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A bubble propulsion model based on catalyzed hydrogen peroxide decomposition and momentum
change via O2 bubbles detaching from the catalytic surface is proposed to explain the autonomous
motion of catalytic nanomotors. The propelling force closely depends upon the surface tension of
the liquid as well as the bulk concentration of hydrogen peroxide, and the model predictions are
supported by the experimental data of Pt-coated spherical silica microbead motors. © 2009
American Institute of Physics. �DOI: 10.1063/1.3122346�

Catalytic nanomotors are artificial autonomous devises
that mimic naturally occurring biological motors in the nan-
ometer and micrometer length scales.1–10 Several catalytic
nanomotors have been realized recently through asymmetri-
cally engineering different catalytic reactions on the back-
bone of nano-/microstructures, especially through the cata-
lytic reaction of hydrogen peroxide.3–11 Although the overall
chemical reaction is clear, the detailed physical and chemical
processes for propulsion are under intense debate. Several
suggested propulsion models exist including interfacial
tension,4 self-electrophoresis,12 diffusiophoresis,13–15 and
bubble propulsion.3,5,16,17 The interfacial tension6 and self-
electrophoresis models12 explain how two-section nanorod
nanomotors move toward the catalyst, and these two mecha-
nisms describe experimental findings very well for the sys-
tems in question; however, other research has shown that
nanomotors are propelled away from the catalyst site on a
nonconducting nanorod backbone.13–18 He et al.16 has de-
vised an experiment that clearly shows that nonconducting
L-shaped Si/Pt nanomotors are propelled away from their
catalyst site. Ismagilov et al.17 and Golestanian et al.13–15

suggested that self-mobility is the result of the diffusion of
the reactants at an asymmetrical reaction site, i.e., diffusio-
phoresis. However, this model does not predict that the speed
depends on surface tension, while previous experiments on
Au/Pt nanorods show a strong dependence.6 Ozin et al.10 has
experimentally shown that the motion of Au/Ni nanorods
was accompanied by nanobubble evolution, but no physical
details were presented. Very recently Kovtyukhova18 pro-
posed that propulsion arises due to the pressure differences
and buoyancy of the oxygen bubbles. However, those forces
act only vertically to the nanomotor, while most experimen-
tal observations involve horizontal motion.6–18 In this letter
we present a different bubble propulsion model based on the
dynamics of bubble growth and detachment. The model pre-
dicts that the propelling force is directed away from the cata-
lyst site and that it depends closely on the concentration of
H2O2 and surface tension of the liquid, which agrees well
with our experimental measurements.

Considering a nonconducting spherical colloid with one
hemisphere consisting of a catalyst, as shown in Fig. 1, the

reaction H2O2 →
catalyst

H2O+O2�g� creates a higher concentra-

tion of oxygen gas on the catalyst surface in comparison to
the noncatalyst surface. The concentrated oxygen coalesces
to form bubbles with a critical nucleation radius R0 on the
catalyst surface. The dissolved oxygen surrounding a bubble
continues to diffuse into the bubble causing it to grow while
the buoyancy force and surface adhesion compete against
one another. The bubble continues to grow until it reaches
the detachment radius Rd and is released from the surface;
the detachment results in a momentum change which induces

a driving force F� drive away from the catalyst surface. During
the bubble detachment, the shape of the bubble is distorted
and the initial detachment velocity is nonzero and has a hori-
zontal component, as shown in Fig. 1�a� �the vertical com-
ponent will be balanced by the gravitational force19�. Since
the catalyst is not consumed in the reaction, as a bubble
detaches from the surface, a new bubble will be generated
and released as long as hydrogen peroxide is present, and so
the nanomotor is continuously propelled in the solution
through continuous momentum change caused by a jet of
oxygen bubbles. The direct observation for nanobubbles
forming and being released from the surface has not occurred
to our knowledge; however evidence exists for the presence
of nanobubbles on rough surfaces in saturated solutions of
air.6 These nanobubbles likely act as nucleation points for
bubble growth for a locally saturated solution, and at a cer-
tain radius RD, the bubble will detach from the surface,
which is dependent upon the competition between the con-
tact angle of a rough Pt surface and gravitational interaction.
For simplicity, we assume that the bulk hydrogen peroxide
concentration remains constant during the reaction and that
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FIG. 1. �Color online� �a� Force and velocity schematic of a Pt-coated
microsphere in a solution of hydrogen peroxide. The Pt catalyst decomposes
peroxide into water and oxygen resulting in oxygen bubble formation on the
surface. The detachment of the bubbles with velocity creates a driving force
that is opposed by the viscosity of the fluid. Initially, the bubble is distorted
as it detaches from the surface and the bubble’s velocity v�bub has both a
vertical and horizontal component. �b� Scanning electron micrograph of a
Pt-coated spherical silica microbead.
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the bubble retains its shape and volume as it detaches. Also,
we only consider the speed of the bubble in the horizontal
direction, as shown in Fig. 1�a�. Under the steady state,
dv /dt=0 and dM /dt=0 �the mass M of the colloid-bubble
system does not change due to the balance of the catalytic
reaction and bubble detachment�Fdrive is due to the reaction
force caused by the detachment of the bubbles, which will be

