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Experimental section
Synthesis of the porous Ni2P4O12 nanosheets grown on carbon cloth 
(Ni2P4O12/CC).

The synthesized method refers to the previous reports with some modifications.1 

Firstly, 3 mmol of nickel (Ⅱ) nitrate hexahydrate (Ni(NO3)2·6H2O), 2 mmol of 

ammonium fluoride (NH4F), 5 mmol urea (CO(NH2)2) were dissolved into 35 mL of 
deionized water. Then the uniform solution and a piece of the pretreated carbon cloth 
(2 cm × 4 cm) were enclosed into a 50 mL Teflon-lined stainless steel autoclave and 
heated at 120 °C for 5 h. After cooling, the nickel hydroxide hydrate nanosheets grown 
on carbon cloth (denoted as Ni(OH)2·0.75H2O/CC) were washed, heated to 350 °C and 
maintained for 2 h in air to obtain the nickel oxide nanosheets grown on carbon cloth 
(denoted as NiO/CC). For the phosphorylation treatment, a piece of NiO/CC and 0.6 g 
of NaH2PO2·H2O were placed at two different areas in a tubular furnace, then heated to 
320 °C and maintained in Ar for 2 h. After cooling down to room temperature, the 
sample was washed, dried and finally the Ni2P4O12/CC was obtained. Noted that the 
PH3 gas is very dangerous, toxic and flammable. Therefore, after cooling down to room 
temperature, the gas treatment was performed with the CuSO4 solution. The PH3 gas 
exposed to air may burn automatically if the temperature is higher than 50 °C.
Structural Characterization

X-ray diffraction (XRD) was conducted using a Bruker D8 Advance X-ray 
diffractometer with a nonmonochromated Cu Kα X-ray source. Scanning electron 
microscopy (SEM) images were collected with a JEOL-7100F microscope at an 
acceleration voltage of 25 kV. Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM), energy-dispersive 
(EDS) maps and the selected area electron diffraction (SAED) were recorded by using 
a JEM-2100F STEM/EDS microscope. Brunauer-Emmett-Teller (BET) surface areas 

Electronic Supplementary Material (ESI) for Nanoscale.
This journal is © The Royal Society of Chemistry 2018



were measured using a Tristar II 3020 instrument by adsorption of nitrogen at 77 K. X-
ray photoelectron spectra (XPS) was performed using a VG Multi Lab 2000 instrument. 
FTIR spectra were obtained using Nicolet6700 spectroscopy. Atomic Force 
Microscope (AFM) measurements were mearsurd by SmartSPMTM 1000 (AIST-NT) 
with the aluminum coating n-type silicon probe (μmasch, HQ: NSC14/AIB5, 125 µm, 
160 kHz, 5 N/M).
Electrochemical measurement

The HER activity of samples was measured using a three-electrode system on an 
electrochemical workstation (CHI760D) at room temperature. A saturated calomel 
electrode (SCE, saturated KCl) was used as a reference electrode, a graphite rod was 
used as a counter electrode and the catalysts supported on carbon cloth were directly 
used as a working electrode to test the electrocatalytic activity in 0.5 M H2SO4. LSV 
measurements were carried out at a slow sweep rate of 5 mV s-1 to eliminate the 
capacitive current during the electrocatalytic reaction as much as possible. The data 
were corrected with the iR compensation according to the equation (

) to remove the influence of Ohmic resistance.  is the iR 𝐸𝑐𝑜𝑟𝑟 = 𝐸𝑚𝑒𝑎 ‒ 𝑖𝑅𝑠 𝐸𝑐𝑜𝑟𝑟

compensated potential,  is the measured potential and  is obtained via the iR 𝐸𝑚𝑒𝑎 𝑅𝑠

compensation on the test system. Electrochemical impedance spectroscopy (EIS) was 
tested in a frequency ranging from 0.1 Hz to 100,000 Hz. The long-term durability 
testing was carried out at -10 mA cm-2. To get the dependence between the current 
density and the applied potential, the steady-state current density as a function of 
voltage was measured with a dwell time of 5 min.

