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1Experimental Section

1-1 Material:

Pluronic P123 triblock copolymer (EO20PO70EO20) [Mw = 5800], tetraethylorthosilicate (TEOS, 98%), n-Butanol, 
concentrated HCl (37% wt%, AR) are purchased from Aladdin Industrial Corporation (Shanghai, China), sodium 
hydroxide (NaOH 90%), Copper(II) nitrate trihydrate (Cu(NO3)2 3H2O), Cobalt nitrate hexahydrate 
(Co(NO3)2·6H2O), Sodium hypophosphite (NaPO2H2, 99%), potassium hydroxide (KOH, 99%) and IrO2/C (20% 
Iron Vulcan XC-72).Highly dispersed platinum 20wt% in carbon is represented as commercial Pt/C in this study. 
Nafion solution (5 wt %) is purchased from Du Pont Corp. All chemicals are used as received without any further 
purification deionized water and ethanol is used throughout the experiment.

1-2 Materials synthesis: 

1-2-1 Synthesis of KIT-6 mesoporous silica:

The mesoporous KIT-6 is synthesized in acidic conditions following the procedure according to Kleitz et al.[
1]First, 6g of nonionic triblock copolymer Pluronic P123 is dissolved in a mixture of 220 ml of water and 12g of 
HCl (37%). Thus, the solution is vigorously stirred for 6 h at 35 °C. After complete dissolution of Pluronic P123, 
6 g of butanol is added while ensuring continuous stirring for another hour. Next, 12.48 g of TEOS is added at 
once to the solution. Stirring is continued for 24 hours. The mixture is left under stirring at 35 °C for 24 h, 
followed by a hydrothermal treatment at 50 °C under static conditions for 24 h. The resultant white product is 
filtered without washing and dried for 24 h at 90°C. Finally, the products are calcined in flowing air at 550°C for 
6 h at a heating rate of 2°C min-1.

1-2-2 Synthesis of ordered mesoporous oxides (Co3O4, CuO, Co2CuO4, CoCuOx and Cu2CoOx):

Crystalline mesoporous oxides are prepared using a hard-templating method using mesoporous KIT-6 according 
to Kleitz et al. 0.8 M of metal nitrates as a precursor (Co(NO3)2·6H2O), (Cu(NO3)3 9H2O) are dispersed in 3.6 mL 
of ethanol in a molar ratio of (1:0 0:1, 2:1, 1:1 and 1:2 ) for Co3O4, CuO, Co2CuO4, CoCuOx and Cu2CoOx, 
respectively. To this solution, 0.5 g KIT-6 is dispersed and heated at 60 °C under vigorous stirring until ethanol is 
evaporated. Then the resulting precursors/silica composite is heated in a ceramic crucible in an oven at 250 °C for 



3

4 h. In order to achieve higher loadings, the impregnation step is repeated to ensure the complete filling of the 
pores of KIT-6 with metal oxides. Again, after evaporation of the solvent, the resulting metal precursor/silica 
composites are calcined at 550 °C for 6 h. The silica template is removed using treatment with 2 M NaOH 
solution, followed by washing with deionized water and ethanol. This in turn is followed up with vacuumdrying 
at 60°C.

1-2-3 Synthesis of ordered mesoporous phosphides:

In order to prepare the corresponding phosphides from the above mesoporous oxides, 50 mg of ordered 
mesoporous oxides and 1g of NaH2PO2·H2O are put at two separate positions of a porcelain in a ceramic boat 
inside at the upstream of the gas flow (Figure S3 shows optical photographs of an example of samples before and 
after phosphorization). The weight ratio of mesoporous oxides-to-phosphorus (P) is set to 1:20. Subsequently, 
after purging with N2, the center of the furnace is elevated to 390°C, 300°C and 360°C for CoP, Cu3P and 
bimetallic Co-Cu phosphides, respectively for 3 h at a ramping rate of 4 °C min-1. Finally the furnace was 
naturally cooled to room temperature. 

