer
capacitance (Cq) measurements in the potential region of 0.8-0.9 V vs. RHE at
different scan rates of 10, 20, 40, 60, 80, 100, and 120 mV/s. The relationship
between ECSA and Cy is ECSA =C / C, , where, C; is the specific capacitance value
in 1M KOH.53

Chronoamperometry was used to analyze the stability of electrocatalysts in

electrochemical OER half-cell experiments.



The full-cell water splitting test was performed in the H-type equipment with
CoO/CoP-NC as anode and cathode. LSV polarization curves were obtained at a
scanning rate of 10 mV s with 90% iR correction. Furthermore, current density-time
testing of CoO/CoP-NC||CoO/CoP-NC was tested at 1.6 V and the volatage-time
curve test was used to understand the stability of full-cell water splitting with the
constant current density of 10 mA/cm? in a I M KOH solution.

DFT calculation: The first principles based on density functional theory (DFT) were
calculated within the generalized gradient approximation using the Perdew-Burke-
Ernzerhof formulation.[?°! The projected augmented wave potentials were adopted to
describe the ionic cores, and the kinetic energy cutoff was set at 400 eV for the plane
wave function. The convergence threshold for the energy and force in all calculations
was 10 eV and 0.02 eV/A, respectively. The vacuum height of over 15 A on the z-
axis was used to eliminate the interaction between adjacent periodic atoms. Moreover,
the spin-polarization method was also considered in all electronic structure
calculations. The 3x1x1 and 5x2x1 I'-centered Monkhorst—Pack (MP) k-point grids
were employed to sample the Brillion zone for the structural optimizations and
electronic structure calculations. The dipole correction was used to compensate for the
asymmetric layer arrangement; the van der Waals corrections (DFT-D3) were applied

to describe the unbinding forces. The adsorption energies (E,q4s) were calculated as

Eads = Etot _Esuh Emol s (1)
where E ., E ,, and E , correspond to the total energies of the optimized

adsorption system, the clean substrate, and the adsorbed molecule in the structure,



respectively.[10-20]
The variation in free energy (AG) for adsorbing H, OH, O, and OOH intermediates

during the HER and OER processes was calculated by the following equation.
AG=E_, +AE,,. —TAS ’ @)
where E, 45 denotes the adsorption energy of the intermediate, AEZPE corresponds to
the zero-point energy difference between the gaseous and adsorbed states, T is the
temperature, and AS represents the change in entropy between the adsorbed and
gaseous states. These values for adsorbed molecules were derived from NIST-JANAF
thermochemical tables and high-quality literature. 131> 821 Usually, the entropy

variations of hydrogen adsorbed on the substrate surface is small. Therefore, the

equation of the corrected free energy change is characterized as follows:

AG =E,, +0.24eV 3)

The OER process in an alkaline medium generally occurs through the following steps:

*+OH — OH +e” AG1 (4)
OH* +OH — ()’k + H20 +e AG2 (5)
O +OH — OOH" +e” AG3 (6)

OOH"+OH - 0, +H,0+e™ +* AG4 )

where * denotes active adsorption site on the substrate.

AG, =AG,, ®)

AG, = AG,, - AGy ©)

AG, = AG ooy - AG,, (10)

AG, =4.92-AG ooy an



The energy barrier 1 is defined as
n=max{AG,,AG,,AG,,AG, }-1.23eV (12)
2. Figure and Table

Fig. S1. (a) The relaxed CoO (200) and (b) CoP (211) superpacket slab models. The
blue, red, and pink spheres in the figure correspond to cobalt, oxygen, and phosphorus
atoms, respectively.

Fig. S2. Planar-averaged electron density difference Ap(z) for CoO/CoP
heterostructure. The yellow and cyan areas indicate electron accumulation and
depletion, respectively.

Fig. S3. Photographs of actual products of (a) NaH,PO,-xH,0O and (b) Co-precursor.
Fig. S4. XRD pattern of Co-precursor.

Fig. S5. TGA curve of Co-precursor.

Fig. S6. SEM image of Co-precursor.

Fig. S7. Morphology characterizations of as-prepared products. (a—¢) SEM of CoO-
NC and (d—f) SEM of CoP-NC.

