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Materials. Platinum (II) acetylacetonate (Pt(acac),, 98%), oleylamine (technical grade, 70%), oleic acid (90%),
tungsten hexacarbonyl (W(CO)s, 97%), ruthenium acetylacetonate (Ru(acac);, 97%), dodecylamine (DDA, 98%)),
mesitylene (98 %) and 5% Nafion 117 containing solution were purchased from Sigma-Aldrich. Toluene, ethanol
(96%), hexane, and isopropyl alcohol (99.5%) were purchased from Chem-Supply Pty. Ltd. Perchloric acid (70%)
was purchased from Suprapur-Merck. Vulcan carbon black (XC-72R) and commercial RuO, catalyst were
purchased from Fuel Cell Store. Milli-Q water (DI water, resistivity >18.3 MQecm) was used to prepare
electrolytes.

Synthesis of Pt nanocubes. Pt nanocubes were synthesized using a previously reported procedure.! Pt(acac),
was dispersed in a solution of oleylamine (4 mL) and oleic acid (1 mL) in a 25 mL two-neck flask connected with
a condenser. The mixture was then stirred gently and heated to 130 °C within 30 min under an Ar environment.
W(CO)s (25 mg) was added into the solution after the temperature reached 130 °C. The solution was then heated
to 240 °C within 15 min and kept at 240 °C for 40 min. Finally, the reaction was cooled down to room temperature
and the particles were washed twice using a 1:2 mixture of ethanol and n-hexane centrifugation at 3500 rpm for
5 min.

Synthesis of open branched Ru nanoparticles. The open branched Ru nanoparticles were synthesized by
modifying a previously published procedure from our group.? For the synthesis of open Ru 31 nm-branch
nanoparticles, platinum nanocubes (0.005 mmol), Ru(acac); (0.01 mmol), and DDA (0.5 mmol) were dispersed
in mesitylene (4 mL). The solution was then transferred to a Fischer-Porter bottle, filled with 2 bars of H, gas
before sealing and placing in an oil bath at 140 °C. After 24 h, the bottle was removed and cooled down to ambient
temperature before releasing the residential gas. The black solution was transferred to centrifuge tube, washed
twice using a 1:1 mixture of toluene and ethanol at 3000 rpm for 5 min. The purified nanoparticles were
redispersed in toluene. To investigate the growth mechanism, time-resolved experiments were carried out by
repeating experiments and quenching the reaction at 6 h, 12 h, and 18 h respectively. The synthesis of open Ru
52 nm-branch nanoparticles was achieved using the same protocol, but the amount of Ru(acac); was increased
from 0.01 mmol to 0.05 mmol and reaction time increased to 72 h.

Synthesis of pure branched Ru nanoparticles. The pure Ru 28 nm-branch nanoparticles were synthesized by
modifying a previously published procedure from our group.> Ru(acac); (0.1 mmol), DDA (1 mmol) were
dissolved in 1-octadecene (2.0 mL). The solution was then transferred to a Fischer-Porter bottle, filled with 3 bars
of H, gas before sealing and placing in an oil bath at 145 °C. After 48 h, the bottle was removed and cooled down

to ambient temperature before releasing the residential gas. The resulting nanoparticles was transferred to



centrifuge tube, washed twice using a 1:1 mixture of toluene and ethanol at 3000 rpm for 5 min. The purified
nanoparticles were redispersed in toluene.

Characterizations. Samples were prepared for transmission electron microscopy (TEM) characterization by
drop casting the nanoparticle suspension in toluene onto carbon-coated copper grids and air-drying it. Low-
resolution TEM, high-resolution TEM (HRTEM), scanning TEM (STEM), selected area electron diffraction
(SAED), and energy dispersive X-ray (EDX) mapping were performed on a JEOL JEMF200 FEG transmission
electron microscope operated at 200 kV equipped with an annular dark field (ADF) detector and a JEOL
windowless 100 mm? silicon drift X-ray detector. The Ru : Pt ratios of the as-prepared open branched Ru
nanoparticles were determined by EDX spectroscopy, which are summarized in Table S2. The length of the Ru
branches was analyzed on 100 nanoparticles by measuring the distance between the tip of the Ru branch to the
interface between the Ru branch and the Pt nanocubes.

