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Supplementary Methods

1. Materials and Chemicals

All chemicals were used as received without further purification. Tungsten chloride (WClg, 99%,
Aladdin), iridium (III) chloride hydrate (IrCl;-xH,0, 99%, Energy Chemical), ethanol (CH;CH,OH,
99.5%, Aladdin). Ir on Vulcan XC-72 (Ir/C, 20 wt.%, Premetek Company), Pt on Vulcan XC-72 (Pt/C,
20 wt.%, Premetek Company), nafion (D-520, 5% w/w in water and 1-propanol, Energy Chemical),
sodium hydroxide (KOH, 85%, Aladdin), concentrated sulfuric acid (H,SO,, 95%~98%, XiLong
Scientific), sodium phosphate dibasic (Na,HPO,4, 99%, Aladdin), and sodium dihydrogen phosphate
anhydrous (NaH,PO,42H,0, 99%, Aladdin). Anion exchange membranes (Fumasep FAA-3-PK-130,
110-130 um thickness) were purchased from SCI Materials Hub. Deionized water and ultrapure water
are made in our laboratory, and all solutions for electrochemical tests are prepared with ultrapure

water.

2. Electrochemical Measurements

In a typical preparation of catalyst ink, 10 mg of each catalyst was blended with 1.0 mL Nafion
ethanol solution (0.5 wt.%) in an ultrasonic bath for 30 min. The nickel foam (NF) was ultrasonically
cleaned by acetone, ethyl alcohol, and ultrapure water in sequence for 20 min. Subsequently, the NF
was submerged in 2 M HCI for 20 min, rinsed with ultrapure water several times to remove any
additional acid, and then left dry in the air. Then, a fixed volume of catalyst ink (10 mg mL™") was
pipetted onto the glassy carbon electrode with a 5 mm diameter (0.196 cm?, loading: 0.255 mg cm™?)
for HER and OER test in 1.0 M KOH, 0.5 M H,;SO,, and 1.0 M phosphate-buffered saline (PBS) to

evaluate the catalytic activity of various catalysts in different pH.

All the electrochemical performances were evaluated on the Gamry reference 600 workstation

(Gamry, USA) with a standard three-electrode system in different electrolytes at room temperature



with automatic iR compensation, in which the 0.5 M H,SO, and 1.0 M KOH electrolyte solutions were
prepared from 95~98% H,SO,4 and KOH pellets with ultrapure water, respectively, the 1.0 M PBS was
prepared by diluting a mixture of 0.62 mol Na,HPO, and 0.38 mol NaH,PO, to 1.0 L using ultrapure
water (15 MQ, Milli-Q). A commercial reversible hydrogen electrode (RHE) was used as the reference
electrode, and the graphite rod was used as the counter electrode. The Hg/HgO reference electrode
(placed in saturated KCl solution that was periodically refreshed to counteract the contamination from
electrolytes) calibrated with RHE in 0.5 M H,SO,4, 1.0 M KOH, or 1.0 M PBS was used as a reference

electrode for long-time stability measurement.

Especially for all HER tests, the electrolytes were saturated with Ar (99.99%) by purging Ar into
the aqueous solutions for 30 min and then maintaining the flow of Ar throughout all the
electrochemical measurements. The HER and OER polarization curves were obtained at a rotating
speed of 1600 rpm with a sweep rate of 10 mV s™!, and corrected with real-time iR by Gamry reference
600 potentiostats at a resistance of 4.8 ohms. The water splitting experiment was respectively dropping
the Ir-W/WO;_, and Ir-W on NF and carried out in an H-type electrolytic cell separated by an anion-

exchange membrane for 1.0 M PBS.

1
. . . mass activity = — .
The mass activity is calculated based on the following equation: m, where [ (A) is
the measured current. m (mg) is the mass of Ir loaded on a glassy carbon electrode.
1
. . . TOF = —
The turnover frequency (TOF) is calculated based on the following equation: aFn where o

= 2 for HER and a = 4 for OER. 7 (A) is the measured current. F is the Faraday constant (96485 C
mol ™). n (mol) is the number of active metals of Ir in the catalysts, which was calculated based on the

weight content from XPS measurement.
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Fig. S1. Schematic illustration of the synthesis process of [r-WO;_y, Ir-W/WOs3,, and Ir-W
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Fig. S2. (a-c) The SEM images of WOs at different magnifications. (d) The XRD pattern of WOs.
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Fig. S3. The SEM image of Ir-WO; (a), Ir-W/WO;_, (b), and Ir-W (c), respectively. (d) The XRD
patterns of Ir-WO;_, [Ir-W/WOs3,, and Ir-W.
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Fig. S4. (a-b) The HRTEM images of Ir-WOs;_, and (c) corresponding FFT pattern along with the [-

102] zone axis from the blue box in (b). (d) The line intensity profiles of the white dotted area of Ir-

WOs; from (b).
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Fig. S5. The HAADF-STEM image (a), line scan (b), and corresponding EDS mappings (c-f) of Ir-

WOs;_ show the correlation of the C, W, O, and Ir components.
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Fig. S6. (a) The HAADF-STEM image of Ir-W/WO;. (b) Line scan along the green arow of Ir-

