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Asymmetric bimetallic nanomotors are synthesised by
seeded growth in solution, providing a convenient and high-
throughput alternative to the usual top-down lithographic
fabrication of self-propelled catalytic nanoparticles. These
synthetic nanomotors catalyse H,0, decomposition and
exhibit enhanced diffusion that depends on fuel concentra-
tion, consistent with their chemical propulsion.

Self-propulsion has potential applications in many areas of
nanoscience and technology, including drug delivery, chemical
sensing and environmental remediation, Progress in material
science has facilitated the assembly of numerous self-propelled
artificial devices with sizes in the nanometre to micrometre
range?™. Such motors operate at low Reynolds numbers at
which inertia is negligible; they are propelled by self-generated
chemical gradients that result from asymmetric catalytic reactions
at the motor surface®® and are sustained by fuel in the envi-
ronmentZ. Asymmetry in catalysis is usually achieved through
structural asymmetry in the motor. Asymmetric release of re-
action products has been used to generate directed motion by
self-diffusiophoresis®® and self-electrophoresis? of particles over a
range of different length scales and geometries, including Janus
microparticles®, bimetallic nanorods?, sphere dimer nanomo-
tors™112 and molecular nanomotors13.

There have been many realizations of motors with dimensions
of the order of micrometres or hundreds of nanometres. How-
ever, the fabrication of even smaller synthetic motors, with di-
mensions of tens of nanometres or less, presents experimental
challenges: at this length scale it is hard to create geometric
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anisotropy using the traditional top-down synthesis methods such
as electron-beam lithography or physical vapour depositionl4,
Apart from recently reported enzymatic nanomotors2>18 which
exhibit increased diffusion when catalysing reactions of their sub-
strates, 30 nm Pt/Au? and 40 nm Pt/mesoporous silicallZ Janus
nanoparticles are the smallest current examples of synthetic, self-
propelled nanomotors. For their production, symmetry breaking
was achieved by shadow-growth physical vapour deposition of
metallic catalyst and e-beam lithography, respectively.

Bimetallic nanoparticles with controlled shapes, sizes and com-
positions have been synthesised by various wet chemical meth-
ods182l,  Seeded growth, by reduction of a precursor metal
salt on a metallic seed nanoparticle that provides a nucleation
site, is a well-established method for the production of core-shell
bimetallic nanoparticles?223, The speed, extent and symmetry
of the growth process can be tuned by controlling the ratio be-
tween the precursor and seed concentrations1?. In this work we
adapted such an approach to produce 15 nm asymmetric Pt-Au
nanoparticles that behave as catalytic nanomotors. These asym-
metric catalysts catalyse the decomposition of H,0, and exhibit
enhanced diffusion that depends on fuel concentration, consis-
tent with self-propulsion. This approach for the fabrication of
sub-100 nm nanomotors is significantly easier to implement than
“top-down” synthesis methods and offers the possibility of high
throughput.

We fabricated Pt-Au nanoparticles by seeded growth of Pt on
Au nanoparticles (Figure 1, ESI Methods/Experimental M2). In
order to obtain an asymmetric surface distribution of catalyst, a
necessary condition for catalytic self-propulsion, we reduced the
ratio of Pt precursor to seed allowing only partial surface coverage
with Pt. Starting with a monodisperse solution of 15 nm diameter
Au nanoparticles (Au NP) acting as seeds, platinum growth was
achieved by adding K,PtCl, followed by slow mixing with reduc-
ing agent NaBH,. A change in the characteristic colour of Au NP
was observed (from red to dark red) as the reaction took place.
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Fig. 1 Chemical synthesis of Pt-Au nanoparticles. (a) Scheme of Pt
growth on 15 nm Au nanoparticles. (b-e) Transmission electron mi-
crographs of Pt-Au nanoparticles obtained using 2.3 nM Au NP seeds
(shown in b) and K,PtCl, precursor concentrations of: ¢ 0.1 mM, d TmM
and e 3mM. Micrographs show particles after drying by evaporation on
carbon grids. Insets show the characteristic colours of the suspensions,
turning from red (Au NP) to dark (thick layer core-shell Pt-Au NP). Sam-
ple ¢ corresponds to asymmetric Pt-Au NP whose propulsive behaviour
is studied in the text. Scale bars: 20 nm.

