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Supplementary Fig.1 | Characterization of CuWOH. a-c XRD patterns, d FTIR

spectrum, and e,f SEM images of CUWOH.

Cu2WO4(OH)2 microspheres (CuWOH) were successfully synthesized but contained
Cuz20 impurities (Supplementary Fig. 1a). To provide valuable references for the
synthesis of single CuWOH and mitigate potential interference of phase-separated
Cu20 in subsequent experiments, a comprehensive investigation of the synthesis
process is imperative. Based on the inherent properties of sodium citrate and previous
studies, it is speculated that under high temperature and pressure conditions, the
hydroxyl groups in citrate could exhibit reducibility, which facilitates chelation of free or
unstable Cu?* ions into Cu', ultimately forming Cu20 precipitates.’23# To validate this
hypothesis, the reaction time was varied while maintaining a constant reaction
temperature, and intense diffraction peaks corresponding to Cu20 were observed
regardless (Supplementary Fig. 1a). This result suggests that the reducibility of
hydroxyl groups in citrate is not fundamentally influenced by the reaction time.
Conversely, when the reaction temperature was reduced while keeping a fixed
reaction time, effective suppression of Cu20 formation was achieved, providing

compelling evidence that reaction temperature plays a pivotal role in regulating the
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reducibility of hydroxyl groups within citrate (Supplementary Fig.1b). Therefore, at a
fixed reaction temperature of 120°C, no Cu20 particles were observed regardless of
the variation in reaction time, which substantiates the hypothesis (Supplementary
Fig.1c). Taking into account both energy conservation and production efficiency,
CuWOH was successfully synthesized under optimized conditions of a fixed reaction
temperature at 120°C and a reaction time of 6 hours. The functional groups on the
CuWOH surface were further verified by FTIR, where the anti-symmetric vibrational
peaks of COO- in copper citrate are observed at 1638 and 1565 cm~', while the
symmetric vibrational peaks are detected at 1439 and 1355 cm~' (Supplementary
Fig.1d). The deformation vibrations of C—OH can be identified by the peaks at 1260
and 1232 cm™'. Furthermore, the stretching vibration of Cu—O is indicated by the peak
at 567 cm™', providing evidence for the successful synthesis of CUWOH. SEM images
show that the CuWOH consists of solid spheres with smooth surfaces and clear

boundaries (Supplementary Fig.1e,f).
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Supplementary Fig.2 | Morphology characterization of CUWOH. SEM images of
CuWOH at 120°C with different reaction times: a,b) 3 h, ¢,d) 6 h, e,f) 12 h, g,h) 24 h,
and i,j) 36 h.
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Supplementary Fig.3 | Morphology and composition characterization of CuWOa.
a) TGA spectrum of CUWOH in air atmosphere. b) XRD patterns and c,d) SEM images
of CuWOa.
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Supplementary Fig.4 | CUWOH reduction. H2-TPR spectrum of CuWOa.
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Supplementary Fig.5 | Phase structure of Cu/WOx. XRD patterns of Cu/WOx.

Supplementary Fig.6 | Morphology of Cu/WOx. SEM images of a,e) Cu/WOx-300,
b,f) Cu/WOx-350, c,g) Cu/WOx-400, and d,h) Cu/WOx-450.
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Supplementary Fig.7 | Morphology of PtCu/WOx. SEM images of a,e) PtCu/WOx-
300, b,f) PtCu/WOx-350, c,g) PtCu/WOx-400, and d,h) PtCu/WOx-450.
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Supplementary Fig.8 | Size distribution of PtCu in PtCu/WOx-350. a) TEM image
of PtCu/WOx-350. b) Size distribution of PtCu alloy particles.
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Supplementary Fig.9 | Electronic structure of PtCu/WOx. High-resolution XPS
spectra of a) Cu 2p, and b) Cu LMM for PtCu/WOx.
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Supplementary Fig.10 | Electronic structure of PtCu/WOx. XPS-VB spectra of
PtCu/WOx.
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Supplementary Fig.11 | BIEF and morphological characterization of PtCu/WOx.
AFM and KPFM images for a,e) PtCu/WOx-300, b,f) PtCu/WOx-350, c,g) PtCu/WOx-
400, and d,h) PtCu/WOx-450.
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Supplementary Fig.12 | ECSA Characterization of PtCu/WOx. CV curves of
PtCu/WOx in N2-saturated 0.1 M HCIOa4.