W/WO;, in (a). (¢) HRTEM image of [r-W/WOs..
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Fig. S7. The TEM image (a) and HRTEM images (b-c) of Ir-W, and corresponding FFT and the
corresponding FFT pattern along with the [-111] zone axis. e) The line intensity profiles of the blue

dotted area of Ir-W from (c).
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Fig. S8. The HAADF-STEM image (a), line scan (b), and corresponding EDS mappings (c-f) of Ir-W

show the correlation of the C, W, O, and Ir components.
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Fig. S9. (a) XPS survey spectra, and (b) atom ratios of Ir-WO3_4, [-W/WO34, and Ir-W.
Table S1. Surface atomic and weight ratios of catalysts that are determined by XPS.
Catalysts C (At%) O (At%) W (At%) Ir (At%)
Ir-WO3_, 34.89 49.78 14.40 0.93
Ir-W/WO;_ 38.36 47.65 13.51 0.48
Ir-W 20.04 54.30 23.55 2.11
Catalysts C (Wt%) O (Wt%) W (Wt%) Ir (Wt%)
Ir-WO;_ 10.37 19.70 65.49 4.44
Ir-W/WO;_, 12.13 20.07 65.37 2.43
Ir-W 4.12 14.87 74.08 6.94
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Fig. S10. (a) Oxygen ratios variation of lattice-O (L-O), C-O, C=0, and (b) Ir*" and Ir? species in Ir-
WOs 4, [-W/WOs3_,, and Ir-W that are determined by XPS, respectively.

Table S2. Surface oxygen ratios of metal-O (M-O), C-O, and C=0 in catalysts that are determined by
XPS.

Catalysts M-O (%) C-0 (%) C=0 %)
Ir-WO3_, 56.50 34.66 8.34
Ir-W/WO;_, 47.40 38.27 14.33

Ir-W 25.23 63.82 10.95
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Fig. S11. The HER Tafel slopes of Ir-WO;_,, Ir-W/WO;_, Ir-W, and Ir/C in 0.5 M H,SO, (a), 1.0 M
PBS (b), and 1.0 M KOH (c), respectively.
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Fig. S12. The HER exchange current density (jy) of [r-WO3 4, Ir-W/WO; 4, Ir-W, and Ir/C in (a) 0.5
M H,SOy,, (b) 1.0 M KOH, and (c) 1.0 M PBS. (d) The comparison of j, values for different catalysts.
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Fig. S13. Mass activity curves of catalysts based on the weight content of Ir in (a) 0.5 M H,SOy, (b)
1.0 M KOH, and (c) 1.0 M PBS for HER.
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Fig. S14. The calculated HER TOF values of [r-WO;_, [-W/WO;4, Ir-W, and It/C based on Ir atoms
in (a) 0.5 M H,S0O,, (b) 1.0 M KOH, and (c) 1.0 M PBS. (d) The comparison of TOF values at the

overpotential of 50 mV for different catalysts.
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Fig. S15. Performance comparison on the mass activities, Tafel slopes, TOF, overpotential, and j, of

catalysts in different electrolytes.
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Fig. S16. The SEM images and corresponding EDS mapping of Ir-W/WO;_,/CC after HER stability

testin (a, b) 0.5 M H,SOy, (c, d) 1.0 M KOH, and (e, f) 1.0 M PBS.
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Fig. S17. The OER Tafel slopes of Ir-WO; 4, Ir-W/WOs, Ir-W, IrO,, and RuO; in 0.5 M H,SOy (a),

1.0 M PBS (b), and 1.0 M KOH (c), respectively.



a 20 b 40
Ir-WO, Ir-WO, , / 1.0 M KOH
| — IfWWo,, | — IFWWO,, 35.2
z 15— IrW 5 30{—Ir-W
> IrO, S IrO,
£ — RuO, £ — RuO,
< 10.9 $
= 104 = 204
= =
G G
0] 0]
w 54 @ 10+
© 0.5 M H,S0, ©
= 1.9 =
‘-/Mro.'?gq :
0 T L T 0 i T T
1.4 1.5 1.6 1.7 1.8 1.4 1.5 1.6 1.7 1.8
Potential (V vs. RHE) Potential (V vs. RHE)
c 4 I-WO,, 1.0 M PBS d
T — IFWIWO,,
T3l —IrwW
> IrO,
€ |]—RuO,
<
= 24 1.9
=
‘g :
g 17
]
=
0 . =B
14 1.5 1.6 1.7 1.8

Potential (V vs. RHE)

Fig. S18. Mass activity curves of catalysts based on the weight content of Ir or Ru in (a) 0.5 M H,SOy,

(b) 1.0 M KOH, and (c) 1.0 M PBS for OER.
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Fig. S19. The calculated OER TOF values of Ir-WO;_, Ir-W/WO3_,, Ir-W, IrO,, and RuO, based on
Ir or Ru atoms in (a) 0.5 M H,SO,, (b) 1.0 M KOH, and (c) 1.0 M PBS. (d) The comparison of TOF

values at the overpotential of 420 mV for different catalysts.
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Fig. S20. The SEM images and corresponding EDS mapping of Ir-W/CC after OER stability test in

(a, b) 0.5 M H,SOy,, (¢, d) 1.0 M KOH, and (e, f) 1.0 M PBS.



Table S3. Performance comparison of Ir-W/WO; || Ir-W with other recently reported catalysts for

water splitting in 1.0 M PBS.

Catalysts OWS (V)/j (mA cm?) Referenc
e

[r-W || Ir-W 1.593/10 This work
CoMoNiS-NF-31 || CoMoNiS-NF-31 1.8/10 !
3D CoBOx/NiSe ||3D CoBOx/NiSe 1.8/10 2
Mn-doped FeP/Co3(PO,), || Mn-doped FeP/Cos(POy,), 1.82/10 3
Fe@Fe,NiO/Ni@Ni,CoP|[Fe@Fe,NiO/Ni@Ni,CoP 1.86/10 4
Ni(So.55€0.5)2 || Ni(So.55¢€0.5)2 1.87/10 5
Nig.1Cog9P-CFP || Niy1CoyoP-CFP 1.89/10 6
S-NiFe;04/NF || S-NiFe,04/NF 1.95/10 7
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