balanced by the viscous drag force F� drag to reach a constant
horizontal velocity v,

Fdrive = N
�m

�t
�v0 − v� , �1�

where N is the number of bubbles detached from the surface,
�m is the mass change induced by a single bubble, �t is the
average bubble growth time until detachment, and v0 is the
initial horizontal speed of a detached bubble which may de-
pend on the density of the surrounding fluid and acceleration
of gravity. The term on the right in Eq. �1� is caused by the
momentum change in the bubbles. Considering a spherical
particle Fdrag=6��av, where a is the radius of the colloid
and � is the viscosity of the liquid.20 The speed of the colloid
can be rewritten as v=N��m /�t�v0 / �6��a+ ��m /�t��. In
general, 6��a�N��m /�t� �for a sphere with a diameter
of 2.0 �m, 6��a�10−9 kg /s for water and N��m /�t�
�10−22 kg /s according to Paxton et al.6 who measured the
oxygen generation rate per area Pt catalyst in 3.7% hydrogen
peroxide as 8.4�10−8 mol /cm2 s�, thus

v � N
�m

�t

v0

6��a
. �2�

Since the Reynolds number of the bubble system is very
small, we neglect the effect of the fluid flow resulting from
the displacement of the bubble.21

To estimate the bubble average detachment rate we use a
simple bubble growth model. We assume that the O2 inside a
bubble is an ideal gas with a constant pressure P and chang-
ing volume V during the bubble growth, as presented by
Favelukis et al.,22 i.e., PV=nRgT where Rg is the universal
gas constant, T is temperature, and n is the molar number of
O2. �This is a very simple assumption on bubble growth, and
can be changed to other bubble growth treatments.� The
bubble radius R obeys the following rate equation

dR�t�
dt

=
RgT

P

1

4�R2

dn

dt
=

RgT

P
r , �3�

where r is the catalytic reaction rate that represents molar
flux of O2 diffusing into the bubble. Since we assume a
steady-state system, the reaction rate r is constant, and is
determined by the rate of H2O2 being adsorbed onto the cata-
lyst surface as well as the catalytic reaction rate constant k.23

Assuming the adsorption of the H2O2 follows the Langmuir
isotherm, according to Ref. 23 the catalytic reaction rate can
be written as

r =
k�c

1 + �c
, �4�

where c is the bulk concentration of H2O2 and � is the Lang-
muir adsorption constant. Combining Eqs. �3� and �4�,

R�t� − R0 =
RgT

P

k�c

1 + �c
�t . �5�

From Eq. �5�, the average time for a bubble to grow from R0
to Rd can be determined and the average rate of mass change
is

�m

�t
=

4��O2
�Rd

3 − R0
3�RgT

3P�R�t� − R0�
k�c

1 + �c
, �6�

where �O2
is the density of oxygen. In Eq. �6�, R0 is deter-

mined by the saturation concentration of oxygen and the sur-
face tension, �, of the liquid, R0=2�	 / �cs−ceq�, where 	 is
Henry’s constant, cs is the saturation oxygen concentration
for bubble nucleation, and ceq is the oxygen solubility.24

Considering the bubble detachment radius Rd
�, which has
been verified numerically due to an effect of surface tension
near the location of bubble detachment as the bubble
deforms,25 and combining Eqs. �2� and �6�, we obtain an
expression for motor speed v in terms of H2O2 concentration
and surface tension,

v 
 N
RgT�O2

v0

�aP
�2 k�c

1 + �c
. �7�

Equation �7� predicts that the motor speed v is proportional
to �2 and depends upon hydrogen peroxide concentration c
in a complex manner. Previously, a linear dependence upon
surface tension was proposed by the surface tension model6

and a nonlinear dependence upon concentration c has been
previously reported as well.15 To test the validation of Eq.
�7�, we have investigated the autonomous motions of Pt-
coated spherical silica colloids micromotors under different
hydrogen peroxide concentrations c and various values of
surface tension �.