a o — 400 rpm —— 625 rpm —— 400 rpm —— 625 rpm
—— 900 rpm —— 1225 rpm —— 900 rpm 1225 rpm /
1600 rpm 2025 rpm 1600 rpm 2025 rpm
2 2500 rpm 2500 rpm
N LN
£ £
o o
< . <
£ E
T £ =
[T =400 rpm —— 625 rpm =
6 _— 6l =
: 6 ——— 900 rpm —— 1225 rpm T
= —— 1600 rpm 2025 rpm R
3 8 2500 rpm g
04 05 06 07 08 09 10 141 04 05 06 07 08 09 10 141 04 05 06 07 08 09 10 141
E vs. RHE (V) E vs. RHE (V) E vs. RHE (V)
05
d o € ~ T n=3.83
n=3.82
1 0.4 n=3.37
a & < n=3.91
§ [ § 5 n=3.97
= <. L3
= = .: = PHC
% —— 400 rpm —— 625 rpm Py —— 400 rpm —— 625 rpm 0.2 : PtCu/WO,-300
—— 900 rpm —— 1225 rpm 500 M — 1225 pm PICUWO,-350
1600 rpm 2025 rpm 1600 rpm 2025 rpm v PtCu/WO,-400
2500 rpm 2500 rpm ¢ PtCu/WO,-450
-8 T T T T T T -8 T T T T T T 0.1
04 05 0.6 07 0.8 0.9 1.0 (B | 04 0.5 06 0.7 08 0.9 1.0 1:4 0.02 0.03 0.04 0.05 0.06
E vs. RHE (V) E vs. RHE (V) W™ (rpm-?)

Supplementary Fig.13 | Kinetic characterization of PtCu/WOx. LSV curves on RDE
in O2-saturated 0.1 M HCIO4 at different rotation speeds from 400 to 2500 rpm at a
scan rate of 10 mV s™'in ORR region: a) Pt/C, b) PtCu/WOx-300, c) PtCu/WOx-350, d)
PtCu/WO«-400, e) PtCu/WOx-450, and f) Koutecky-Levich plots at 0.4 V vs. RHE.
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Supplementary Table 1 | Mass percentage and molar ratio of Pt and Cu in

different samples.

PtCu/WOx- PtCu/WOx- PtCu/WOx- PtCu/WOx-

300 350 400 450
Pt (wt %) 20.71 19.75 18.45 18.13
Cu (wt %) 10.69 10.23 8.65 9.28
Molar ratio
1.58 1.59 1.44 1.57
(Pt/Cu)
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Supplementary Table 2 | The ORR activity of PtCu/WOx compared with other Pt-

based catalysts.

Catalysts Electrolyte E12 (V vs. RHE) Ref.
PtCU/WO,-300 0.1 M HCIO4 0.83 This work
PtCU/WOx-350 0.1 M HCIO4 0.89 This work
PtCU/WO,-400 0.1 M HCIO4 0.85 This work
PtCU/WO,-450 0.1 M HCIO4 0.72 This work

PuFei@FeosNC- 4 4\ Hio, 0.889 5
900
PtCus-NC 0.1 M HCIO4 0.890 6
Pt1Co10/N-GCNT 0.1 M HCIO4 0.85 7
Vac-NiPtNPs/ING 0.1 M HCIO4 0.901 8
PtFe/M-700 0.1 M HCIO4 0.938 9
%ﬁﬁjtgy— 0.5 M H2S04 0.84 10
WO—PtNi NWs 0.1 M HCIO4 0.93 11
Pt NPs/TiO2 NRs 0.1 M HCIO4 0.86 12
Ptblack WOs- 0.1 M HCIO4 0.85 13

NFs

PYUMTHS 0.1 M HCIO4 0.867 14
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