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Experimental Section

Chemicals and Materials

Potassium hexachloroplatinate (IV) (K,PtClg, 98%), sodium tetrachloropalladate (II)
(Na,PdCl4,98%), Iridium (III) chloride (IrCls, 99.8%), Sodium iodide (Nal, AR), EG
(GC), and glycerol (GC) were procured from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Copper chloride dihydrate (CuCl, - H,O, AR) was purchased from
Shanghai Yien Chemical Technology Co., Ltd. (Shanghai, China). Tetrachloroauric
(ITT) acid tetrahydrate (HAuCl, - 4H,0, AR), poly(vinylpyrrolidone) (PVP, K30),
Glycine (AR), L—Ascorbic acid (AA, AR), potassium hydroxide (KOH, AR), and

perchloric acid (HCIO4, AR) were acquired from Sinopharm Chemical Reagent Co.,
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Ltd. (Shanghai, China). Nafion solution (5 wt %) was ordered from Cool chemical
science and technology Co., Ltd. (Beijing, China). Ethanol (AR) and acetone (AR) were
bought from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Ruthenium (III)
chloride anhydrous (RuCl;) was obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. (Shanghai, China). Sodium hexachlororhodate (III)
dodecahydrate (Na;RhClg - 12H,0) was ordered from Thermo Fisher Scientific. All
reagents were used as received without further purification, and the water used in all

experiments was ultrapure water (18.2 MCQ cm).

Preparation of PtCu TDNs

In the synthesis of PtCu TDNs, 9.8 mg of K,PtClg, 3.4 mg of CuCl, - H,0, 400 mg of
PVP, 300 mg of Nal, 75 mg of glycine were loaded into a 20 mL
polytetrafluoroethylene vessel. Then 7 mL ultrapure water and ImL EG mixed solution
was added. Ultrasonically stirred for 10 min and then loaded into stainless steel
autoclave. The reaction kettle was transferred to a muffle furnace, raised from room
temperature to 170 °C (6 °C/min), heated for 2 h, and then cooled to room temperature.
Typically, we collected the product through centrifugation at 11,000 rpm for 20 min,
and then washed twice with ethanol/acetone mixture and ultrapure water. The final

product was redispersed in 6 mL of ultrapure water.

Preparation of PtCu/PdCu core—shell TDNs



In the synthesis of PtCu/PdCu core—shell TDNs, 1 mg, 2 mg, 3 mg, 4 mg, 5 mg, 6 mg
of Na,PdCl,, 60 mg of AA, and 100 mg of PVP were dissolved in 3 mL of ultrapure
water and then mixed with 3 mL of the aqueous solution containing PtCu TDNs. After
10 minutes of sonication in the fluoroethylene lining, it was transferred to an autoclave
and reacted at 150 °C for 2 h. The product was collected by centrifugation at 11000 rpm

for 20 min, and then washed twice with ethanol/acetone mixture and ultrapure water.

Preparation of PtCu/MCu (M= Rh, Ru, Ir, Au) heterostructure TDNs

In the synthesis of PtCu/RhCu heterostructure TDNs, 10.2 mg of Naz;RhClg- 12H,0, 60
mg of AA, and 100 mg of PVP were dissolved in 6 mL of the aqueous solution
containing PtCu TDNs. After sonication for 10 min, the reaction was transferred to the
autoclave at 150 °C for 2 h. For the preparation of PtCu/AuCu heterostructure TDNSs,
the precursor was replaced with 500 uL HAuCl, (48.56 mol/L), and other reaction
conditions were unchanged.

In the synthesis of PtCu/RuCu heterostructure TDNs, 4 mg of RuCl;, 60 mg of AA, and
100 mg of PVP were dissolved in 6 mL of EG solution containing PtCu TDNs. After
sonication for 10 min, the reaction was transferred to the autoclave at 200 °C for 2 h.
For the preparation of PtCu/IrCu heterostructure TDNSs, the precursor was replaced with
6 mg of IrCl; and other reaction conditions were unchanged. The product was collected
by centrifugation at 11000 rpm for 20 min, and then washed twice with ethanol/acetone

mixture and ultrapure water.