Electrochemical measurement. The electrochemical tests were performed on a CHI-660E Potentiostat with a
three-electrode cell setup. An aqueous solution of 0.1 M HCIO, prepared with deionized water was used as the
electrolyte. An Ag/AgCl (3 M KCl) was used as a reference electrode and a platinum plate as the counter electrode.
All potentials reported in this work were referenced to the reversible hydrogen electrode (RHE) scale with 95%
iR compensation with the following equation, where 0.201 V is the potential of reference electrode (Ag/AgCl)
measured against standard hydrogen electrode (1 M HCI), i is the measured current and R is the uncompensated
resistance determined by electrochemical impedance spectroscopy. E (vs. RHE) = E (vs. Ag/AgCl) +0.201 V +
0.059 V x pH — 95% iR.

The as-synthesized Pt nanocubes and branched Ru nanoparticles were loaded onto carbon black (Vulcan XC-
72R) with a metal loading of 20 wt.% by dispersing surfactant stabilized nanoparticles and carbon black in hexane
and sonicating for 2 h. After drying, the carbon loaded nanoparticles were placed in a tube furnace at 300 °C for
6 h in argon flow to remove organic surfactants.* The catalyst ink was prepared by mixing 1 mg of the carbon
supported nanoparticles in 200 uL solution of 70 vol % deionized water, 29 vol % isopropanol, and 1 vol %
Nafion solution (5 wt %). The mixture was sonicated for 30 min to obtain a homogeneous ink. The catalyst ink
for commercial RuO, was prepared using the same recipe. An aliquot of 30 pL. was dropped onto a 5-mm-diameter
glassy-carbon rotating disk electrode (0.196 cm?, Pine Research, Model AFES5TQO050PK). The metal catalysts
loading was calculated to be 0.153 mg/cm?. The corresponding Pt and Ru masses of the as-prepared nanoparticles
used in OER catalysis are summarized in Table S2. The electrode was then air dried before electrochemical

measurements. The OER measurements was performed in O, saturated 0.1 M HC1O, at a sweep rate of 50 mV s™!



while rotating the working electrode at 1600 rpm. The mass activity of the branched Ru catalysts was determined

using the equation of Jmass activity = / m, where i is the current, and m is the Ru mass loading in open Ru 31 nm-
branch, 52 nm-branch, and pure 28 nm-branch respectively. For the open Ru 31 nm-branch and 52 nm-branch
nanoparticles, the Ru mass is determined based on the Ru fraction in the total mass (Pt + Ru), as derived from the
EDX spectrum. The electrochemical active surface area (ECSA) was obtained by CO stripping by applying 0.1 V

(vs. RHE) for 5 minutes in CO-saturated 0.1 M HC1O4 followed by 3 cycles of cyclic voltammetry at 10 mV s’
The ECSA was then deduced from CO oxidation peak using the equation of ECSA = Qeo /9eo, where Qeo is the

charge for CO oxidation and eo (420 uC cm™?) is the conversion factor. The ECSA of the as-prepared
nanoparticles used in OER catalysis are summarized in Table S3. The stability test was conducted using the
chronopotentiometry method at a constant geometric current density of 5 mA cm™2. The working electrode was
prepared by coating carbon carbon cloth (1 x 1 cm?) with 150 pL of catalyst ink, which gives the same catalysts

loading of 0.153 mg/cm? as the glassy-carbon rotating disk electrode.



Table of Contents

Figure S1 | TEM image of Pt nanocubes used as seeds.

Figure S2 | TEM image, HAADF-STEM, and EDX maps of open Ru 31 nm-branch nanoparticles.

Figure S3 | EDX spectra of the open Ru 31 nm-branch and open Ru 52 nm-branch nanoparticles.

Figure S4 | TEM images of open branched Ru nanoparticles with a branch length of 10 nm, 18 nm, 22 nm, 31 nm
and 52 nm, and their corresponding branches width and numbers.

Figure S5 | SAED of open 52 nm-branch nanoparticles and indexing results.

Figure S6 | HRTEM of the joint of Pt core and Ru branch, and their respective FFT images.

Figure S7 | HRTEM and FFT image of a single branch of open Ru 31 nm-branch nanoparticles.