UV-vis spectroscopy showed that the absorption peak of gold de-
creased significantly (ESI Figure 1), which we associate with Pt
growth on Au NP2425,

Figure 1 shows different stages of Pt on Au NP growth achieved
by varying the Pt precursor concentration. TEM micrographs cor-
respond to the Au NP seeds and samples reacted with 0.1 mM, 1
mM and 3 mM Pt precursor corresponding to ratios of Pt ion:Au
atom of approximately 1:3, 10:3 and 30:3, respectively. As more
Pt precursor is added, the morphology of the Pt-Au NP changes
from a smooth surface with islands of Pt (Figure 1 c) to an un-
even but approximately symmetrical thin layer core-shell Pt-Au
NP (Figure 1 d) and, eventually, a thick layer core-shell struc-
ture (Figure 1 ). Nanoparticle size distributions determined from
TEM micrographs and dynamic light scattering (DLS) (ESI Figure
2) confirm that the mean particle size increases with the concen-
tration of Pt precursor. For the completely covered thick layer
core-shell particles (Figure 1 e), both methods indicate an aver-
age 3 nm increase in radius. The most asymmetric surface dis-
tribution of Pt is observed for particles grown with 0.1 mM of Pt
precursor (Figure 1 c): these putative asymmetric catalysts are
named asymmetric Pt-Au NP hereafter.

We performed a control experiment by reacting the Pt precur-
sor (3 mM) and reducing agent first and then mixing this solution
with the 15 nm Au NP suspension. TEM micrographs (ESI Figure
4a and b) show that in this “physically mixed” control, smaller
Pt NP are observed separately from Au NP which retain their ini-
tial, smooth shape with no evidence of significant surface growth.
Similar mixtures, created by reducing an equivalent concentra-
tion of Pt precursor before adding Au NPs, were used as controls
throughout this work.

The chemical composition of the particle surface was measured
using X-ray photoelectron spectroscopy (XPS) (ESI Figure 3). Af-
ter Pt deposition, peaks characteristic of both metallic Pt and Pt
oxide are observed. For thicker Pt loadings, the signal from metal-
lic Pt dominates. The Pt oxide peak is likely to arise from superfi-
cial oxidation in air prior to analysis.
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To resolve the low coverages of Pt on the surface of asymmetric
Pt-Au NP grown with 0.1 mM of Pt precursor is challenging using
conventional TEM, although in some cases Pt clusters can be de-
tected (ESI Figure 4c and d). We characterised the material com-
position of these asymmetric Pt-Au NP by high-angle annular dark
field scanning transmission electron microscopy (HAADF-STEM)
using elemental energy dispersive X-ray detection (EDX) to ob-
tain better atomic contrast between Pt and Au as shown in Figure
2. EDX performed on single asymmetric Pt-Au NP confirmed the
presence of crystalline Pt on the surface of Au NP (Figure 2a).
Figure 2b shows background-subtracted signals characteristic of
Pt and Au along a line scan across a particle, indicating an asym-
metric distribution of Pt. Spatially resolved compositional analy-
sis by EDX (Figure 2c, d) indicated the presence of three distinct
surface types: pure Au, pure Pt and mixed Pt/Au. Although the
EDX analysis cannot directly identify the metallic bond between
Au and Pt the most likely interpretation of these observations and
those described above is that Pt has grown directly on the Au NP.

