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Fig. S1 EDS mapping of P8W48/rGO nanocomposite prepared by electrochemical reduction. 

 

SI-1: X-ray photoelectron spectroscopy (XPS) analysis 

Fig. S2a and Fig. S2b show the C 1 s XPS spectra of GO and P8W48/rGO. It can be clearly seen that the 

content of C–O group (integration of C-OH and C-O-C) decreases from initial 48.9% of GO to 29.5% 

(shown in Table S1) of P8W48/rGO, indicating that the electrochemical reduction can effectively decrease 

the amount of oxygen containing groups on GO. Meanwhile, the content of graphite-like C (integration 

of C–C and C=C) group increased from initial 42% to 63.3%, indicating that significant sp
3
/sp

2
 

-hybridized carbon structures were restored. The W (4f) and P (2p) XPS spectras of P8W48/rGO were also 

shown in Fig. S2. The W 4f 7/2 and W 4f 5/2 doublets with binding energies of 35.48 and 37.62 eV (Fig. 

S2c) respectively for P8W48/rGO indicate that tungsten is in its full oxidation form (W
VI

) in P8W48, 

which is in line with that of precursor P8W48 (Fig. S2e). It should be noted that there are broad peaks at 

the binding energy higher than 40 eV for both P8W48 and P8W48/rGO, which can be assigned to W
VI

 loss 

features. The presence of phosphorus with strong signal was also detected in the P8W48/rGO composite 

as shown in Fig. S2d, even though it has low content in P8W48 (the P 2p of P8W48 was also shown in Fig. 

S2f), which indicates the intensive adsorption of P8W48 on rGO. However, it is worth noting that the W
VI 

C Ka1 O Ka1 

P Ka1 W La1 
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4f peaks of the P8W48/rGO nanocomposite shift to lower binding energies compared with those of P8W48 

(Table S2), which suggests the electron transfer from P8W48 to rGO decreasing the electronegativity of 

the adjacent terminal oxygen atoms of P8W48.
1
 On the other hand, the atomic ratios of P/W for both 

P8W48 and P8W48/rGO are almost the same, which suggest the intact P8W48 is still there in the 

P8W48/rGO nanocomposite. However, it is well known that XPS is not appropriate for quantitative 

determination of atomic percentage. 

 

 

Fig. S2 (a) C 1s XPS spectrum of GO. (b) C 1s, (c) W
VI

 4f and (d) P 2p XPS spectra of the as-prepared 

P8W48/rGO nanocomposite. (e) W
VI

 4f and (f) P 2p XPS spectra of P8W48. 
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Table S1 Fitting of the C 1s peak binding energy (eV) (relative atomic percentage %) 

Samples 
graphite-like C C-O 

C=O O-C=O 
C-C C=C C-OH C-O-C 

GO 284.8 [36.8%] 284.0 [5.2%] 285.5 [5.6%] 286.9 [43.3%] 288.0 [4.3%] 288.9 [4.8%] 

P8W48/rGO 284.8 [45.2%] 284.2 [18.1%] 285.5 [18.6%] 286.5 [10.9%] 287.8 [1.4%] 288.9 [5.8%] 

P8W48/rGO-25 284.8 [40.8%] 284.0 [1.6%] 285.7 [11.4%] 286.9 [35.9%] 287.9 [6.5%] 289.0 [3.8%] 

P8W48/rGO-50 284.8 [41.7%] 284.2 [5.0%] 285.8 [16.3%] 287.0 [27.1%] 287.7 [5.4%] 288.9 [4.5%] 

 

 

Table S2 The binding energies (BE) of P 2p and W 4f and the atomic ratio of P/W for P8W48, P8W48/rGO, 

P8W48/rGO-25 and P8W48/rGO-50 respectively 

Samples BE (P 2p) BE (W 4f 7/2) BE (W 4f 5/2) P/W (At. %/ At. %) 