1-3 Structural and surface characterization:

XRD measurements are conducted using X-ray diffraction (XRD) from a Miniflex600 X-ray diffractometer using 
monochromatic Cu Kα radiation at a scanning rate of 1°/min (λ = 0.1542 nm, accelerating voltage 40 kV, and 
applied current 15). Low-angle X-ray diffraction (XRD) data are recorded on Bruker AXS diffractometer System 
from 0.5 to 5 (2θ). Textural and morphology of the samples examined using a JEM-2100 instrument (Japan) 
andfield-emission scanning electron microscope (FE-SEM, Hitachi S4800, Japan) mounted with energy 
dispersive X-ray spectroscopy (EDS), respectively. Chemical compositions of the samples are determined by 
using an AXIS ULTRA DLD (Shimadzu, Japan) x-ray photoelectron spectroscopy (XPS) with a non-
monochromatized Al-Kα X-ray19 as the excitation source. Binding energy calibration is based on C 1s at 284.8 
eV. Surface area measurements are performed by nitrogen adsorption using Brunauere Emmet Teller (BET) area 
method whereas mesopore size is assessed by the Barrett−Joyner−Halenda (BJH) method from the desorption 
branch of the isotherm.
1-4 Electrochemical measurements:

The electrochemical measurements are conducted in a three compartment electrochemical cell equipped an 
Ag/AgCl saturated electrode (in a saturated KCl solution) as the reference electrode and counter electrode is 
platinum Pt sheet (1 cm× 1cm). A glassy carbon electrode (GCE) with a diameter of 5 mm (0.196 cm2 surface 
areas) is used as the working electrode.
The electrode material is prepared by dispersing 4 mg of the catalyst and 25 μL of Nafion solution (DuPont, 5 
wt%) are dispersed in a 1mL of mixed solution 750 μL of ethanol and 250 μL of water. The mixture is then 
sonicated for at least 40 min to form a homogeneous ink. 10 μL of the resulting dispersion were deposited on the 
glassy carbon electrode with a fixed mass loading (0.203 mg cm-2). The same procedure is used for all of the 
samples during their electrode preparation. Before the OER and HER measurement are carried out, the electrolyte 
(1 M KOH) is saturated with O2 and N2, respectively for at least 30 min. In order to activate the electrocatalysts, 
the cyclic voltammetry (CV) measurement are performed at 5 mV s−1 from 1.2 -1.8 V (vs RHE) at 1600 rpm for 
OER. While for the HER measurements, the CV measurement is performed in the range of 0−0.7 to 0 V versus 
RHE.
The conversion between potentials vs Ag/AgCl and vs RHE is performed using the following equation:
𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔/𝐴𝑔𝐶𝑙 + 0.0591 𝑝𝐻 + 0.197

The overpotential (η) is calculated according to the following formula:
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𝜂(𝑉) = 𝐸𝑅𝐻𝐸 ‒ 1.230

The ECSA is evaluated based on the double-layer capacitance (Cdl) of the electrodes – electrolyte interface using 
cyclic voltammetry in a small potential range (01.04–1.12V vs RHE), from which the double layer capacitance is 
determined from the slope of capacitive current (1.1 V vs RHE) versus the scan rate according to2:

𝐶𝑑𝑙 =
∆𝑄
∆𝑉

=
𝑗
𝑣

The ECSA can be calculated from the Cdl according to the ratio:

𝐸𝑆𝐶𝐴 =
𝐶𝑑𝑙

𝐶𝑆

Where Cs is the specific capacitance, chosen as Cs = 0.040 mF·cm-2 in 1 M KOH based on reported values.3 To 
test the long term performance of the electrocatalysts, the chronopotentiometric (CP) curve is conducted out at a 
fixed current density using carbon graphite as the counter electrode The long time durability test s conducted by 
using controlled-potential electrolysis method without iR compensation.The ECSA can be calculated from the Cdl 
according to the ratio:

𝐸𝑆𝐶𝐴 =  
𝐶𝑑𝑙

𝐶𝑠

Where Cs is the specific capacitance, chosen as Cs = 0.040 mF·cm-2 in 1 M KOH based on reported values.

1-2 Supporting Figures:

FigureS1.Schematic illustration of the synthetic strategy for ordered mesoporous triphasic CoP@Cu2P-Cu3P 
phosphides.
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Figure S2.Nitrogen adsorption/desorption isotherms of KIT-6 (the inset shows the BJH pore-size distribution). 
The BET specific surface area of the as-synthesized KIT-6 template is 613.48 m2g-1 with a pore volume of 0.61 
cm3g-1 and pore diameter of 5.037 nm.

phosphidation

Figure S3.Optical photographs of an example of as prepared mesoporous phosphides catalysts before and after 
phosphorization.

