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Br:
surfaces camibe tuned to enable both high activity and stability. Understanding how the crystallinity and

oparticles are one of the most promising nanoparticle catalysts as their branch sizes and

y

su s of branched nanoparticles affect their catalytic performances is vital for further catalyst
In this work, we develop a synthesis to form highly branched ruthenium (Ru)

aoparticles with control of crystallinity. We show that faceted Ru branched nanoparticles have

= B8 &
s}
h

bility and activity in the oxygen evolution reaction (OER) compared with polycrystalline
icles. This work achieves a low 180 mV overpotential at 10 mA cm™ for hours,
demfion: Mg that record-high stability for Ru nanocrystals can be achieved while retaining high

d

activaty OER. The superior electrocatalytic performance of faceted Ru branched nanoparticles is
e lower Ru dissolution rate under OER conditions due to low-index facets on the branch

M

Brapched and faceted nanoparticles are very attractive for catalytic applications

£

due to the surface area and controlled surface structure that enable both high

O

activity a ility.!") To obtain nanoparticles with high activity and stability, the

branch stfucture needs to be precisely controlled synthetically.!'™ ') The crystallinity

f

of a matefial didfates the surface arrangements of atoms and facets that are available at

t

the branches. §However, how to modify synthetic methodologies to tune the

U

crystallinity apdg change the surface structure of nanoparticles has not been widely

A
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studied. Thus, designing new synthetic methods to make metallic nanostructures with

control over branching and crystal arrangement of surface atoms is of great

mportan

ce
Ru nanoBarflcles are the most active catalyst for the oxygen evolution reaction

3

(OER) in%agcid _electrolytes, which is the anodic reaction in the water splitting process

for Hp 1 pro@uction.!”) Acid electrolytes have the advantage of producing higher

©

on Ru su bove 0.8 V which is the active species for OER."*! The use of Ru

current deasijges than alkaline electrolytes.!*) Oxidized Ru is electrochemically formed
oD

catalysts is limdfed by the high dissolution rate of high oxidation state Ru species

(Ru™") t under OER conditions, typically resulting in complete Ru dissolution

s with low index facets!® and recently, this has been used to produce

in the first few cycles.'**! Lower dissolution rates have been achieved for single crystal
Ru metalmv

both s ctive Ru nanoparticles for the first time.['™ Thus, making low index
facete u structures to limit the dissolution of Ru nanoparticles is a key target
for OER catalysts.

The esis of Ru branched nanoparticles with controlled surface facets is
challengi u typically adopts a hexagonal close packed (hcp) crystal structure,

which hi previously produced limited morphologies, with spherical, or unfaceted
aggregwrystalline nanoparticles typically formed.®! By using amine

surfactangave previously shown that Ru hourglass nanoparticles and Au-Ru

nanoparticles f h low index facets can be successfully synthesized.!'"™®! There is an

This article is protected by copyright. All rights reserved.
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opportunity to use similar amine surfactants in the synthesis of branched Ru

nanoparticles to achieve branched and faceted Ru nanocatalysts.

In tmwe have developed a synthetic method to synthesize Ru branched
nanoparticles with control of the crystallinity and surface facets. At high ratios of
N

[

dodecyla DA) surfactant to Ru precursor, polycrystalline Ru nanoparticles

form, while lowWlratios of DDA enable the formation of branches with low index facets

©

exposed (fac Ru branched nanoparticles). The influence of the surface structure on

electrocatalysi§” is investigated for the OER in acid electrolyte. The faceted Ru

US

nanoparticles re found to have higher activity and prolonged stability when

compare polycrystalline Ru nanoparticles and that exceed the performance of

N

all Ru and Ir nanocatalysts to date. These improvements could be understood by the

much slo olution of Ru species from the exposed low index facets during OER.

d

This nstrates that synthetically controlling the surface facets can improve

both a and stability of OER catalysts, rather than improving stability at the cost

M

of lower activity.