Nanoparticle samples used for measurements of catalysis were
filtered using a centrifuge filter (30 kDa MWCO Amicon filters,
pore size 5 nm) to remove unreacted Pt salt and possible small
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Fig. 2 HAADF-STEM and energy-dispersive X-ray analysis of asymmet-
ric Pt-Au NPs. (a) Image of an asymmetric Pt-Au NP showing the line
scan corresponding to the compositional analysis presented in b. Inset
shows high resolution image of Pt on Au. (b) Compositional analysis,
showing the net electron count (background substracted) along the line
scan. (c) Representative HAADF-STEM micrograph with characteristic
regions labelled. (d) Representative EDX point spectra centred around
the Pt peak (solid line at 9.4 keV) and the Au peak (dashed line at 9.6
keV).
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Fig. 3 Electrochemical measurements of catalytic decomposition of
H,0,.The amperometric measurement was made using a Ag-coated
glassy carbon electrode at a fixed potential of -0.6 V in solution of 25 mM
H,0, and 0.1 mM KCI at Ag-GCE with RDE (1300 rmp) after adding: 2.3
nM asymmetric Pt-Au NP; 1.2 nM thick layer core-shell Pt-Au NP; 0.25
nM catalase; 2.3 nM control solution (reduced Pt physically mixed with
Au NP).

Pt NP formed in solution. Bubble formation was observed when
H,0, was added to a sample containing filtered nanoparticles but
not when added to the filtrate.

To quantify the catalytic activity of asymmetric Pt-Au NP in
solution we adapted an electrochemical method2® (ESI Meth-
ods/Experimental M3). Catalytic nanoparticles (filtered by Am-
icon Filter, 30 kDa) were added to a 25 mM H,O, solution and
the change in concentration of H,0, with time was measured
using a H,O, sensor (silver-coated glassy carbon electrode). A
representative measurement is shown in ESI Figure 5 d. Changes
of H,0, concentration on addition of asymmetric Pt-Au NP and
thick layer core-shell Pt-Au NP are plotted in Figure 3, together
with controls and calibration measurements using catalase (ESI
Figure 5). The sensor current shows no significant change on ad-
dition of uncoated Au NP. The rate of H,O, decomposition in the
presence of asymmetric Pt-Au NP is 9x higher that in the presence
of the equivalent control solution (Au NP physically mixed with
reduced Pt). An equivalent concentration of thick layer core-shell
Pt-Au NP is 27x more catalytically active than the control. The
significant catalytic activity observed, even for nanoparticles pre-
pared with low Pt precursor concentrations (Figure 3), indicates
that a large fraction of the Au NP are Pt-modified, consistent with
the measured changes in optical absorption (ESI Figure 1), detec-
tion of Pt by HRTEM (ESI Figure 2), XPS (ESI Figure 3) and EDX
(Figure 2), and the enhanced diffusion in the presence of H,0,
discussed below.