Fig. S8. Element line scan for CoO/CoP-NC.

Fig. S9. (a) XRD patterns, (b) Raman spectra, and (¢, d) UV-vis of as-prepared CoO-
NC, CoP-NC, and CoO/CoP-NC heterostructures.

Fig. S10. XRD pattern under the ratio of Co-precursor and NaH,PO,-xH,O with 1:0
(CoO-NC), 1:5 (CoO/CoP-NC (1:5)), 1:10 (CoO/CoP-NC), and 1:20 (CoO/CoP-NC

(1:20)), respectively, at 350 °C for 2 h.



Fig. S11. N, adsorption/desorption isotherms of CoO-NC, CoP-NC, and CoO/CoP-
NC, respectively.

Fig. S12. Magnified OER polarization curves for Fig. 4. (d).

Fig. S13. (a) OER LSV curves at the ratio of Co-precursor and P-precursor with 1:0
(CoO-NC), 1:5 (CoO/CoP-NC (1:5)), 1:10 (CoO/CoP-NC) and 1:20 (CoO/CoP-NC
(1:20)) under 350°C at 2 h. (b) The overpotential of 1:0, 1:5, 1:10, and 1:20
corresponding to LSV curves at 10, 50, and 100 mA cm, respectively.

Fig. S14. (a) OER LSV curves of CoO/CoP-NC and Mixture COP-NC. (b) The
overpotential of CoO/CoP-NC and Mixture COP-NC corresponding to LSV curves at
10, 50, and 100 mA cm2, respectively.

Fig. S15. Cyclic voltammograms (CV) of NF (a), CoO-NC (b), CoP-NC (¢), and
CoO/CoP-NC (d) at different scan rates with 10, 20, 40, 60, 80, 100, and 120 mV/s in
1.0 M KOH.

Fig. S16. (a) The corresponding fitting plots Cq of pristine NF, CoO-NC, CoP-NC,
and CoO/CoP-NC, respectively. (b) Nyquist plots of pristine NF, CoO-NC, CoP-NC,
and CoO/CoP-NC, respectively.

Fig. S17. Normalized LSV curves of NF, CoO-NC, CoP-NC, and CoO/CoP-NC by
the electrochemical active surface area.

Fig. S18. The voltage-time testing of CoO/CoP-NCJ||CoO/CoP-NC at a constant
current density (10 mA/cm?).

Fig. S19. (a) SEM, (b, ¢) TEM, and (d) EDS-mapping of CoO/CoP-NC after OER

long stability testing. XPS analysis of (e) Co 2p, (f) P 2p, and (g) O 1s for as-achieved



target product, CoO/CoP-NC, before and after OER testing.

Fig. S20. (a-f) Theoretical structure models of (a) H adsorbed on CoO (200) facet
(CoO (200)-H), (b) H adsorbed on CoP (211) facet (CoP (211)-H), (¢) H adsorbed on
CoO (200)/CoP (211) (CoO (200)/CoP (211)-H), (d) OH adsorbed on CoO (200)/CoP
(211) (CoO (200)/CoP (211)-OH), (e) O adsorbed on CoO (200)/CoP (211) (CoO
(200)/CoP (211)-0), and (f) OOH adsorbed on CoO (200)/CoP (211) (CoO (200)/CoP
(211)-O0OH).

Table S1. Element contents for XPS survey of CoO-NC, CoP-NC, and CoO/CoP-
NC.

Table S3. Summary of various non-noble metal catalysts for an OER in 1.0 M
KOH.

Table S4. Summary of various non-noble metal catalysts for HER in 1.0 M
KOH.

Table SS. Bifunctional TMP-based heterostructure electrodes for efficient water

splitting in 1M KOH.
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Fig. S1. (a) The relaxed CoO (200) and (b) CoP (211) superpacket slab models. The

blue, red, and pink spheres in the figure correspond to cobalt, oxygen, and phosphorus

atoms, respectively.
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Fig. S2. Planar-averaged electron density difference Ap(z) for CoO/CoP

heterostructure. The yellow and cyan areas indicate electron accumulation and

depletion, respectively.