Preparations of PtCu TDNs/C and PtCu/PdCu TDNs/C Catalysts

Disperse the obtained PtCu TDNs and PtCu/PdCu TDNSs in 6 mL of ethanol solution
containing 3 mg of carbon carrier (Vulcan XC—72), sonicated for 2 h and centrifuged
to obtain PtCu TDNs/C and PtCu/PdCu TDNs/C catalyst, washed several times with
ethanol/ultrapure water mixed solution and collected by centrifugation. The pretreated
catalyst was placed in an N,/H; (5 %) mixture and heat—treated at 250 °C for 1 h.

Finally, the sample was dispersed in 950 pL ultrapure water and 50 uL Nafion solution.

Physical characterization

The energy dispersive X—ray spectroscopy (EDS) of PtCu and PtCu/MCu (M=Pd, Rh,
Ru) were recorded in a scanning electron microscope (SEM, Hitachi S—4800, Tokyo,
Japan). Transmission electron microscope (TEM, JEM—-F200, JEOL Ltd, Tokyo,
Japan), high—resolution TEM (HRTEM), EDS element mapping, and high—angle
circular dark—field scanning TEM (HAADF—-STEM) were used to characterize the
morphology and structure of PtCu and PtCu/MCu (M=Pd, Rh, Ru, Au) TDNs. The
structure and valence state of PtCu and PtCu/PdCu TDNs were analyzed by Bruker
D8—Advance (Karlsruhe, Germany) X-ray diffraction (XRD) instrument and X-ray
photoelectron spectroscopy (XPS, Thermofisher nexsa). The content of Pt or Pd in the
catalysts was determined by inductively coupled plasma atomic emission spectrometry

(ICP—AES, 730—ES, Varian).



Electrochemical Measurements

All electrochemical tests were performed on a CHI760E potentiostat (CH Instruments
Inc., Shanghai, China). The reference electrode, counter electrode, and working
electrode were a saturated calomel electrode, a platinum sheet (1 x 1 cm?), and a glassy
carbon (GC) electrode (3 mm in diameter), respectively. First, the treated PtCu/Pd;,Cu
TDNSs/C, PtCu/PdssCu TDNs/C, PtCu/Pd;;Cu TDNs/C, PtCu TDNs/C and commercial
Pt/C catalysts were dispersed in ultrapure and Nafion (950 uL/50 uL) for 30 min to
form homogeneous catalyst inks of 0.122 mgps/mL, 0.136 mgps/mL, 0.084 mgps/mL,
0.363 mgp/mL and 0.2 mgp/mL, respectively. Catalyst inks of 8 uLL were deposited on
the surface of the GC electrode and dried naturally. The catalyst—coated working
electrode was then placed in 0.1 M HCIO, solution with argon (Ar), and cyclic
voltammetry (CV) was performed at the scanning rate of 50 mV/s at the potential range
of 0.1 V to 1.05 V vs. RHE to clean the catalyst surface until the curve stabilized. The
electrochemically active surface areas (ECSA) of the catalysts were calculated from the
charges of the underpotential deposited hydrogen peaks of each catalyst defined as
ECSA, while ECSA,, was the result of normalizing ECSA to mass. To determine the
EGOR performance of each catalyst, we tested in a 1.0 M KOH + 1.0 M (CH,OH),
solution saturated with Ar at a scan rate of 50 mV/s over a potential window of 0.07 ~

1.37 V vs. RHE. The CV curves of the catalyst in 1.0 M KOH + 1.0 M C;Hs5(OH);



solution with saturated Ar were recorded at a scan rate of 50 mV/s within the same

potential window interval.

DFT calculations

All the density functional theory (DFT) calculations in this work were performed by
the Vienna ab initio simulation package (VASP)! utilizing the projector augmented
wave (PAW) potentials with a plane—wave cutoff energy of 450 eV.% 3 The generalized
gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof's (PBE)
generalized function applied as the exchange—correlation functional* with grime’s
semiempirical DFT—-D3 dispersion correction to describe the van der Waals (vdW)
interactions.’ To prevent the interaction between two adjacent layers, a 15 A vacuum
layer was applied to all surface models. We applied a 3 x 3 x 1 gamma—centered
k—point grid to sample the Brillouin zone. The convergence criterion for the electron
energy was 1075 eV, and the atomic force for all calculations is 0.03 eV/A. A 3 x 3
supercell of five layers of Pt (220) facets was constructed. The 13 Pt atoms were then
randomly replaced with Cu atoms to satisfy a Pt/Cu ratio of about 7/3 to create the PtCu
model. The top two layers of the PtCu model were replaced by Pd and one Cu atom to
form the PtCu/PdCu model. The top two layers were relaxed during the optimization

