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ABSTRACT 

 

 

The goal of the thesis is to develop photoelectrochemically activated silicon/metal autonomous 

nanomotors, to explore and understand the mechanisms involved in the propulsion process, and to 

analyse their potential application in (bio) contaminant removal in water through their in-situ generation 

of reactive oxygen species. We have basically focused on Si/Pt nanomotors which can self-propel from 

the photochemical decomposition of H2O2 triggered by white light illumination and with also capabilities 

to be activated by NIR light.  

 

We have developed a facile method to fabricate large scale of silicon nanostructures as core of the 

nanomotors using colloidal lithography in conjunction with metal-assisted etching. Silicon nanostructures 

with different dimensions, surface morphologies, and porosities were accomplished. 

 

We have evaluated the photochemical actuation of Si/Pt nanomotors with different roughness factors at 

the Pt catalyst. Si/Pt nanostructures with low metal roughness factor hardly moved but Si/Pt 

nanostructures with high metal roughness factor exhibited a substantial directional motion but 

insensitive to light modulation. Evaluation of the Si/Pt nanomotor performance for degradation of 

benzene based pollutants in water provided hints of two competing chemical pathways in H2O2 

decomposition, which finally dictated the dominant propulsion mechanism.  Such finding was supported 

by comparing the nanomotor performance with the one of their immobilized counterparts Si/Pt pumps 

with different Pt roughness factors. It was demonstrated that there are two competing propulsion 

mechanisms at the Pt/Si motors under light illumination depending on the H2O2 decomposition pathway. 

One is an electro-osmotic process which stemmed from a separated photoactivation redox reaction 

mediated by Si as anode and smooth Pt as cathode. The other is a diffusio-osmotic process and not light 

responsive and is triggered by the redox decomposition of H2O2 exclusively at the rough Pt surface. 

Therefore we could show that the actuation mechanism of the Pt/Si motors can be switched from light-

controlled electrokinetics to light-insensitive diffusio-osmosis by only increasing the metal surface 

roughness. Moreover the increased roughness in Pt greatly decreased the motor generation of reactive 

oxygen species, which are expected to take place from a photochemical separated redox reaction at 

anode and cathode, and hence decreasing the motor capability as pollutant degradation agent. 
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In the final part of the thesis work, we have successfully achieved a photochemical-controlled silicon/Au 

microdiode with p-n heterojunctions which has aided to settle the criteria to build up optimized light 

sensitive silicon based micro/nanomotors. The n-p junction helps to maximize separated photoredox 

reactions between Si and noble metal by the built-in electric field which favours the hole/electron 

separation. Moreover, it was concluded that the perimeter of the interface should be large enough and 

the surface of noble metal should exhibit low roughness factors.  

 

Finally we have also found a promising nanomotor based on Si/zero-valent iron (ZVI) for relevant organic 

degradation performance under visible light illumination through the generation of reactive oxygen 

species. This nanosystem has provided an important contribution of the photocatalytic effect for the 

overall generation of ROS apart from the contribution provided by the iron Fenton reaction.  

 

This thesis has accomplished a relevant progress in understanding silicon based photocatalytic micro-

/nanomotors and it has shown that these systems hold great potential for future practical applications. 

However, much work is still needed to continue improving and optimizing the engine, which guarantees 

the continuation of this line of research. 
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1 INTRODUCTION 

 

 

Tool use can be dated back to the Stone Age and it plays an essential role in human being evolution. 

Motors or machines convert energy into movement, which have been fundamental tools for the 

development of society. Inspired by the models of nature, considerable efforts have been devoted to 

developing machines that can imitate the function of these amazing natural systems. One of the early 

attempts of biomimicry could be the study of birds to enable human flight.1 In 1959, Richard Feynman 

delivered a famous talk entitled "There's Plenty of Room at the Bottom" at the American Physical Society, 

which wielded the foundations that later on would kick off the new era of nanotechnology and the use of 

the cellular machinery as bionspiration for the development of multitasking nanosystems.2 The shrinking 

of motors towards micro/nanoscale has drawn more and more attention of academia in the narrative of 

nanotechnology, making it possible to fabricate artificial microorganisms for various potential 

applications. Such tiny machines can help in carrying out tasks like targeted drug delivery in the human 

body, non-invasive operations in cells, bio sensing and bio imaging, and environmental monitoring and 

contaminant destruction.3,4 

 

1.1 SELF-PROPULSION AT THE MICRO-/NANOSCALE: CHALLENGES 

 

In the same way the impressive molecular machinery operates in living organisms, micro/nanomachines 

are expected to be able to self-propel and carry out autonomous work “a la carte”. However, several 

essential challenges should be tackled in the development of micro/nanomachines when it is going from 

macro to micro and ultimately to nanoscale. 

 

Firstly, as size decreases, the ratio of surface area to volume increases, implying that volume-dependent 

forces (such as inertia), which dominate at longer length scales, become less relevant as objects are 

scaled down. Artificial micro/nano-objects have to move in low Reynolds number environments.5 The 

Reynolds number (Re) , which is a dimensionless parameter defined as the ratio of inertial to viscous 

forces, quantifies the relative importance of these two types of forces for given flow conditions and can 

be also used as a guide to predict laminar or turbulent flows.6 
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𝑅𝑒 =
inertial force

viscous force
=
𝜌𝜈𝐿

𝜇
 

 

where 𝜌 is density, 𝜈 is the particle velocity, 𝐿 is the characteristic length of the object and 𝜇 is the 

dynamic viscosity of the medium. A swimming person has a Reynolds number of 104 whereas bacteria 

have a Reynolds number of 10−4.5 For most of the micro-/nanomotors, the Reynolds number is on the 

same order as that of moving bacteria. The low Reynolds number implies that viscous forces dominate 

and within this regime only irreversible motion can lead to net propulsion, requiring also breaking the 

time-reversal symmetry, for example, by introducing an asymmetry in the swimmer design (either in the 

shape, composition, surface activity etc.)5,7  Secondly, at low Re, the objects are more subjected to 

Brownian motion (passive diffusion) which causes the object to rotate and change its orientation 

randomly.8 For directed motion under low Re a continuous input of energy is required. The precise 

navigation of nanoscale objects is extremely challenging because of the combination of Brownian motion 

and low Reynolds numbers.9  Finally, the energy harvesting and transfer to drive the motor at nanoscale 

is more troublesome.10  

 

Therefore, design principles used in the macroscale may not be applicable in the nanoscale. Since at small 

scales the surface effects (rather than the volume ones) are important, one can exploit surface-dependent 

forces to induce motion. For example, one way to trigger surface body forces is through the own 

generation of physical-chemical gradients at the motor interface. In this context, nature is a source of 

inspiration for artificial machines. The conversion of chemical energy into directed motion is a key point 

behind the highly efficient performance of biomolecular machinery before mentioned. 

 

The chart in figure 1.1 illustrates the main propulsion mechanisms for micro-/nanomotors either in a 

swimmer configuration (free suspending in the fluid) or immobilized on a surface (pumps). The prefix 

“self” indicates that the propulsion mechanism emerges from physicochemical gradients generated by 

the own motor particles. 

 

These mechanisms and corresponding representatives will be discussed in the following section. 
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Figure 1.1 the schematic diagram showing main propulsion mechanisms employed to power 

micro/nanoscale machines (thermal gradient*: the temperature gradient can be externally produced 

or self-produced. Self-thermophoresis can be produced by motor light illumination or by applying 

magnetic fields. Similarly pumps also can be activated by thermos-osmosis via light or magnetic 

field.) 

 

1.2 CHEMICAL FUEL BASED PROPULSION OF MICRO-/NANOMOTORS AND PUMPS 

 

Micro-/nanomotors driven by chemical gradients have been the most widely studied ones during the last 

decade.11 An impressive work has been developed since the development of the first self-propelled 

machines by chemical gradient, which was reported by Paxton et al.12 and Fournier-Bidoz et al.13 

 

As mentioned before these self-propelled machines can be either in a swimmer (free suspended in the 

fluid) or pump configuration (immobilized on a surface), being pumps very useful platforms for better 

evaluating and understanding the chemically propulsion mechanisms. 

Micro/Nanoscale 
machine 

motor/swimmer 

chemically 
powered motor 

self-
electrophoresis 

self-
diffusiophoresis 

bubble propulsion 

photocatalytic 
motor 

light-induced  self-
electrophoresis 

light-induced self-
diffusiophoresis 

light-induced 
bubble propulsion 

motor powered by 
external field 

electrical field 

ultrasound 

magnetic field 

thermal gradient* 

pump 

chemically 
powered pump 

self-electro-
osmosis 

self-diffusio-
osmosis  

photocatalytic 
pump 

light-induced self-
electro-osmosis 

light-induced self-
diffusio-osmosis  
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1.2.1  SWIMMERS 

 

There are mainly three self-propulsion mechanisms driven by chemical reactions in the case of the 

micro/nano-swimmers. They are self-electrophoresis, self-diffusiophoresis (neutral or ionic) and bubble 

propulsion respectively. Such self-propulsion mechanisms can operate in the machines depending on 

their composition, shape, size, fuel nature and concentration. 

 

1.2.1.1 SELF-ELECTROPHORESIS 

 

The self-electrophoresis refers to the motors propelled by pure electrophoresis, which is driven by a self-

generated ionic current which builds up an electric field. Such ionic current can be produced on bimetallic 

or metal/semiconductor motors when chemical reactions such as half redox reactions are induced 

separately at different places of the motor. The production and consumption of ionic species at different 

motor locations induce an electric field which triggers the fluid flow at the motor interface.  

 

In electrophoresis, charged particles migrate in an electric field (E), and their velocity (U) can be well 

described by the Smoluchowski equation for particles with thin double layers.14,15 

 

𝑼 =
𝜁𝑚𝜀

𝜇
𝑬 

 

where 𝜁𝑚 is the zeta potential of the motor surface which is related to the surface charge, ɛ is the 

permittivity of the medium (water), and μ is the dynamic viscosity of water. 

 

For instance in the case of the pioneering bimetallic Au/Pt motors immersed in H2O2, an electric field is 

generated from H2O2 oxidation and reduction at Pt and Au, respectively.12 The redox reaction produces 

protons at the anode that are consumed at the cathode, building up a proton gradient that induces a 

proton current.  The resulting ion flux generates an electric field toward the Au end which drags the fluid 

in the same direction, thereby moving the rod in the opposite direction. Figure 1.2 illustrates the self-

electrophoresis process for Au/Pt motors in H2O2 aqueous solution. 
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Figure 1.2 Schematic illustrating self-electrophoresis. Hydrogen peroxide is oxidized at the Pt segment to 

generate protons in solution and electrons in the rod. The protons and electrons are then consumed with 

the reduction of hydrogen peroxide at the gold end.16 

 

Table 1.1 lists typical swimmers based on self-electrophoresis. The propulsion speed is taken at 

normalized body length per second (bdl/s). It is worth noting that introducing catalysts such as Rh, Ru and 

Pd can considerably increase the efficiency of the motors. Moreover, when the motor size is scaled down 

from micrometer to nanometer (e.g. Janus nanosphere), the velocity is increased several orders of 

magnitude which is in agreement with theoretical predictions (see in Ref. 22). Although the translational 

velocity can be greatly enhanced in such small scales, it is also true that their dynamics is strongly 

influenced by fast Brownian rotations. Consequently, very small motors show bursts of linear ballistic 

motion combined with very fast rotations which impose an upper limit on the ballistic swimming length of 

the nanomotors. 

 

Table 1.1 summary of swimmers based on self-electrophoresis 

Geometry Material 

composition 

Fuels/solvent Propulsion 

speed 

Reference 

Rod Pt/Au 2−3% H2O2 4 bdl/s 17 

Rod Pt(Carbon 

nanotube)/Au 

5% H2O2 20 bdl/s 

 

18 

Rod Pt/Cu 0.2 mM Br2 10 bdl/s 19 

Rod Rh/Au 

Pt/Au 

Pd/Au 

Pt/Ru 

Au/Ru 

Rh/Pt 

Rh/Pd 

Pt/Pd 

Ni/Au 

Ag/Au 

5% H2O2 12 bdl/s 

10 bdl/s 

8 bdl/s 

15 bdl/s 

12 bdl/s 

9 bdl/s 

8 bdl/s 

7 bdl/s 

2.5 bdl/s 

3 bdl/s 

20 
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Au/Co 3.5 bdl/s 

Janus 

microparticle 

fluorescent 

polystyrene/Au/Pt 

1–4 % H2O2 8 bdl/s 21 

Janus nanosphere Au/Pt 1-5% H2O2 2x104 

bdl/s 

22 

 

1.2.1.2 DIFFUSIOPHORESIS 

 

Diffusiophoresis is a phenomenon in which the motion of particles is driven by a concentration gradient 

of solutes. Chemical reactions taking place at surfaces consume reactants and generate products, 

resulting in concentration gradients that in turn power the motion of micro-/nanomotors.  Generally 

speaking, there are two types of self-diffusiophoresis, one is non-ionic (neutral) and the other is ionic.  

 

In the case of neutral diffusiophoresis, the spontaneous motion of dispersed particles in a fluid is induced 

by a diffusion gradient of a non-ionic solute. The motion direction and speed depend on the interaction of 

the liquid with the motor surface. In the simplest case of excluded volume interactions, a fluid flow 

directed toward higher solute concentration is induced, leading to motor motion in the opposite 

direction.  

 

Ionic diffusiophoresis usually refers to the movement of a particle by the electric field and pressure field 

set up by the differential diffusion of specific cations and anions in the fluid. In this case, the 

chemomechanical actuation depends on both chemophoretic and electrophoretic contributions. For a 

concentration gradient ∇𝑐 of monovalent salt, the velocity U of a charged particle near the charged 

surface of the motor is governed by the following equation:23 

 

𝑈 =
∇𝑐

𝑐0
[(
𝐷+−𝐷−

𝐷++𝐷−
) (

𝑘𝐵𝑇

𝑒
)
𝜀(𝜁𝑝)

𝜂
]

⏞              
𝐄𝐥𝐞𝐜𝐭𝐫𝐨𝐩𝐡𝐨𝐫𝐞𝐭𝐢𝐜 𝐭𝐞𝐫𝐦

 + 
∇𝑐

𝑐0
[(
2𝜀𝑘𝐵

2𝑇2

𝜂𝑒2
) {ln(1 − 𝛾𝑝2)}]

⏞                
𝐂𝐡𝐞𝐦𝐨𝐩𝐡𝐨𝐫𝐞𝐭𝐢𝐜 𝐭𝐞𝐫𝐦

 

 

where 𝐷+and 𝐷− are the diffusion coefficients of the cation and anion respectively, 𝑐0 is the bulk 

concentration of ions, e is the charge of an electron, 𝑘𝐵 is the Boltzmann constant, T is the absolute 

temperature, ɛ is the dielectric permittivity of the solution, η is the viscosity, 𝜁𝑝  is the zeta potential of 

the particle, and 𝛾𝑝 = tanh𝑒𝜁𝑝 4𝑘𝐵𝑇⁄ . 
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The electrophoretic term represents the motion of the particle due to an electric field which arises as a 

consequence of the different ion diffusion coefficients (𝐷+and 𝐷−). In addition, cations and anions 

interact with the double layer of the charged particle differently, leading to a pressure unbalance that 

induces a liquid flow toward the lower concentration. This effect is represented by the chemophoretic 

term in the equation above. In most cases, chemophoretic effects are negligible and the directions of 

diffusiophoretic flows are dominated by the electrophoretic effect, unless the diffusivities of the cations 

and anions are very similar. Figure 1.3 shows a generic scheme of electrolyte diffusiophoresis, where a 

charged particle is driven by a concentration gradient of ionic species.24 

 

 

Figure 1.3 Scheme of electrolyte diffusiophoresis of a negatively charged particle immersed in an ionic 

concentration gradient.24 In this illustration it was considered that the cation has a higher diffusion 

coefficient than the anion one inducing an spontaneous electric field in the solution. The double layer of 

the particle is asymmetric due to the ion gradient. At the higher ion concentration side, the double layer 

thickness is smaller than at the lower ion concentration side. Such asymmetry generates an ion pressure 

unbalance inside the double layer triggering a fluid flow toward the lower ion concentration side.  

 

Table 1.2 lists typical swimmers based on diffusiophoresis. Normally the diffusiophoretic mechanisms 

generate weaker forces than the pure electrophoretic ones under similar motor size conditions. Higher 

propulsion speeds can be observed due to high concentration of fuel or the use of more reactive fuels 

such as N2H4. Very remarkable is the high diffusiophoretic velocity of Amberlite based motors. Amberlite 

is an ion exchange polymer and motors based on such material are moved by ionic diffusiophoresis 

activated by ion exchanges not only at the surface but also in bulk, which results in high speed propulsion 

in presence of salts. 

 

Table 1.2 summary of swimmers based on diffusiophoresis 

Geometry Material composition Fuels/solvent Propulsion Reference 
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speed 

Janus particle polystyrene/Pt 1−10% H2O2 1-3 bdl/s 25 

Janus particle SiO2/Pt 15-23.7% 

H2O2 

9-12 bdl/s 26 

Janus particle carboxylate 

polystyrene/Ti/Pt 

3−15% H2O2 0.4-1.8 

bdl/s 

27 

Janus particle amberlite/PECA/PMMA 1 M NaCl 500 bdl/s 28 

Janus particle SiO2/Ir 0.001% N2H4 20 bdl/s 29 

Janus particle fluorescent 

polystyrene/Pt 

10% H2O2 6 bdl/s 30 

 

1.2.1.3 BUBBLE PROPULSION 

 

The third way to drive the motor in nanoscale by chemical reaction is through bubble propulsion. Motors 

that utilize this type of motion are usually in tubular shape or with large exposing areas of catalyst. The 

force from the release of the bubbles generated at their catalytic side results in the motion.31 In this 

mechanism, oxygen or hydrogen bubbles can be generated through catalytic H2O2 decomposition on 

noble metals/catalase enzyme or through the electrochemical reduction of water mediated by very active 

materials (e.g. Mg, Al, etc.). When bubbles detach from the motors, the associated recoil force pushes 

the motors in the opposite direction.32 Apart from the catalyst nature, other parameters like fuel 

concentration, surface area, geometrical confinement, etc. also play a role in such mechanism. Tubular 

motors with the catalyst in their interior have become ideal references for bubble propulsion. The 

catalyst internally confined facilitates fast nucleation and growth of gas bubbles (even at low chemical 

fuel concentration). Moreover, the slightly conical tube geometry allows rectifying bubble propulsion in 

the direction of bigger tube diameter. Table 1.3 lists typical swimmers based on bubble propulsion. 