Motor activity can be assessed by measuring an enhancement
of the effective diffusion coefficient of the catalytic particles in the
presence of fuel. Here, the fuel is H,O, , whose decomposition
is catalysed by Pt. An asymmetric catalytic particle generates an
asymmetric distribution of the product oxygen around the par-
ticle. The resulting propulsive force is attributed to a phoretic
mechanism, whereby a self-generated gradient of oxygen con-
centration induces flow fields that propel the particle. In the
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case of other larger, bimetallic particles, self-electrophoresis has
been proposed as the main mechanism for propulsion?2Z, The
nanoparticles studied here are subject to rapid rotational diffu-
sion that randomises their direction of motion: nanomotor activ-
ity is observed in an increase in the apparent diffusion constant,
Defr = Do+ %Vzr, where V is the ballistic velocity arising from
catalytic activity and 7 is the rotational diffusion time determined
by the size of the particle'l®. Suitable methods for measuring the
diffusion of nanometre-scale particles include microscopy track-
ing (nanoparticle tracking analysis, NTA), fluorescence correla-
tion spectroscopy (FCS) and dynamic light scattering (DLS)™4.
For unlabelled metallic particles of 15 nm diameter, DLS is a suit-
able choice. Distributions of diffusion coefficients inferred by fit-
ting DLS autocorrelation functions indicate a progressive increase
in diffusivity of asymmetric Pt-Au NP with H,0, concentration
(Figure 4, SI Figure 6a). The apparent diffusion coefficient of
asymmetric Pt-Au NP (Dg =14.440.2um?s~! in water) increases
by approximately 30% with increasing H,O, concentration until
a plateau is reached at around 3% (v/v). No significant change
in diffusivity on addition of H,O, was observed for control solu-
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Fig. 4 Dynamic light scattering measurement of motor activity of asym-
metric Pt-Au NP, DLS was used to measure the diffusion of 15 nm asym-
metric Pt-Au NP at a range of hydrogen peroxide concentrations. (a)
Normalised autocorrelation functions as a function of H,O, concentra-
tion (%v/v). (b) Corresponding diffusion coefficients for asymmetric Pt-
Au NPs (black, in units of Dy =14.2um?s~!) and Au (black, in units of
Dy =14.4um?s~') as a function of H,O, concentration, averaged over 3
experimental runs (error bars indicate standard deviations).
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tions of 15 nm Au NP, reduced Pt physically mixed with Au NP,
or thick layer core-shell Pt-Au NPs (ESI Figure 7a). (As a result
of the high catalytic activity of thick layer core-shell Pt-Au NP, the
onset of bubbles at high concentrations of H,O, interferes with
the DLS measurement, producing autocorrelation functions with
elevated baselines such as those shown in the inset to ESI Figure
7b; such data were automatically removed from the analysis.)

We used a viscous ionic liquid to increase the sensitivity of our
measurements to changes in diffusivity. The use of viscous me-
dia to slow down the motion of self-propelled particles is com-
mon, especially when using tracking microscopy?. Asymmet-
ric Pt-Au NP were mixed in 25% (v/v) of ionic liquid 1-Ethyl-
3-methylpyridinium perfluorobutanesulfonate achieving a viscos-
ity of approx. 20cP at 20°C (inferred from measurements of
nanoparticle diffusion using DLS). In this medium we observe a
twofold increase in diffusivity for 15 nm asymmetric Pt-Au NP
when mixed with H,0, (Figure 5). Comparable measurements
on highly catalytic 5 nm Pt NP are shown in ESI Figure 8.
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Fig. 5 Dynamic Light Scattering measurement of motor activity of asym-
metric Pt-Au NP in a viscous ionic liquid. The diffusion coefficient for
asymmetric Pt-Au NP (in units of Dy =0.34 um?s~') is plotted as a function
of H,O, concentration, averaged over 3 experimental runs (error bars in-
dicate standard deviations).

In summary, we have demonstrated a new wet-chemical ap-
proach to the synthesis of sub-100 nm asymmetric catalytic
nanoparticles that function as nanomotors. In particular, we have
grown Pt on the surface of Au NP by a seeded-growth method
and characterised the resultant Pt-Au nanoparticles using HAADF-
STEM, TEM, EDX, UV-vis absorption and XPS. Pt-Au nanoparti-
cles synthesised with low Pt precursor concentration form asym-
metric bimetallic nanoparticles. The development of a higher de-
gree of control over nanoparticle morphology can be envisaged.
The asymmetric Pt-Au nanoparticles catalyse the decomposition
of hydrogen peroxide. We have used dynamic light scattering
to demonstrate nanomotor activity of asymmetric particles in the
presence of H,0, fuel. Ballistic propulsion is manifest as an in-
crease in the effective diffusion constant by up to 30% in hydro-
gen peroxide. This work paves the way to the high-throughput
production of nanometre-scale active particles by wet-chemical
methods. This may facilitate research into the practical applica-
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tions of catalytic nanomotors, which remain an open scientific
and technological challenge.
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