[

Bran Ru nanoparticles were synthesized by reducing ruthenium (III)
acetylace nder H, atmosphere using 1-octadecene as the solvent in a Fischer-

Porter bofitle. The length and crystallinity of the branches was controlled by changing

h

the rat , as shown by low resolution TEM images in Figure 1a-d. Changing

t

the ratio to Ru from 5 mol equivalents to 20 mol equivalents resulted in

U

shorter branchesg Measured from core to tip, the branch length decreased from 54 £ 10

A
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nm (5 mol equivalents) to 33 £ 8 nm (10 mol equivalents), 18 =+ 5 nm (15 mol
equivalents) and 13 + 2 nm (20 mol equivalents), with the width of the branches
remaining tant (5.1 £ 0.8 nm, Figure 1). The increase in DDA ratio also resulted
in a decrastalhnity, as shown by high-resolution TEM (HRTEM) images in
. N ) ) . .
Figure lsd. The nanoparticles synthesized with 5 mol equivalents and 10 mol
equivalenig ofM@DA have single-crystal branches (HRTEM images in Figure la-b). A
mixed o crystalline and crystalline structure was formed by nanoparticles

synthesiz 15 mol equivalents of DDA (Figure lc and S1, Supporting

S

information nanoparticles synthesized with 20 mol equivalents of DDA are

U

entirely po talline (Figure 1d). This information is supported by the selected area

electron

N

pon (SAED) patterns shown in Figure S2 (Supporting information), as

more difflls s can be seen with increasing DDA ratio. For all nanoparticles, the

a

diffrac s can be ndexed to hcp Ru.

Author M
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Figure es, HR-TEM images and corresponding size distributions of branched ruthenium

nanoparticles with a) 5 mol equivalents b) 10 mol equivalents, c¢) 15 mol equivalents, and d) 20 mol

equivalentsaoaecylaminesurfactant.
'Ls show that the ratio of DDA relative to Ru controls the morpholo gy

and the stallinity of the nanoparticles. Lower ratios of DDA produce branched

t

L

nanoparti h a single-crystalline structure (Figures l1a and b) while more than 10

mol e s of DDA prevents complete crystallization of branches (Figures 1¢ and

A
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d). The lower ratio of DDA allows monomers in solution to readily access the branch

[7d.9]

surface to form surface facets. As the amount of dodecylamine surfactant is

increased, ong-order of the Ru crystals is decreased and the crystallinity of Ru
nanoparti ases to form polycrystalline nanocrystals. With higher ratios of
N . o .
surfactansbove 10 mol equivalents, excess surfactant inhibits monomer addition and
prevents rthxbranch growth and crystallization.!'”) The optimum ratio of DDA in
this approach enables the formation of highly branched nanoparticles with single-

'

crystalline structure.

~—

l

Branched Ru nanoparticles that have been reported to date consist of aggregates
4

of spherical polycrystalline Ru nanoparticles with no well-defined facets.!'!!

Aggregated Ru nanoparticles are formed with lower ratios (<I mol equivalent) of

polymer, amine or alcohol ligands by enabling rapid nucleation of Ru spheres and
~ -

aggregation processes. Ru nanoparticles with well-defined surfaces have only been

formed using 5 mol equivalents DDA, which allows monomer addition to create the
]

low index facets on hourglass shaped nanoparticles.”! To date, a simple synthetic

method for controlling the crystallinity of Ru nanoparticles has not been reported, with

)

post-synthesis annealing processes being commonly used instead.['? It is important to

(

readily tune the crystallinity in order to control the specific facets, defects and atomic

arrangements at the surface of a nanoparticle, which are critical for catalysis.!'> 13! We

t

show that changing the ratio of surfactant is a simple method to control the

)

crystallinity of nanoparticles that can be applied to other one-pot or multi-step

syntheses.

This article is protected by copyright. All rights reserved.
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Detailed analysis of the surface facets of the branches by aberration-corrected

high-resolution TEM (HRTEM) is shown in Figure 2. The nanoparticles synthesized

Dl

with the lowest ratio of DDA (5 mol equivalents, Figure 1a) have angular branches
that are 1 f faceted surfaces (Figure 2a). The branches are single crystalline,

|
with a regmlar hep structure that extends along the c-axis (Figure 2b), as shown by the

[

fast Fourige trapsform (FFT) analysis of the image that matches a hcp crystal structure