 

Table 1.3 summary of swimmers based on bubble propulsion 

Geometry Material 

composition 

Fuels/solvent Propulsion 

speed 

Reference 

Tube Ti/Cr/Pt   5% H2O2 200 bdl/s 33 

Tube PANI (polyaniline)/Pt 0.2% H2O2 350 bdl/s 34 

Tube Ti/Fe/Au/Pt 3−15% H2O2 1.25-50 

bdl/s 

35 

Tube Ti/Fe/Au/Ag 5% H2O2 12 bdl/s 36 

Tube SiO/SiO2/Au/catalase 2% H2O2 / 3 bdl/s 37 
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0.05% SDS 

Tube Fe/Pt 3% H2O2 / 1% 

SDS 

2-16 bdl/s 38 

Tube InGaAs/GaAs/(Cr)Pt 20% H2O2 18 bdl/s 39 

Janus particle Amberlite/Pd 5% H2O2 7 bdl/s 40 

Janus particle Al/Ga/Ti H2O 150 bdl/s 41 

Janus particle SiO2/Ti/Pt 5% H2O2 1000 bdl/s 42 

Janus particle Mg/Pt 0.1–1 M 

NaHCO3 

3 bdl/s 43 

Janus particle Al/Ti/Pd 

 

 

0.1 M HCl 

0.1 M NaOH 

10% H2O2 

1.8 bdl/s 

1.25 bdl/s 

1.75 bdl/s  

44 

 

1.2.2 PUMPS 

 

As mentioned above, a pump can be considered as an immobilized motor/swimmer, with the fluid flowing 

relative to its interface triggered by electric potential or concentration gradients. Therefore, similar 

mechanisms operate in micropumps, under the name of electro-/diffusio-osmosis instead of 

electrophoresis/diffusiophoresis. The mechanisms triggered by chemical reactions for swimmers and 

pumps are summarized in figure 1.4.  Pumps turn out very useful platforms for better evaluating and 

understanding the chemically propulsion mechanisms. In the chemomechanical actuation chemical 

reactions are coupled to the equations governing mass and charge transport, electric field and fluid flow 

which make the overall understanding of motion more complex. As the analysis and quantification of a 

moving object such as a swimming motor makes its study rather challenging, pumps emerge as model 

systems for better probing the mechanism controlling phoretic motion. Effective experimental methods 

can be implemented more easily to spatially quantify the key parameters involved in such coupled 

processes (i.e., chemical rates and gradients, electric fields, fluid flow, zeta potential, etc.). Moreover, 

catalytic pumps have the advantage of being better defined and controlled from the point of view of 

component shape, size, surface chemical composition and roughness, which are important aspects 

affecting the catalytic motion and not so easy to control on freely-suspending nanomotors.  
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Figure 1.4 Schematic representations of the different propulsion mechanisms in a) swimmers and b) 

pumps triggered by chemical reactions.45 

 

Therefore many efforts were first devoted to characterizing bimetallic Au/Pt micropumps in the presence 

of H2O2, as they represented the counterparts of the pioneering Au/Pt swimmers.46 Many details were 

unknown on the mechanism itself, the electrochemical reaction production, electric field generation and 

surface chemistry effects. A set of experimental techniques together with numerical simulations were 

applied to provide a better scenario of the chemomechanical actuation and to identify the key 

parameters affecting the process.47 For instance in order to probe the mechanism and quantify the 

relevant electrohydrodynamic parameters (e.g., strength and direction of the self-generated electric field, 

fluid flow and zeta potential), the pumps were probed with differently charged tracer particles, including 

positive, negative and quasi-neutral ones and evaluated their motion. For extracting the 

electrohydrodynamic parameters, it was considered that the radial velocity (Vrp) of the tracer particles 

had two contributions: one coming from their charge (electrophoretic velocity, Vef) and the other arising 

from the fluid flow (Vrf),  
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𝑉𝑟𝑝 = 𝑉𝑒𝑓 + 𝑉𝑟𝑓 = 
𝜀𝜉𝑝𝐸𝑟

𝜂
+ 𝑉𝑟𝑓          (1) 

 

where ε is the fluid permittivity, ξ
p

 the particle zeta potential, Er the radial component of the electric 

field, and η the fluid viscosity. Figure 1.5a summarizes the different types of motion observed with the 

differently charged particle tracers.  Figure 1.5 c, d also shows the quantification of the radial strength of 

the electric field and fluid flow extracted from the velocities of positive (p+) and quasi-neutral (p0) 

particles (Fig. 1.5b) using equation 1, 

 

𝐸𝑟(𝑟) =  
𝜂(𝑉𝑟

𝑝+(𝑟)−𝑉𝑟
𝑝0
(𝑟))

𝜀 (𝜉𝑝+−𝜉𝑝0)
                                     (2) 

𝑉𝑓(𝑟) =  
(𝜉𝑝+𝑉𝑟

𝑝0(𝑟)−𝜉𝑝0𝑉𝑟
𝑝+(𝑟))

(𝜉𝑝+−𝜉𝑝0)
                             (3) 

 

With the calculated values of Er(r) and Vf(r), the substrate zeta potential (ξ
w

) was estimated from the 

standard expression of the electrosmotic velocity:  

  

𝑉𝑓(𝑟) = − 
𝜀𝜉𝑤𝐸𝑟 (𝑟)

𝜂
                                             (4) 

 

That was an important parameter to know since it is key for determining the fluid flow motion when an 

electric field is generated. In order to probe the electrochemical reaction in such bimetallic pumps, the 

proton distribution was mapped with fluorescent pH indicators using ratiometric confocal fluorescence 

microscopy.46 

 

Based on these findings, it was concluded that the Au/Pt pump worked by electro-osmosis driven by an 

electric field generated by H2O2 oxidation and reduction at Au and Pt respectively. The redox reaction 

produced protons at the anode that were consumed at the cathode, building up the proton gradient that 

induced a current, and hence the electric field which triggered the fluid flow.46  

 

In addition to helping to understand the motion mechanism of swimmers, the pumps also enabled 

highlighting the impact of the physicochemical surface effects on the chemomechanical performance 

resulting from discrepancies on the redox role of the metals when comparing Au/Pt pumps and 

swimmers. For instance, it was found that, in the case of swimmers, Pt behaved as anode for H2O2 

decomposition, with the consequent proton production, whereas Au behaved as cathode, with proton 

consumption, inducing an electric field in opposite direction, from Pt to Au.48 The authors attributed the 

discrepancy between pumps and swimmers to surface chemistry effects, which were well-supported by 

XPS and electrochemical Tafel measurements.  
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Figure 1.5 a) Scheme depicting the behavior of differently charged tracers together with an optical image 

of the pumps interacting with positive and negative tracers in 1% H2O2. Positive tracers moved toward the 

Pt disc, whereas negative particles got expelled forming a repulsion area around the Pt edge. Such 

behavior indicated the presence of an electric field pointing toward the Pt disc. Quasi neutral particles 

moved toward the disc but then drifted upwards in the direction normal to the disc tracing the liquid 

flow. b) Radial velocity of positive (p+) and quasi-neutral (p0) particles as a function of the radial 

coordinate. The origin of the plot corresponds to the centre of the Pt disc that spans an area represented 

by the yellow region. Experimental (circles) and simulation (solid lines) results of the radial electric field 

(c) and fluid velocity (d) as a function of the radial coordinate. Both the radial fluid velocity and electric 

field increase as the disc center is approached. Optical image of the Pt/Au pump (e) together with a 

proton mapping (f). Schematics representing the proton production and consumption (g) and the electric 

field and fluid flow direction at the pump (h).45 

 

The authors harnessed such apparent discrepancy to highlight the crucial role of the surface chemistry on 
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the electrode activity of Au and Pt. It was concluded that the electrocatalytic activity was very sensitive to 

the surface characteristics of the materials involved which, in turn, was very dependent on the different 

environments in which these materials were fabricated or exposed. Indeed, both Au and Pt are good 

materials for catalysing the oxidation or reduction of hydrogen peroxide. However, when they are in 

contact, one of these metals will preferably act as anode and the other as cathode for hydrogen peroxide 

decomposition and small changes in their surface chemistry (ion adsorption, oxygen moieties, etc.) can 

make their roles be exchanged. Since Au/Pt swimmers and the pumps follow different fabrication routes, 

it was not surprising that the redox role of Au and Pt could be switched and consequently the electric 

field and fluid flow direction. 

 

1.3 SELF-PROPULSION BY PHOTO-CHEMICAL REACTIONS 

 

1.3.1 SWIMMERS 

 

Light driven synthetic motor is gaining interest, as light becomes a tool to control its motion. Light 

provides a possible way for the remote control of the motion, which is renewable, easy to control, and 

very versatile in various potential applications mentioned above. Similar to the self-propulsion 

mechanisms by chemical reactions discussed in section 1.2.1, the mechanisms of photo-chemically 

powered swimmers can be classified as light-induced self-diffusiophoretic propulsion, light-induced 

bubble propulsion, and light-induced self-electrophoretic propulsion. Figure 1.6 illustrates the propulsion 

mechanisms taking Janus particle as an example. Light-induced self-diffusiophoretic propulsion results 

from the asymmetrically generated gradients of photocatalytic electrolytes and non-electrolyte products. 

In contrast, light induced self-electrophoretic propulsion is enabled by the electric field built-up from the 

asymmetric distribution of ions across the bipolar motor system and consequent ionic current as a result 

of the light activated redox reactions taking place at different regions of the motor; bubble propulsion is 

caused by the ejection of a jet of bubbles from swimmers.49 
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Figure 1.6 propulsion mechanisms of photo-chemically powered swimmers49 

 

Most of the reported light-induced bubble propulsion methods of micro-/nanomotors are dependent on 

the photocatalytic decomposition of H2O2 with the help of photocatalysts (e.g. TiO2 or WO3).50,51 

 

2𝐻2𝑂2
ℎ𝜐
→ 2𝐻2𝑂 + 𝑂2 

 

As an example, Li et al. reported a UV light-harvesting amorphous TiO2/Au Janus micromotor with a 

diameter of about 15 μm. The motor was driven by bubble propulsion which was generated by the 

photocatalytic decomposition of H2O2 at the sensitized amorphous TiO2 part.52 In this way, large amount 

of bubbles were generated from the bare amorphous TiO2 surface, and ultimately bubbles ejection drived 

the micromotor forward. The photocatalytic propulsion mechanism of the amorphous TiO2/Au Janus 

micromotor in 15wt% H2O2 solution is shown in Figure 1.7. 

 

 

Figure 1.7 Schematic demonstration of the UV-driven motion of the amorphous TiO2/Au Janus 

micromotor in 15wt% H2O2 solution.52 
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Bubble free light-induced micro-/nanomotors have also been reported. A similar TiO2/Au UV light-driven 

Janus micromotor with a diameter of 1 μm was demonstrated in pure water without the presence of 

H2O2.53
 The propulsion of the TiO2/Au micromotors dominantly originated from the light induced self-

electrophoresis. The photoactivity of TiO2 came from its hole−electron separation triggered by photons of 

energy equal to or higher than its bandgap. The conduction band of Au lies below that of TiO2, and as a 

result, the Au hemisphere acted as a sink for electrons, increasing electron−hole pair lifetime and 

recombination times, which resulted in enhanced reactivity on the micromotors surfaces. 54  The 

schematic of such catalytic TiO2/Au Janus micromotors powered by UV light in water is shown in Figure 

1.8. 

 

 

Figure 1.8 Schematic of catalytic TiO2/Au Janus micromotors powered by UV light in water.53  

 

As can be observed, even in the same kind of TiO2/ Au system, the Janus particle may be driven by bubble 

propulsion or electrophoresis. The modification of particle size, surface coverage, surface roughness or 

chemical fuel concentration may make one mechanism dominate over the other. 

 

Table 1.4 summarizes typical photocatalytic swimmers. Many reported systems are activated by UV light, 

which limits its medical applications, among others. Hence there is a high demand to convert 

environmentally friendly energy from visible light and low intensity near infrared light to swimmer 

propulsion. 

 

Table 1.4 Summary of typical photocatalytic swimmers 

Geometry Light 

source 

Propulsion 

mechanism 

Material 

composition 

Fuels/solvent Propulsion 

speed 

Reference 

Janus 

particle 

UV Bubble 

propulsion 

TiO2/Au  15% H2O2 6 bdl/s 52 

Janus UV Self- TiO2/Au H2O 25 bdl/s 53 
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particle electrophoresis 

Janus 

particle 

UV Self-

electrophoresis 

TiO2/Pt H2O 60 bdl/s 55 

Janus 

particle 

Visible Self-

electrophoresis 

BiOI/Au H2O 0.8 bdl/s 56 

Rod Visible Self-

diffusiophoresis 

Fe2O3 10% H2O2 1.5 bdl/s 57 

Tube UV Bubble 

propulsion 

ZnO/Pt 10% H2O2 30 bdl/s 58 

Particle UV Self-

diffusiophoresis 

AgCl H2O 100 bdl/s 59 

Particle UV Bubble 

propulsion 

TiO2/Au/Mg H2O 4 bdl/s 60 

 

 

1.3.2 PUMPS 

 

The Pt/Si pump system has been demonstrated to be a useful tool to probe photoactivated reactions for 

triggering fluid motion.61 Such micropump has the capability of being controlled with visible light 

provided by the low band-gap silicon. It was shown that the pump could be even fuelled by just water 

under visible illumination, although an enhancement of the catalytic actuation was achieved when using 

more reactive species, such as H2O2. The authors evaluated the pump photochemical actuation by 

mapping the proton gradient with fluorescent pH indicators and extracted the electrohydrodynamic 

parameters using differently charged tracers. 

 

For instance, figure 1.9a showed the proton gradient map generated by the Si/Pt pump in water under 

visible light illumination. High proton concentration was observed on the silicon side, whereas proton 

depletion was observed on the metal side.  The production of protons at silicon supported the existence 

anodic reactions mediated by water at the semiconductor interface, whereas the proton decrease on the 

metal side was compatible with proton consumption due to cathodic reactions at the Pt interface. By 

contrast, no proton gradient was generated when an insulating layer was placed between the metal and 

the semiconductor, as depicted in Figure 1.9b. This finding revealed that transfer of electrons between 

the semiconductor and the metal is important to make this pump operative.  

 

The interaction of the pump with different charged colloidal tracers also supported the redox behaviour 

of Si as anode and Pt as cathode. In presence of the optical microscope white light, the 
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electrohydrodynamic process was triggered. Positive tracers moved toward the Pt disc and stuck on it, 

negative particles were repelled from the Pt disc and quasi neutral tracers moved to the disc and then 

drifted upwards. The proton gradient and the trajectories of charged particles indicated an electro-

osmotic mechanism with a self-generated electric field and fluid flow pointing in the same direction from 

Si to Pt disc. 

 

The most remarkable aspect of these photochemically activated pumps was the tunability of the 

chemomechanical actuation with light intensity. The light became a powerful tool to selectively control 

the strength of the electric field and fluid flow and eventually the mass transport to specific locations. 

Figure 1.9g showed the significant velocity decrease of positive tracers obtained by attenuating light 

intensity with a filter. Similarly, Fig. 1.8h showed the increase of the exclusion zone of negative tracers on 

Pt/Si pumps achieved upon increasing light intensity. The authors explained the photoactivation of the 

chemomechanical actuation  under the frame of a photo-catalytic effect enhanced by the presence of the 

metal: during silicon light absorption, electrons are excited from the valence band to the conduction 

band, leaving holes behind. The excited electrons are then transferred to the metal. The holes generated 

at the semiconductor become oxidizing agents for the fluid or for the silicon itself whereas the injection 

of electrons at the metal counterpart makes it acting as reducing agent. The transfer of excited electrons 

from the semiconductor to the metal (Au or Pt) in semiconductor/metal contact is a well-known process 

and has been exploited to minimize electron-hole recombination and hence to increase the efficiency of 

photo-catalysis in different applications. 

 

The output of Si/metal pumps has become very appealing for the future development of light-activated 

functional structures. These visible light-driven machines with the additional capability to work using just 

water hold relevant promise not only as switches for controlled mass transport in fluids but also for 

photoactivated driven swimmers operating with a more innocuous light source and fuel. 
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Figure 1.9 Mapping of the proton distribution on Pt/Si pumps (a) and Pt/Al2O3/Si in water (b). No proton 

gradient is generated at the pump when using an insulating layer between Pt and Si. Motion of positive 

tracers towards Pt disc (c) and repulsion of negative tracers from Pt (d). (e) Schematics depicting direction 

of fluid flow and electric field. (f) Comparison of the radial velocity of positive tracers in H2O and H2O2. 

Effect of light on positive (g) and negative (h) tracers. The radial velocity of positive particles decreases 

when using intensity attenuators and the repulsion of the negative tracers also decreases when lowering 

light intensity.61 

 

1.3.3 COLLECTIVE BEHAVIOUR IN (PHOTO)CHEMICALLY ACTIVATED MOTORS 

 

The close analogy of artificial self-propelled materials to their biological counterparts has deserved them the 

qualification of active matter. In such repertoire of motor functionalities the study of collective behaviour 

of self-propelled objects is emerging as a frontier topic in fundamental science, especially in the non-

equilibrium statistical physics community.62,63 Collective behaviour involving cooperative arrangements of 

individual objects is an ubiquitous phenomenon that exists from the macro to the nanoscale level (e.g. 

animal herds, flock of birds, army of ants, bacterial colonies, polymeric scaffolding governing transport 
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adhesion movement and division in the living cell, etc.). For instance, swarming of bacteria helps to 

access new sources of nutrients, to increase the size of the community, and to colonize niches.64 Taking 

cells into consideration, there is also increasing evidence that collective cell migration is common during 

invasion and metastasis of tumours. 65  In biological systems the collective effects emerge as a 

consequence of object intercommunication through (bio)-chemical signalling or external stimulus. 

Similarly, artificial self-propelled systems generate local chemical gradients which trigger 

diffusiophoretic/electrophoretic phenomena and fluid flows which can in turn, move and reorient other 

swimmers nearby. In this way, the swimmers would be inducing a kind of signalling to the neighbours 

influencing their interactions with the consequent built-up of microscale assemblies or organized 

configurations that could never be reached with passive objects in an equilibrium regime.60-62 This is a 

very promising topic to harness functional synergy of self-propelled motors for different tasks though 

there are still many open questions regarding  the critical parameters that allow the transition from 

individual to a collective performance. 

 

Figure 1.10 shows some examples of studies performed with self-propelled colloids which were activated 

by chemical or photochemical reactions. The objects respond to concentration gradients created by 

themselves and by their neighbours resulting in different modes of collective behaviours. These examples 

include the reversible chemically swarming or schooling of motile particles,66,67 the photochemical 

dynamical self-assembly of motor colloids,68 the light-driven explosion of particle swarms (micro-

fireworks)69 and predator-prey behaviour between motile and passive colloids70. The main driving forces 

for the emergence of such collective interactions are rooted in the complex interplay of phoretic, osmotic 

and hydrodynamic effects. Thus, swimmers which can mimic collective phenomena in nature at the 

micro/nanoscale can be used not only as model systems for providing insights into living systems but also 

can be exploited to develop new routes of more efficient cooperative tasks in the different applications.  

 



   
 

24 
 

  

Figure 1.10 a) Swarming behaviour of Janus Ir/SiO2 micromotors in presence of N2H4 due to diffusion-

osmotic and diffusiophoretic effects (reproduced from ref. 65). b) Ag3PO4 particles showing reversible 

transition between exclusion and schooling which are triggered by shifting the chemical equilibrium with 

the addition or removal of ammonia (reproduced from ref. 66). c) Active Janus motors made of magnetite 

and polymer which self-assemble in presence of H2O2 under illumination with blue light due to the 

photochemical generation of chemical gradients (reproduced from ref. 67. d) Repulsion of aggregated 

TiO2-SiO2 particles under UV illumination (reproduced from ref. 68 e) Predator-prey behaviour in 

photoactive AgCl colloids (prey, darker objects) and passive silica colloids (predator, lighter objects). 