Figure S4. Wide-angle XRD patterns of mesoporous CoP, Cu3P and triphasic CoP@Cu2P-Cu3P phosphides.
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FigureS5. Wide-angle XRD pattern of (a) mesoporous Co-Cu oxides phosphides with different Co: Cu ratio, (b) 
their corresponding mesoporous phosphides. XRD patterns as shown in Figure S3a display well-defined 
diffraction peaks could all be indexed to Co3O4 (JCPDS Card No. 03-065-3103) and CuO (JCPDS Card No. 00-
045-0937). After phosphorization, the patterns of mesoporous triphasic phosphides show mixed phases indexed 
to CoP phase (JCPDS card 03-065-1274), Cu2P phase (JCPDS card 00-029-0497) and Cu3P phase (JCPDS card 
01-071-1261). 

Figure S6. Rietveld refined XRD patterns of CoP@Cu2P-Cu3P with theoretical Co/Cu ratio (a) 2:1, (b) 1:1 and 
(c) 1:2. (d) The mass fraction of metallic phosphides from the Rietveld refined XRD well matching with the 
expected theoretical values. The Rietveld refinement of the observed XRD patterns confirms the resultant 
crystalline phases without any detectable impurity (Figure S4a, 4b and 4c). The actual ratio of each phase is 
determined and the results are listed in Figure S4d.
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Figure S7. Nitrogen adsorption/desorption isotherms at 77 K (inset pore size distribution calculated with the 
adsorption branch) for Co2CuO4 (a) and CoP@Cu2P-Cu3P (b). Both samples show type IV isotherms with 
hysteresis loops as is typical for mesoporous materials. The template-free mesostructured materials have BET 
surface area of 155.2 and 146.05 m2g−1 with pore size distributions ranging from 4 to 6 nm, for Co2CuO4 and 
CoP@Cu2P-Cu3P, respectively.

a b c

d e f

50 nm 50 nm 50 nm

50 nm 5 nm 5 nm

Figure S8. Large-scale TEM images of mesoporous (a) Co2CuO4, (b) CoP, (c) Cu3P and (d). CoP@Cu3P-Cu2P. 
Uniform and well-ordered mesopores arranged in three dimensional structures are observed. HRTEM of 
mesoporous (e) Co2CuO4 and (f) triphasic phosphides CoP@Cu2P-Cu3P.
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Figure S9. Pore size distribution (a) and the thickness (b) for mesoporous triphasic CoP@Cu3P-Cu2P junction. 
The diameter of pores and thickness of mesoporous CoP@Cu3P-Cu2P are approximately ∼5 .6 nm and ∼3.7 nm 
(Figure S6), respectively.

Figure S10.  Elemental mapping images of Co, Cu, and P on CoP@Cu3P-Cu2P and EDX spectrum (the atomic 
ratio of Co/Cu in CoP@Cu3P-Cu2P is estimated around 1.92).

FigureS11. (a) XPS survey spectrum for Co2CuO4 and CoP@Cu2P-Cu3P. (b) High-resolution XPS spectra P2p 
for Co2CuO4 and CoP@Cu2P-Cu3P.
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Figure S12.  (a) XPS survey spectrum for bimetallic Co-Cu phosphides witch different ratio, (b) high resolution 
Cu regions. The intensity of Cu2p increases by increasing the amount of copper in the triphasic CoP@Cu3P-Cu2P 
system.
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Figure S13. Cyclic voltammograms with a scan rate of 20, 40, 60, 80, and 100 mV s−1 in 1 M KOH for (a) 
CoP@Cu2P-Cu3P, (b) CoP, (c) Cu3P, (d) Co2CuO4, and (e) IrO2/C. The mesoporous CoP@Cu2P-Cu3P catalyst 
provides high cathodic (ic) and anodic (ia) current densities (cyclic voltammetry (CV) areas) at each scan rate, 
consistent with a much greater active surface area.
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Figure S14.   (a)  The electrochemically active surface area (ECSA) for linear-sweep voltammetry (LSV) curves 
and (b) the intrinsic catalyst activity of CoP@Cu2P-Cu3P, CoP, Cu3P, Co2CuO4, and IrO2/C. These results exhibit 
excellent intrinsic activity and indicating more active sites generated in the associated mesoporous triphasic 
CoP@Cu2P-Cu3P toward OER activity. (c) Nyquist plots obtained at 270 mV overpotential on mesoporous 
Co2CuO4, CoP, Cu3P, CoP@Cu2P-Cu3P and benchmark catalyst IrO2/ (d) OER Chronopotentiometric curves for 
CoP@Cu2P-Cu3P at 1.5 V vs RHE in M KOH solution.
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FigureS15. (a) HER polarization curves for CoP@Cu2P-Cu3P before and after 1000 CV cycles. (b) 
Chronopotentiometric curves for CoP@Cu2P-Cu3P at | j |= 10 mA cm−2 in 1 M KOH solution.