P8W48 133.54 35.77 37.91 0.229 

P8W48/rGO 133.50 35.48 37.62 0.227 

P8W48/rGO-25 133.42 35.58 37.72 0.311 

P8W48/rGO-50 133.51 35.70 37.80 0.315 

 

SI-2: Raman spectroscopy analysis 

Raman spectroscopy can provide additional information for probing defects and structural properties of 

carbon materials. As shown in Fig. S3, two fundamental vibrations which are attributed to the D (~1350 

cm
-1

) and G (~1595 cm
-1

) bands, respectively, are observed for both GO and P8W48/rGO. The D band is 

a breathing mode or k-point photons of A1g symmetry originating from the disorder-induced mode 

associated with structural defects and imperfections and the G band corresponds to the first-order 

scattering of the E2g mode from the sp
2
 carbon domains.

2,3
 The intensity ratio of D and G bands, ID/IG, can 

be used for the determination of disorder degree and average size of the sp
2
 domains. It can be observed 

that the ID/IG intensity ratio of P8W48/rGO (1.30) is higher than that of GO (0.92), indicating a decrease 

in the average size of the sp
2
 domains upon reduction of exfoliated GO, and it can be explained if new 

graphitic domains were created that are smaller in size than those present in GO before reduction, but 

more abundant in number.
4
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Fig. S3 Raman spectra of GO and P8W48/rGO nanocomposite. 

 

SI-3: Fourier transform infrared spectroscopy (FT-IR) analysis 

FT-IR spectra were recorded to further confirm the structural integrity of P8W48 in the P8W48/rGO 

nanocomposite. Figure S4 shows the FT-IR spectra of GO, rGO, P8W48 and P8W48/rGO nanocomposite. 

It can be clearly observed that the Hummer’s GO has the characteristic signals of −OH group, C=O 

symmetry vibration peaks, C=C sp
2
 species and C−O vibration peaks. When the GO reduction reaction 

occurred, no stretching vibration of carboxyl groups was observed in the spectra of both rGO and 

P8W48/rGO, confirming the efficient reduction of GO to rGO.
[6,10b]

 It should be noted that the C−O 

vibration peaks and hydroxyl groups are still remained in the rGO, which facilitates its interaction with 

P8W48; the C−O vibration peaks in the spectra of rGO are merged with the POM bands (vibration bands 

of vas P–O) in that of P8W48/rGO. On the other hand, the POM bands for the free P8W48 are at 1140 cm
-1

 

and 1084 cm
-1

 ( vas P–O),
[1]

 1015 cm
-1

 (vas W=Ot), 924 cm
-1

 (vas W–Ob–W), and 807 cm
-1

 (vas W–Oc–W). 

Whereas for the P8W48/rGO nanocomposite, all corresponding bands are shifted by several wavenumbers 

and identified at 1140 cm
-1

 and 1100 cm
-1

 for vas P–O, 1034 cm
-1

 for vas W=Ot, 904 cm
-1

 for vas W–Ob–W, 

and 820 cm
-1

 for vas W–Oc–W, although some peaks are weak due to the low concentrations of P8W48 on 

rGO. Altogether, these results suggest a strong interaction between the rGO sheets and the grafted, intact 

P8W48 nanoclusters, which is in agreement with the XPS observations. 
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Fig. S4 FT-IR spectra of GO, rGO, P8W48 and P8W48/rGO nanocomposite. The shaded region from 

~1400 to 1900 cm
-1

 includes the signal of the C=C sp
2
 species and carboxylic groups. The peak observed 

at ~1600 cm
-1

 in the spectra of P8W48 is due to the hydration water molecules. Notes: a vas P–O, b vas 

W=Ot, c vas W–Ob–W, d vas W–Oc–W. 
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Fig. S5 (a) Cyclic voltammograms and peak current intensity variations for P8W48/rGO in a 0.5 M 