Without UV light particles are randomly dispersed, when illuminated with UV light the silica colloids 

surround their prey and an exclusion zone is seen around the AgCl particles. The effect is triggered by the 

chemical and electric fields generated by the active AgCl colloids (reproduced from ref. 69). 
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1.4 OTHER PROPULSION MECHANISMS AND TOOLS TO CONTROL MOTION 

 

So far, all the mechanisms outlined above use a chemical fuel. However, there are other chemical fuel-

free propulsion mechanisms, e.g. self-acoustophoresis, self-thermophoresis, as well as mechanisms that 

follow the gradients generated by external fields. Those external fields can also precisely control the 

motion of motors and can be even combined with chemical fuels simultaneously. The precise control of 

the position via external physical fields (including optical, magnetic, electric fields, and acoustic waves) is 

a critical step in realizing the applications in nanofactories and nanorobots, which could lead to a variety 

of manipulation approaches for cargo transport, drug delivery, biochemical sensing, and cell 

trapping.71,72,73 

 

1.4.1 ELECTRICALLY DRIVEN MICRO‐/NANOMOTORS 

 

Electrically generated motion of micro‐/nanoscale objects utilizes direct current (DC) and alternating 

current (AC) electric fields to precisely manipulate micro‐/nanomotors in a liquid solution. Commonly 

used propulsion mechanisms are usually based on electro‐osmotic nature at a low‐frequency electric 

field. Such high‐precision manipulation of micro‐/nanomotors with the help of electric fields has great 

potential applications including micromachining, drug delivery and self‐assembly of superstructures.74,75,76 

Micro‐/nano-objects can be manipulated via the DC and AC electric fields which are generated by pre-

patterned microelectrodes. Generally speaking, electrically triggered movement of suspended micro‐

/nano-objects in a liquid medium is based on the phenomena of their electro‐osmotic nature in a low‐

frequency electric field.75,77,78 As shown in figure 1.11, semiconductor diodes floating in water could serve 

as propellers and actuators in an AC field. These diodes rectified the voltage and generated a particle‐

localized electro‐osmotic flow, and drove themselves toward the cathode or anode based on their surface 

charges. In addition, the propulsion of these devices could respond to light and be controlled by internal 

logic.79 The diode velocity (𝑢) as a function of the intensity of the external AC field was estimated in the 

equation below: 

 

𝑢 = 𝛽
𝜀𝜀0𝜁

2𝜇
(𝐸𝑒𝑥𝑡 − 𝐸𝑑0) 

 

where 𝛽 is the hydrodynamic-resistance correction coefficient, 𝜀 and 𝜀0 are the dielectric permittivity of 

the media and vacuum respectively, 𝜇 is the viscosity of the liquid phase, 𝜁 is the potential in the plane of 

hydrodynamic shear, and 𝐸𝑒𝑥𝑡 , 𝐸𝑑0  are the external AC field and an additional field respectively. 
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In a similar approach, Sharma and Velev reported the possibility to control and reverse the direction of 

motion by tailoring electrostatic torque between the asymmetrically polarized diodes and the ionic 

charges redistributed in the vessel.80 

 

 

Figure 1.11 Schematic diagram (left) and optical microscopy image (right) of two lit up light-emitting 

diodes that move toward different directions based on their anode direction.80 

 

After years of development, motion driven by the electro‐osmotic nature in a low‐frequency electric field 

has been the most useful method to position and align micro‐/nanoentities along an electric‐field 

gradient, even though the aforesaid effect leads to a big challenge for the further development of 

complex nanomachines and biomedical applications because of large motor size.71 

 

1.4.2 ACOUSTIC PROPULSION OF MICRO‐/NANOMOTORS 

 

Ultrasounds are sound waves with frequencies higher than the upper audible limit of human hearing.81 

Because one of the strong drivers of Micro‐/Nanomotors research is their potential utility in biomedicine 

and diagnostics, there is a need to develop propulsion mechanisms that can operate in biocompatible 

media, including in vivo.82,83 Ultrasonic propulsion of micro‐/nanoswimmers is one of the promising 

methods that meets the strict requirements for high speed propulsion in biofluids with high viscosity and 

high ionic strength.84  

 

Low power acoustic waves are proven safe and are used extensively for in vivo imaging.85 When an 

external acoustic field is applied, suspended micro/nanoparticles experience acoustic radiation forces and 

move to the pressure nodes (or antinodes) depending on pressure gradients. When the acoustic 

excitation meets the criteria to form standing waves, the radiation force is the strongest and can be 

expressed as:86 
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𝐹𝑎𝑥 = 4𝜋𝑎
3𝐸𝑎𝑐𝑘 sin(2𝑘𝑧)Φ 

 

where 𝐹𝑎𝑥 is the acoustic radiation force, 𝑎 is the particle radius, 𝐸𝑎𝑐 is the acoustic energy density, 𝑘 is 

the wavenumber, 𝑧 is the distance of the particle from the node, and Φ is the acoustic contrast factor 

which can be expressed as: 

 

Φ =
𝜌𝑃 + (2/3)(𝜌𝑃 − 𝜌0)

2𝜌𝑃 + 𝜌0
− (1/3)

𝜌0𝑐0
2

𝜌𝑃𝑐𝑃
2 

 

where 𝜌𝑃 and 𝜌0 are the density of the particle and medium, respectively, and 𝑐𝑃 and 𝑐0 are the speed of 

sound in the particle and surrounding medium, respectively. Acoustic radiation forces are the basis of 

ultrasonic particle manipulation techniques. However most of the acoustic studies have been performed 

with symmetric particles, made typically from soft polymer or biological materials such as polystyrene 

spheres or cells. 

 

Ultrasound propulsion of synthetic nanowire motors was first reported in 2012 by Mallouk and co‐

workers.87 Figure 1.12 demonstrated the random motion behaviour of Au/Ru bimetallic microrods (2 µm 

in length and 330 nm in diameter) operated in a megahertz‐frequency ultrasonic system. The Au/Ru 

bimetallic microrods were synthesized using a template electrodeposition method, and then these 

metallic microrods were suspended in water in an acoustic chamber. The microrods were levitated to a 

plane at the midpoint of the cell where the pressure was minimum with the help of vertical standing 

waves. In that plane the metal microrods exhibited axial motion at speeds up to 200 μm/s in water. The 

microrods also formed patterns in the nodal plane as a result of nodes and anti-nodes within the plane. 

The composition of the microrods was found to significantly affect their movement, with only metal 

microparticles showing fast axial motion. 
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Figure 1.12 Asymmetrically shaped metallic microrods were activated in an ultrasonic standing wave at 

MHz frequency through a self-acoustophoresis mechanism.87 

 

Although the forces responsible for acoustic propulsion of metallic microrods have not been completely 

understood yet, the leading candidate is a mechanism called self-acoustophoresis. This mechanism was 

built on the fact that the microrods fabricated always had concave ends. Thus the strong axial propulsion 

of these metallic microrods has been proposed to originate from the differential scattering of acoustic 

waves at the ends of the rods. Asymmetric scattering of acoustic waves causes a pressure gradient that is 

high at the concave end and low at the convex end, with a difference of ca. 1 Pa. It was further 

determined that the scattered acoustic waves were traveling in the z direction instead of propagating in 

the xy plane (the plane where the motors travel) through an estimate of the forces within this system.88 

 

A number of critical challenges remain to be addressed in the acoustic propulsion of nanowires for 

biomedical applications. Self-acoustophoretic metal nanorods are similar in size to bacteria, but they have 

relatively lower power and speed. They also require an acoustic standing wave. It goes without saying that 

notable research is needed for acoustic micromotor to become a potential candidate for biomedical 

applications. 

 

1.4.3 MAGNETIC MICRO‐/NANOMOTORS 

 

Due to the non‐invasiveness, high penetration, and strong controllability, magnetic fields have been 

widely used as a driving force for the propulsion of micro‐/nanomotors.89,90,91  Ferromagnetic components 

can be incorporated within the motor systems and respond to the corresponding external magnetic field. 
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The so-called magnetophoresis, the motion induced by the external magnetic field in a fluid, is a simple 

way to guide micro‐/nanomotors. 

 

Based on propulsion mechanisms and micro‐/nanostructures, there are mainly three types of magnetic 

micro‐/nanomotors: surface walkers, flexible swimmers, and helical swimmers.92 

 

Magnetic surface walkers depend on a boundary surface to break the spatial symmetry and thus create 

the propulsion.93,94 Based on this idea, Tierno et al. reported in 2008 DNA‐linked asymmetric doublets 

consisting of two different diameters of paramagnetic colloidal micro-particles.95 The propulsion velocity 

of such particles can be manipulated by the strength and frequency of the actuating magnetic field. Self‐

assembled colloidal rotors composed of multi‐superparamagnetic beads have also been reported. Later in 

2009, straightforward manipulation along the surfaces of such surface walkers in a rotating magnetic field 

was demonstrated which provided a simple and versatile approach for studying fundamental problems in 

cooperative‐driven motion and transporting cargo at nanoscale.96 Zhang et al. presented magnetically 

propelled rotating nickel nanowires in 2010.97 The nanowires exhibited a tumbling motion under a 

uniform rotating magnetic field. In addition, the nanomotors were able to transport a polystyrene micro-

bead over a flat surface or even across an open micro-channel. 

 

Magnetic flexible micro‐/nanomotors inspired by swimming microorganisms such as cilia and flagella have 

been also demonstrated.98 As shown in figure 1.13, these swimmers were propelled by the asymmetric 

deformation of elastic flexible filaments.93 Dreyfus et al. reported a microscopic magnetic swimmer based 

on a DNA‐linked chain of colloidal paramagnetic beads, which played as a flexible artificial flagellum and 

could be propelled toward the opposite direction of the bending‐wave propagation in an external 

alternating magnetic field (Figure 1.13a). The velocity and direction of the motion could be manipulated 

by the strength and frequency of the magnetic field.99 Ozin's group introduced flexible metallic nanorods 

linked by polyelectrolyte hinges, which displayed considerable flexibility and could be actuated by 

magnetically induced bending.100 Gao et al. developed a facile method based on anodic aluminium oxide 

(AAO) membrane template to fabricate flexible three‐segment Au/Ag/Ni nanowire motors. The fabricated 

Au/Ag/Ni nanowire, which consisted of an Au “head”, a Ni “tail” and a flexible Ag “joint” in between, was 

propelled by cone‐shaped rotation of the Ni segment using a rotating magnetic field.101 Later on, the 

similar flexible magnetic Ni/Ag swimmers (5–6 µm in length and 200 nm in diameter, as shown in Figure 

1.13b) were able to move in human serum at high speeds.102 
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Figure 1.13 Flexible magnetically propelled micro‐/nanomotors.  

a) Flexible magnetic artificial swimmers based on DNA-linked nanoparticles.99 b) Magnetically powered 

Ni-Ag nanowire swimmer.102  

 

Magnetic helical micro‐/nanomotors, which are inspired by helical bacterial flagella, are propelled by 

rotating their helical structure similar to a screw in the presence of a reversible magnetic field.103 These 

devices have the ability to navigate in various types of biofluids and can be applied in different biomedical 

applications.104 Typical magnetic helical micro‐/nanomotors consist of a magnetic material and a helical 

body. The magnetic material enables the helical structure to rotate under an external rotating magnetic 

field. The optimal helical propulsion is a pure rotation around and a pure translation along its helical axis. 

There are several factors influencing its motion. One phenomenon is the wobbling of helical swimmers at 

low frequencies (Figure 1.14a). In addition, the magnetization direction of the swimmer plays a role in the 

swimmer alignment with respect to the helical axis.105 The helical swimmer stabilizes at high actuation 

frequencies as demonstrated in Figure 1.14b.  

 

 

Figure 1.14 Motion of helical swimmers.106 a) At low frequencies the swimmer wobbles with a wobbling 

angle β. b) The wobbling decreases at high rotational frequencies. 

 

The velocity (𝑈) of magnetic helical motor is given by the equation below, which is proportional to the 
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characteristic length:106  

 

𝑈 =
(𝐶𝑛 − 𝐶1) sin 𝜃 cos𝜃

2(𝐶𝑛 sin2 𝜃 + 𝐶1cos 2𝜃)
𝑑𝜛 

 

where  𝐶𝑛 and  𝐶1 are  the  drag  coefficients  perpendicular  and parallel  to  the  filament, 𝜃 is the helix 

angle, and  𝑑  and 𝜛  are  the  diameter  of  the helix and the rotational frequency, respectively. 

 

The magnetic propulsion mechanism is one of most widely used fuel‐free methods to power micro‐

/nanomotors. Much effort has been made to develop the fabrication techniques of magnetic micro‐

/nanomotors. Many improvements are still needed, however researchers have already started to employ 

magnetic micro‐/nanomotors in preliminary biological and medical applications, such as precisely 

targeted drug or gene delivery107,108, cell transportation109 ,110, in-vivo operation111, and invasive 

surgery112. 

 

1.4.4 THERMAL PROPULSION 

  

Light can induce thermophoresis in micro/nano-objects that contain metal components such as Janus 

particles.113 In principle, such motors are able to generate thermal gradients at their surface by absorbing 

different amounts of light at the different segments when they are under illumination. Generally platinum 

or gold segments of the Janus particle, which act as photothermal agents, generates a large amount of 

heat with near-infrared (NIR) due to the surface plasmon resonance (SPR).114 Such photothermal effect 

transforms the absorbed electromagnetic wave into heat and then creates a thermal gradient to drive the 

motor. The thermophoretic velocity (𝑈) is described by the following equation:115 

 

𝑈 = −𝐷𝑆𝑇
Δ𝑇

3𝑅
 

 

where D is the diffusion constant of the particle, 𝑆𝑇 is the Soret coefficient, Δ𝑇 is the temperature 

difference between the two sides of Janus particles, and 𝑅 is the radius of the particle.  

 

For instance, figure 1.15 showed the steady-state temperature distribution for a 50 nm mesoporous silica 

based Janus particle under 3W/cm2 NIR irradiation. A sudden temperature increase at the interface 



   
 

32 
 

between the Janus particle and the water could be observed.116 The generated self-thermophoresis could 

drive the nanomotors at a fast speed of up to 950 body lengths/s under an NIR laser power of 70.3 

W/cm2.116  

 

Figure 1.15. The steady-state temperature distribution for a 50 nm mesoporous silica based Janus particle 

under 3W/cm2 NIR irradiation.116 

 

In addition to light, thermophoresis in Janus micro-/nanoparticles can also be achieved by magnetic field. 

Typically, an AC magnetic field is applied to induce thermophoretic motion through heating a magnetic 

cap of the Janus particles, while an additional dc magnetic field is employed to steer their motion over a 

long time scale.117 For instance, motion control has been achieved with the help of an ultrathin 100nm 

thick Permalloy (Py, Fe19Ni81 alloy) magnetic film with a topologically stable magnetic vortex state in the 

cap structure of Janus particles. Figure 1.16 illustrates the experimental setup for magnetic 

thermophoretic motion. 

 

 

Figure 1.16 Schematics of the magnetic thermophoretic motion experimental setup: The motion is 

investigated by an optical microscope. A coil is positioned around the sample consisting of magnetically 

capped SiO2 particles suspended in water. Local distribution of magnetization in the cap structure is 

schematically shown with arrows. These Janus particles can be aligned with respect to the external 
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magnetic field relying on the interaction between the field and magnetic moment of the vortex core. 

Propulsion of the particles is due to a thermophoretic force from a temperature difference between the 

two phases of the Janus particle in the ac magnetic field which is generated from the coil underneath.117  

 

1.5 PROS AND CONS OF DIFFERENT MICRO-/NANOMOTORS 

 

Like two sides of a coin, the advantages and disadvantages of the self-propulsion mechanisms discussed 

in previous sections are summarized in the table below. 

 

Table 1.5 Summary of the advantages and disadvantages of the self-propulsion mechanisms 

Propulsion mechanism Advantages Disadvantages 

Chemical reaction Ease of application 

Various fuel choices, autonomy, 

versatility, emergence of collective 

behaviours (dynamical self-organization) 

Limited suitability in bio-

systems 

Short duration of chemical 

gradients 

Photo-chemical 

reaction 

Ease of application 

Spatiotemporal control, various fuel 

choices, autonomy, versatility, emergence 

of collective behaviours (dynamical self-

organization)  

UV: harmful for bio 

application 

Short duration of chemical 

gradients 

 External Electrical 

field Spatiotemporal control 

Low penetration ability 

Sensitive to the 

surrounding medium 

Ultrasound  High penetration 

Insensitive to surrounding medium 

High energy 

Cavitation effect 

Magnetic field Non invasiveness 

High penetration 

Spatiotemporal control 

Insensitive to surrounding medium 

Complex and usually large 

facilities 

Thermal Propulsion 

Ease of application  

Easy to achieve with light and magnetic 

fields  

Induces environmental 

changes 

Damage to biological 

systems 

Very low energy 
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conversion efficiency 

 

1.6 FABRICATION METHODS OF MICRO-/NANOMOTORS 

 

One goal in micro-/nanomotor fabrication is to find easy and cost-effective approaches for the 

applications. In the fabrication process, functionalization is an essential step toward successful realization 

of the applications of micro-/nanomotors. Tailored functionalization methods should be developed 

according to characteristics of specific types of micro-/nanomotors and relevant designed applications.  

The rapid development in the field of nanotechnology has resulted in various strategies and techniques 

for the fabrication and functionalization of micro-/nanomotors. A range of different factors, such as 

shape, composition, distribution of materials and functionalization, should be taken into account in the 

design of such devices. In this section, various approaches to the fabrication of micro-/nanomotors are 

highlighted.  

 

1.6.1 TEMPLATE ASSISTED DEPOSITION 

 

Membrane template-assisted electrodeposition utilizes the pores of a membrane to built-up wires or rods 

consisted of different material segments such as polymers, metals, semiconductors, and carbons.118,119 

Because of the uniform diameters and large pore densities in the membrane, same nanostructures can be 

produced in a large scale. The length of the structure is proportional to the coulometric charge while the 

diameter is equal to the diameter of the pores. Membranes commonly used in the preparation of micro-

/nanomotors are porous alumina membranes and track-etched polycarbonate membranes. The wire 

structure can be either solid or hollow, which is determined by the size and chemistry of the pore 

sidewall, the deposition rate and the properties of the material.  

 

Bimetallic nanowire motors are mainly prepared by membrane template-assisted electrodeposition. As an 

example, anodic aluminium oxide (AAO) membranes with nano-sized pores have been widely used to 

deposit different metals sequentially into the pores and thus obtain rod-like structures (Figure 1.17). A 

silver or gold thin film is firstly deposited on one side of the membrane by physical vapour deposition to 

become the working electrode for the further metal electrodeposition. The membrane is then assembled 

in a Teflon plating cell with flat aluminium foil placed against the metal layer to serve as a conductive 

contact for subsequent electrodeposition. A sacrificial layer of silver is usually electrodeposited 

beforehand, followed by sequential deposition of the different desired metals. The sacrificial layer 

assures, later on, an easier release of the nanostructures. The silver or gold backing and the sacrificial 
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layer can be removed by mechanical polishing or chemical etching. After dissolving the alumina 

membrane in NaOH solution, the nanowire motors can be finally released and collected after rinsing and 

centrifugation. 

 

 

Figure 1.17 Membrane template-assisted electrodeposition of nanowires: (a) deposition of gold or silver 

backing on the membrane template, (b) electrodeposition of sacrificial layer, (c) sequential 

electrodeposition of desired components, and (d) removal of the backing and sacrificial layer, dissolution 

of the membrane.120 

 

Apart from bimetallic nanowires, magnetic flexible nanowire motors can be prepared by the membrane 

template-assisted electrodeposition method with extra steps. Mirkovic et al. reported magnetically 

propelled flexible nanowire motors in which rigid nickel and platinum segments are connected by flexible 

polyelectrolyte multilayer segments.121 Fabrication of the flexible polymer was achieved by encapsulation 

of Ni/Au/Pt nanowires with polyelectrolytes through layer-by-layer electrostatic self-assembly. Selective 

etching of the gold part with KI/I2 solution was applied to expose the soft polymer hinges. Figure 1.18 

illustrates preparation procedure of flexible metallic nanowires with polyelectrolyte hinges after 

membrane template-assisted electrodeposition. 

 

 

Figure 1.18 Preparation procedures of flexible metallic nanowires with polyelectrolyte hinges after 

membrane template electrodeposition.121  
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The membrane template-assisted electrodeposition can also be applied to fabricate tubular micro-

/nanomotor. Gao et al. developed such a method for bimetallic nanowires for fabricating microtube 

swimmers.122 Cyclopore polycarbonate membrane, with a symmetrical double-cone pore structure, 

provided a useful template for the electrodeposition of cone-like microtubes. Figure 1.19 shows the 

fabrication of a polymer/metal microtube. In the electrodeposition procedure, aniline monomers were 

first electropolymerized. A layer of platinum was subsequently deposited to form a bilayer polyaniline 

(PANI)/Pt microtube. The fabricated microtubes were conical with lengths of several micrometers and 

diameters depending on the pore size of the membrane template. 