Figure S8 | TEM images of pure Ru 28 nm-branch nanoparticles and statistical analysis of branch length and
width.

Figure S9 | TEM image of carbon supported Pt nanocubes, and open Ru 31 nm-branch, open Ru 52 nm-branch
and pure 28 nm-branch nanoparticles.

Figure S10 | Electrochemical active surface area (ECSA) measurement of open Ru 31 nm-branch, open Ru 52
nm-branch, pure Ru 28 nm-branch nanoparticles and Pt nanocubes.

Figure S11 | LSV curve and Tafel plot of the Pt nanocube and commercial RuO,.

Figure S12 | Chronopotentiometry performance of branched Ru nanoparticles.

Figure S13 | TEM images of the open Ru 52 nm-branch sample after the chronopotentiometry test.

Table S1 | Summary of recently reported Ru-based catalysts for acidic OER using a three-electrode system with

rotating disk electrode.

Table S2 | The Pt and Ru ratios and masses of the as-prepared nanoparticles used in OER catalysis.
Table S3 | Comparison of calculated electrochemical surface areas (ECSAs) obtained from CO stripping for Pt

nanocubes and branched Ru nanoparticles.



“H--'..-." Wleg b2
205 anssegin 5
“’........... 1 96| —
LY TT ] ... |
LX) - {
O AL R T
olgelfinnnns'agg! -
A WL EET X C O
‘ .‘ ...-.“ O sl
VA L >
020% g9
.‘ 24+
o9

7 8 9 10 11 12 13 14 15 16 17
Edge length / nm

5 1/ nu

Figure S1. a) TEM image of Pt nanocubes. Scale bar = 20 nm. b) Size distribution of Pt nanocubes, with the
average edge length of 11.6 + 0.8 nm. ¢) HRTEM image of a Pt nanocube. Scale bar =2 nm. d) Electron diffraction

pattern of Pt nanocubes.

Figure S2. a) TEM image of open Ru 31 nm-branch nanoparticles. b-e) HAADF-STEM image and EDX maps

of an open Ru 31 nm-branch nanoparticle with Ru branches and partial shell grown off the Pt nanocubes.



Figure S3. EDX spectrum of the a) open Ru 31 nm-branch nanoparticles and b) open Ru 52 nm-branch
nanoparticles. The Ru : Pt ratios, as determined by EDX spectroscopy, are 1.5 : 1 and 7.3 : 1 for the open Ru 31

nm-branch and open Ru 52 nm-branch, respectively.
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Figure S4. a) TEM images of open branched Ru nanoparticles with a branch length of 10 nm, 18 nm, 22 nm, 31
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nm and 52 nm synthesized at different reaction time and their corresponding, b) branch width.
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Figure S5. a) SAED of open 52 nm-branch nanoparticles. b) Indexing shows that the SAED pattern is
characteristic of fcc Pt and scp Ru.

<0110>
Figure S6. a) HRTEM of the joint of Pt core and Ru branch. The Pt-vertex Ru-branch interface with ABCABC

and ABABAB stacking in the Pt (111) and Ru (0001) branch are labelled respectively. Orange, yellow, and
green spots indicate atoms with A, B, and C stackings in fcc-Pt nanocubes, respectively. Cyan and blue spots
indicate atoms with A, B stackings in 4cp-Ru branches. b) Fast Fourier transform (FFT) of the Pt core (yellow
box in a)). The spots match a fcc Pt (111) plane from the Pt cubic core viewed down a <110> zone axis. ¢) FFT
of the Ru branch (cyan box in a)). The spots match a zcp Ru (0001) plane in the c-axis from the Ru branch

viewed down a <0110> zone axis.
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Flgure S7 . a) HRTEM image of a smgle branch of an open Ru 31 nm- branch nanopartlcle showing the presence

of low-index facets. The Ru atoms are arranged in an Acp crystal structure viewed down the <0 110> zone axis. b)

FFT of the HRTEM image in a).
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Figure S8. a) TEM images of pure Ru 28 nm-branch nanoparticles synthesized without Pt nanocube core, and

their corresponding b) branch length statistical analysis, and c) branch width statistical analysis.