G

viewed do e <01-10> zone axis (Figure 2b, inset). The surface of the branches

can be i1 ed¥to a mixture of {0001}, {10-11} and {10-10} facets with several

S

defects along edges. These defects are atomic steps made of n(10-11) x n(10-11)
and edge tn(10-11)xn(10-10) and n(10-11)xn(0001) that are higher in energy

than the

qle

ex facets, but lower in energy than polycrystalline surfaces.!'* The

interplang % ation of the {0002} planes is 0.21 nm which matches metallic Ru

d

(Figur ontrast, a polycrystalline structure with rounded branch surfaces is

formed wit highest ratio of DDA (20 mol equivalents , Figure 1d), without any

surface faceting (Figure 2¢) and unaligned crystalline regions of atoms (Figure 2d) as
conﬁrme!by FFT analysis of the image (Figure 2d, inset). By synthesizing branched
Ru nanoparticles using low ratios of DDA, we achieve both highly branched and
highly faceted nanoparticles which are important for achieving high surface area and

enhanced electrocatalytic performance.

Aut
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Figure. 2 a) TEM image of an individual branched nanoparticle synthesized with 5 mol equivalents of

oy

dodecyla X the sample shown in Figure 1a. b) HRTEM image of a branch indicated by the

black b the corresponding FFT (inset). The atoms are arranged in a hcp crystal structure

viewed e <01-10> zone axis. ¢) TEM image of an individual branched nanoparticle

M

synthesized with 20 mol equivalents dodecylamine, from the sample shown in Figure 1d. d) HRTEM

[

image ofa indicated by the black boxin (c) and the corresponding FFT (inset).

ng the faceted Ru branched and polycrystalline Ru nanoparticles in

O

By

the OERf€lectrocatalytic studies in acid electrolyte, we show that the faceted Ru

£

branched gnanoparticles are both more active and stable than polycrystalline Ru

{

nanoparti e surface dodecylamine ligands are electrochemically removed by

cycling several times between 1.10 and 1.45 V. This is shown by an increase in the

AU
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current density during the first few cycles as more catalyst surface is exposed to the
electrolyte. A maximum current density is reached at cycle 4 for the faceted Ru
branched articles and cycle 5 for polycrystalline Ru nanoparticles (Figure S3,
Supportation). The iR-corrected potentiodynamic curves (Figure 3a) show
N .
that, for se same mass of Ru, the faceted Ru branched nanoparticles reach a current
density OU cm?at 1.41 V (vs the reversible hydrogen electrode - RHE) which
correspon an overpotential of 180 mV. In comparison, the polycrystalline Ru

nanoparti reach 4 mA cm® even when the potential is increased to 1.47 V.

)

The stabiiiy of nanoparticles was evaluated by chronopotentiometry at constant

C

OER over time, with the overpotential to produce 10 mA cm™ current density

aw

current o cm?. 2% 1% The faceted Ru branched nanoparticles are stable during

increasin ly 85 mV after 4 hours, as shown in Figure 3b. Post-catalysis TEM

charac hows that facets are present after 4 hours stability testing (Figure S4,
Suppopt ormation), which confirms that the structure is stable. In contrast, the

polycrystalline Ru nanoparticles are highly unstable and become completely inactive

r

mn less t ute under the same applied current density.

2

The in overpotential required to keep 10 mA cm™ over time for the

O

faceted branched nanoparticles follows the same trend as the amount of dissolved

g

Ru in olyte measured by inductively coupled plasma mass spectrometry

{

(ICP-MS own by increase of the curves over time in Figure S5, Supporting

information. stability of the faceted Ru branched nanoparticles is due to the low

This article is protected by copyright. All rights reserved.
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rate of dissolution of soluble oxidized species (Ru *") that form under OER

conditions,! with only 3 pg of Ru dissolved from the electrode after 60 minutes. For

polycrystalline Ru nanoparticles, 22.26 pug Ru was dissolved into the electrolyte after 1

minute, v&ates that deactivation is caused by the complete dissolution of the
N

nanop arti(§ S.

Thefhigh sfability of faceted Ru branched nanoparticles is also shown by the low

C

Tafel slo 52 mV dec! (Figure 3c) which is characteristic of stable OER

S

catalysts! ere the rearrangement of the bonded -OH species prior to the second

[17]

electron transfe# is the rate-determining step. The Tafel slope is the same after

3

chronopo etry test (Figure S6, Supporting information). All Tafel slopes were

{]

2

analyzed 1n the range of potential where OER occurs to achieve 10 mA cm™. In

contrast, Qas Ru nanoparticles typically show a Tafel slope >100 mV dec”' with

d

the fi transfer as the rate-determining step.'’! A Tafel slope for the

[7b]

polycr ¢ Ru nanoparticles could not be plotted due to their instability.