 

 

Figure 1.19 Membrane template-assisted electrodeposition of micro/nanotubes.122 (A) Polycarbonate 

membrane-assisted preparation and (B) SEM images of conical PANI/Pt microtubes. 

 

Membrane template‐assisted electrodeposition is a powerful method to prepare various micro‐

/nanomotors. 123  Li et al. reported a method to fabricate helical magnetic microswimmers by 

electrochemical deposition of Pd2+ and Cu2+ inside the pores of AAO membrane templates. After releasing 

Pd/Cu nanorods by dissolving AAO membrane, Ni coated Pd helices were obtained through selective 

dissolution of Cu and e‐beam evaporation of Ni thin films.124 Figure 1.20 illustrates the process of AAO 

membrane-assisted preparation of helical micromotors. 
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Figure 1.20 AAO membrane-assisted preparation of helical micromotors. (a) Electrodeposition of Au; (b) 

electrochemical co-deposition of Pd/Cu rods; (c) removal of the membrane template and the Au bottom 

layer; (d) etching of Cu; (e) Ni coating for magnetic actuation.124 

 

1.6.2 PHYSICAL VAPOUR DEPOSITION ON SELF-ASSEMBLED COLLOIDS 

 

Physical vapour deposition is a thin film coating technique. The vaporization of the material from a solid 

target is assisted by physical methods such as a high-temperature vacuum or gaseous plasma. The vapour 

is then delivered to substrate surface in high vacuum or ultrahigh vacuum, followed by condensation to 

form thin film. The two most used types of physical vapour deposition processes are sputtering and 

electron beam evaporation. The conventional PVD method can be applied to fabricate Janus particles, 

while its variation, so-called glancing angle deposition, is able to produce complex 3D structures. 

  

In the case of catalytic Janus micro/nano-motors, the typical preparation process is the deposition of 

catalytic materials by PVD onto one hemisphere of the particle to break symmetry. As illustrated in Figure 

1.21, the standard procedure for preparing Janus particles is to form a self-assembled monolayer of 

particles by colloidal lithography (see details in Appendix). Catalytic material is then deposited on top of 

the monolayer to form hemispherical cap layers on the surface of the particles. The Janus particles are 

then detached from the substrate via sonication. The diameters of the catalytic Janus motors normally 

range from tens of nanometers to some micrometers. 

 

 

Figure 1.21 SEM image revealing an array of self-assembled spherical particles (5 μm in diameter). The 

inset shows the coating of the Janus particles with metal film125 

 

 

Glancing angle deposition (GLAD) is a physical vapour deposition technique where the vapour is 

deposited onto a substrate at grazing incidence. This technology was introduced by Fischer to fabricate 
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magnetic helical nanoswimmers (Figure 1.22).126 Due to the critical importance of the size, shape, and 

uniformity of the seeds in fabricating helical structures with good homogeneity at large scale, arrays of 

ordered seeds must be carefully prepared on the substrate before the GLAD process.127 A monolayer of 

the spherical seeds (e.g. silica beads, Au nanoparticles, and polystyrene beads) was assembled on a Si 

wafer. After that, the growth of silica helices could be achieved by computer‐controlled rotation of a tilted 

substrate stage during deposition. The dimensions of the helices strongly depended on the seed size. Au 

nanoparticle seeds produced by micelle nanolithography were employed to prepare helical nanomotors 

with filament diameter of 70 nm and length of 400 nm.128 

 

 

Figure 1.22 Schematic diagram of GLAD technique and SEM image of the helices fabricated using this 

method.126 

 

1.6.3 STRAIN ENGINEERING 

 

Strain engineering provides a powerful tool for transforming nanosheets into three-dimensional 

micro/nanostructures, such as wrinkles, tubes, and helices. By applying an engineered strain gradient in 

the deposited thin films, the films can bend into desired structures as long as it is released from the 

substrate. Various materials can be used for this fabrication method, employing proper deposition 

techniques and specific etchants to remove the temporal sacrificial layer underneath. Strain engineering 

has been widely used in the fabrication of tubular and helical micro-/nanomotors. 

 

The so-called rolled-up nanotechnology developed by Schmidt and co-workers is one of the main 

techniques to fabricate tubular micro-/nanomotors.129 It utilizes strain engineering to prepare micro-

/nanotubes from deposited films.130 Typically, a pre-stressed metal nanomembrane is deposited on a 

photoresist sacrificial layer patterned by photolithography, which will be selectively removed by acetone 

afterwards. Tilted deposition is used to create shadowed window, where the materials are not deposited 

on the sacrificial layer. This shadowed window will then allow the selective etching of the sacrificial layer 
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from one side of the pattern. Precise control of substrate temperature and deposition rate creates the 

strain gradient which is needed for the subsequent rolling process. As shown in Figure 1.23, the deposited 

nanomembrane bends and rolls into a microtube as long as it is released from the substrate by removing 

the sacrificial layer. The fabricated microtubes are dried by critical point dryer to avoid collapse of the 

rolled-up devices. The lengths of such microtubes can be in the range of several micrometers, which is 

determined by photolithography. Microtubes with various diameters ranging from 1 to 60 μm can be 

fabricated by changing the thickness and the internal strain of the nanomembranes.131 The rolling 

orientation of the membrane is determined by the crystal structure of the sacrificial layer as well as the 

different etching rates along the crystal axis.132 

 

 

Figure 1.23 Rolling-up of nanomembranes patterned with photoresist: (a, b) schematic diagram of a 

rolled-up microtube consisting of Pt/Au/Fe/Ti multilayers on a photoresist sacrificial layer and an array of 

rolled-up microtubes, (c) SEM image of a rolled-up microtube.133 

 

 

Taking the advantage of the strain in thin layers, a ribbon can scroll into a helix. Self‐scrolling technology 

depends on the strain in thin films similar to rolled-up nanotechnology. The straight ribbon can scroll into 

a helix structure, which provides the desired magnetic propulsion as discussed in section 1.4.3. (see 

Figure 1.24). Nelson and co‐workers applied this technology to fabricate a magnetically powered artificial 

bacterial flagellum (ABF), which consisted of two parts: a helical tail and a soft‐magnetic metal head.89 

The helical tail is fabricated based on thin‐film deposition. The soft‐magnetic head is simply prepared by 

e‐beam evaporation of Cr/Ni/Au thin films and a lift‐off process. Finally, 2D patterned films self‐organize 

to form an ABF by selectively etching the AlGaAs sacrificial layer underneath.134 
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Figure 1.24 (a-f) Fabrication procedures of helical micromotors using self-scrolling technique. (g) SEM 

image of a self-scrolled helical structure.134 

 

1.6.4 THREE-DIMENSIONAL DIRECT LASER WRITING 

 

The recent significant progress in three-dimensional direct laser writing (3D DLW) has made it an 

adaptable and standard tool for precise fabrication of arbitrary 3D structures in micro- and nanoscale with 

high resolution. In this method, a photoresist is deposited on a substrate that can be moved with a 

piezoelectric stage in 3D following a pre-programmed path to partially expose the photoresist to the focal 

point of the laser.135 

 

This technology has been used to fabricate magnetic helical micromotors by Tottori et al., as illustrated in 

Figure 1.25.136 The fabrication process included three steps: i) the patterned structure was written by 

focused beams via two‐photon polymerization; ii) helical polymer structures were obtained after removal 

of the unpolymerized photoresist; iii) magnetic thin layers such as Ni or Co and Ti layers were deposited 

by e‐beam evaporation over the helical structure. 

 

Figure 1.25 Fabrication procedure of helical swimming micromachines.136 
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Apart from helical structures, the precious control of direct laser writing over the geometry of the 

samples makes it possible to fabricate various complex micro-/nanomotors. Nelson and co-workers 

demonstrated the preparation of a three-dimensional microscale porous scaffold as a carrier for multiple 

cells (Figure 1.26).137 

 

 

Figure 1.26 (a) Overview of the micro robot fabrication process. (b)  SEM image of the fabricated 

microrobots.137 

 

1.7 APPLICATIONS OF MICRO-/NANOMOTORS 

 

The wide range of potential applications of micro-/nanomotors covering different fields needs specific 

functionalization strategies for different applications. In this section, two main types of applications for 

micro-/nanomotors are presented: environmental remediation and biomedical applications. 

 

1.7.1 MICRO-/NANOMOTORS FOR CONTAMINANT REMOVAL 

 

One of the main goals within this work is to apply the self-propelled micro-/nanomotors for cleaning 

contaminated waters. The removal and destruction of pollutants in water is a major concern of 

environmental sustainability.138 Nano-remediation related strategies imply the application of reactive 

nanomaterials for transformation and detoxification of pollutants toward purifying the water resources.139 

Synthetic micro-/nanomotors, which are designed to convert energy from different sources into motion, 

offer distinct advantages for potential applications to reduce the clean-up time and overall clean-up costs. 

These novel self-propelling motors can provide efficient self-mixing of a contaminated solution that 

significantly speeds up clean-up process to remove pollutants such as oil droplets, heavy metals, and 
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other organic compounds in water. Two major mechanisms are reported to purify polluted water with the 

help of micro-/nanomotors:  pollutant adsorption and/or pollutant degradation.140 

 

Persistent organic pollutants (POPs) are organic compounds that are rather resistant to environmental 

degradation.141 They tend to bioaccumulate in the living tissues of species high up in the food chain, 

posing a risk to human health and wildlife.142  For POPs removal, as mentioned above, there are two main 

methods: adsorption and/or degradation. In the case of pollutant adsorption, Orozco et al. reported Janus 

micromotors with reduced graphene oxide (rGO)  for the efficient removal of POPs, using 5-chloro-2-(2,4-

dichlorophenoxy) phenol (triclosan) and polybrominated diphenyl ethers (PBDEs) as examples.143 These 

Janus micromotors consisted of a SiO2-rGO core shell half covered by a catalytic Pt layer. The adsorption 

of organic contaminants effectively took place at the rGO surface rapidly, at the same time the Pt side 

efficiently self-propeled the micromotors in a polluted solution with the help of the H2O2 fuel. The 

synergistic effect of the micromotor motion, enhanced adsorbate/adsorbent interactions, and higher 

adsorbent properties of the rGO, led to the improved ∼90% removal efficiency for POPs in only 10 min.143 

S.Sanchez et al. also used a graphene oxide micromotor for heavy metal removal consisting of nanosized 

multilayers of graphene oxide, Ni and Pt. The motors were able to remove Pb to below 50 ppb in less than 

60 minutes.144  

 

In addition to the adsorption mechanism, researchers also developed micro-/nanommotors that employ 

the degradation mechanism to remove organic pollutants in water. Several strategies have been reported, 

which include H2O2-assisted and photocatalysis 

 

1.7.1.1 H2O2 FUEL-ASSISTED 

 

The decomposition of hydrogen peroxide into water and oxygen can be utilized to power a motor. It 

should also be noted that H2O2 itself is a strong oxidizing agent which has been already used to degrade 

organic compounds.145 Based on these facts, Wang's group developed a polymer-based microtubular 

motor in the presence of low concentrated H2O2 acting as oxidant and motor fuel. This motor degraded 

organophosphate pesticides such as methyl ethyl paraoxon, paraoxon, and bis(4-nitrophenyl) phosphate 

through the in situ generation of OOH- nucleophiles in presence of  a peroxide activator (NaHCO3) .146  

 

Another efficient option for the degradation of organic pollutants is the Fenton method, one of the most 

popular advanced oxidation processes (AOPs).147 Generally the Fenton reactions make use of a powerful 

oxidant the hydroxyl radical (˙OH) as their main oxidizing agent. The generation of ˙OH in the Fenton 

method occurs by reaction of H2O2 in the presence of Fe(II).148 



   
 

43 
 

 

𝐹𝑒2+ +𝐻2𝑂2 → 𝐹𝑒
3+ + 𝑂𝐻− + 𝑂𝐻.  

𝐹𝑒3+ +𝐻2𝑂2 → 𝐹𝑒
2+ +𝐻𝑂𝑂. +𝐻+ 

 

Taking the advantage of the Fenton process, Sanchez's group reported a catalytically Fe/Pt-based roll-up 

micromotor to remove organic pollutants, employing Rhodamine 6G as a model pollutant.149 On one 

hand, the outer Fe layer for the in-situ production of Fe2+ ions during Fenton oxidation process boosted 

the decontamination process. On the other hand, the inner Pt layer drove the motor. The improved 

mixing and release of iron ions facilitated by these self-propelling motors resulted in the removal of 

Rhodamine 6G with an efficiency 12 times higher than when the Fenton reaction was carried out with 

non-propelling Fe rolled-up tubes. They also found that Fe/Pt microswimmers showed long term 

reusability. Even longer-term storage for several weeks was possible without sacrificing much of the 

activity.150 The same group also fabricated cost-effective and template free micromotors based on cobalt 

ferrite particles which acted as the catalyst for propulsion and for Fenton-like reactions. These motors 

were used to degrade quite efficiently antibiotics from wastewater.151 

 

1.7.1.2 PHOTOCATALYTIC 

 

Heterogeneous photocatalysis, another type of AOP similar to the Fenton process, takes place when light 

is absorbed by a semiconductor such as TiO2 generating electron-hole pairs. The photo-induced electron–

hole pairs then either recombine and release heat or interact with other molecules as describe below: 152 

 

𝑒− + 𝑂2 → ˙𝑂2
− 

˙𝑂2
− + 2𝐻+ + 2𝑒− → 𝐻2𝑂2 

ℎ+ +𝐻2𝑂𝑎𝑏𝑠 → ˙OH+ 𝐻
+ 

ℎ+ +𝑂𝐻𝑎𝑏𝑠
− → ˙OH 

 

The generated ˙OH radicals are powerful oxidizing agents to degrade organic compounds. Taking 

advantage of photocatalysis, Zhang et al. reported a plasmonic photocatalytic micromotor based on the 

bubble propulsion mechanism for the photocatalytic degradation of organic pollutants. 153  The 

photocatalytic micromotor had an asymmetrically functionalized, double sided TiO2 semi-shell. The outer 

surface of the hemispherical shell was coated with Au nanoparticles to form the plasmonic 

metal/semiconductor heterostructure, while the inner surface was speckled with Pt nanoparticles. Such 

micromotor could be propelled by O2 bubbles to improve mass transfer using H2O2 as fuel. It could 

degrade various organic pollutants, such as Methylene Blue, Rhodamine B, and Methyl Orange, and even 
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a mixture of 11 organic pollutants. A photocatalytic micromotor activated with UV light was also 

developed by Li et al. based on TiO2/Mg which was used to degrade organophosphate nerve agents.154 

Mushtaq et al. designed Bi2O3/BiOCl-based hybrid micromotors activated by UV-visible radiation and 

controlled by an external magnetic field instead of chemical self-propulsion for the efficient removal of 

Rhodamine B.155 Moreover, Sanchez and co-workers fabricated a bubble propelled -Fe2O3/SiO2/MnOx 

motor to remove both organic and heavy metal pollutants. MnOX acted as catalyst for the decomposition 

of H2O2 to generate O2 bubbles for the propulsion. The degradation of organic pollutants was 

accomplished by Fenton-like and photocatalytic reactions catalysed by iron oxide, though MnOx could 

also contribute to the contaminant degradation via Fenton like reactions.156 

 

1.7.2 BIOMEDICAL APPLICATIONS  

 

Micro-/nanomotors are able to provide considerable promise for biomedical applications. Figure 1.27 

illustrates important advances of micro-/nanomotors in the biomedical field.  

 

 

Figure 1.27 Micro/nano-motors for biomedical applications.157 

 

Micro-/nanomotors show the potential to sense, capture, transport, penetrate tissues and deliver 

biomolecules as well as to isolate and separate bioanalytes from complex biological samples. Based on 

ligand/receptor interactions, micro-/nanomotors capable of capturing “on the fly” and transporting 

different loads (proteins, nucleic acids, cancer cells, bacteria, etc.), have been reported by several 

groups.158 For instance Lectin bioreceptors such as ConA functionalised onto microengines containing 

gold/nickel/polyaniline/platinum as catalysts were shown to be very efficient in recognizing and isolating 

E. coli bacteria, known to express polysaccharides on the cell surface.159 This represented a very 

promising nanomotor strategy for isolating pathogenic bacteria with impact not only in the clinical 
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applications but also in environmental, food safety and biodefense applications. Different nanomotors 

have been investigated for their capabilities to transport cargoes, including drug carriers such as 

liposomes or microspheres and drugs themselves. 160  Catalytic nanomotors employing alloys of 

Ni/(Au50/Ag50)/Ni/Pt were used to transport doxorubicin-loaded magnetic PLA microspheres and 

magnetic liposomes via ferromagnetic interaction  between nickel segment of the nanowire motor and 

iron oxide entrapped inside the microparticle.161 At the same time, Sen et al. described the transport of 

positively charged polystyrene microspheres linked to Pt–Au nanomotors through electrostatic 

interactions.162   

 

Different mechanisms have been studied to release cargo at specific locations by drag forces, pH, 

diffusion, ultrasound or light. The cargo release by drag forces was possible by a fast reversal of the 

nanomotors’ motion direction with an external magnet whereby the drag force imposed on the cargo 

overcame the magnetic attraction between the cargo and the motor.163,164 An example of cargo release by 

pH changes is represented in calcium carbonate based motors loaded with coagulation factors which 

were conceived to serve as effective hemostatic agents to regulate blood coagulation.165 Cargo release by 

diffusion has been shown in urease‐powered nanomotors using mesoporous silica particles. Anticancer 

drugs have been loaded into the mesoporous template and then released in HeLa cells by diffusion.166 

Fast cell penetration and selective delivery of siRNA was also demonstrated by using an acoustically 

propelled nanowire motor for gene therapy.167 An example of cargo release by light was reported with 

hollow Janus particles containing Au nanoparticles and catalase for the catalytic propulsion. The system 

was loaded with anticancer drug which was released via near infrared (NIR) light activation, inducing 

breakage of the polymeric shell upon local heating of the embedded Au nanoparticles through the 

photothermal effect.168 The potential of these machines to transport and deliver therapeutical payloads 

directly to disease sites holds promise for improving the therapeutics efficacy and reducing systemic side 

effects of highly toxic drugs. 

 

The multiple tasks performed by autonomously moving functionalized micromotors holds considerable 

promise for lab-on-a-chip (LOC) applications, including separation, purification, enrichment and/or 

sorting. The integration of micro/nanomotors and microfluidics can bring about powerful on-chip 

microsystems powered by autonomous transport.169 Under this context it has already reported a fast 

micromotor based LOC immunoassay in which the targets were isolated from raw complex media by 

capturing and transporting them to a clean environment reservoir of a LOC and thus avoiding laborious 

sample preparation steps typical in standard immunoassays.170 

 

For the application toward minimally invasive surgery, particular attention was given to magnetic 

microdrillers and rolled-up nanojets that were able to enter into biomaterials in the presence of an 
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external magnetic field or fuel.171 The Schmidt group reported that InGaAs/GaAs/(Cr)Pt microjets with 

sharp tips demonstrated a corkscrew-like movement in the presence of hydrogen peroxide, allowing them 

to drill into fixed HeLa cells. However, the fuel used to propel the microjet is toxic in biological systems, 

thereby limiting its in-vivo application. The same group further developed Ti/Cr/Fe microtubes controlled 

by external magnetic field to explore the possibility of performing drilling operations.172 Ultrasound 

actuation has been also used to create powerful bullet-like microrobots with remarkable tissue deep 

penetration and also capabilities to induce tissue ablation and destruction.173 

 

Micro-/nanomotors are becoming a new class of promising agents for medical imaging to probe 

physiological or pathological conditions. Tissues can be differentiated and imaged based on the unique 

sensitivity of micro- and nanomotor to pathological factors such as hydrogen peroxide, temperature and 

water content. 174 Mattrey et al. reported the application of catalase-coated silica nanosphere converters 

(NSCs) for micro-bubble based ultrasound imaging. NSC particles produced a detectable increased signal 

when injected in the vicinity of a bacterial abscess since they were able to break down inflammation 

associated with H2O2 to O2 micro-bubbles.175 

 

Tremendous progress has been achieved in demonstrating the in-vitro capabilities of micro-/nanomotors 

for theranostics and imaging, but huge efforts are still needed to translate the proof-of –concept research 

to in-vivo applications. Motor navigation in blood is very challenging due to its complex and viscous 

character which implies the use of powerful motors which capabilities to move against fluid flows and in 

high ionic media. Several additional hurdles remain before practical in vivo applications of motors 

become a reality. The finding of novel types of biocompatible chemical fuels (e.g. molecules present in 

the body fluids such as glucose), the synergetic combination of differently propulsion mechanisms in the 

same motor (e.g. chemo-acoustic hybrid nanomotors) and the use of biocompatible (e.g. enzyme as 

catalysts) and biodegradable materials could minimize the concerns in in-vivo biomedical applications. 