The Pt-coated silica microspheres were fabricated fol-
lowing the protocol by Love et al.26 and Howse.15 The silica
colloid has a diameter of �2.01 �m and the Pt coating was
50 nm, as shown in the SEM image in Fig. 1�b�. The de-
tached colloid spheres were then dispensed into H2O2 solu-
tions with different concentration and surface tension, and
the motions were recorded via a 1491 INi VanGuard micro-
scope and a charge-coupled device camera. We observed the
beads in the steady state, i.e., constant velocity. The surface
tension of the 2% H2O2 solutions was altered by adding vari-
ous concentrations of sodium dodecylsulfate and was mea-
sured by a pendant-drop method. Figures 2�a� and 2�b� show
the average speed of the colloid motors for different H2O2
concentration c at fixed surface tension �=72 mN /m �the
surface tension of water� and different surface tension � for
fixed c=2%. Each data point on both graphs represents the
average of the average velocity for 10 microbeads taken over
10 s time interval intervals. The corresponding Brownian
motion speeds have been subtracted and are also given in the
two plots. The v-c plot shows a strong nonlinear relationship
while the v-� data appears slightly exponential. Those data
can be fitted quite well by Eq. �5�: for the concentration
dependence data, Eq. �5� can be simplified as v= P1c / �P2

+c�, where P1 and P2 are two fitting parameters. The fitting
curve in Fig. 2�a� gives P1=6.2 and P2=0.5. For low con-
centrations c, a roughly linear dependence exists and linear
relationship between force and concentration for low concen-
trations has been shown,27 but for higher concentrations a
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limiting value is eventually reached. From Fig. 2�a� one can
see that the motor velocity starts to level off at 2% H2O2
concentration. Howse et al.15 has suggested this phenomenon
is a result of a two-stage decomposition of hydrogen perox-
ide by the catalyst which results in a typical Michaelis–
Menten kinetics for enzymes,23 while in our model, the re-
action is naturally limited by the Langmuir isothermal �H2O2
adsorption�. For the surface tension dependence, Eq. �5� can
be reduced to v= P3�2, and the best fit in Fig. 2�b� gives
P3=0.000 84, which demonstrate a very good agreement be-
tween the model and the experimental data. Since Eq. �5�
links the concentration c and surface tension � together, the
fitting parameters P1, P2, and P3 are inherently linked by the
equation, P3 / P1=c /�2�c+ P2� ��=72 mN/m, c=2%. For the data
shown in Figs. 2�a� and 2�b�, �=72 mN /m and c=2%, and
the value c /�2�c+ P2� is estimated to be 1.5�10−4. From the
fitting parameters we estimate the value P3 / P1�1.4�10−4.
This further suggests a solid agreement between theory and
experiment.

In conclusion, we have presented a simple model based
on oxygen bubble detachment to explain the driving force for
catalytic nanomotors. We show that the propulsion is depen-
dent upon the surface tension of the solution and on the
concentration of hydrogen peroxide along with the velocity
of the detached bubbles. We describe this motion through the
generation of oxygen gas from the catalytic break-down of
hydrogen peroxide and the formation and release of oxygen
bubbles from the surface of the catalyst resulting in a change
in momentum. The motion behaviors of spherical colloids
have been used to test the validity of the model due to their
symmetry and relatively simple and inexpensive production.
The model can be applied to nanomotors of any shape by
adjusting the geometric parameters. However, for systems
with two metal junctions such as Au/Pt system, other propel-
ling mechanisms may dominate the motion due to larger

propelling force. Even under such a situation, the bubble
induced propelling could be considered as a useful modifi-
cation.

We acknowledge the financial support from the National
Science Foundation under Contract No. CMMI-0726770. We
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1M. Schliwa and G. Woehlke, Nature �London� 422, 759 �2003�.
2R. Lipowsky, Y. Chai, S. Klumpp, S. Liepelt, and M. J. I. Muller, Physica
A 372, 34 �2006�.

3S. Fournier-Bidoz, A. C. Arsenault, I. Manners, and G. A. Ozin, Chem.
Commun. �Cambridge� 4, 441 �2005�.

4J. M. Catchmark, S. Subramanian, and A. Sen, Small 1, 202 �2005�.
5J. Vicario, R. Eelkema, W. R. Browne, A. Meetsma, R. M. La Crois, and
B. L. Feringa, Chem. Commun. �Cambridge� 31, 3936 �2005�.