Thesaradaic efficiency (FE) for OER of faceted Ru branched nanoparticles is

99.6 % Vw ~7x higher than the polycrystalline Ru nanoparticles (14.6 %), as

shown in 3d. These results show that faceted Ru branched nanoparticles are

highly ei!cient OER catalysts for O, generation with only 0.4 % of the total charge
resultiWidation of Ru, while for the polycrystalline nanoparticles, most of the

charge (85 is generated from oxidation of Ru. The high stability against

dissolution o f?::eted Ru branched nanoparticles results in 5x higher specific activity

This article is protected by copyright. All rights reserved.
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than polycrystalline Ru nanoparticles (Figure 3d). The detailed calculations of FE and

specific activity are available in the Supporting Information (Figure S7-8).

I I
[ {
a 18 b
‘!'E& ] faveted 26 -
24
E 124 25 ir polycrystalline
:2:' 8- ! E, faoe‘bac!
g i | >1.48+
g 4- : cry%ﬁl-ne uJ1'44.
04 :
r v T P P v 1.40
S 130 135 140 145 150 0 1 2 3 4
C E /V (vs RHE) d Time/h
1.45
g ..-""/ E 80 E 0.02
J = 0.021
1.40- 1 g 601 >
g o® .,-""5.2 mv dec” § o 8
> N ] o 0.014
E .". E 20 1 R line) ‘g- uyﬁiine
. [T ] 5
1.35 T 0 - 0.00-
0.001 0.005
Current /A
Figure 3. tiodynamic curves of OER performance for faceted Ru branched nanoparticles
(black) and stalline Ru nanoparticles (gray), obtained with scan rate 50 mV s™ in 0.1 M HCIO,

at room tenperature. b) Chronopotentiometric (CP) profile for faceted Ru branched nanoparticles

I

(black) stalline Ru nanoparticles (gray) in 0.1 M HCIO, at 1600 rpm. c) Tafel plot of

{

faceted Ru branched nanoparticles with scan rate 50 mV s in 0.1 M HCIO,. d) Faradaic effidency

Ul

and specificacti of the faceted Ru branched (black) and polycrystalline Ru (gray) nanoparticles.

A
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TW in Figure 4 illustrates the process occurring at branch surfaces

during cmxidized surface atoms either can catalyze OER or dissolve into
acidic elem: under OER conditions. Ru atoms on faceted Ru branches are more
[

stable angsolution and so are available for OER catalysis, while only edge
atoms, ich high energy sites, are more likely to be dissolved into solution

(Figure m,\r work illustrates that low index facets provide much slower
ates,

dissolutio the low index facets have fewer high energy defect sites at the

surface leadin;; increased stability. This is supported by previous studies that show
that lowe surfaces are more stable in during OER.[! For the polycrystalline Ru

branches, most Ru atoms are at unstable low coordination sites that readily oxidized,

resulting mletely dissolution of the catalyst (Figure 4b). The larger number of
oms that remain at the surface of faceted Ru branched nanoparticles
i five-fold improvement in activity and higher stability relative to

polycrystalline Ru branched nanoparticles.

active

results

S
@,
e
e
-
<C
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script

Figure 4. Scheme 8f the proposed structural changes affecting OER activity and stability of a) faceted

Ul

Ru branche articles and b) polycrystalline Ru nanopartides. Blue atoms represent oxidized Ru

sites whe alysis occurs. Red atoms represent oxidized Ru species that have dissolved from

surface.

Vian

The overpotential at 10 mA cm™ of faceted Ru branched nanoparticles is 240 mV

lower than the state-of-art RuO,.’® Unlike other Ru nanoparticle catalysts that

[

completely dissolve in a few cycles,!”™ 8] faceted Ru branched nanoparticles are stable

)

and active even after several hours under constant current density of 10 mA cm™.

