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Figure S1 Characterization of Co3O4 nanosheets. a,b) TEM and HRTEM image of Co3O4 
nanosheets. c) XRD pattern of Co3O4 nanosheets. d) AFM image of Co3O4 nanosheets. It is clearly 
seen that atomically-thick porous Co3O4 nanosheets have been successfully synthesized, as shown 
in Fig. S1a, S1b and S1d. The XRD pattern of Co3O4 in Fig. S1c illustrates that the product can be 
indexed to spinel phase Co3O4 (PDF no. 78-1969). 

Figure S2 Additional TEM image to demonstrate more details for CoP UPNSs. a) Additional 
HRTEM image of CoP UPNSs for demonstrating more details about structural disorder. As shown 
in Fig. S2a, we could also observe the structural disorders (marked with yellow dotted box) and 
they all have a certain correlation with pores. b) Additional annotation of lattice spacings and FFT 
in Fig. 1d to make sure the orientation of CoP UPNSs.
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Figure S3 Elements in CoP UPNSs. The energy-dispersive X-ray spectroscopy (EDS) spectrum 
of CoP UPNSs. EDS spectrum demonstrates the presence of Co and P in as-prepared CoP UPNSs. 
The signal of Cu results from the copper substrate.

Figure S4 Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b) of CoP 
UPNSs. The surface area and pore size distributions of the synthesized materials were determined 
by nitrogen physisorption using a Quadrasorb SII Quantachrome Instrument. The surface area was 
calculated using the Brunauer-Emmett-Teller method (SBET = 92.23 m2/g). Pore size distributions 
were calculated using the Barrett-Joyner-Halenda method from the desorption branch. The 
presence of mesopores with a size of below 10 nm is attributed to pores in the nanosheets. The 
pore diameter between 9 and 60 nm can be associated with the stacking pores of nanosheets.
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Figure S5 Characterization of CoP NPs. (a) SEM image and (b) XRD pattern of CoP NPs. The 
SEM image (Fig. S5a) shows that CoP NPs with a size of about 30 nm have been successfully 
synthesized. The XRD pattern of the CoP NPs in Fig. S5b shows the CoP NPs have the same 
spinel phase with CoP UPNSs (PDF no.29-0497).

Figure S6 Linear sweep voltammetry (LSV) curves before and after I-R corrected. In order to 
exactly prove the HER properties of different electrocatalysts, the measured polarization curves 
should be corrected for all ohmic losses such as wiring, substrates, materials and electrolyte. Data 
after I-R corrections are shown in Fig. 2 in the main text, in which all data have been corrected 
according to the equation: Ea = Eb – IRs, where Ea is the overpotential after I-R correction, Eb is the 
overpotential before I-R correction, I is the corresponding current and Rs is the resistance of the 
system obtained from electrochemical impedance spectroscopy (EIS, Figure 2d) plots as the first 
intercept of the main arc (namely the electrode-electrolyte interface). 
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Figure S7 EIS spectra of CoP nanosheets (a) and CoP nanoparticles (b) at the given overpotentials. 
The radius of the high-frequency semicircle (small semicircle) for CoP nanosheets is obviously 
potential-independent, which is associated with the surface porosity response of the CoP 
nanosheets. The diameter of semicircles at high frequencies can be related to the contact resistance 
between the catalyst (CoP) and the catalyst support (glassy carbon (GC) electrode). Compared 
with the diameter of semicircles at high frequencies of CoP nanoparticles, the porous ultrathin 
CoP nanosheets own a smaller diameter, suggesting the smaller resistance of our sample with the 
GC substrate. The diameters of the semicircles at low frequencies (Rct) are potential-dependent, 
and the diameters of both samples decrease with increasing applied overpotential, suggesting the 
faster HER kinetics occurring at higher overpotential. At the same overpotential, the diameter of 
the semicircles at low frequencies of our ultrathin porous CoP nanosheets is always smaller than 
the corresponding diameter of CoP nanoparticle, further confirming the faster kinetics for HER.

Figure S8 The stability of CoP UPNSs after a long-term cycling test. a) TEM image of CoP 
UPNSs after the long-term cycling test and b) XRD pattern of CoP UPNSs before and after the 
long-term cycling test.
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Figure S9 Comparison of high-resolution XPS spectra of CoP UPNSs before and after a long-
term cycling test. High-resolution XPS spectra of a) Co 2p and b) P 2p before and after a long-
term cycling test. High-resolution XPS spectra of Co 2p and P 2p regions of CoP UPNSs before 
and after a long-term cycling test were shown in Fig. S9. The peaks of the initial sample at 779.08 
and 129.79 eV are close to the binding energy of Co and P in CoP which are consistent with the 
reported works.1 Those results suggest that the CoP have been successfully synthesized from 
Co3O4. In addition, we could find that the peaks show no obvious shifts after the stability test 
which shows that CoP UPNSs are highly stable for HER. 

Figure S10 Faradic efficiency: The volume–time curves of CoP UPNSs. The hydrogen evolved 
from the cathode could be measured by a water-gas displacing method in durability test and data 
were recorded from the second hour. Q is the cumulative charge (C), F is the Faraday constant (C 
mol-1). The volume of H2 were calculated from the following equation:

𝑉𝐻2
𝑚𝐿 =   

(𝑄 𝐶 ×  22.4 𝐿 𝑚𝑜𝑙 ‒ 1 ×  1000)

𝐹 𝐶 𝑚𝑜𝑙 ‒ 1 ×  2
As illustrated in Fig. S10, the volume–time curves for the collected H2 match those computed by 
the cumulative charge volume ratio, indicating that the Faradaic efficiency of the CoP UPNSs was 
nearly 100%.
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Figure S11 Simulated structure of a double unit cell (a) and corresponding P terminated CoP (100) 
surface with one hydrogen atom absorbed (b) in the DFT calculations. Co atoms: blue, P atoms: 
purple and H atom: white.