To obtain the electrochemical double layer capacitance and estimate the effective 
active surface area of all samples, CV measurements were carried out at non-faradaic 
potentials. In detail, CV measurements were performed at various scan rates (2, 4, 6, 8 
and 10 mV s-1) in -0.1 ~ -0.2 V vs. SCE. By plotting the difference of current density 

(∆J) between the anodic and cathodic sweeps ( ) at 0.13 V vs. ∆𝐽 = 𝐽𝑎𝑛𝑜𝑑𝑖𝑐 ‒ 𝐽𝑐𝑎𝑡ℎ𝑜𝑑𝑖𝑐

RHE against the scan rate, a linear trend was observed. The slope of the fitting curve is 
equal to twice the geometric double layer capacitance (Cdl), which is proportional to the 
electrochemical active surface area of catalysts. The Faradaic efficiency is calculated 
by applying a constant potential (-0.6 V vs. SCE) on the electrode and the volume of 
the evolved hydrogen gas was collected by the water drainage method. The detailed 
method refers to the previous reports.2,3

The commercial Pt/C (20 wt.%) powder was tested as a control sample. The Pt/C 
catalyst supported on carbon cloth was prepared via dispersing 8 mg of Pt/C and 2 mg 
of Vulcan XC-72R in the mix of 700 µL isopropyl alcohol, 250 µL deionized water and 



50 µL Nafion solution (5 wt.%) with sonication for 0.5 h to form a homogeneous ink, 
then the 125 µL of ink was coated on carbon cloth within 1 cm2 area. All the potentials 
were referenced to a reversible hydrogen electrode (RHE) based on the equation: 

.𝐸(𝑅𝐻𝐸) = 𝐸(𝑆𝐶𝐸) + 0.2415 𝑉 + 0.0592 × 𝑝𝐻

 

Fig. S1 Schematic illustration of the synthesis procedure of Ni2P4O12/CC.



Fig. S2 (a-c) SEM images and (d) XRD pattern of Ni(OH)2·0.75H2O/CC. 

Fig. S3 (a,b) TEM images, (c) HRTEM image and (d) SAED pattern of the NiO 
nanosheets obtained from NiO/CC.



Fig. S4 XRD pattern for the residuals of NaH2PO2·H2O after calcination in Ar.

Fig. S5 (a,c) AFM images of the obtained Ni2P4O12 nanosheets. (b,d) The 
corresponding height profiles along the white line in (a) and (c), respectively.



Fig. S6 Bond lengths of (a) NiO and (b) Ni2P4O12 crystals, respectively.

Fig. S7 Calibration of SCE. (a) CV curve of hydrogen oxidation and evolution in 0.5 
M H2SO4. (b) Open circuit potential of the electrochemical cell.

Fig. S8 LSV measurement and steady-state measurement of Ni2P4O12/CC in 0.5 M 
H2SO4 for HER.



Fig. S9 CV curves of a) Ni2P4O12/CC and b) NiO/CC at various scan rates. The current 
densities obtained at 0.13 V vs. RHE are used to calculate the Cdl values.

Fig. S10 N2 adsorption/desorption isotherms of the Ni2P4O12 and NiO nanosheets.

Fig. S11 Experimental hydrogen gas evolution during electrolysis and theoretical 
amount of hydrogen gas.



Fig. S12 (a) TEM, (b,c) HRTEM images and (d) SAED pattern of Ni2P4O12/CC after 

long-term durability testing.

Fig. S13 XPS spectra of Ni2P4O12/CC before and after long-term durability testing: (a) 

survey scan, (b) Ni 2p, (c) P 2p and (d) O 1s.



Table S1. Summary of the surface species on the reported transition metal phosphides 
based catalysts before the catalytic measurements. Note that the CC, NC, BCN, NSs, 
CNT, TM and NWs represent the carbon cloth, N-doped carbon, B/N-doped carbon, 
nanosheets, carbon nanotubes, nanotubes, titanium mesh and nanowires, respectively. 



Table S2. Comparison of the acidic HER performance in this work with the non-
precious metal-based electrocatalysts reported previously. Note that the CC, NSs, NPs, 
NTs, NAs and NWs represent the carbon cloth, nanosheets, nanoparticles, nanotubes, 
nanorod arrays and nanowires, respectively.
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