Moreover, stringent examination of its toxicity should be assessed before clinical translation. Despite all 

the obstacles to overcome, it seems that the first steps towards the realization of real in vivo applications 

are being taken. For instance, J. Wang and co-workers have recently presented the first in-vivo 

therapeutic micromotor application for active drug delivery to treat gastric bacterial infection using a 

mouse model. The propulsion of antibiotic-loaded magnesium micromotors in gastric media enabled 

effective antibiotic delivery, leading to significant bacteria decrease in the mouse stomach compared 

with passive drug carriers, with no apparent toxicity.176 This work opens the door for in-vivo therapeutics 

applications of body-fluid propelled micromotors towards the treatment of a variety of diseases and 

disorders. 
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1.8 THESIS MOTIVATION AND OBJECTIVES 

 

As described in the previous section of silicon/metal micropumps, the Si/metal pump can be controlled by 

visible light through a light-activated catalytic reaction process. It has been demonstrated that the 

pumping speed of fluid can be fine-tuned with visible light intensity. On the other hand, most of the 

proposed photoactive micro/nanosystems are actuated with UV light, which is a hurdle for specific 

applications such as biomedicine. Therefore, it is very desirable to find motors that can be operative with 

cost-effective and more innocuous light sources such as the ones in the visible range and, even more 

attractive, in the near IR one, being the latter very promising for biomedical application due to large 

tissue penetration depth.  

 

Under this context, the goal of this thesis is to develop bubble-free silicon/metal autonomous 

nanomotors, driven by catalytic reactions activated by visible light and with the capability that the 

direction of the motion can be steered by an external magnetic field through the incorporation of an extra 

ferromagnetic segment into the system. The actuation mechanism of these nanomotors will further 

assessed through their performance as photocatalytic agents for pollutant removal in water, paying 

special attention on their capabilities for generation of reactive oxygen species. 

 

1.9 THESIS OUTLINE 

 

In chapter 2, we present the experimental results of Si/Pt nanomotors, which are fabricated by two metal 

deposition methods. Their propulsion behaviours in the presence of hydrogen peroxide are reported 

together with their contaminant removal performance as an additional way to give insights on the 

propulsion mechanism. In chapter 3, we discuss different behaviours of Si/Pt pumps fabricated with both 

smooth and rough Pt to better understand the propulsion mechanisms of Si/Pt nanomotor counterparts. 

Two different chemo-mechanical pumping mechanisms behind the Si/Pt pump systems are proposed, 

which are mainly governed by surface roughness of metal layer. Chapter 4 summarizes all the 

experimental results from X-ray photoelectron spectroscopy used to probe the Si/Pt interface under 

ultra-high vacuum and near ambient pressure in order to study the chemical pathways that can be 

generated at the Si/Pt interface in contact with water, for a better understanding of the 

(photo)chemomechanical mechanisms in Si/Pt system. Chapter 5 illustrates a silicon based motor that 

can be successfully controlled by visible light, which has helped us to establish the guidelines to develop 
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optimized photoactivated motors in future. The improvement of the efficiency for contaminant removal 

is also demonstrated by introducing zero-valent iron element. In Chapter 6 we list the main conclusions 

and perspectives for autonomous micro-/nanomotor systems. As an appendix, chapter 7 provides in 

detail the relevant materials as well as the methods for device fabrication and characterization. 
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2 SI/PT NANOMOTORS: PROPULSION ANALYSIS AND CONTAMINANT 

REMOVAL.  

 

 

2.1 INTRODUCTION 

 

In the previous work of our group on silicon based micropumps177, it was reported that a highly efficient 

pump consisting of noble metal and doped silicon could be controlled with visible light. The actuation was 

based on electro-osmosis with the electric field generated by the chemical reactions at the metal and 

silicon surfaces, whereas the contribution of diffusio-osmosis to the actuation was negligible. The electro-

hydrodynamic process was just triggered with only water but it was greatly amplified with the addition of 

reactive species, such as hydrogen peroxide, which generated higher electric fields. Another remarkable 

finding was the tunability of silicon-based pumps. Thus, it was possible to control the speed of the fluid 

with light intensity. 

 

Based on these findings, this thesis project initially proposed a silicon based nanomotor (Figure 2.1), 

which consisted of a silicon nanowire and a noble metal cap layer. In such a scenario, the silicon based 

nanomotor, similar to the micropump, could be self-propelled by electro-phoresis with the electric field 

generated by photoacativated chemical reactions at the metal and silicon surface. Under light 

illumination, electrons would be excited from the valence band to the conduction band of silicon and 

then transferred  to the metal. The holes generated at the semiconductor would become oxidizing agents 

for the fluid or for the silicon itself whereas the injection of electrons at the metal counterpart would 

make it act as reducing agent. Thus, in this proposed model, the control of the propulsion speed of the 

nanomotor could be managed by varying   the intensity of visible light and the motor direction could be 

steered by external magnetic field with ferromagnetic material incorporated into the Si/Pt motor. In 

addition, it was intended to assess the capabilities of the proposed motor  to produce reactive oxygen 

species through the photocatalytic process to promote an enhanced removal of organic pollutants in 

water, a very relevant issue from the fundamental point of view and for the applications. 
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Figure 2.1 schematic of proposed Si/Pt nanomotor. 

 

The photoactivated chemical pathways at Si/Pt systems can be very complex. Proton production at Si and 

proton consumption at Pt was observed on Si/Pt micropumps. Such finding is compatible with the 

following chemical pathways: 

 

𝐴𝑛𝑜𝑑𝑒 (𝑆𝑖): 𝐻2𝑂2 → 2𝐻
+ + 𝑂2 + 2𝑒

− 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (𝑃𝑡): 𝐻2𝑂2 + 2𝐻
+ + 2𝑒− → 2𝐻2𝑂 

 

𝐴𝑛𝑜𝑑𝑒 (𝑆𝑖): 𝑆𝑖 + 𝐻2𝑂2 → 2𝐻
+ + 𝑆𝑖𝑂2 + 2𝑒

− 

𝐶𝑎𝑡ℎ𝑜𝑑𝑒 (𝑃𝑡): 𝐻2𝑂2 + 2𝐻
+ + 2𝑒− → 2𝐻2𝑂 

 

However, additional chemical pathways yielding to the production of reactive oxygen species (•OH, 

•O−
2, 1O2) could also take place which could be harnessed to promote an enhanced removal of organic 

pollutants in water. For instance, •OH can be easily produced by the hydrogen peroxide reduction at the 

cathode. Accordingly, in this chapter, the Si/Pt nanomotor in the presence of hydrogen peroxide solution 

is investigated to understand the propulsion behaviour and the corresponding driving mechanism, and to 

grasp clues of the plausible chemical pathways.  

 

 The results of the experiments on two different types of silicon nanomotors with electron beam 

evaporated or sputtered Pt cap layers in various conditions are presented. In addition, the contaminant 

removal test is carried out to further examine the reaction pathways and the potential application of 

Si/Pt nanomotors to decompose organic contaminants in water. 
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2.2 FABRICATION AND GEOMETRICAL CHARACTERIZATION OF SI/PT NANOMOTORS 

 

The proposed novel motor consisted of silicon nanowire and platinum cap layer. The silicon nanowire (Si 

NW) was fabricated using colloidal lithography followed by metal-assisted chemical etching (MACE). The 

detailed process of the fabrication was described in materials and methods section of the Appendix.. This 

facile and low cost chemical method enabled us fabricating arrays of silicon nanowires in the 4-inch wafer 

scale. 

 

The platinum cap layer was later deposited by two different methods, e-beam evaporation and  

sputtering in grazing angle, to achieve different coverage areas of platinum layer to evaluate their impact 

on the nanomotor propulsion.  In the case of electron beam evaporation, the deposition was carried out 

with the sample strictly perpendicular to platinum source and, therefore, only the top of silicon nanowire 

array was covered by Pt due to the directional flux of Pt. In contrast, the sample is positioned in grazing 

angle for sputtering, thereby yielding a partial coverage of the side walls as well as the top of the 

nanowire due to the less directional sputtered Pt flux. 

 

The Si/Pt nanomotors were 1μm in length and 200nm in diameter and the thickness of deposited 

platinum cap layer was 40nm in both cases. It can be seen that the e-beam evaporated Pt layer is more 

condensed on the top of the nanowire with respect to the sputtered one from the SEM images in figure 

2.2. This was due to the different configurations of the two deposition systems. 
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Figure 2.2 SEM images of the e-beam evaporated and sputtered Si/Pt nanomotors. Left: evaporated 

platinum sample array with inset of suspended silicon nanomotors. Right: sputtered platinum silicon 

nanomotors after suspension with inset of the zoom-in view of top platinum layer. 

 

2.3 OPTICAL PROPERTIES 

 

Silicon is a high refractive index material. Therefore, silicon nanostructures can exhibit multipolar Mie 

optical resonances in the visible and near infra-red (NIR) parts of the spectrum, which lead to strong field 

enhancement inside the nanostructures.178  These optical resonances can be tuned with the size and 

shape of the nanostructures.179  This enhanced light/silicon interaction can make Si nanowires good 

candidates for efficient visible/NIR light activated micro-/nanomotor.  

 

Figure 2.3 compares UV–Vis absorption spectra ranging from 400nm to 900nm of suspended silicon NWs 

with and without sputtered Pt cap layer (10-9/L) in water. A significant absorption peak can be observed 

at 425nm in both spectra and a very broad absorbance in the visible and NIR. Due to the random 

orientation of SiNWs in water, the recorded spectrum corresponds to the convolution of the resonances 

at the different orientations of the nanowires. The larger absorbance in the Pt coated nanowires is due to 

the increase absorption of the nanostructured Pt layer. 
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Figure 2.3 UV–vis absorption spectra of the silicon NWs and SiNWs with sputtered Pt cap layer at room 

temperature. 

 

2.4 PROPULSION ANALYSIS 

 

The propulsion behaviour of these two types of Si/Pt nanomotor were investigated in a 1%wt H2O2 

solution at different wavelengths and intensities (see details in Appendix) and monochromatic laser 

sources in scanning mode. The detailed results are presented below. The motion of such motors was 

tracked with the help of software Imaris. 

 

The sputtered Si/Pt nanomotor showed significant directional motion reaching maximum speeds of 31 

µm/s, while scarce motion was captured for the e-beam evaporated samples. Figure 2.4 shows the 

tracking trajectories of the Si/Pt nanomotors under red scanning laser at wavelength of 633nm in the 

presence of 1%wt H2O2. 

 

 

Figure 2.4 tracking trajectories of Si/Pt nanomotors under scannning red laser at wavelength of 633nm in 

the presence of 1%wt H2O2. a) evaporated Si/Pt nanomotor. b) sputtered Si/Pt nanomotor. 

 

Given the poor movement recorded in the case of the Si/Pt motors evaporated with electron beam, we 

focused on the propulsion mechanism of the swimmers with sputtered Pt especially addressing the light 

effects. We first analysed the spectral dependence of the propulsion speed of sputtered Si/Pt nanomotor. 

The mean velocity of sputtered Si/Pt nanomotor, extracted from the trajectory measurements, as a 



   
 

54 
 

function of different light wavelengths is shown in figure 2.5. The variation of the mean velocity with 

wavelength increasing from 488nm to 633nm was not very significant, which suggested that the light 

wavelength did not play an essential role in the propulsion of the sputtered Si/Pt nanomotor.  
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Figure 2.5 the mean velocity of sputtered Si/Pt nanomotor as a function of light wavelengths (nm) at 

100% light intensity. 

 

Another experiment was designed to check both the effects of light intensity and the contribution of 

electron generation at the Si part and subsequent electron transfer to the Pt part on the overall 

propulsion. A Si/SiO2/Pt nanomotor was developed as comparison, which was obtained by thermally 

oxidizing the silicon nanowire and by sputtering the Pt cap layer as shown in the inset of figure 2.6. The 

thermal oxide thickness was about 100 nm, which is sufficient to block the electron transfer route 

between Si core and Pt cap.  

  

When the light intensity was increased from 0% to 100%, there was an insignificant difference of average 

speed in both Si/Pt and Si/SiO2/Pt cases. In addition, The Si/Pt nanomotor exhibited roughly 30% higher 

mean velocity than the corresponding Si/SiO2/Pt motor at the wavelength of 633nm in the presence of 

1%wt H2O2 as shown in figure 2.6. Such small drop in velocity when blocking electron transfer could 

indicate another chemical pathway in the propulsion process and hence another mechanism competing 

with the electrophoresis. It could mean that there was an important contribution of diffusiophoresis 

engaging the motor propulsion. The lack of light intensity sensitivity on the motor velocities would also 

suggest that the photogenerated electron hole pairs and the subsequent separately redox reactions at Si 



   
 

55 
 

and Pt parts do not make major contribution to the propulsion process, unlike the previously observed 

effects in Si/Pt pumps. 

 

Figure 2.6 mean velocity of Si/Pt nanomotor and Si/SiO2/Pt nanomotor with increasing light intensities for 

0 to 100% under red pulsed laser at wavelength of 633nm in the presence of 1%wt H2O2.  

 

In order to further investigate the possible mechanisms behind the propulsion, we also studied the effect 

of adding salt to the hydrogen peroxide solution. We found a remarkable decrease of the directional 

motion in the case of sputtered Si/Pt nanomotor when adding 0.5M KCl to 1% H2O2. An electric field 

screening effect is expected for a self-electrophoresis mechanism. However, a reduction of the 

propulsion speed has been also reported in motors which are expected to be driven by neutral 

diffusiophoresis in which no electric fields are built-up (e.g., Janus particles with half segment made of an 

insulating material and the other one made of a metal catalyst immersed in H2O2 solutions). The origin of 

salt effect in such diffusiophoretic systems is not well understood and is under debate. Some studies with 

such systems suggested the presence of ionic effects that could be affected by salts and were attributed 

to different sources. It was proposed that asymmetries in the metal catalyst, such as different metal 

thicknesses, could yield to reactions involving charged intermediates. Other studies suggested the 

potential dissociation of H2O2 and water in ions at the metal surface and in the bulk solution as additional 

sources for ionic effects.  Moreover, it is also known some salts, especially the ones based on chloride, a 
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specific adsorption of chloride anion on the metal surface can take place decreasing the chemical 

reaction rates at the catalyst and hence decreasing the chemomechanical actuation. 

 

2.5 CONTAMINANT REMOVAL TEST TO ASSESS REACTION PATHWAYS 

 

We carried out contaminant removal tests to probe the possible chemical pathways of the sputtered 

Si/Pt nanomotor propulsion. In the case of photocatalytic micromotor, the H2O2 redox reactions can 

enhance organic waste degradation process by introducing reactive oxygen species (ROS) under light 

illumination. As the sputtered Si/Pt nanomotor exhibits significant directional motion in the presence of 

hydrogen peroxide, the experiment was implemented to check whether it could enhance organic waste 

degradation process by ROS generation. Within this work, a mixture of benzene, toluene, and xylene 

(BTX, 5ppm in each) was used as reference system to evaluate the performance of silicon based motors 

for organic waste degradation in water. The residual BTX was measured by gas chromatography with 

flame ionization detector (GC-FID) technique after adding Si/Pt nanowires overnight. 

 

Due to the high volatility and poor aqueous solubility of BTX, the mixed solutions were prepared by a 

two-step procedure starting with a much diluted mother solution of BTX. Firstly a 9 ppm BTX+1.76% H2O2 

was prepared in a 2 litre volumetric flask in an ice bath. Then the solution was diluted into 5 ppm of BTX 

and 1% H2O2 in an 8 ml tube glass bottle together with the Si/Pt rods without having gas phase space. The 

exposure time to the air was minimised as short as possible to avoid the volatilization of BTX and the 

bottles were always open under refrigeration. 

 

The results from GC-FID measurement of BTX samples after different treatments for 17 hours overnight 

were shown in figure 2.7 below. Sample 1 and 2 were reference BTX solutions with 1%wt H2O2 without 

nanomotors which were stored in fridge overnight without and with stirring.  Sample 3 contained 1% 

H2O2, BTX and the nanomotors under stirring but without being exposed to light. Sample 4 contained the 

nanomotors plus H2O2 and BTX under light irradiation and represents the important sample to assess 

any ROS generation that could lead to an enhanced BTX degradation. 

 

The residual amount of BTX in sample 3 and 4 with sputtered Si/Pt nanomotors was much higher than the 

BTX amount in reference sample 1 and 2. As H2O2 is an oxidizing agent for organic compounds 
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degradation180, it is not surprising that hydrogen peroxide itself can decompose BTX. However, 

degradation in sample 4 under light illumination was expected to be higher than in samples 1 and 2. The 

high amount of BTX in sample 4 is indicates that the Si/Pt wires clearly decompose H2O2 but not mainly 

through a photochemical pathway leading to ROS production. Even so, a slight decrease in BTX amount 

can be captured in sample 4 when comparing with sample 3 which could be ascribed to a very small ROS 

generation under light illumination. Therefore, the Si/Pt wires seem to promote more the immediate 

hydrogen peroxide decomposition to water and oxygen at platinum surface as soon as it is added to the 

solution. Thus, H2O2 is exhausted by the preferential reaction with the platinum surface before it reacts 

with BTX. These findings indicate that the chemical reaction pathway preferentially takes place at the 

platinum surface of the motor (direct H2O2 decomposition on Pt) without the major participation of the 

light activated silicon and, therefore, minimizing any ROS production through a photocatalytic effect. 

 

 

Figure 2.7 The residual amounts of benzene, toluene, and xylene after different treatments overnight.  

1. BTX solution with 1%wt H2O2 stored in fridge.  

2. BTX solution with 1%wt H2O2 under stirring with a magnetic bar.  

3. BTX solution with 1%wt H2O2 and sputtered Si/Pt nanomotors under stirring with a magnetic bar. 

4. BTX solution with 1%wt H2O2 and sputtered Si/Pt nanomotors under light illumination. 

 

2.6 CONCLUSION 
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In summary, important directional motion could only be observed from the sputtered Pt nanomotors. 

However, no significant light effect was observed as a function of light intensity with such motors and 

only a small decrease in their velocities was recorded when a thick silicon oxide was included between Si 

and Pt to block the electron transfer between them. These findings pointed out that H2O2 decomposition 

was taken place preferentially at the Pt cap without the mediation of Si. That was also supported by the 

experiments of BTX degradation, which were carried out to probe the performance of Si/Pt nanomotors  

as potential promotors of ROS thorough photocatalytic effects mediated by Si and Pt . These experiments 

also suggested that the main chemical pathway was the direct decomposition of H2O2 mainly at Pt to 

produce water and oxygen, being the photocatalytic decomposition of H2O2 for ROS generation 

negligible. The different chemical pathways would dictate the dominant self-propulsion mechanism 

which seems to be more diffusiophoretic than electrophoretic in this case. Further characterization is 

needed to identify the key parameters which favour/supress one chemical pathway and mechanism over 

others.  Figure 2.8 demonstrates the dominant decomposition process, which was highlighted in red dot-

square.  