Fig. S3. Photographs of actual products of (a) NaH,PO,-xH,O and (b) Co-precursor.
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Fig. S4. XRD pattern of Co-precursor.
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Fig. S5. TGA curve of Co-precursor.



Fig. S6. SEM image of Co-precursor.



Fig. S7. Morphology characterizations of as-prepared products. (a—¢) SEM of CoO-

NC and (d—f) SEM of CoP-NC.
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Fig. S8. Element line scan for CoO/CoP-NC.
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Fig. S9. (a) XRD patterns, (b) Raman spectra, and (¢, d) UV-vis of as-prepared CoO-

NC, CoP-NC, and CoO/CoP-NC heterostructures.
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Fig. S10. XRD pattern under the ratio of Co-precursor and NaH,PO,-xH,O with 1:0
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Fig. S12. Magnified OER polarization curves for Fig. 4. (d).
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Fig. S13. (a) OER LSV curves at the ratio of Co-precursor and P-precursor with 1:0
(CoO-NC), 1:5 (CoO/CoP-NC (1:5)), 1:10 (CoO/CoP-NC) and 1:20 (CoO/CoP-NC
(1:20)) under 350°C at 2 h. (b) The overpotential of 1:0, 1:5, 1:10, and 1:20

corresponding to LSV curves at 10, 50, and 100 mA cm2, respectively.



a 600

—+—Co00O/CoP-NC
300 —— Mixture COP-NC

Alem?)

400

ty (m

300

1

200

Current dens
=

[(—)

L

=3

i 1:3 . 1:4 1.5 . 1:6 '
Potential (V vs. RHE)

=
[

—
1.7

1.8

1.9

500
b 1 CoO/CoP-NC
I 1 Mixture COP-NC
404
> b= 366 367
33
0 8
= 300+ 287
2 268
[
2
2
£ 200
@
>
=}
1004
0
10

50 ,. 100
Current density (mA/cm”)

Fig. S14. (a) OER LSV curves of CoO/CoP-NC and Mixture COP-NC. (b) The

overpotential of CoO/CoP-NC and Mixture COP-NC corresponding to LSV curves at

10, 50, and 100 mA cm2, respectively.




=]
=
=
@

—10mvs —20mvis NF b T—wav:=—wavs CoONC
. —— 40 mV/s 60 mV/s 0.24——40 mV/s —— 60 mV/s
0 0.10{—80mVis 100 mV/s — ———80 mV/s —— 100 mV/s
£ ——120mV/s ’ {—120mvis
S B
< 0054 2 01-
= -
E 0.00- £
2 £ o0.01
- =
= -0.054 €
g 5
5 E 01
O -0.10 5
o154 0.2 T r T v T
080 08 084 08 088 090 092 080 082 084 086 0.8 090 0.92
Potential (V vs. RHE) Potential (V vs. RHE)
4
C O r—mr—maws CoP-NC d " T—wwvs —navs CoO/CoP-NC
4——40 mV/s —— 60 mV/s 1—40 mVis =60 mV/s
0.2 — 80 mV/s =100 mV/s — 0.34 ——80 mV/s —— 100 mV/s
“— —120mVis o | —120mVss
E ] 5 02
E 0.1 E ]
E ; 0.14
& 0.0 3
0.0+
E 2
-0.1 = 1
o
5 2 -0.1 4
: 5 ool
-0.24 O
[&] -0.2 4
70'3 L) L) L) L) L) 70'3 L} L) L) L) L)
080 0.82 0.84 086 0.88 090 092 080 082 084 086 088 090 092

Potential (V vs. RHE)

Potential (V vs. RHE)

Fig. S15. Cyclic voltammograms (CV) of NF (a), CoO-NC (b), CoP-NC (c¢), and
CoO/CoP-NC (d) at different scan rates with 10, 20, 40, 60, 80, 100, and 120 mV/s in

1.0 M KOH.
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Table S1. Element contents for XPS survey of CoO-NC, CoP-NC, and CoO/CoP-NC.