H2SO4 (pH 0.3) medium in the potential domain from 1.065 V to ~ (-0.025) V vs. RHE. The cyclic 

voltammograms are shown as a function of scan rate (from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 

80, 90, 100, 110, 120, 130, 140, 150, 160, 170, 180, 190 and 200 mV s
–1

, respectively). (b) Dependence 

of cathodic and anodic peak currents of the first W wave as a function of the scan rate. 
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Fig. S6 Comparison of the cyclic voltammograms recorded with P8W48/rGO before and after 1,000 

cycles in a 0.5 M H2SO4 (pH=0.3) medium. The scan rate was 200 mV s
-1

. 
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Fig. S7 Cyclic voltammogram recorded with P8W48/rGO in a 0.5 M H2SO4 (pH=0.3) medium in the 

potential domain from 1.065 V to 0.715 V vs. RHE. The scan rate was 100 mV s
-1

. 
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Fig. S8 Cyclic voltammograms and current intensity variations for P8W48/rGO in a 0.5 M H2SO4 (pH 0.3) 

medium in the potential domain from 1.065 V to 0.715 V vs. RHE. The cyclic voltammograms are shown 

as a function of scan rate (from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 

140, 150, 160, 170, 180, 190 and 200 mV s
–1

, respectively). 
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Fig. S9 Cyclic voltammograms and peak current intensity variations for P8W48/rGO in a 0.5 M H2SO4 

(pH 0.3) medium in the potential domain from 1.065 V to ~0.315 V vs. RHE. The cyclic voltammograms 

are shown as a function of scan rate (from inner to outer curve: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 

120, 130, 140, 150, 160, 170, 180, 190 and 200 mV s
–1

, respectively). 
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Fig. S10 Superimposed representative cyclic voltammograms of P8W48/rGO and rGO-hydrazine 

recorded in a 0.5 M H2SO4 (pH 0.3) medium at a scan rate of 100 mV s
-1

. 

 

SI-4: Pt deposition 

When Pt is used as the counter electrode, and there are chlorides inpurities in the electrolyte, Pt counter 

electrode dissolution will happen and thus the Pt deposition on the working electrode, which will increase 

the HER current and will make wrong estimation of the real catalytic activities of the catalysts. In order to 

ascertain this, protocols are as follows. A standard three-electrode cell was used and was controlled at 25 

o
C using a water bath during the experiment. The prepared P8W48/rGO modified GC RDE (4 mm in 

diameter) was used as the working electrode. A Pt gauze and a SCE were used as counter and reference 

electrodes, respectively. The electrolyte, 0.5 M H2SO4 (pH=0.3), was saturated with ultrahigh-purity Ar 

for at least 30 min and kept under a positive pressure of this gas during the experiments. To speed up the 

anodic dissolution of Pt in acidic media, the Pt counter electrode and the working electrode were placed 

in the same compartment, and the reference electrode was separated by a glass frit. For Pt deposition, 5 

mM HCl was added to the electrolyte, and then continuous potential cycling (1758 cycles) was performed 

in the potential domain from +1.065 to -0.05 V vs. RHE at a scan rate of 50 mV s
-1

. As the cycling goes, 

the characteristics of the HER wave is evolved and improved gradually. Fig. S11a shows that the CV of 

the resulting tricomponent Pt-P8W48/rGO exhibits an additional oxidation wave at + 0.02 V compared to 
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that of P8W48/rGO, along with the apparent HER wave. This oxidation wave is attributed to hydrogen 

oxidation as featured at the same location on the Pt/C CV (Fig. S11b). 
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Fig. S11 (a) Comparison of representative cyclic voltammograms of P8W48/rGO and Pt- P8W48/rGO 

after Pt deposition. (b) Cyclic voltammograms of Pt/C. The catalyst loading was 0.3 mg cm
-2

.
 