 

Given the striking lack of sensitivity of the motion of sputtered Pt/Si swimmers with light, we decided to 

study the propulsion mechanism of this system in a pump configuration and comparatively with the  e-

beam evaporated Pt/Si micropump as reported in next chapter.  

 

 

Figure 2.8 schematic of the dominant decomposition process in Si/Pt nanomotor 
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3 SMOOTH VS. ROUGH PUMPS BEHAVIOUR (UNDERSTANDING OF SI/PT 

NANOMOTORS) 

 

 

3.1 INTRODUCTION 

 

In the previous chapter, the evaporated and sputtered Si/Pt nanomotors demonstrated different self-

propulsion behaviours in the presence of hydrogen peroxide. More significant directional motions could 

be observed from the sputtered nanomotors compared to the evaporated ones. However, no significant 

light effect was observed in both cases. 

 

As proposed in the previous chapter, two possible competitive chemical pathways in fuel decomposition 

could take place. One pathway is the direct decomposition taking place only at the Pt part, which seems 

to dominate in the sputtered Pt/Si swimmers. The other possible route is the separated redox reactions 

at the Si and Pt interfaces respectively, which involves the oxidation of H2O2 at the silicon side and the 

H2O2 reduction at the metal side.  

 

To further investigate the propulsion mechanism, we analyze Si/Pt micropumps as the immobilized 

counterparts of the Si/Pt swimmers. As mentioned before, micropumps constitute ideal platforms for 

better probing experimental strategies and for acquiring more reliable clues of their actuation 

mechanisms. In such configuration the fluid moves with respect to the motor surface. Previous studies in 

our group have already addressed the chemomecanical actuation of Silicon based pumps that could be 

controlled by visible light.181  In that case the pump was made from silicon and a metal (Pt, Au) which was 

deposited by e-beam evaporation. It was argued that light creates electron/hole pairs at the silicon with 

the subsequent electron transfer to the metal. Such light activated processes induced two separated 

redox reactions at the motor surface: 181 

i) H2O2 mediated oxidation at the semiconductor part,  

ii) Reduction at the metal catalyst. The separated reactions gave rise to a proton current from 

the semiconductor to the metal, thereby building up an electric field, which triggered a fluid 

flow by electro-osmosis.  
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In this chapter, we will study Si/Pt pumps with Pt deposited by sputtering and compared with the Si/Pt 

pumps with Pt deposited by electron-beam evaporation. The different evaporation techniques provide 

different roughness factors, which will affect the chemical reactions and self-propulsion mechanisms. We 

will show that it is possible to enhance/suppress the photoactivated and separated H2O2 redox reactions 

and convert them into light insensitive direct electrochemical decomposition of H2O2 on Pt. We also 

demonstrate that the increase of metal roughness triggers a striking change in the flow and generated 

electric fields, due to the switching of the actuation mechanism from a dominant light-controlled 

electrokinetic process to a light-insensitive diffusio-osmotic one.  

 

3.2 RESULTS AND DISCUSSIONS 

 

Micropumps were fabricated by patterning Pt discs on p-doped silicon surfaces by using electron beam 

lithography and platinum evaporation either by sputtering or by electron beam to tune surface 

roughness. The devices were then subjected to a mild oxygen plasma treatment to clean the surface. Fig. 

3.1 illustrates the layouts of the micropumps under study. The figure shows atomic force microscopy 

images of the Pt part prepared with the different deposition techniques. Devices with sputtered Pt (Fig. 

3.1b) exhibit a roughness factor 14 times higher than that obtained through e-beam deposition (Fig. 

3.1a).  

 

 

Figure 3.1 Different pump layouts, with (a) smoother e-beam evaporated Pt and with (b) rougher 

sputtered Pt. AFM images are depicted for both cases taken at the same z scale. Sputtered Pt exhibits a 

root mean square roughness (Rq) of 5.5±0.3 nm whereas Rq for electron beam deposited Pt is 0.40±0.05 

nm 
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SEM characterization also indicated a higher surface roughness on the sputtered Pt films as can be 

observed in the SEM images of Fig. 3.2. From now on, we will refer to the micropumps as r-Pt/Si for the 

rougher sputtered ones, and s-Pt/Si for the smoother e-beam evaporated ones.  

 

 

 

Figure 3.2 SEM images corresponding to the smooth Pt films evaporated by e-beam deposition (a) and to 

the rough Pt films deposited by sputtering (b). Both images were taken at the same magnification. 

 

The s-Pt/Si devices represent the typical behaviour shown in a previous study performed by the group181, 

which pointed out to a photoactivated electrochemical actuation through an electro-osmotic process. 

According to previous results, the pumping mechanism for s-Pt/Si is illustrated in Fig. 3.3 a and b. The 

light absorbed in the Si part generates electron-hole pairs. In the vicinity of the Pt disc, the holes oxidize 

the H2O2 at the silicon/fluid interface, and the resulting electrons are transferred to the metal where the 

reduction of H2O2 takes place. During the oxidation reaction, protons are produced at the silicon part, 

which are consumed at the metal side (b). During this process a proton current is produced that 

generates an electric field pointing towards the Pt side, thereby dragging the fluid in the same direction. 

Such fluid motion pointing in the same direction as the electric field is expected for surfaces with 

negative zeta potentials, as it is in the Si/Pt case.181 
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Figure 3.3 a) Schematics illustrating the photochemical activated process with oxidation and reduction 

taking place at the Si and Pt sides, respectively. b) Schematics depicting the proton generation and proton 

consumption as a consequence of the light activated redox process together with electric field and fluid 

flow direction. 

 

The impact of the Pt surface roughness is elucidated by comparing the results of smooth e-beam 

evaporated and rough sputtered Pt pumps by using 1% H2O2 as chemical fuel and at high white light 

intensity. The fluid motion is followed by tracking the motion of tracer particles of opposite surface 

charge (zeta potentials of ξ-= -83 mV and ξ+=46 mV for negative and positive colloids, respectively). 

 

Despite of their similar size and Pt thickness, the interaction of positive and negative tracers with the r-

Pt/Si and s-Pt/Si devices is strikingly different. In the case of r-Pt/Si, positive tracers exhibit maximum 

radial component velocities of about -8 μm/s. These particles move towards the Pt part, and after 

crossing the Pt-Si edge, their trajectory bends upwards in the direction perpendicular to the Pt disc, (see 

Fig. 3.4a and Movie 3.1). Such a behaviour is totally different to the one previously encountered by using 

the same positive tracers on smoother s-Pt/Si devices (Fig.3.4 b). In that case the positive tracers move 

towards the Pt disc at much higher speed (maximum values of -65 μm/s) and stick to it (Movie 3.2). Even 

stronger differences between rough and smooth systems can be observed for negative tracers.  Fig. 3.4c 

shows the interaction of negative particles with the r-Pt/Si device. Negative tracers move towards the 

rough Pt disc and they either cross the Pt edges and stick on the Pt surface or they just stick at the rims of 

the Pt disc (Movie 3.3). This behaviour is surprisingly different to that found for s-Pt/Si motors, in which a 

repulsion band is generated at the Pt disc, thereby leaving the Pt surface and surrounding Si completely 

free of negative tracers (Fig. 3.4d, Movie 3.4). 
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Figure 3.4 Interaction of positive tracers with r-Pt/Si (a) and s-Pt/Si (b) pumps. Interaction of negative 

tracers with r-Pt/Si (c) and s-Pt/Si (d) pumps. Schemes of the particle trajectory are also included for each 

pump system. 

 

We also checked by XPS the chemical characteristics of the deposited Pt films prepared with both 

deposition techniques to rule out possible contaminations of the pump system. The XPS spectra for Pt 

deposited by sputtering or by electron beam depicted similar profiles (Fig. 3.5). The samples were 

measured as-received and without previous exposure to oxygen plasma. The experiments were 

performed with a PHOIBOS150 hemispherical analyser hosted in a UHV system with a base pressure of 

5x10-10 mbar and using monochromatic Al Kα radiation (1486.6 eV). The spectra reveal carbon 

contamination (C1s line at 285 eV) arising from the unavoidable exposure to the atmosphere and a weak 

nitrogen signal at about 400 eV, again due to exposure to air during transport from the deposition 

equipment to the XPS system. Both samples were exposed less than 30 minutes to the atmosphere. No 
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other contaminants can be detected in spite of the high surface sensitivity of the XPS technique. The 

effect of potential impurities on the different performance in the catalytic actuation can be ruled out.  

 

 

Figure 3.5 Survey XPS spectra of platinum films deposited on silicon substrates by sputtering (blue line) 

and e-beam evaporation (red line), respectively.  

 

We also evaluated the influence of photoactivation on r-Pt/Si and s-Pt/Si devices by varying the light 

intensity. Figure 3.6 compares the tracer velocities at three different light intensities (100%, 40%, and 

below 10% with a neutral light attenuation filter). In the case of s-Pt/Si motors the radial component of 

the velocity of positive tracers significantly drops as the light intensity is attenuated. In contrast, the 

motion of positive tracers at the r-Pt/Si system only exhibits a very weak reduction with light attenuation 

and the negative tracers did not follow any clear trend with light intensity. 
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Figure 3.6 Influence of the photoactivation on the s-Pt/Si and r-Pt/Si pumps represented by the variation 

of the radial component of the tracer velocity as a function of light intensity. The s-Pt/Si devices exhibit 

strong light responsiveness, whereas the r-Pt/Si ones are almost insensitive to light intensity variation. 

The figure includes a zoom of the r-Pt/Si pump as inset, for more accurate comparison. 

 

All these findings suggest that the actuation in the semiconductor/metal pumps is a combined effect of 

two different mechanisms. In the case of the s-Pt/Si pumps the catalytic actuation is dominated by 

electro-osmosis. The generation of an electric field, which is drastically amplified by light and points 

towards the Pt disc, is very clear in this case. Such electric field triggers the fluid flow in the same 

direction and, in addition, induces strong electric attraction of positive tracers towards the Pt, and strong 

repulsion of the negative tracers (Fig. 3.4). In contrast, the increase of Pt roughness might favour the 

direct H2O2 decomposition at the entire Pt surface area, whose process is light insensitive. In this case, 

the liquid motion could be driven by the solute concentration gradient created by such reaction localized 

at the Pt surface. The actuation mechanism could be more in line with a diffusion-osmotic process that 

totally changes the interaction of charged tracers with the pump. 

 

The fluid flow and electric field values for s-Pt/Si and r-Pt/Si can be extracted by considering that the 

radial component of the particle speed 𝑉𝑟𝑝 is driven by two contributions: i) an electrophoretic term (𝑉𝑒𝑓) 

due to the particle electric charge and ii) the fluid flow velocity (𝑉𝑓): 

𝑉𝑟𝑝 = 𝑉𝑒𝑓 + 𝑉𝑓 = 
𝜀𝜉𝑝𝐸𝑟

𝜂
+ 𝑉𝑓           (1) 

where  is the fluid permittivity, 𝜉𝑝 the zeta potential of the particle, 𝐸𝑟 the radial component of the 

electric field, and 𝜂 the fluid viscosity. The fluid flow velocity and radial component of the electric field 

are obtained by evaluating the velocities of two differently charged particles (eq. 1). Table 1 collects such 
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parameters. It can be observed the pronounced decrease of the radial component of the electric field 

and fluid flow for the rougher devices as compared to the s-Pt/Si.   

 

Table 3.1. Maximum values of the fluid velocity (Vrfmax) and Electric field (Erfmax) for the different 

micropumps. Negative sign denotes radial inward direction of the electric field and fluid flow. 

System Vrfmax (μm s-1) Erfmax (Vm-1) 

s-Pt/Si -(43±1) -(680±1) 

r-Pt/Si -(7.2±1) -(24±1) 

r-Pt/SiO2 -(5.4±0.8) 31.7±0.8 

 

To gain more insight on these competing mechanisms, we suppressed the possibility of the 

photoactivated reaction, and hence its associated electric field contribution, by fabricating rough and 

smooth Pt disks on insulating SiO2. The Pt discs were patterned on a silicon wafer covered with a thick 

silicon oxide of 1 μm. On the s-Pt/SiO2 pump we could not capture any tangible directional motion of the 

differently charged tracers in the presence of 1% H2O2. However, the situation changes dramatically 

when using rough Pt discs. Figure 3.7 shows the motion of positive and negative particles on r-Pt/SiO2. 

Positive particles move towards the Pt disc at maximum velocities of –(4.4±0.6) μm/s. After crossing the 

Pt edges they drift upwards from the surface (Movie 3.5). Similar behavior is also observed with quasi-

neutral particles (ξo= -12 mV) which approach the Pt disc at maximum velocities of –(5.7±0.5) μm/s.  

Finally, negative particles move towards the Pt disc with maximum velocities of –(6.9±0.5) μm/s and once 

they are on the Pt disc they stick to its surface (Movie 3.6). These different responses suggest the 

generation of an electric field in the Pt disc pointing outwards. However, this electric field seems to be 

not strong enough to repel the positive particles from the Pt surface, also due to their lower charge as 

compared to that of the negative tracers. As a result the tracer movement is less sensitive to the electric 

field and positive particles tend to follow the fluid flow. 
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Figure 3.7 Interaction of positive (a) and negative (b) tracers with the r-Pt/Si system.  Schemes of the 

positive and negative tracer trajectories at the rough Pt/Si pump are also included. c) Schematics 

depicting the fluid flow and electric field direction.  

 

Equation 1 was used to quantify the fluid flow and electric field at the rough Pt/SiO2 pump. By analyzing 

the velocity values for positive and negative particles, the maximum values of the radial fluid flow speed 

(Vp) and electric field E were found to be -5.4 𝜇m·𝑠-1 and 31.7 V𝑚−1, respectively (Table 3.1). The analysis 

of the differently charged particle velocities demonstrates the existence of an electric field pointing 

outwards, from Pt towards SiO2. Such direction of the electric field is opposite to the field direction 

expected from an electro-osmotic process in a pump with components with negative zeta potentials as it 

is in the case of silicon and platinum. In pumps with negative zeta potentials, the electric field should 

drive the fluid flow in the same direction according to the equation,   

𝑉𝑓 = − 
𝜀𝜉𝑠𝐸𝑟

𝜂
                              (2) 

where 𝜉𝑠 is the zeta potential of the surface (<-40mV in our case due to the strong contribution of the 

negative surface potential of silicon).182 Therefore, such weak electric field is not responsible of triggering 

the fluid flow that moves in opposite direction. The catalytic actuation for the r-Pt/SiO2 is more in line 

with a diffusio-osmosis process favoured by the direct decomposition of H2O2 on the rough Pt surface. 

The fluid moves towards the region where the reaction takes place, i.e. the region with higher solute 

concentration (and higher osmotic pressure).  
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The existence of a weak electric field in the metal/insulator pump is in line with previous findings in 

metal/insulator Janus particles. In such Janus particles, electric field generation due to charged reactions 

and ionic effects was found.183,184,185 As also mentioned in the previous chapter, the origin of such ionic 

effects has been attributed to different sources. It was proposed that metal catalyst asymmetries, such as 

different metal thickness, could yield to a reaction scheme involving charged intermediates.184 That could 

be a plausible explanation for rod and sphere like structures capped with catalyst since a gradient of 

thickness is expected after metal evaporation, with more catalyst at the pole regions than at the equator 

sides. However, this kind of thickness asymmetries is expected to be negligible on the flat configuration 

of a pump. Other studies suggested dissociation of H2O2 and water in ions at the surface and bulk as 

additional sources for a self-generated electric field.185 However, the electric field at the r-Pt/SiO2 is not 

the driving force of the fluid flow since in fact it should generate electrokinetic fluid flow in the opposite 

direction to what it is observed. Therefore, the electrokinetic or electro-osmotic process is discarded in 

the metal/insulator pump. The chemical origin of the electric field is not well known at this moment but 

future studies including photoemission spectroscopy, scanning electric force microscopy in water/H2O2 

and scanning electrochemical microscopy are pursued to better understand the Si/Pt interface and the 

precise chemical reaction schemes that could yield to an electric field in such conditions.  

 

3.3 CONCLUSION 

 

In view of the findings with insulating SiO2/Pt, we demonstrate that at least two chemo-mechanical 

mechanisms are behind the liquid pumping of Si/Pt pumps. One is rooted in a photoactivated reaction 

taken place in two separated redox reactions: the oxidation of H2O2 at the Si side and the reduction of 

H2O2 at the Pt side. Such reaction scheme drives a fluid flow triggered by an electro-osmotic process. A 

proton current from Si towards Pt generates an electric field towards Pt that drags the fluid towards the 

metal structure. As mentioned above, this mechanism is highly sensitive to light. The second mechanism 

features diffusion-osmotic characteristics, with H2O2 decomposition taking place mainly at the Pt region. 

In this decomposition process the fluid flow is dragged towards the Pt structure to compensate the 

higher solute concentration and higher osmotic pressure. This latter mechanism is not light responsive. 

The dominance of one chemomechanical mechanism over the other depends on the fabrication 

characteristics of the pumps, in particular to the roughness of the catalyst. In smoother Pt/Si pumps the 

photoactivated electro-osmotic mechanism prevails, whereas the diffusion-osmotic and light insensitive 

one dominates in rough Si/Pt. A schematic of the comparison between these two competing mechanisms 
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is shown in Fig. 2.8. These findings of rough Pt/Si pumps are consistent with what we observed from the  

sputtered Si/Pt nanomotor described in Chapter 2. In the case of rough sputtered Si/Pt nanomotors, light 

insensitive diffusiophoresis mechanism dominates the propulsion process. On the other hand, we were 

not able to observe similar results in evaporated Si/Pt nanomotors with respect to the photoactivated 

electro-osmosis in smooth Pt/Si pumps 

 

 

Figure 3.8 Schematics of two competing mechanisms: the photoactivated electro-osmosis which prevails 

on smooth Pt/Si pumps and the light insensitive diffusion-osmosis which dominates on rough Pt/Si. 

 

As a consequence, to build-up light sensitive nanomotors, separated redox interfacial reactions between 

Si and Pt have to be maximized, for instance by increasing the perimeter of the interface to enlarge redox 

reaction area between Si/Pt and by decreasing the roughness factor of Pt. This outcome is crucial for the 

design of new photoactivated silicon based nanomotors with visible and near infrared light and to 

increase their level of control.  
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4 UNDERSTANDING THE SI/PT INTERFACE  

 

 

4.1 INTRODUCTION 

 

In the previous chapters, we studied the novel silicon based nanomotor and its immobilized micropump 

counterpart. We proposed that there were two competing mechanisms at Si/Pt nanomotors in the 

presence of H2O2 under visible light exposure. They were the photoactivated electro-osmosis, which 

prevailed over smooth Si/Pt interfaces, and the light insensitive diffusio-osmosis which dominated on 

rough Si/Pt interfaces, respectively.  

 

Previous results with smooth Pt/Si micropump showed that just water could also fuel pumps mediated by 

light besides the reactive H2O2. Such result is still not well understood.61  The light induced water 

decomposition on Si/Pt systems is also an important process to assess since it can provide us useful clues 

of the light induced process with other photochemical fuels such as H2O2.  

 

Moreover, we had also found that the chemomechanical actuation was even enhanced when performing 

oxygen plasma treatment on the Si/Pt system. Such plasma activation effect was already observed in 

previous experiments of our group with Au/Pt pumps. In that case the plasma treatment enhanced the 

redox driving force, increasing the performance of Pt as cathode electrode. That was confirmed by 

electrochemical Tafel measurements46 and was attributed to an increase of oxygen moieties at the metal 

surface. 