process, and the bottom three layers were fixed.
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Figure S1. Morphology and structure characterization of PtCu TDNs. (a—e) TEM
images of the PtCu TDNs. (f) The HRTEM image of the marked area in Figure S1b.
(g) HAADF—STEM image and corresponding STEM—EDS element mapping image of
a single PtCu TDN. (h) PtCu TDN scans the image along the element line marked with
red. (i) SEM—EDS spectrum of PtCu TNDs. (j) Atomic schematic illustration of the

PtCu TDN.
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Figure S2. Histograms of the length of the main branch and secondary branch of

PtCu TDNs. The width of the main branch of PtCu TDNs.

Farhiad

Figure S3. (a—c) TEM images of the PtCu/Pd4,Cu TDNs. (d) The corresponding FFT

image is in Figure 1c.
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Figure S4. (a—b) TEM images of the PtCu/PdssCu TDNS. (¢) The corresponding FFT
image is in Figure 1i. (d) The HRTEM image of the white marked area in Figure 1h.

The illustration shows the corresponding FFT image.
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Figure S5. (a—b) and (d—e) The HAADF-STEM image of the PtCu/Pd;;Cu and

PtCu/PdssCu core—shell TDNS. (c) and (f) The STEM—EDS element spot scan image.
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Figure S6. (a—f) TEM images of the PtCu/Pd;; TDNs. (g—1) The HRTEM images.
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Figure S7. (a), (c) and (e) Histograms of the length of the main branch of PtCu/Pd4,Cu,
PtCu/PdssCu and PtCu/Pd;;Cu TDNs, respectively. (b), (d) and (f) Histograms of the

width of the main branch of PtCu/Pds,Cu, PtCu/PdssCu and PtCu/Pd;7Cu TDNs,

respectively.
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Figure S8. (a—f) SEM—EDS images of products with different Na,PdCl, content.

13



d e fl <
z Pt/Rh/Cu=36/42/22 & Pt/Rh/Cu=30/47/23 -
£ £ @ z
= = 0
8 3 g
o z : 2
i = - Pt # 04-0802 #5084
Rh # 05-0685
- ||| 1] corormse |
2 4 6 8 10 2 4 6 8 10 30 50  s0 70 8 90
Energy / KeV Energy / KeV 26 / Degree

Figure S9. (a—b) TEM images of the PtCu/RhCu heterostructure TDNs. (c) The
HRTEM image. The inset shows a magnified image of the marked area in the figure.
(d) STEM—EDS elemental mapping spectrum of the PtCu/RhCu heterostructure TDNSs.

(e) SEM—EDS images of the PtCu/RhCu heterostructure TDNs. (f) PXRD pattern of the

PtCu/RhCu heterostructure TDNSs.
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Figure S10. (a—b) TEM images of the PtCu/RuCu heterostructure TDNs. (c—d) The
HRTEM images. (¢) STEM—EDS elemental mapping spectrum of the PtCu/RuCu

heterostructure TDNs. (f) SEM—EDS images of the PtCu/RuCu heterostructure TDNs.
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Figure S11. (a—b) TEM images of the PtCu/IrCu heterostructure TDNs. (c—d) The

HRTEM images of the corresponding marked area in Figure S10b.
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Figure S12. (a—c) TEM images of the PtCu/AuCu heterostructure TDNs. (d—e) The

HRTEM image. (f) The STEM—EDS element area scan image for the corresponding

marked area.
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Figure S13. (a—d) TEM images of PtCu TDNs, PtCu/PdsCu, PtCu/PdssCu, and

PtCu/Pd;;Cu core—shell TDNs loaded on carbon black, respectively.
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Figure S14. (a—d) TEM images of PtCu TDNs, PtCu/PdsCu, PtCu/PdssCu, and

PtCu/Pd;;Cu core—shell TDNSs after electrocatalytic test, respectively.
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Figure S15. CVs (1%, 50%, 100%™ and 150" cycle) of (a) the PtCu TDNs/C, (b)
PtCu/Pd4,Cu TDNs/C, (c¢) PtCu/PdssCu TDNs/C and (d) PtCu/Pd;7Cu TDNs/C in an