The scan 

rate was 100 mV s
-1

. 
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Fig. S12 Polarization curve obtained with H2W12/rGO recorded on glassy carbon electrode, the inset is 

the corresponding Tafel plot obtained from the LSV curve. 

 

 

 

Table S3 Comparison of HER activity measured for P8W48/rGO with that reported for other systems 

with known HER activity under acidic conditions. 

catalyst 

Loading 

(mg cm
-2
) 

Electrode Electrolyte J
a
 (mA cm

-2
) η

b
 (mV vs. RHE) J0

c 
(A cm

-2
) 

Tafel slope 

 (mV dec
-1
) 

TOF (s
-1
) Ref. 

P8W48/rGO 0.3 Glassy carbon 0.5M H2SO4 

10 28 

2×10
-3

 38 

1.4 (195)
d
 

This work 20 39 4.5 (245)
d
 

50 70 11.3 (295)
d
 

rGO-hydrazine 0.3 Glassy carbon 0.5M H2SO4 1 ~180 1.14×10
-5
 84 N/A This work 

H2W12/rGO 0.3 Glassy carbon 0.5M H2SO4 10 ~188 6×10
-5

 84 N/A This work 

Co0.6Mo1.4N2 0.243 Glassy carbon 0.1M HClO4 10 ~190 2.3×10
-4
 N/A N/A 5 

Ni2P 1 Ti foil 0.5M H2SO4 20 130 4.91×10
-4
 46 

0.015 (100)
d
 

0.5 (200)
d
 

6 

2H-MoS2 film N/A Glassy carbon 0.5M H2SO4 1 300 2.4×10
-6
 86 0.013 (0)

d
 7 

MoS2/ MoO3 N/A FTO 0.5M H2SO4 2 200 N/A 50-60 4 (272)
d
 8 



14 
 

1T-LixMoS2 N/A Graphitic rod 0.5M H2SO4 10 185 N/A 43 N/A 9 

Bulk Mo2C 3.3 Carbon paste 

electrode 

0.5M H2SO4 20 ~225 1.3×10
-6
 56 N/A 

10 

Bulk MoB 2 0.5M H2SO4 20 ~225 1.4×10
-6
 55 N/A 

Mo2C/CNT 2 Carbon paper 0.1M HClO4 10 ~150 1.4×10
-5
 55.2 N/A 11 

NiMoNx/C 0.25 Glassy carbon 0.1M HClO4 3.5 ~200 2.4×10
-4
 35.9 N/A 12 

Ni-Mo 3 Ti foil 0.5M H2SO4 20 80 N/A N/A 

0.05 (100)
 d
 

0.36 (200)
d
 

13 

MoS2/rGO 0.28 Glassy carbon 0.5M H2SO4 10 ~150 N/A 41 N/A 14 

POMOFs 0.1 

Carbon paste 

electrode 

1 M LiCl + HCl 

(pH 1) 

NA NA N/A N/A 6.7 (200)
d
 15 

(PEI/P5W30-rGO)n N/A Glassy carbon 0.05M H2SO4 1.7 550 N/A N/A N/A 16 

Hex-WO3 by MH N/A Glassy carbon 1 M H2SO4 

5.81 0 

6.61×10
-3
 116 N/A 17 33.67 100 

75.80 200 

WS2 nanoflake 0.35 Glassy carbon 0.5 M H2SO4 10 ~150 N/A 48 N/A 18 

1T-WS2 nanosheets 1.0±0.2 graphite disk 0.5 M H2SO4 10 142 N/A 70 N/A 19 

CoS2/rGO-CNT 

1.15 for 

CoS2 

3D structure of 

the film 

0.5 M H2SO4 

10 142 

6.3×10
-5
 51 N/A 20 20 153 

100 178 

Ni12P5 3 Ti foil 0.5 M H2SO4 

10 107 

N/A 63 0.019 (120)
d
 21 20 141 

40 190 

CoP 2 Ti foil 0.5 M H2SO4 20 85 1.4×10
-4
 50 0.0047 (20)

