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Figure S1. (a) Schematic diagram of the apparatus used for the synthesis of W-700, W-

900 and W-1100; (b) temperature program applied for the synthesis of

nanoelectrocatalyst.
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Figure S2. Raman spectra of samples W-700, W-900 and W-1100 at low Raman shift
area.
The spectrum of W-700 and W-900 samples displays characteristic Raman peaks at
260, 707 and 808 cm’!, that can be assigned to W-O-W deformation mode, the W=0
bending mode and the W=O stretching mode in WOj;, repectively.! With pyrolysis

treatment at 900 °C for 4 h, the peaks assigned to WO; get weaker. At 1100 °C, the WO,

peaks are completely vanished, which verifies the successful chemical conversion from
2



WO; to W,C via pyrolysis process.
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Figure S3. The high resolution XPS spectra of P 2p for sample W-700.

Phosphorus, which should have been introduced from precursor (phosphotungstic acid)
is not detected in W-700 with pyrolysis temperature at 700 °C. It is believed that
phosphorus is unstable and ready to be evaporated with heat-treatment.> The complete
phosphorus removal of the W-700 suggests no existence of P in the samples with

pyrolysis temperatures above 700 °C.
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Figure S4. Deconvoluted Raman spectra of (a) W-700, (b) W-900, and (c) W-1100

showing D, G, I and D’ bands with values of Ip/Ig.

All samples had the similar main features of graphitic materials. The G band stems

from in-plane vibrations and has E,, symmetry. This is observed in all sp? carbon systems.

The D band stems from a double resonance process involving a phonon and a defect.

After fitting process, additional bands are labeled as I and D*’. The I band is linked with

disorder in the graphitic lattice, sp>-sp? bonds or the presence of polyenes at ~1180-1290

cm!3 The D’ band (~1500 cm!) is known to occur in the presence of amorphous

carbon.*



Table S1. Elemental composition of samples W-x.

Sample C (at%) W (at%) O (at%)
W-700 56.5 10.0 33.5
W-900 68.9 11.2 18.9
W-1100 72.2 21.7 6.1
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Figure SS. Polarization curves of (a) W-700, (b) W-900, (c) W-1100 (d) pristine

graphene and (e) 20% Pt/C before and after 90% iR compensation.



Figure S6. TEM image of as-prepared pristine graphene.

Table S2. Nitrogen sorption data from pristine graphene.

Sample SBET SMeso SMicro VMeso VMicro
ID (m?/g) (cm’/g)
Prstine 170.0 118.1 73.9 0.39 0.33
graphene

It shows that the specific surface area of pristine graphene (170.0 m?/g) is larger than
those of W-x samples. It is believed that the higher surface area of catalyst facilitate to
increased effective active surface, leading to enhanced catalytic performance. Without the
promoting effect of W,C phase, only considering the contribution of surface area, pristine
graphene should have exhibited the best catalytic performance. However, W-x samples
all perform better than pristine graphene, indicating the apparent enhanced catalytic

activity induced by W-containing nanoparticles.
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Figure S7. N, adsorption-desorption isotherms of samples W-x.

Table S3. Nitrogen sorption data from samples W-700, W-900 and W-1100.

Sample SBET SMeso SMicro VMeso VMicro
ID (m?/g) (cm’/g)

W-700 136.5 101.4 34.6 0.26 0.01

W-900 117.4 97.2 8.9 0.32 0.01
W- 39.7 32 0.16 0.01
110 45.7

Nitrogen sorption was used to determine the surface area and pore volume of
WO;/W,C@GL samples. The samples exhibit type IV isotherms with shape H4 type
hysteresis loop. It is believed that the H4 is associated with the existence of narrow slit-
like pores.?’ In addition, with increased pyrolysis temperature, micropores tends to be

melted due to the vanishing of diverge of isotherms at relative pressures (P/P0) below 0.2.
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Figure S8. Tafel plot of W-900 in 0.5 M H,SO, acidic solution.



Table S4. Comparison of the electrocatalytic activity of the W-1100 reported here under

acidic conditions with other non-noble transition metal HER electrocatalysts.

Jo Oneset  Loading of Tafel slope
Sample ID (mA cm?) (:311\0/) potential  catalyst (mV decg) Ref.
(mV) (mg cm)
W-1100 0.24 135 40 0.5 68 This work
W,C microspheres 2.8x104 190 85 -- 118 5
W,C nanoparticles - 200 -- 263 - 6
W(Cl/aligned carbon
-- 145 15 0.2 72 7
tubes
B-Mo,C 0.0173 -- 50 0.28 120 8
v-Mo,C 0.0032 -- 80 0.28 121.6 8
Commercial Mo,C 0.0013 192 -- 339 56 9
B-Mo,C/reduced
0.037 109 20 0.47 66.4 10
graphene oxide
WC nanocrystals 0.28 125 -- 1 84 11
Mo,C/CNT-graphene 0.062 130 62 0.66 58 12
WS, nanosheets - 142 100 1 70 13
Chemically exfoliated
0.02 230 80 0.0015 55 14
WS, nanosheets
Metallic MoS,
-- 187 150 -- 43 15
nanosheets
Co@NCNTs 0.01 270 50 0.28 69 16
FeCo@NCNTs -- 280 110 0.32 72 17
Ni,P nanoparticles 0.49 100 20 0.033 46 18
Co,P nanorods 0.025 134 70 1.02 51.7 19
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Table S5. HER catalytic properties of W-x samples.

Nio Oneset potential Tafel slope

Sample ID vy (mV) (mV dec'!)
W-700 175 80 92
W-900 151 55 86
W-1100 135 40 68

CPE2 CPE1

Rs
N
Rp Rt

Figure S9. Electrical equivalent circuit model for fitting the EIS response of hydrogen

evolution reaction on W-x samples with different pyrolysis temperatures and amount of
phosphotungstic acid. The whole model follows the two-time constant model, where Ry,
is the series resistance, R, denotes the charge transfer resistance, R;, related to is the

porosity the electrode surface.

The model consists of a series resistance, Rs, in series with two parallel branches; one
is related to the charge-transfer process (CPE-R); the other is on the surface porosity.
W-1100 exhibits a much lower charge transfer resistance (16.9 Q) than W-700 (42.3 Q)

and W-900 (32.4 Q).
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Figure S10. (a), (b) TEM images of W,C NP without GL wrapping; (c) high resolution
XPS spectrum of W 4f for the f~-W,C-1100; (d) LSV polarization curve and (e)

corresponding Tafel plot of W,C NP without GL wrapping pyrolyzed at 1100 °C in 0.5

M H,SO, at scan rates of 2 mV s!.
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