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Figure S1. Photograph of the mechanically alloyed Cug,TisPt; powders (left) and a
set of the milling tank with balls (right). For each milling tank, about 25 g alloy
powders could be prepared after mechanical alloying. For the planetary ball mill
machine with four sets of the milling tanks, the precursor powders of up to 100 g can

be produced after one batch of mechanical alloying.



Figure S2. SEM images showing the microstructure of (a, b) the mechanically

alloyed Cuy,TisPt; powders and (c, d) the as-dealloyed np-PtCuTi samples.
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Figure S3. Typical EDX spectra and corresponding elemental contents of (a) the as-

milled Cuy,TisPt; precursor powders and (b) the as-dealloyed np-PtCuTi alloy.
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Figure S4. (a) STEM image showing the microstructure of the mechanically alloyed
Cuy,TisPt; sample. (b) The marked area for EDX-mapping (100 nm x 100 nm). (c-¢)

EDX mapping images corresponding to the marked area in (a).
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Figure S5. (a) XPS broad scan spectrum of the np-PtCuTi alloy. XPS spectra of (b)
Cu 2p and (c¢) Cu 2py; for the np-PtCuTi alloy.



—PiC
—— np-PtCuTi

0.1 mA

04 02 00 02 04 06 08 1.0 1.2
E (V vs.SCE)

Figure S6. Stable CVs of the np-PtCuTi and PtC catalysts in the N,-purged 0.5 M

H,SO, solution. (Scan rate: 50 mV s!)
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Figure S7. The evolution of CV curves of (a) PtC and (b) the np-PtCuTi alloy in the

E (V vs. SCE)

N,-purged 0.5 M H,SO, solution. (Scan rate: 50 mV s!)
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Figure S8. Stable CV curves of the np-PtCuTi and PtC catalysts in the N,-purged 0.1

M HCIO;, solution. (Scan rate: 50 mV s!)
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Figure S9. The evolution of CV curves of (a) PtC and (b) the np-PtCuTi alloy in the

N,-purged 0.1 M HCIOy solution. (Scan rate: 50 mV s')
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Figure S10. (a) CVs and (b) ORR polarization curves for the PtC catalyst after 10 and
10000 potential cycles in the O,-saturated 0.1 M HCIO, solution.
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Figure. S11. The schematic model of methanol adsorbed on Pt (111) and PtCuTi (111)

@)

slabs: (a,b) top site, (c,d) bridge site.
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Figure. S12. The schematic model of oxygen adsorbed on (a) the bridge site of Pt
(111) and (b) the top site of PtCuTi (111).
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Figure. S13. Difference electron density maps highlighting the electron charge
density redistribution due to the O, adsorption on the (a) Pt (111) and (b) PtCuTi (111)
surfaces. Yellow and blue colors represent depletion and accumulation of electrons,

respectively.
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Table S1. Comparison of MOR parameters for the np-PtCuTi alloy and commercial

PtC catalyst for methanol electro-oxidation in the 0.5 M H,SO,4 and 0.5 M H,SO, +

0.5 M CH;OH solution.

MOR CO
Sample Eonset (V) Epeak (V) jECSA (Il’lA jmass (mA ECSA Epeak (V)
I/
(vs. SCE) (vs. SCE) cm?) mg lp) (m?g!) (vs.SCE)
PtC 0.14 0.62 0.5 230 0.85 46 0.67
np-
0.17 0.61 2.5 721 1.36 29 0.51
PtCuTi
RSD of np-
1.9% 0.8% 7.3% 3.9% 7.6% 4.8% 2.9%
PtCuTi

Abbreviations: RSD, relative standard deviation

15



Table S2. Comparison of the MOR activity of our np-PtCuTi alloy with that of

previously reported state-of-the-art electrocatalysts.