e
 22 

CoP 0.92 

carbon 

cloth 

0.5 M H2SO4 

10 67 

2.88×10
-4
 51 4 (240, pH=0)

d
 23 20 100 

100 204 

CoS2 NW 1.7 ± 0.3 graphite 0.5 M H2SO4 10 145 1.51×10
-5
 51.6 N/A 24 

W(S0.48Se0.52)2 0.21 Carbon cloth 1 M H2SO4 100 360 2.9×10
-5
 105 N/A 25 

MoS2/rGO 0.2 Glassy carbon 0.5 M H2SO4 50 235 N/A 41 N/A 26 
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CoSe2 NP 2.8 

Carbon fiber 

paper 

0.5 M H2SO4 

10 139 (4.9±1.4) 

×10
-6
 

42.1 N/A 27 

100 184 

[Mo3S13]
2-

 clusters 0.01-0.1 Graphite paper 0.5 M H2SO4 10 180-220 N/A 38-40 3 (200)
d
 28 

MoP | S 3 Ti foil 0.5 M H2SO4 

10 64 

5.7×10
-4
 50 0.75 (150)

d
 29 20 78 

100 120 

double-gyroid 

MoS2  

0.06 FTO 0.5 M H2SO4 10 ~ 230 6.9×10
-7
 50 N/A 30 

1T WS2 0.0065 Glassy carbon 0.5 M H2SO4 10 ~230 2×10
-5

 60 175 (288)
d
 31 

cGO/MoSx N/A Carbon cloth 0.5 M H2SO4 220 300 N/A 51.9 N/A 32 

NENU-500 ~0.38 Glassy carbon 0.5 M H2SO4 10 237 3.6x10
-5

 96 N/A 33 

 

a
Current density (mA cm

-2
) 

b
Overpotential (mV vs. RHE) 

c
Exchange current density (A cm

-2
) 

d
The TOF values were obtained at the specified overpotentials (mV vs. RHE) 

e
The TOF values were obtained at the specified current densities (mA cm

-2
) 

N/A
These values were unavailable 
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Fig. S13 (a) C 1s, (b) W
VI

 4f and (c) P 2p XPS spectra of the as-prepared P8W48/rGO-25 nanocomposite. 

(d) C 1s, (e) W
VI

 4f and (f) P 2p XPS spectra of the as-prepared P8W48/rGO-50 nanocomposite. 
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Fig. S14 (a) Influences of reduction degree of GO on the performance of HER (the data was extracted 

from 10th cycle for each electrode). (b) The variation of the cyclic voltammogram characteristics of 

P8W48/rGO-25 during the potential cycling. The catalyst loading was 0.3 mg cm
-2

. The scan rate was 2 

mV s
-1

. 

 

Fig. S15 (a) Influences of the loading amount of P8W48 on the performance of HER (the data was 

extracted from 10th cycle for each electrode). (b) The variation of the cyclic voltammogram 

characteristics of P8W48/rGO with P8W48 loading of 1.393 × 10
-10

 mol cm
-2

 during the cycling. The scan 

rate was 2 mV s
-1

. 
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Fig. S16 Faradaic yield (both experimentally measured and theoretically calculated) of H2 production 

versus time for P8W48/rGO at different overpotentials of (a) η=195 mV, (b) η=245 mV and (c) η=295 mV 

for 3600 s in 0.5 M H2SO4. 
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Fig. S17 (a) XPS spectra (survey) and (b) W4f XPS spectra recorded from the film (P8W48/rGO/Nafion 

modified electrode) after activation. Inset of (a) is the corresponding P 2p XPS spectra. 

 

SI-5: Description of Movie S1 

Controlled potential coulometry measurement was performed for the quantitative detection of H2 

production at η=295 mV. Hydrogen evolution occurred rapidly and at a high rate over the P8W48/rGO 

electrocatalytic film. 
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