Figure S9. TEM image of carbon supported a) Pt nanocubes, b) open Ru 31 nm-branch nanoparticles, c) open Ru

52 nm-branch nanoparticles, d) pure Ru 28 nm-branch nanoparticles.
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Figure S10. ECSA measurements open Ru 31 nm-branch, open Ru 52 nm-branch, and pure Ru 28 nm-branch
using CO-stripping method in 0.1 M CO-saturated HC1O,4 with a scan rate of 10 mV s™!. a) open Ru 31 nm-branch,

b) open Ru 52 nm-branch, ¢) pure Ru 28 nm-branch, and d) Pt nanocubes.
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Figure S12. Chronopotentiometry performance of branched Ru nanoparticles under constant geometric current

density of 5 mA cm™2.



Figure S13. TEM images of the open Ru 52 nm-branch sample after the chronopotentiometry test, a) a

nanoparticle with relatively intact structures, b) a nanoparticle with partially dissolved Ru branches and intact

cubic Pt core, ¢) most of the sample are Pt nanocubes without Ru branches.

Table S1. Summary of recently reported Ru-based catalysts for acidic OER using a three-electrode system with

rotating disk electrode.

N @ 10mA cm?

ECSA

Mass activity @ n

Tafel slope

Catalyst Electrolyte (mVvsRHE)  (m?g") (Ag' @mV) (mV dec') Stability Reference
8‘;?121?“ 52 nm- I?Iéll\o/i 227 125.3 150.5 @ 1.48 68.5 2@955%\;%‘9 nf}; This work
Sf;ﬁ‘;ﬁ“ 31 nm- 1(-)1%11\0/{1 248 35.8 117.1 @ 1.48 552 ‘gl%@ nf}; This work
}b’fgﬁcl;“ 28 nm- I(;'Cllgi 256 9.2 484 @ 1.48 51.8 ‘g;ﬁ:&%ﬁf This work
Ru;-Pt;Cu ﬁéll(\)/i 220 75.8 779 @ 1.51 ~51.7 ~225mV @28 h s
GB-RuO, 191'(%11(\)/{1 187 300.6 1149 @ 1.45 345 233 {?)Yn% clriqzh @ 6
Sfum(éﬁpﬁle' 0.5 M 270 43.6 3760 @ 1.55 42.41 80% activity @ 500 7
catalysts H,50, cycles
Pd@Ir3L I({)’Cllgi 245 ~146.07 33@1.63 60.4 276 ‘“L‘g\@s 2000 8
Co-Rulr }Oléll(\)/i 235 - ~19.6 @ 1.465 66.9 2@351 BHXIA@CI?E 9
Au-Ru Ig'clll\o/i 220 ; ~24.5 @ 1.45 62 33:/(‘;5‘3%35@ 10
Faceted Ru I(;'Clllc\)’a 180 . ~86.9 @ 1.41 52 2 51 (‘)"HYA@C il_‘z @ 3
RuB, 13258(1\)/{‘ 223 - ~100 @ 1.48 39.8 2881 gﬁgf& @ n
Ru@IrOx (I){"z)g (1)\4/[ 282 43.32 644.8 @ 1.56 69.1 é@S%OmHYA@é rﬁg 12
MnRuOx-300 I(_)I'zssg 231 36.4 - 50.8 i 13




Table S2. The Pt and Ru ratios and masses of the as-prepared nanoparticles used in OER catalysis.

Samples Pt : Ru weigh ratio Pt weight Ru (ngi)ght
Pt nanocube 100 % : 0 % 0
Open Ru 31 nm-branch 40.1 % :59.9 % 18.0
Open Ru 52 nm-branch 11.8% :88.2% 26.5
Pure Ru 28 nm-branch 0% : 100 % 30

Table S3. Comparison of calculated electrochemical surface areas (ECSAs) obtained from CO stripping for Pt

nanocubes and branched Ru nanoparticles.

Samples CO stlri?é)rinn;;7 results (l;:n(ZZSg/?)
Pt nanocube 12.69 42.3"
Open Ru 31 nm-branch 10.74 35.8"
Open Ru 52 nm-branch 37.58 125.3"
Pure Ru 28 nm-branch 2.75 9.2

*: normalized by the total mass of metal catalysts.
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