 

Therefore, in this chapter, the surface chemical states of silicon, platinum and Si/Pt interface are studied 

by X-ray photoelectron spectroscopy (XPS) either in the ultra-high vacuum conventional way or using 

near-ambient pressure conditions in which condensed water can be formed, thus mimicking conditions 

similar to aqueous solution. These measurements could help to grasp a better understanding of the 

physicochemical mechanism of Si/Pt nanomotors, especially the chemical routes of reduction–oxidation 

reaction at Si/Pt interfaces and the effect of oxygen plasma treatment under condensed water. For 

instance, these photoemission studies could help to better assess the (photo)electrochemical reaction 

and its location (e.g., if the anodic reactions at the Si and cathodic reactions at the Pt  are more favoured 

by the proximity of the Si/metal interface), based on the modification of the amount and nature of the 

oxygen moieties at Si or Pt surface.    
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The fundamental understanding of such (photo)electrochemical interfaces could give us clues to develop 

light activated silicon based motors with higher efficiency and improved performance for their potential 

and appealing applications.  

 

As mentioned, the experiments were carried out in ultrahigh vacuum (UHV) and water vapour ambient, 

and also the effect from visible light illumination was investigated. We tested samples with and without 

oxygen plasma treatments to study the role of oxygen played in the process. 

 

A Perkin Elmer PHI 5500 XPS system with monochromatic Al X-ray source (1486.6eV) was used to 

perform the measurement in ultra-high vacuum (10-10 mbar). In addition, the Near-Ambient Pressure 

Photoemission (NAPP) was employed to study the silicon/platinum interface in water ambient, which 

takes the advantage of mimicking the working conditions to our Si/Pt experiments and, importantly, 

taking into consideration that water could also behave as a fuel for the Si/Pt system. These 

measurements were performed at the NAPP endstation of the CIRCE beamline at the ALBA synchrotron. 

One of the main advantages of synchrotron radiation source is its easy selection of incident photon 

energy, the small size of the beam, and the possibility to change its intensity.  

 

Patterned Si/Pt samples with dimensions 10 mm x 10 mm were tested. The Pt films were deposited on Si 

substrate by electron beam deposition and sputtering respectively with a mask covering half of the 

surface. One prepared sample is shown in Figure 4.1. The samples were activated with oxygen plasma 

prior to measurements. External illumination (visible LED light at 470 nm wavelength) was provided by a 

LED source coupled to and optical fibre, whose output light was focused with a lens in order to illuminate 

only the sample surface, and not the whole sample holder to minimize heating. High resolution 

photoemission experiments were performed at photon energy 235 and 680 eV respectively, at the silicon 

and platinum areas (far away from the Si/Pt interface) and at the Si/Pt interface in order to probe the 

possible photo-induced redox reactions taking place at this region. The 235eV photon energy provides 

sufficient surface sensitivity for the Si 2p and Pt 4f lines (binding energy at 99.3 and 71.0 eV respectively), 

while 680 eV guarantees surface sensitivity for O1s electrons (binding energy at 530 eV) and allows 

exploring the subsurface contribution from silicon and platinum. Moreover, a good sensitivity of the 

oxygen signal is key to monitor the water condensation conditions on sample surface. Experiments were 

performed under LED illumination (ON) and in the dark (OFF) in order to search for potential effects 

induced by visible light illumination. In NAPP, the analysis chamber was filled with water vapour (3 mbar) 

and the sample was cooled down to 00C with a Peltier stage. Such conditions provided a thin liquid water 

layer on the surface without forming ice.186  
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Figure 4.1 captured picture of e-beam evaporated sample mounted on the Peltier sample holder. 
 

4.2 XPS MEASUREMENTS AT HIGH VACUUM AND ROOM TEMPERATURE 

 

At first, the photoemission measurements of Pt/Si were performed in a vacuum of 10-6mbar at 680 eV. 

Under these conditions, although a water monolayer can be formed at a rate of 1 monolayer/second, the 

water undergoes dynamical adsorption/desorption transitions. Figure 4.2a shows a typical XPS spectrum 

for Pt 4f without being activated by oxygen plasma with the characteristic spin–orbit splitting doublet 

corresponding to the metallic bonding (centred at a binding energy, Eb, of 71 eV and with a E separation 

of 3.33 eV). Figure 4.2b shows XPS profiles when the Pt is plasma activated at the same energy, pressure 

and temperature. It can be observed that when Pt is treated, additional peaks appeared at higher binding 

energies of the metallic Pt doublet which correlate well with oxidized states of Pt. The figure 4.2b shows a 

least-square peak fit after a Shirley-type background subtraction of the Pt 4f line using 4 components 

which correspond to metallic platinum (blue, Eb= 71.0 eV), platinum with oxygen adsorbed on the surface 

(red, Pt-Oads, Eb=72.1 eV), PtO (navy, Pt2+, Eb=72.9 eV) and PtO2 (green, Pt4+, Eb= 74.1 eV) respectively.187 

In the least-square fit, a Gelius-type asymmetric line shape was used for the metallic components (blue 

line) while the profile shapes for the rest of components (red, navy and green) were symmetric. The 

FWHM  (Full width at half maximum) for the 71.0 eV feature was <0.6 eV. The following constraints were 

used: (i) same branching ratio and spin orbit splitting for all components and (ii) identical FWHM only for 

the symmetric components. This same methodology of analysis was applied for the following 

measurements in order to have a reliable quantification and to capture subtle details of the effect of 

water. The experimental data and the envelope from the fit are represented by the continuous black and 

yellow lines respectively and show a very good fitting procedure. 
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Figure 4.2 a) spectrum without oxygen plasma treatment. b) Pt 4f spectra of a plasma treated sample. 

The figure also shows the least-square fit after a Shirley-type background subtraction using 4 

components. All experiments were carried out at 680 eV, 10-6 mbar and room temperature. 

 

Given the high intensity characteristics of synchrotron radiation it is very important to assess the extent 

of beam effects on our systems to avoid misinterpretations of the photoemission data. In order to 

evaluate the effect of the x-ray beam on the Si/Pt sample, the time evolution of the Pt 4f photoemission 

spectra was followed at two sample spots, one of them at the middle of the Pt sample and the other at 

the Si/Pt edge under a vacuum of 10-6 mbar and room temperature. The Pt 4f spectra were continuously 

acquired during 44 minutes in the case of Pt spot and during 24 minutes in the case of Si/Pt spot. Only 

very weak changes were observed in the time evolution profiles. The most obvious effect was the slight 

reduction of the signal associated to PtO2 and the slight increase of both the Pt-Oads and metallic Pt 

features as indicated in Fig. 4.3 c and d, which show the first and last measurements during the elapsed 

time of 44 minutes. Such slight increase in Pt-Oads and Pt signal can be attributed to a beam effect which 
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induces a small reduction of PtO2 to be transformed in Pt-Oads and Pt. Therefore we conclude that under 

these conditions the beam effect is very weak. 

 

 

Figure 4.3 Time evolution of the photoemission spectra of the Pt 4f line taken with 680 eV photons at 10-6 

mbar and room temperature on the Pt film (a) and at the Si/Pt edge (b). The changes in the electronic 

states of oxidized are due to continuous exposure to the beam at the same spot and is more 

representative at the Pt region. (c) and (d) represent the first and last measurements during the elapsed 

time of 44 minutes. 

 

4.3 XPS MEASUREMENTS WITH CONDENSED WATER 

 

In this section we characterize the Si/Pt system previously activated with oxygen plasma and in presence 

of condensed water which was achieved under a water vapour pressure of 3 mbar and temperature of 

00C.186 The O 1s profile at 3 mbar and 00C as shown in Figure 4.4 indicates condensed water on the top. 
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Figure 4.4 O 1s spectra at 3 mbar, 00C (red) and 10-6 mbar, room temperature (blue) indicate topmost 

chemical components. 

 

In order to assess X-ray beam effects on the Si/Pt system, the measurements were acquired continuously 

at the same sample spot during 35 minutes. Figure 4.5 shows the photoemission evolution at the Pt side. 

A strong enhancement of the reduction of the different platinum oxides due to the combined effect of the 

beam and the presence of water is observed at both regions. Similar behaviour was observed when 

measuring at the Si/Pt edge. 

 

 

Figure 4.5 Photoemission spectra of the Pt 4f line taken with 680 eV photons at 3 mbar water vapour and 

at 00C evidencing the reduction effects due to continuous exposure to the beam at the same spot. The 

blue spectrum is the one measured at the beginning and the red is the last one. 
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An analysis of the evolution of the peak areas of the different components of Pt as a function of time 

(consecutive spectra) is shown in Figure 4.6. The feature corresponding to metallic Pt increases almost 

linearly, Pt-Oads slightly increases initially and then decreases substantially, while PtO2 slightly decreases 

from the very beginning. The evolution of the PtO line is less clear due to the dominating metallic Pt and 

Pt-Oads lines.  

 

 

Figure 4.6 Evolution of the peak areas as a function of the consecutive spectra (or time) of the four 

components corresponding to the spectra from Figure 4.5. 

 

At 680 eV, the XPS spectra has more contributions of bulk Pt which masks the subtle variations of the 

oxidized Pt signals allocated more at the surface. A similar study on the plasma activated Si/Pt system was 

performed at the same temperature and water vapour pressure, but using the energy of 220 eV which is 

more surface sensitive (see Figure 4.7). The features corresponding to metallic Pt signals demonstrate 

similar trends with respect to the results at 680eV. However, Pt-Oads signal remains in a significant amount 

during the whole analysis exhibiting only a very slight increase at very short times and a very slight 

decrease at longer times. PtO slightly decrease but a significant decline in the PtO2 signal was captured. 
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 Figure 4.7 a) Photoemission spectra of the Pt 4f line taken with 220 eV photons at 3 mbar water vapour 

and at 00C evidencing the damage due to continuous exposure to the beam at the same spot. b) Evolution 

of the peak areas as a function of the consecutive spectra (or time) of the four components 

corresponding to the spectra from (a). 

 

In contrast to the XPS results obtained at UHV in which no significant beam damage is observed,  beam 

effects become extremely important for Si/Pt system with condensed water. We can conclude that the 

platinum oxide is reduced to Pt-Oads and metallic compounds in the presence of water and X-ray 

exposure. The beam can induce radiolysis in the condensed water caused by the beam which generates 

radicals, ions, solvated electrons and molecular species that can interact with the surface. Thus, although 

we do not have direct experimental evidence of the presence of reactive water fragments, we 

hypothesize that the reduction observed at the platinum surfaces is mainly originated by the presence of 
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highly reactive species. One may tentatively associate the observed reduction to the strongly reducing 

agents eaq- and H., although other species may play a role. Such strong beam effects enhanced by water 

mask the chemical pathways associated with the performance of Si/Pt pump in water under LED 

illumination. 

 

4.4 PROBING EFFECTS OF LIGHT AND H2O/H2O2 USING CONVENTIONAL UHV-XPS 

 

The impact of light on the plasma activated Si/Pt could not be obtained in condensed water XPS, since it 

was masked by the e-beam damage effect. We then used to the conventional UHV XPS measurements in 

order to explore if complementary insights were still possible to achieve for our system. 

 

In this section, we further performed XPS measurements of plasma treated Si/Pt systems but after been 

subjected to the chemical fuel (water and H2O2 solution) and light ex-situ to see if they could give 

evidences of chemical changes and thus get more clues about the chemical pathway in the Si/Pt system. 

 

We used patterned Si/Pt samples (size: 10 mm x 10 mm) consisting of silicon substrate half coated by Pt 

using e-beam technique and the photoemission studies were performed  at the Si side, Pt side and Si/Pt 

interface. Five types of sample were prepared ex-situ:  

i) sample with only O2 plasma treatment   

ii) sample with O2 plasma treatment and subsequent water immersion for 30 minutes, 

iii) sample with O2 plasma treatment and subsequent water immersion with light for 30 

minutes,  

iv) sample with O2 plasma treatment and subsequent immersion in 1%wt H2O2 for 30 minutes, 

v) sample with O2 plasma treatment and subsequent immersion in 1%wt H2O2  with light for 30 

minutes.  

The light source was a visible LED light at 470 nm wavelength. The samples were measured by XPS in UHV 

as soon as they were prepared. 

 

Figure 4.8 illustrates the Pt 4f profiles at Pt side and Si/Pt edge under different conditions. The spectra 

are normalised to Pt 4f metallic peak at 71 eV. It can be seen that incubation in water and H2O2 only 

increases the contribution of PtO2 irrespective if they are measured in the middle of Pt part or at the 

edge of Si/Pt or if they are illuminated or not. 
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Figure 4.8 Pt 4f profiles with monochromatic Al X-ray source (1486.6eV) and in ultra-high vacuum (10-10 

mbar). (a) and (b) are Pt 4f profiles of samples with plasma treatment, plasma treatment and water 

immersion with light on and off at Pt side and Si/Pt edge respectively. (c) and (d) are Pt 4f profiles of 

samples with plasma treatment, plasma treatment and 1%wt H2O2 immersion with light on and off at Pt 

side and Si/Pt edge respectively.  

 

However, when comparing samples probed at the Pt side with the ones at the Si/Pt edge, we captured a 

slight shift in the chemical states of Pt towards more metallic ones. Such effect has been observed in the 

5 samples under study. We could speculate that a more reduced state of Pt seems to be present at the 

Si/Pt edge as compared to the Pt side. This effect already appears with the plasma treated sample 

without being subjected to further treatments. 

 

Figure 4.9 compares Pt 4f spectrum taken at Si/Pt edge and Pt side from the sample with plasma 

treatment only in which the slight shift in the chemical states of Pt towards more metallic ones is 

observed in thePt 4f profiles at the Si/Pt edge with respect to the ones at the Pt side. 



   
 

81 
 

 

 

Figures 4.9 comparison of Pf 4f spectrum at Si/Pt edge and Pt side from the sample with only plasma 

treatment. 

 

Therefore, we are not able to provide conclusive remarks on the chemical pathway of these Si/Pt systems 

under illumination, since no strong effects have been achieved with the ex-situ illumination 

measurements. Although in these measurements we do not have the beam effect that masks potential 

chemical changes at the interface, several limitations should be taken into account when carrying out 

conventional XPS measurements. Firstly, the high energy (1486 eV) applied for measuring makes the 

technique less surface sensitive, and higher response from the bulk Pt is captured as compared to 

synchrotron radiation. Thus, it may not able to obtain subtle changes produced at the surface. Secondly, 

the large incident X-ray spot (3mmx1mm) makes it difficult to record chemical changes if they are only 

concentrated at the Si/Pt edge. 

 

4.5 CONCLUSION 

 

To conclude, XPS measurements were conducted in UHV and in the presence of water vapour using 

different photon energies. At 10-6 mbar under synchrotron radiation, the beam damage is very weak, 

slow, and slightly translates in a reduction of the Pt4+ species with an increase of the Pt-Oads and metallic 

components. However, in the presence of condensed water, the beam induced damage is very 

important, much faster and it evolves to a preferential reduction of Pt4+ species to Pt-Oads and mainly to 

Pt ones. The reduced areas after X-ray exposure do not oxidize again in the presence of condensed water. 
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Beam damage is a critical issue for this system and it masks the pursued effect of evaluating the 

photoelectrochemical pathway, reaction location and plasma impact on the Si/Pt systems. Comparison 

with parallel studies undertaken at ICN2 using a conventional X-ray (monochromatic) source could 

suggest that platinum at the Si/Pt edge is more reduced as compared to the platinum film. But such result 

was independent of ex-situ light/fuel exposure. 

 

Concerning the techniques we used, NAPP takes the advantage of working in more real conditions, more 

surface sensitive and smaller probe, but the problems with beam effects in the Pt/Si system have shown 

to be a strong limitation for our systems. One the other hand, UHV XPS does not have the problem of 

beam effects. However, it collects more information from the bulk substrate and has a bigger probe for 

exploring local spatial changes. With such limitations we could not achieve significant insights on the 

chemical states of the components and in the chemical pathways taking place during the 

chemomechanical actuation.  

 

Further studies on this topic could be accomplished using more local probe microscopies which could give 

complementary information on the surface charge density, electric field, redox reactions, etc., by 

combining electrostatic force microscopy in water or H2O2, and scanning electrochemical microscopy. 
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5 TOWARDS LIGHT CONTROLLED MICRO-/NANO MOTORS FOR BIO-

CONTAMINANT REMOVAL 

 

 

5.1 INTRODUCTION 

 

In this chapter, on the one hand, we present a new approach to fabricate light controlled silicon based 

motors by introducing silicon np junctions capped with Au. The goal is to overcome the limitations found 

in the case of Si/Pt motors and to build more effective photochemically controlled motors. These are 

preliminary results, which need a more thorough study and optimization but these first findings hold 

great promise. 

 

On the other hand,  we introduce new photochemical motors based on Si/Fe. Besides the capability of Fe 

of promoting the electron trapping from the excited hole-pair at the Si under illumination, the magnetic 

iron component can also promote Fenton reactions. Moreover, the motion of the Si/Fe can be increased 

by magnetic stirring, thus enhancing the mass transfer and the kinetics of the chemical reactions. The use 

of iron-silicon based structures is very attractive as a low cost but efficient strategy for organic pollutant 

degradation.  

 

5.2 LIGHT CONTROLLED SILICON BASED MOTORS 

 

In the previous chapters, many efforts have been devoted to studying the propulsion mechanisms of Si/Pt 

nanomotor that we originally proposed. The results indicate that direct decomposition of H2O2 at 

platinum surface dominates the overall propulsion of Si/Pt nanomotor. As schematically shown in figure 

2.8 in chapter 2, the photoactive reaction between silicon and platinum part is relatively weak and 

significant photo response cannot be achieved in this configuration. The results from silicon micropump 

illustrate that separated redox interfacial reactions between Si and Pt should be maximized to develop 

light sensitive motor. This effect can be achieved by increasing the perimeter of the interface and 

decreasing the roughness factor of Pt. 
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As an alternative approach, platinum cap layer can be replaced by gold to enhance the photoactive 

reaction by minimizing the direct decomposition of H2O2. On the one hand, it is easier to obtain a 

smooth thin film of gold with respect to platinum. On the other hand, the direct decomposition of 

hydrogen peroxide is slowed down in the presence of gold catalyst.  

 

It is also worth noting that the silicon based nanomotor diameter is much smaller compared to that of 

the micropumps we investigated. The size effect may play an essential role in the different behaviours of 

photo response, which is related to the perimeter of the interface between silicon and noble metal.  

 

Last but not least, the photoelectron generation can be enhanced if a PN junction at the silicon part is 

introduced. As shown in figure 5.1, an electric field is built-up in the interface in a Si PN junction because 

of charge diffusion at the interface from n-Si and p-Si. As a consequence of doping, there is a large 

amount of mobile electrons on the n-type side, but very few mobile electrons on the p-type side. Because 

of the random thermal motion of the free electrons, electrons from the n-type side start to diffuse into 

the p-type side. The same happens on the p-doped region. There is a large amount of mobile holes on the 

p-type side, but very few mobile holes on the n-type side and holes in the p-type side, start diffusing 

across into the n-type side. As the electrons in the n-region diffuse across towards the p-type side, they 

leave behind positively charged n-dopant ions, near the interface between the n and p regions.  Similarly, 

the positive holes in the p-type region diffuse towards the n-type side and leave behind negatively 

charged p-dopant ions. This process sets up an electric field right at the junction between the n-type and 

p-type material pointing from the positively charged ions in the n-type region to the negatively charged 

ions in the p-type part. Under light illumination the excited hole-electron pair can be more efficiently 

separated due to such built-in electric field. The electrons will be more attracted towards the positive 

charge on the n-type material side.  Similarly, the holes will be more attracted to the negative charge on 

the p-type material side. Such process will promote a current of the excited electrons towards the metal 

cap in contact with the n-type segment, thus favouring the reduction of the chemical fuel at the n-doped 

Si/metal side and the fuel oxidation at the p-doped Si. 
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Figure 5.1 electron/hole pair generation at PN junction under light illumation. 