Sample JECSA IF of SA Jmass IF of MA
ref
(mA cm?) (vs PtC) (mA mgp) (vs PtC)
Our np-PtCuTi -- 2.50 5 721 3.1
Np-PtoCuag 1 4.90 4.9 750 --
Np-PtCu 2 4.00 4 730 1.6
Spiny-porous Pt nanotubes 3 0.55 32 260 1.5
Tetrahexahedral Pt—Ni nanoframes 4 2.19 2.63 840 3.9
Hollow Pt4Ru 5 0.62 2.5 -- --
Dendritic Pt-Ni—P alloy nanoparticles 6 0.65 23 360 2.4
Nanoporous Pd,;@Pt; particles 7 -- -- 490 2.1
TeCuPt nanowires 8 -- -- 245 2.3
Pt-Mo00O3;—RGO hollow nanorods 9 - - ~770 ~1.9
PtFe@Pt nanodendrites 10 -- -- 821 2.5

Abbreviations: SA, specific activity; MA, mass activity; IF, improvement factor.
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Table S3. Comparison of ORR parameters for the np-PtCuTi alloy and commercial

PtC catalyst for ORR in the 0.1 M HCIO, solution.

ORR
Sample Epar(V) (V8. Jecsa090v (MA cm™ jmags0.00v (MA mg- ECSA (m? g
RHE) %) 'pr) D)
PtC 0.864 0.20 135 66
np-PtCuTi 0.908 0.84 256 30.5
RSD of np-PtCuTi 0.3% 6.9% 8.3% 4.8%

Abbreviations: RSD, relative standard deviation
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Table S4. Comparison of ORR parameters for the np-PtCuTi alloy after different

cycling numbers in the oxygen-saturated 0.1 M HCIO, solution.

ORR

Cycling number  Ep, (V)
JECsa090v (MA ¢m?)  jinass090v (MA mg'p) ECSA (m? g!)

(vs. RHE)

10 0.908 0.84 256 30.5
5000 0.903 0.92 239 25.9
10000 0.901 0.88 225 25.5
15000 0.903 1.05 233 21.85

20000 0.903 1.10 234 20.89
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Table S5. Comparison of the ORR activity of our np-PtCuTi alloy with the state-of-

the-art ORR electrocatalysts from the previous literatures.

ORR
materials JECSA0.90V Jmass,0.90V Enaie
ref
(mA cm2) (mA mglp)  (Vvs. RHE)
Porous hollow PtNis/C 11 1.29 564 --
Octahedral PtNilr nanoparticle 12 1.03 511 0.912
our np-PtCuTi -- 0.84 256 0.908
Pt-Fe nanodendrites 13 0.82 ~240 --
Np-PtRuCuOslr 14 0.77 249 0.900
Pt,5Cuy, nanodendrites 15 0.63 320 --
Np-Pt;Cu 16 0.61 189 0.905
Pt/V-TiO2 17 0.57 -- 0.873
Pt/Tip9Cop 1N 18 0.54 460 0.905
Np-PtTi 19 0.52 320 -
Np-PtPdAICu 20 0.50 177 0.880
PtPd nanocage-rGO 21 0.48 534 0.953
Cu—Pt Nanocage 22 0.47 320 0.846
PdoRu@Pt/C 23 0.26 380 -
Pt/GC—Fe,MoC 24 -- 267.7 -
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Table S6. Comparison of the ORR durability of our np-PtCuTi alloy with those of the

previously reported state-of-the-art ORR electrocatalysts.

ORR durability
voltage
material cycling RRof RRof AEpair RR of
range ref
number SA MA (mV) ECSA
(vs. RHE)
Octahedra PtNiCo/C 6000 0.6-1.1V - 37.6% 24 - 25
PtPd nanocage-rGO 10000 0.6-1.05V 73.6% 71% 9 88.7% 21
Octahedral Pt—Ni 4000 0.6-1.0V 54.4% 48.5% ~20 92% 26
Au, o3Pt/C decahedra 30000 0.6-1.0V ~90% ~80% 17 - 27
PtNi octahedra 10000 0.6-1.1V 108% 93% ~0 89% 28
Octahedral Pt,CuNi 4000 0.6-1.0V 78% 81.3% ~10 95.6% 29
Octahedral PtNilr
10000 0.6-1.0V 73% 66% - - 12
nanoparticle

Np-PtRuCuOslr 15000 0.6-1.0V 73.1% 50% 25 63.1% 14
Pt;3Cuy, nanodendrites 5000 0.6-1.1V - - 23 88% 15
our np-PtCuTi 20000 0.6-1.0V 130% 91% 5 68.5% -

Abbreviations: RR, retention rate.
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