Ru{0001} films have been shown to be more stable compared to polycrystalline Ru

[

due to their resistance to oxidation and dissolution.!'”! The faceted branched Ru

|

nanoparticles are stable due to low index facets, which results in an improvement in

'

stability without compromising the activity. The Ru branched nanoparticles are the

This article is protected by copyright. All rights reserved.
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first catalyst that achieve overpotential less than 300 mV after 2 hours stability test as
compared to recent Ru and Ir nanoparticles based OER catalysts (Table S1, Supporting
information). This can be achieved because of the low dissolution rate and resulting

high Faradaic efficiency.
N

Inc

E

n, we have found that using low ratios of surfactant in the synthesis

of branch€d Ru Wanoparticles is key to achieving long, highly crystalline branches with

C

low inde The use of strongly binding DDA surfactant enabled the formation of

S

faceted suffdcés on the branched nanoparticles. By achieving record-high stability and

tl

high activity foMOER, we show that branching and faceting are key structural features

for high ance nanocatalysts. The branched facets provided very high stability

N

against Ru dissolution under OER conditions in an acid electrolyte, resulting in

superior Q¢t and stability for OER electrocatalysis. This work highlights the

é

impor nthetically controlling nanoparticle crystallinity to optimize surface

properg r OER. Further, these results show the opportunity to control the

crystallinity and surface structure of nanoparticles to improve activity and stability for

electrocah These principles can be applied to a range of different metal

nanopartich will allow nanocatalysts to be created with high activity and
stabilit}reded for effective catalyst materials.

ExperinWm

Synthesis if branched ruthenium nanopartides: In a typical experiment, 0.1 mmol

ruthenium tylacetonate (97%, Sigma Aldrich) and dodecylamine (98%, Sigma Aldrich)

This article is protected by copyright. All rights reserved.
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dissolved in 2.0 mL 1-octadecene (90%, Sigma Aldrich). The solution was transferred into a Fischer-
Porter bottle, which was evacuated and filled with 3 bar H, and sealed. The bottle was then placedin
oil bathMr 48 hours. The resulting nanoparticles were purified by precipitation using a 1:1
v/v mixture and ethanol centrifugation at 3500 rpm for 5 minutes. The purification steps

were r&emce before storing the solid was in toluene. The product from each batch is

approximatEy 7jg of Ru nanoparticles with a 70% yield. When the amount of reaction mixture is

doubled, t ctisincreased by 2x and the yield remains at 70%, which shows the possibility to

scale up this syinthBsis.

Characterf@gation: Transmission electron microscope (TEM) samples were prepared by drop-

casting a soluti f nanopartides suspended in cyclohexane onto a carbon coated copper grid or a
grid contai nm thick SiN window. Low resolution TEM (LR-TEM) and high-resolution TEM
(HR-TEM) i@ere taken on FEl Tecnai G2 20 TEM and JEOL JEM-F200 operating at 200 keV and

FEI Tita ith Image C; corrector operating at 300 keV, respectively. The branch length is the

length of the est branch measured from the central branching point from at least 200

nanopa Imagel software.

Ele ical measurements: The electrochemical measurements were conducted in a

@

electrode and A

three-elect tem using N, saturated HCIO, 0.1 M as the electrolyte with Pt mesh as counter

AgCl[NaCl 3 M as reference electrode. In a typical experiment, 2.5 mg Ru
nanopagti were dispersedin 1 mLtoluene and 10 uL of the solution was carefully dropped
ona glawurface (0.196 cm®) as the working electrode. The electrochemically active surface

areas (ECSA) wei determined from the double layer capacitance (Cp) obtained by cyclic

[20

voltammetr currents in the non-faradaic region (0.2 V) at different scan rates 10 mV s™, 25

This article is protected by copyright. All rights reserved.
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mV s, 50 mV s, 75 mV s* and 100 mV s were plotted against the scan rates to obtain the
capacitances that were further used to calculate the ECSA by using the 66 uF cm™ specific
capacita#all.le.m The OER polarization curves were obtained by cyclic voltammetry at 50 mV s™.
Stability w by chronopotentiometry at constant current of 10 mA cm™with the working
electro® Eat 1600 rpm. During the constant current experiments, the electrolyte was
replaced ewinutes and analyzed by ICP-MS to calculate the Ru dissolution and account for

the contrib Rudissolution to the total oxidation current.
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Controlling the crystallinity of branched ruthenium nanoparticles shows improved electrocatalytic
peﬁormhe state-of-the-art ruthenium-based catalyst. Faceted ruthenium (Ru) branched
nanoparticle e five times more active and more stable than polycrystalline Ru nanoparticles for
action in acid. The strategy to use highly crystalline nanopartides with low index
brm forthe furtherelectrocatalyst development.
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