Catalysts Elements Atoms (at%)
Co2p 31.4
Ols 41.0
CoO-NC P2p <0.1
Cls 27.6
N Is <0.1
Co 2p 13.2
Ols 58.1
CoP-NC P 2p 13.2
Cls 9.9
N s 1.5
Co 2p 11.3
Ols 59.6
CoO/CoP-NC P 2p 18.3
Cls 9.5
N 1s 1.3




Table S2. Summary of various non-noble metal catalysts for an OER in 1.0 M KOH.

Catalysts Overpotential | Tafel slope | electrolyte Ref.

(mV, at 10| (mV/dec)

mA/cm?)
CoO/CoP-NC 268 90 1M KOH This work
Co/CNT/MCP-850 270 79 1 M KOH [S3]
Co/CNFs (1000) 320 79 1 M KOH [S4]
CoP-FeP/CC 250 131 1 M KOH [S5]
NiCoP/C nanoboxes | 330 96 1 M KOH [S6]
CoP NP/C 320 71 1 M KOH [S7]
CoP-CoO/CC 210 90 1 M KOH [S8]
CoOx@CN 260 - 1 M KOH [S9]
CosWsC@NC/CC 286 53.96 1 M KOH [S10]
CuCo,S4 310 86 1 M KOH [S11]
WoN/WC 320 94.5 1 M KOH [S12]




Table S3. Summary of various non-noble metal catalysts for HER in 1.0 M KOH.

Catalysts Overpotential | Tafel slope electrolyte Ref.
(mV, at -10
mA/cm?)
CoO/CoP-NC 178 88 1M KOH This work
Fe;C-Co/NC 238 108.8 1 M KOH [S13]
CF-NG—-Co 212 75 1 M KOH [S14]
Co,P/NPG-900 245 108.6 1 M KOH [S15]
CoWCP-NPC-2:1 | 139 116.9 1 M KOH [S16]
CoWCP-NPC-1:1 | 217 175.3
1% Co-N-GDY 271 132 1 M KOH [S17]
Fe;Co;@PCNSs 205 65.5 1 M KOH [S18]
CoP/CC 209 129 1 M KOH [S19]
CoNi-OOH-30(40) | 210 67 1 M KOH [S20]
CoP/NiCoP NTs 133 88 1 M KOH [S21]
MoS,@Co3S, 210 88 1 M KOH [S22]




Table S4. Bifunctional TMP-based heterostructure electrodes for efficient water splitting in

1M KOH.
Catalysts Substrate | Current Voltage | Electrolyte | Ref.
density for
overall

Co0O/CoP-NC Nickel 10 mA/cm? | 1.53V 1M KOH This
foam work

Pg 6-C0304/NF Nickel foam | 10 mA/cm? 1.63V 1 M KOH [S23]

Er-doped CoP NMs Carbon 10 mA/cm? | 1.58V 1 M KOH [S24]
cloth

0O-CoP Nickel foam | 10 mA/cm? | 1.60 V 1 M KOH [S25]

Cu-CoP NAs/CP Carbon 10 mA/ecm? | 1.72V 1 M PBS [S26]
paper

CoP-N/Co foam Co foam 50 mA/cm? | 1.61V 1 M KOH [S27]

B,N,S-CoP@C@rGO Carbon 10 mA/cm? | 1.50V 1 M KOH [S28]
paper

Ni-CoP-5% Carbon 10 mA/cm? | 1.56 V 1 M KOH [S29]
paper

CoP-NC@NFP Nickel foam | 10 mA/cm? | 1.57V 1 M KOH [S30]

Co/CoP@HOMC Glassy 10 mA/cm? | 1.54V 1 M KOH [S31]
carbon

V-CoP@ a-CeO, Carbon 10 mA/cm? [ 1.56 V 1 M KOH [S32]
cloth

V-CoP Nickel foam | 10 mA/cm? | 1.59V 1 M KOH [S33]

Co,P/CoP@Co@NCNT Carbon 10 mA/cm? | 1.60 V 1 M KOH [S34]
cloth

Cp Nickel foam | 10 mA/cm? | 1.498V 1 M KOH [S35]

CoP@FeCoP/NC YSMPs Carbon 10 mA/cm? | 1.68V 1 M KOH [S36]
paper

CoP NB Carbon 10 mA/cm? | 1.58V 1 M KOH [S37]

paper
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