Figure S16.Optical photographs of electrocatalytic water splitting process, showing (a) the three electrode glass 
cell and bubbles on the surface of working electrode.
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Figure S17.(a) LSV polarization curve without iR compensation for Pt/C|| IrO2/C electrodes in 1 M KOH for 
overall water splitting. (c) Durability of overall water splitting for a current density trace of 10−100 cm−2 for 
Pt/C|| IrO2/C.

FigureS18.(a) Polarization water splitting curves of CoP@Cu2P-Cu3P with Co: Cu (2:1, 1:1, 2:1) ratio and (b) 
cell voltage at10 cm−2 in 1 m KOH solution at a scan rate of 5 mV s−1.

1-3Supporting Tables:

Table S1.Comparison ofOER activities of mesoporous CoP@Cu3P-Cu2P junction with recently reported 
electrocatalysts in alkaline electrolyte.

Catalysts Electrolyt

e

Mass loading        

(mg Cm-2)

Tafel Slope 

(mV/dec)

Overpotential 

at 10 mA cm–2 

(mV)

Ref

Co/Co3O4@Hollow Carbon 1M KOH 0.40 102.8 391 [4]

CuCo2O4/ NrGO 1M KOH 0.14 64 360 [5]

(Co0.21Ni 0.25Cu0.54 )3Se2 1M KOH - 53.3 272 [6]

CuCo2S4 1M KOH 0.70 86.0 310 [7]

CuCo2Se4 1M KOH 0.57 66.5 320 [8]

CuCoP-NC-700 1M KOH 0.20 80 337 [9]

np-(Co0.52Fe 0.48)2P 1M KOH 1.0 30 270 [10]

CoP/ CoCr2O4 1M KOH 0.203 52 290 [11]

CoP/CoP2/Al2O3 1M KOH 0.20 63 300 [12]

CoP/rGO 1M KOH 0.28 66 340 [13]

Co-P/NC 1M KOH 1.0 52 354 [14]

Co3(OH)2(HPO4)2/NF 1M KOH - 69 240 [15]
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CoPc/GO/GC 1M KOH 0.337 61.7 280 [16]

CoP@Cu3P-Cu2P 1 M KOH 0.203 72 255 This 
work

Table S2.Parameters for each catalyst investigated in 1 M KOH.

Catalyst CoP@Cu2P-Cu3P CoP Cu3P Co2CuO4 IrO2/C

Cdl (mF cm−2) 6.77 10.05 1.4 1.25 3.5

ESCA (cm2) 169.25 251 35 31.25 87.5 

Intrinsic catalyst activity  (mA 

cm-2) η=370 mV

0.596 0.159 0.21 0.493 0.524

Table S3. Comparison of overall water splitting performance of (-) CoP@Cu2P-Cu3P|| CoP@Cu2P-Cu3P (+) 
couple with recently reported Co-based electrocatalysts in alkaline electrolyte.

Catalysts Substrate Electrolyte Mass loading 

(mg Cm-2)

Cell voltage 

at J10 (V)

Stability 

(h)

Ref

CoP/ CoCr2O4 Ni foam 1M KOH 1.00 1.68 24 [11]

Cr-Doped FeNi–P Ni foam 1M KOH 3.00 1.50 20 [17]

CoP/CoP2/Al2O3 glassy carbon 1M KOH 0.20 1.65 24 [12]

MoS2/Co9S8/Ni3S2/Ni Ni foam 1M KOH - 1.54 24 [18]

CoP-MNA Ni foam 1M KOH - 1.62 32 [19]

CoP/rGO Carbon Paper 1M KOH 0.28 1.70 - [13]

Co-P/NC glassy carbon 1M KOH 1.00 1.71 24 [14]

Co3(OH)2(HPO4)2 NF and FFTO-

glass

1M KOH - 1.54 10d [15]

Ni0.51Co0.49P Ni foam 1M KOH - 1.57 100 [20]

CoP@Cu2P-Cu3P Ni foam 1M KOH 1.00 1.54 24 This 

work
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