Figure S12 Simulated band structure of CoP (100) surface. The (100) surface of CoP shows no 
clear band gap and the electrons near the Fermi level is very active, suggesting it is metallic.
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Table S1. Comparison of HER performance in 0.5 M H2SO4 for CoP UPNSs with other 

TMPs catalysts.

Catalyst Overpotential at 

10 mA cm-2 

(mV)

Tafel slope

(mV dec-1)

Exchange current 

density (mA cm-2)

Ref.

CoP -110 54 0.16 1

Co2P -134 71 2

FeP -112 58 0.22 3

FeP2 66 1.75×10-3 4

Ni2P -87 54 7.1×10-2 5

Ni12P5 -208 75 2.857×10-2 6

MoP -125 54 7

WP -130 69 0.29 8

WP2 -148 52 1.3×10-2 9

Co1.33Ni0.6P 57 5.1×10-3 10

MoP|S -64 50 0.57 11

CoP NPs -203 81 0.046 this work

CoP UPNSs -56 44 0.61 this work

Areas are blank if the corresponding data are not mentioned in references.
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Table S2. Comparison of HER performance in 0.5 M H2SO4 for CoP UPNSs with other 

non-noble-metal electrocatalysts

Catalyst Overpotential at 

10 mA cm-2 

(mV)

Tafel slope

(mV dec-1)

Exchange current 

density (mA cm-2)

Ref.

CoSe2 NP/CP -137 40 (4.9±1.4)×10-3 12

CoSe2 40.8 4.1×10-5 13

Fe0.43Co0.57S2 55.9 1.6×10-4 13

WS2 -142 70 14

MoS2 -187 43 15

CoS2 -145 51.4 1.88 ×10-5 16

WS2 60 2 × 10-5 17

CoS2/RGO-CNT -142 51 6.26 × 10-2 18

Fe1−xCoxS2/CNT 46 19

Co-Mo2C -140 39 5.1 × 10−3 20

MoS2/Ni3S2 -110 83 21

CoP NPs -203 81 0.046 this 

work

CoP UPNSs -56 44 0.61 this 

work

Areas are blank if the corresponding data are not mentioned in references.
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Table S3. Hydrogen Adsorption Energy (△EH*) and Hydrogen Gibbs Free Energy (△GH*) on 

different non-precious metal electrocatalysts for HER

△EH* (eV) △GH* (eV) Ref.

Cu -0.05 0.19 22

Ni -0.51 -0.27 22

W -0.67 -0.43 22

Mo -0.61 -0.37 22

Re -0.56 -0.32 22

Nb -0.80 -0.56 22

C3N4@NG -0.43 -0.19 23

Mo2S -0.16 0.08 24

WS2-1T 0.01 0.25 25

MoSe2-1T 0.42 0.66 25

WSe2-1T 0.61 0.85 25

CoP UPNSs (H*=12.5%) -0.56 -0.32 this work

CoP UPNSs (H*=75%) -0.354 -0.114 this work

S10



Figure S13 Characterization of CoSe2 ultrathin porous nanosheets (CoSe2 UPNSs). a) AFM 
image and TEM image (inset a) and b) HRTEM images and the associated FFT pattern (inset b) of 
CoSe2 UPNSs. c）XRD pattern, d) EDS spectrum and STEM-EDS elemental mapping (inset d) of 
CoSe2 UPNSs. The AFM in Figure S13a and the TEM image (inset Figure S13a) suggested that 
CoSe2 UPNSs were synthesized successfully. Moreover, HRTEM (Figure S13b) and the 
associated SAED pattern (inset in Figure S13b) showed that the products were single crystalline 
and the diffraction dots belong to (110) and (111) planes of CoSe2 with a zone axis of [−110]. All 
the diffraction peaks in the XRD pattern (Figure S13c) can be assigned to orthorhombic CoSe2 
structure (PDF no. 53-449) without impurities. Figure S13d showed the EDS and STEM-EDS 
mapping images (inset in Figure S13d) of as-obtained CoSe2 UPNSs confirming high-purity and 
uniform distribution of Co and Se elements.
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Figure S14 Synthesis of CoS ultrathin porous nanosheets (CoS UPNSs). a) TEM image, b) 
HRTEM image and the corresponding FFT pattern (inset b) of CoS UPNSs. c) XRD pattern, d) 
EDS spectrum and STEM-EDS elemental mapping (inset d) of CoS UPNSs. TEM image (Fig. 
S14a) showed CoS UPNSs were obtained successfully. Moreover, HRTEM (Fig. S14b) and the 
associated SAED pattern (inset in Fig. S14b) showed that the products were monocrystalline and 
the lattice fringe with interplane spacing measured to be 0.292 nm was corresponding to the (100) 
plane of CoS, respectively. All the diffraction peaks in the XRD pattern (Fig. S14c) can be 
assigned to hexagonal CoS structure (PDF no. 65-3418) with highly purity. Fig. S14d showed the 
EDS and STEM EDS mapping images (inset in Fig. S14d) of as-obtained CoS UPNSs confirming 
the impurity-free and uniform distribution of Co and S elements.
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