Ar—saturated 0.1 M HCIOj, solution at 50 mVs™!, respectively.
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Figure S16. (a—d) Histogram of the trend of ECSA values for PtCu TDNs, PtCu/Pd4,Cu

TDNs, PtCu/PdssCu TDNs, and PtCu/Pd;;Cu TDN:ss, respectively.
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Figure S17. (a—b) The HAADF—STEM image of the PtCu TDNs. (c—d) The STEM-

EDS element line scan image and spectrum along the red marking line in figure S16b

(e) Schematic illustrations showed possible changes to the surface composition for

PtCu structure during the electrocatalytic testing.
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Figure S18. (a—b) The HAADF—STEM image of the PtCu/Pd;;Cu TDNs. (c) The
STEM-EDS element line scan image. (d) The STEM—EDS element spot scan image.
(e) Schematic illustrations showed possible changes to the surface composition for

PtCu/Pd4,Cu structure during the electrocatalytic testing.
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Figure S19. (a—b) The HAADF—STEM image of the PtCu/PdssCu TDNs. (c) The
STEM-EDS element line scan image. (d) The STEM—EDS element spot scan image.
(e) Schematic illustrations showed possible changes to the surface composition for

PtCu/PdssCu structure during the electrocatalytic testing.
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Figure S20. (a—b) The HAADF—STEM image of the PtCu/Pd;;Cu TDNs. (c) The
STEM—-EDS element line scan image. (d) The STEM—EDS element spot scan image.
(e) Schematic illustrations showed possible changes to the surface composition for

PtCu/Pd;;Cu structure during the electrocatalytic testing.
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Table S1. EGOR performances of PtCu/Pd4,,Cu TDNs and various electrocatalysts

from published works.

Specific activity Mass activity

Catalyst Electrolyte References
/mA-cm™2 /A-mg!
PtCu/Pd4,Cu TDNs 72.2 47.0 1.0 M KOH+1.0 M (CH,0OH), This Work
THH
43.7 - 1.0 M NaOH+1.0 M (CH,0H), 6
Pdgs9Rhy3 NCs

Pd,Ag; 14.8 4.2 1.0 M KOH+1.0 M (CH,0H), 7
Pt;Rh-S NCs 11.6 5.1 1.0 M KOH+1.0 M (CH,0H), 8
Pts;Cuss HTNCs 11.2 5.7 1.0 M KOH+1.0 M (CH,OH), 9
Pt;Cu NCs 9.7 5.2 1.0 M KOH+1.0 M (CH,0OH), 10
PdyRu; NSs 9.4 5.9 1.0 M KOH+1.0 M (CH,0OH), 1
RhCu nanoboxes 1.5 0.8 1.0 M KOH+1.0 M (CH,OH), 12
Pd-Ru nanocages - 5.5 1.0 M KOH+1.0 M (CH,OH), 13
PdsgCus,Ir;g NCs - 4.5 1.0 M KOH+1.0 M (CH,0H), 14
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Table S2. GOR performances of PtCu/Pd;,Cu TDNs and various electrocatalysts from

published works.

Specific activity Mass activity

Catalyst Electrolyte References
/mA-cm /A-mg!
PtCu/Pd4,Cu TDNs 40.8 26.6 1.0 M KOH+1.0 M C3Hs(OH);  This Work
PtgoCo1; NWs 11.9 4.6 1.0 M KOH+1.0 M C;Hs(OH); 15
PdyRu; NSs 7.0 4.3 1.0 M KOH+1.0 M C;Hs(OH); 1
Pt;;Cusg HTNCs 6.9 3.5 1.0 M KOH+1.0 M C;Hs(OH); 9
Pd50_2CU3g_4Pt11_4 - 9.7 1.0 M KOH+1.0 M C3H5(OH)3 16
Pd-Ru nanocages - 6.3 1.0 M KOH+1.0 M C3Hs(OH)3 13
PtCuCo NCs — 3.5 1.0 M KOH+1.0 M C3Hs(OH); 17
Pd5gCU32h‘10 NCs - 2.6 1.0 M KOH+1.0 M C3H5(OH)3 14
Au,Cu; — 2.3 1.0 M KOH+1.0 M C3Hs(OH); 18
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