6W. F. Paxton, K. C. Kistler, C. C. Olmeda, A. Sen, S. K. St. Angelo, Y.
Cao, T. E. Mallouk, P. E. Lammert, and V. H. Crespi, J. Am. Chem. Soc.
126, 13424 �2004�.

7P. Dhar, T. M. Fischer, Y. Wang, T. E. Mallouk, W. F. Paxton, and A. Sen,
Nano Lett. 6, 66 �2006�.

8L. Qin, M. J. Banholzer, X. Xu, L. Huang, and C. A. Mirkin, J. Am.
Chem. Soc. 129, 14870 �2007�.

9R. K. Soong, G. D. Backand, H. P. Neves, A. G. Olkhovets, H. G.
Craighead, and C. D. Montemango, Science 290, 1555 �2000�.

10G. A. Ozin, I. Manners, S. Fournier-Bidoz, and A. Arsenault, Adv. Mater.
�Weinheim, Ger.� 17, 3011 �2005�.

11N. Mano and A. Heller, J. Am. Chem. Soc. 127, 11574 �2005�.
12Y. Wang, R. M. Hernandez, D. J. Bartlett, J. M. Bingham, T. R. Kline, A.

Sen, and T. E. Mallouk, Langmuir 22, 10451 �2006�.
13R. Golestanian, T. B. Liverpool, and A. Ajdari, Phys. Rev. Lett. 94,

220801 �2005�.
14R. Golestanian, T. B. Liverpool, and A. Ajdari, New J. Phys. 9, 126

�2007�.
15J. R. Howse, R. A. L. Jones, A. J. Ryan, T. Gough, R. Vafabakhsh, and R.

Golestanian, Phys. Rev. Lett. 99, 048102 �2007�.
16Y.-P. He, J. Wu, and Y.-P. Zhao, Nano Lett. 7, 1369 �2007�.
17R. F. Ismagilov, A. Schwartz, N. Bowden, and G. M. Whitesides, Angew.

Chem. Int. Ed. 41, 652 �2002�.
18N. I. Kovtyukhova, J. Phys. Chem. C 112, 6049 �2008�.
19Y. Chen and M. Groll, Int. J. Heat Mass Transfer 49, 1115 �2006�.
20J. Happle and H. Brenner, Low Reynolds Number Hydrodynamics

�Prentice Hall, Englewood Cliffs, NJ, 1965�.
21The Reynolds number for a bubble sphere can be estimated as Re

=�v0D /�, where � is the density of the gas and D is the bubble diameter
�Ref. 20�. We use �=1000 kg /m3 for water, D=1 �m �over estimation�,
and the viscosity of water 1.002 Ns /m2. Then the velocity of the bubble
would have to be roughly 100 m/s, for there to be turbulent flow. We
expect that the bubble speed is far less than 100 m/s, which means we are
dealing with a very small Reynolds number situation.

22M. Favelukis and G. S. Yablonsky, Ind. Eng. Chem. Res. 43, 4476 �2004�.
23I. Tinoco, K. Sauer, J. C. Wang, and J. D. Puglisi, Physical Chemistry

�Prentice Hall, Upper Saddle River, NJ, 2002�.
24P. G. Bowers, C. Hofstetter, C. R. Letter, and R. T. Toomey, J. Phys.

Chem. 99, 9632 �1995�.
25Z. L. Yang, T. N. Dinh, R. R. Nourgaliev, and B. R. Sehgal Int. J. Heat

Mass Transfer 44, 195 �2001�.
26J. C. Love, B. D. Gates, D. B. Wolfe, K. E. Paul, and G. M. Whitesides,

Nano Lett. 2, 891 �2002�.
27J. G. Gibbs and Y.-P. Zhao, Rev. Sci. Instrum. 79, 086108 �2008�.

0 1 2 3 4 5 6 7 8
1

2

3

4

5

6
Sp
ee
d
v
(��
m
s-
1 )

H2O2 Concentration c (%)

Brownian motion

(a)

35 40 45 50 55 60 65 70 75
0

1

2

3

4

5

Sp
ee
d
v
(��
m
s-
1 )

Surface Tension �� (mNm-1)

Brownian motion

(b)

FIG. 2. �Color online� Active motion of Pt-coated silica microbeads in
dilute hydrogen peroxide bath. �a� The average colloid motion speed v vs
the hydrogen peroxide concentration c for fixed surface tension 72 mN/m.
The dashed line represents the speed of the Brownian motion. �b� The av-
erage colloid motion speed v vs surface tension � in 2% H2O2. The dashed
lines with symbols show Brownian motion speed for various surface tension
values of which were subtracted from the data. The solid curves in both
figures are the fitting results using Eq. �5�.
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