 

Therefore, we proposed silicon microdiodes (3 μm × 3 μm × 3 μm in dimension) with a 50nm gold layer 

on the top.  The microdiode was fabricated by a vertical deep reactive ion etching (DRIE) of PN silicon 

wafer using the Bosch process.188 The gold layer was deposited by e-beam evaporation with the same 

recipe as for the silicon micropump fabrication, which gave smooth gold surface. During gold 

evaporation, the PN junction was protected by a 50nm thick silicon dioxide layer on side walls to avoid 

short circuit between the top gold layer and the PN junction. Such silicon dioxide layer was initially 

introduced to protect the microdiode during reactive ion etching process to obtain a thin anchor 

underneath for releasing microdiodes from substrate. The SiO2 protective layer was removed by a 

subsequent selective chemical etching in HF solution before the microdiodes were released in water 

under sonication. 

 

 

Figure 5.2 SEM image of microdiodes with gold layer on the top (Left), SEM image of cross section of the 

PN junction with junction depth of 560nm (Right).188 
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As a preliminary test, we investigated the suspended Au/silicon microdiodes in water under microscope. 

Notable directional motion was observed in the presence of 1% H2O2 with a recorded maximum speed of 

1.54um/s under white illumination through the microscope objective. The velocity of the microdiode 

significantly drops to zero as the light intensity was attenuated from 100% to 40%. The trajectory of a Si 

microdiode in 1% H2O2 aqueous solution was shown in Figure 5.3. These findings were consistent with the 

results from micropumps.  

 

 

Figure 5.3. A silicon microdiode under microscope (Left), trajectory of the silicon microdiode in the 

presence of 1% H2O2 solution achieving maximum speed at 1.54um/s (Right). 

 

Therefore, it has been demonstrated that visible light sensitive silicon motor could be established by 

introducing a PN junction and increasing the size of the motor from nanoscale to microscale. Under light 

illumination the electric field at the pn junction favors the charge separation and avoids recombination, 

thereby inducing more efficient redox processes at the p-Si and n-Si/gold interfaces. Possible chemical 

pathways of the redox process are the ones below in which protons are produced at the anode and 

consumed at the cathode. Such redox reactions would induce a net proton current from anode to 

cathode and hence an electric field in such direction (Figure 5.4). The electric field would drag fluid in the 

same direction and the propulsion of the motor in the opposite direction. The process can be expressed 

in the following equations: 

 

Anode (p-type Si): 𝐻2𝑂2 → 𝑂2 + 2𝐻
+ + 2𝑒− 

10µm 10µm 
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or/and 

Anode Si: 𝑆𝑖 + 𝐻2𝑂2 → 2𝐻
+ + 𝑆𝑖𝑂2 + 2𝑒

− 

 

Cathode (n-type Si/Au): 𝐻2𝑂2 + 2𝐻
+ + 2𝑒− → 2𝐻2𝑂 

or/and 

Cathode (n-type Si/Au): 𝐻2𝑂2 + 2𝐻
+ + 2𝑒− → 2.𝑂𝐻 + 𝐻2 

 

Moreover, a higher redox process would reinforce the electric field generated in the solution interface 

due to chemical gradients generated. 

 

  

Figure 5.4 Schematic of silicon microdiode propulsion showing the generation of an electric field in the 

side of the electrolyte. 

 

In microscale motors, the perimeter of the Si/Au interface is increased. This enables enhancing the redox 

process and the generated electric field at the Si/Au interface. In addition, Brownian’s motion is 

remarkably decreased in the microscale, which helps in obtaining more directional propulsion. 

 

As mentioned before, these are preliminary results and still further studies are needed to optimize the 

PN junction, by evaluating the dopant concentration and thickness of the dopant region, as well as 

comparisons with p-Si/Au and n-Si/Au. It would be useful to characterize the electric field at the junction 
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as well as the one at the solution interface and compare with simulations. Studies with immobilized n-p 

Si/Au motors in a pump configuration could also be addressed to gain more insights of the 

photoelectrochemical actuation.  

 

5.3 CONTAMINANT REMOVAL 

 

To improve the efficiency of organic contaminant removal in water, we developed a Si/Fe nanomotor. As 

mentioned in the introduction, the iron segment provides the added value that magnetic stirring can be 

induced in these nanostructures through an external rotating magnetic field to favour the kinetics of 

contaminant degradation. Moreover, it can take advantage of both reactive oxygen species (ROS) 

generation from silicon photocatalytic process and from  advanced oxidation processes triggered by 

reactive iron (Fenton reaction outlined below), and the extreme low cost compared to noble metals. The 

elemental iron (Fe0) or zero-valent iron (ZVI) is a reactive metal and an effective reducing agent.189 

 

The Si/Fe nanomotor consists of a silicon nanowire with 200nm in diameter and 1.5um in length and a 

100nm thick Fe cap layer. In order to evaluate the performance of these Si/Fe nanowires in water 

contaminant degradation, we used the same BTX solution (5ppm of Benzene, Toluene and Xylene in 

water) as the one used in chapter 2. These photocatalytic Si/Fe nanowires were compared with 

polystyrene/Fe nanoparticles in which only the Fenton reaction takes place. Such comparison will allow 

us to decouple the photocatalytic effects mediated by Si from the Fenton reaction and have a better 

assessment of the Si/Fe performance.  These particles were fabricated by depositing 100nm Fe cap layer 

on top of polystyrene nanoparticles with a diameter of 200nm. The concentrations of Si/Fe nanowires 

and polystyrene/Fe nanoparticles were estimated to be in the same order of magnitude (20 mg/L).  

 

Different samples were prepared: 1) BTX solution with Si/Fe nanowires and 0.1 M NaCl with magnetic bar 

stirring; 2) BTX solution with Si/Fe nanowires and 0.1 M NaCl under light illumination; 3) BTX solution 

with Si/Fe nanowires under light illumination; 4) BTX solution with polystyrene/Fe nanoparticles and 0.1 

M NaCl with magnetic bar stirring and 5) BTX solution with polystyrene/Fe nanoparticles and 0.1 M NaCl 

in an external rotating magnetic field (2mT). These samples were compared to a reference based on 5 

ppm of BTX solution. NaCl was included in these cases in order to evaluate the salt effect on the Fenton 

reaction since would favour the release of Fe2+.  
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The overnight removal rates of BTX in water under various conditions are shown in Figure 5.5. A very 

relevant decrease in BTX removal was observed for the samples based on Fe nanoparticles in which the 

Fenton reaction could be taking place. ZVI can degrade and oxidize organic compounds with the help of 

dissolved oxygen in water by producing hydroxyl radical (˙OH) through a group of cyclic reactions as 

shown below.190 

 

𝐹𝑒0 +𝑂2 + 2𝐻
+ → 𝐹𝑒2+ +𝐻2𝑂2 

𝐹𝑒0 +𝐻2𝑂2 + 2𝐻
+ → 𝐹𝑒2+ + 2𝐻2𝑂  

𝐹𝑒2+ +𝐻2𝑂2 → 𝐹𝑒
3+ + 𝑶𝑯∙ + 𝑂𝐻− 

 

  

Figure 4.5 The residual percentage of benzene, toluene, and xylene after different treatments overnight. 
Series of treatment:  

1. BTX solution with Si/Fe nanowires and 0.1 M NaCl under stirring with a magnetic bar.  

2. BTX solution with Si/Fe nanowires and 0.1 M NaCl under light illumination.  

3. BTX solution with Si/Fe nanowires under light illumination.  

4. BTX solution with polystyrene/Fe nanoparticles and 0.1 M NaCl under stirring with a magnetic bar.  

5. BTX solution with polystyrene/Fe nanoparticles and 0.1M NaCl in an external rotating magnetic field 
(2mT). 
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More than 50% of the BTX in the solution was decomposed overnight when using polystyrene/Fe 

nanoparticles in 0.1 M NaCl under an external magnetic field showing also the high performance of 

magnetic stirring in the degradation kinetics. This result with ultra-low iron concentration (20 mg/L) was 

quite promising compare with the ones reported in which the Fe concentration is in the range of 

g/L191,192. 

 

On the other hand, an important BTX degradation can be observed when the Si/Fe is overnight 

illuminated and without being subjected to external stirring but just only with the movement induced by 

the photochemical reaction. This finding shows that light induced reactive oxygen species (ROS) 

generation from silicon photocatalytic process makes a relevant contribution to the BTX destruction. It is 

also worth noting that adding sodium chloride is detrimental for the photochemically activated Si/Fe 

nanowires probably due to an increase of the photocorrosion of the Si component enhanced by the salt 

with the consequent degradation of their integrity and hence in their performance for the contaminant 

removal. 

 

5.4 CONCLUSION 

 

To conclude, we successfully demonstrated a light-controlled silicon microdiode micromotors, which was 

consistent with the results obtained with the smooth Pt/Si micropumps. The criteria to build up the light 

sensitive silicon based motor were established. In order to maximize separated redox interfacial reactions 

between Si and noble metal, an NP junction can greatly contribute by the built-in electric field to favour 

the hole/electron separation. Moreover, the perimeter of the interface should be large enough and the 

surface of noble metal smooth.  

 

For the application of organic contaminant removal in water, we demonstrated that the elemental iron 

(Fe0) or zero-valent iron (ZVI) in nanoscale is a powerful tool to destruct organic contaminants in 

wastewater through a Fenton reaction pathway. In the case of Si/Fe nanowires, corresponding 

contaminant degradation was observed under visible illumination showing an important contribution of 

the photocatalytic effect in the overall generation of ROS. It is also worth noting to highlight the low 

concentration of iron (20mg/L) that was used in our experiment to achieve more than 50% of BTX 
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removal overnight with respect to the reported ones, which suggested a rather high efficiency of 

contaminant removal in our case.  
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6 CONCLUSIONS AND FUTURE PERSPECTIVES 

 

 

6.1 CONCLUSIONS 

The goal of the work was to develop photo-chemically powered silicon/metal nanomotors, to study the 

key physicochemical parameters controlling their performance and to analyse their potential application 

in organic contamination cleaning in water. Very promising organic removal nanosystems have been 

achieved by the end of the work. The main conclusions are summarized as follows: 

 

 We successfully fabricated silicon nanowires as core of the nanomotors with different 

dimensions, different surface morphologies, and different porosities. 

 Significant directional motion was observed at the sputtered Pt/Si nanomotors with recorded 

maximum speed at 31 µm/s in the presence of 1%wt H2O2. However, scarce directional motion 

was captured for nanomotors with Pt evaporated by e-beam deposition. Moreover, negligible 

dependence of light wavelength and intensity on swimmer motion was observed. 

 We demonstrated that there are two competing propulsion mechanisms under visible light 

irradiation at the Pt/Si pump configuration. One is driven by an electro-osmotic process 

stemmed from a photoactivation reaction  of H2O2 decomposition mediated by Si as anode and 

Pt as cathode. The other one is not light responsive and is triggered by the redox decomposition 

of H2O2 exclusively at the Pt surface. Indications of such competitive mechanism were obtained 

when performing contaminant degradation experiments with Si/Pt nanomotors. However such 

output was thoroughly proved by comparing Si/Pt pumps with rough Pt (evaporated by 

sputtering) and smooth Pt (evaporated by electron-beam). We showed that the actuation 

mechanism of the Pt/Si pump can be switched from light-controlled electrokinetics to light-

insensitive diffusio-osmosis by only increasing the metal surface roughness. 

 We could not reach conclusive results on the nature and location of the photochemical reaction 

at the Si/Pt pumps in contact with condensed water by probing the chemical states of Si/Pt 

through Near-Ambient Pressure Photoemission (NAPP) with synchrotron radiation. Strong beam 

effects masked the photochemical reactions mediated by water with visible light and hence their 

corresponding chemical changes in the photoemission characteristics of the Si/Pt system. 

Conventional XPS measurements only provided very weak indications of reduced Pt species at 

Si/Pt edge as compared to other Pt regions.  The role of external illumination was not conclusive. 
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 We successfully demonstrated a light-controlled silicon microdiode motor with a smooth gold 

cap layer, which helped to establish guidelines for optimizing photoelectrochemically driven 

Si/metal swimmers. These preliminary results suggested that a PN junction with the generated 

built-in electric field can favor the hole/electron separation and hence the photoelectrochemical 

redox reactions at the anode and cathode of the microdiode, and strengthening the electric field 

at the solution interface. Moreover, the larger perimeter of the Si/metal edge provided by the 

microscale range together with the smooth surface characteristics of the Au cap could enhance 

the photochemical separated redox interfacial reactions between Si and noble metal.  

 Silicon/zero-valent iron (ZVI) nanosystems have demonstrated relevant organic degradation 

performance under visible light illumination showing an important contribution of the 

photocatalytic effect in the overall generation of ROS apart from the contribution provided by 

the Fenton reaction. Furthermore zero-valent iron/polystyrene nanoparticles have shown a very 

significant decontamination performance via Fenton reactions enhanced by the presence of salts 

and external magnetic fields. 

 

6.2 FUTURE PERSPECTIVES 

 

Silicon based photocatalytic micro-/nanomotors hold great potential for future practical applications, 

however there is still plenty of room for further improvement and optimization. 

 

Within the thesis, we have demonstrated that various parameters (metal layer roughness, aspect ratio of 

the motor, silicon heterojunction) influenced the propulsion mechanisms of the silicon swimmers. 

Further optimizations are needed to achieve the most efficient photocatalytic motion under visible 

and/or NIR light illumination. There are many fundamental issues still unsettled on the Si/metal devices 

that need to be addressed such as the photochemical reaction pathway and location. To probe the 

chemical pathways within Pt/Si motor configuration in aqueous solution, further studies could be 

accomplished using local probe microscopies. Furthermore, better understanding of the oxygen plasma 

activation is still needed to study the impact of oxygen components on Si and Pt under light illumination. 

In addition, salt or ionic effects on Si/Pt motion when triggered by diffusiophoretic mechanisms should be 

elucidated in future study. 
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We have achieved encouraging results with the silicon based microdiode capped with gold as light driven 

motors. The introduction of np junctions seems to be a very promising strategy to enhance the 

photochemically driven motion, but a lot of work is still needed to optimize their performance by a 

thorough assessment of the dopant concentration and thickness of the dopant region, the built-in electric 

field at the n-p junction and the electric field at the liquid stemming from the photochemical reactions.   

Studies with immobilized n-p Si/Au motors in a pump configuration together with numerical simulations 

could also be addressed to gain more insights of the photoelectrochemical actuation. 

  

In the last section of this thesis we have seen that zero valent iron based nanomotors are promising low 

cost candidates with capabilities for a powerful organic decomposition even at very low concentration of 

nanowires/nanoparticles. More work is still needed to understand electrochemical reactions between 

iron and silicon and to explore photo-activated Fenton reactions for degradation of organic pollutants. In 

addition, the introduction of magnetic segments to induce magnetic stirring for increasing degradation 

kinetics still needs to be widely exploited.  Moreover, other low-cost catalyst materials with 

photochemical or Fenton capabilities for ROS production can be also pursued such as ferrites, copper 

oxides or MnO2.  From the point of view of realistic applications low-cost chemical routes, as well as the 

concepts of scalability, recovery and reusability could be approached in the future for this kind of devices. 

In addition, fuel is also a key aspect to consider for practical environmental applications. Chemicals or 

fuels for silicon based micro-/nanomotors are still rather limited. Fuels with high propulsion efficiency 

and compatibility should be developed in the future work. The ideal fuel could be just water or the 

pollutant in water itself for practical application. 

 

Accordingly, many efforts are still needed to explore some unsettled issues in the physicochemical 

fundamentals of this topic as well as in the development of real applications. We have provided some 

promising nanosystems that need to be optimized and exploited, thus guaranteeing the continuity of this 

research topic. 
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7 APPENDIX: MATERIALS AND METHODS 

 

 

7.1 SILICON NANOMOTOR FABRICATION 

 

Our novel motor consists of silicon nanowire and noble metal cap layer. The silicon nanowire (Si NW) is 

fabricated using colloidal lithography followed by metal-assisted chemical etching (MACE). The noble 

metal (platinum or gold in this work) is coated by electron beam evaporation or sputtering. Figure 7.1 

shows the process flow of the silicon nanomotor fabrication. 

 

 

Figure 7.1. The process flow of the silicon nanomotor fabrication 

 

7.1.1 COLLOIDAL LITHOGRAPHY 

 

The fabrication starts with colloidal lithography, which means patterning surface with monolayers of 

colloidal particles. The non-close packed colloidal pattern is prepared as the template for the subsequent 

metal assisted chemical etching of silicon substrate to obtain vertically aligned silicon nanowire array.  

 

Two approaches of colloidal lithography are developed within this work. The first one starts with the 

formation of hexagonal close-packed polystyrene sphere monolayers at air/water interface as shown in 

figure 7.2. The as-received polystyrene sphere of 400nm in diameter from Sigma-Aldrich is diluted by 

ethanol at a ratio of 1:1. This mixture is sonicated for several minutes and continuously injected onto the 

Milli-Q water surface through the precisely controlled syringe pump system at a rate of 5 μL/min. The tip 

of the needle is strictly positioned to be exact in contact with the water surface. The driving force for the 

Colloidal 
lithography 

Metal-assisted 
chemical 

etching (MACE) 

Pt cap layer 
deposition 

Release of 
nanomotors 
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spreading of polystyrene nanospheres is associated with the Marangoni effect, a mass transfer along the 

interface between two fluids as a result of surface tension gradient.193 Once the hexagonal close packed 

pattern is formed on the entire water surface, the water is drained from the bottom of the Teflon bath 

slowly and ultimately the polystyrene monolayer is transferred to 4 inch silicon substrate underneath. It 

is worth noting that the silicon wafer is place on a slightly tilted holder (5 degree) at the bottom of the 

Teflon bath, which facilitates water draining and polystyrene monolayer transfer.  

 

 

Figure 7.2 Schematic of the process to achieve close packed polystyrene nanobeads self-assembly on a 

silicon wafer 

 

The 400nm self-assembly polystyrene nanospheres are reduced by size isotropically using oxygen gas 

Reactive Ion Etching (RIE, 2000 CE from South Bay Technology Inc.). The reduced diameter ranging from 

100 to 300 nm is controlled by etching time. One SEM image after RIE is shown in Figure 7.3. 
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Figure 7.3 SEM image of etched polystyrene nanospheres 

 

Another method we developed to achieve non-close packed pattern is based on electrostatic deposition 

of silica nanospheres on silicon substrate. The process flow is illustrated in figure 7.4 below. At first the 

silicon substrate is treated by oxygen plasma using PVA Tepla PS-210 microwave plasma etcher for 5 min 

at power of 400W to remove surface contaminants and activate surface by introducing negative surface 

charges. The negative charged silicon surface is coated by poly(diallyldimethylammonium chloride) 

solution (PDDA, 0.1 wt% from Sigma Aldrich), which is a positive polyelectrolyte, for 1 minute. The wafer 

is then rinsed in Milli-Q water and blown dry by N2 gas. The 1% negative charged silica colloidal solution 

with 100nm in diameter is dropped on the surface afterwards. Due to the attractive electrostatic forces 

between positive charged PDDA layer and negative charged silica colloids, the silica nanobeads are 

attached to the surface. In the meantime, the repulsive forces among the silica particles promote a short 

range order monolayer on the silicon substrate. Finally the wafer is rinsed in Milli-Q water to remove 

extra silica particles and it is dried by critical point drying to preserve non-close silica pattern on the 

surface.  

 

 

Figure 7.4 Schematic of the process to achieve non-close packed silica nanobeads self-assembly on a 

silicon wafer 

 

Figure 7.5 shows an example of a non-closed packed pattern of  silica nanobeads with 100nm in diameter 

using the electrostatic deposition approach described above. 
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The PDDA layer between silicon substrate and silica nanobeads needs to be removed by PVA Tepla PS-

210 microwave plasma etcher for 5 min at power of 400W. This step is required for the following MACE 

process to achieve direct contact between silicon substrate and deposited metal thin film. 

 

 

Figure 7.5 SEM image of a non-closed packed pattern of silica nanobeads with 100nm in diameter  

 

7.1.2 METAL-ASSISTED CHEMICAL ETCHING (MACE) 

 

The first report of metal-assisted chemical etching of Si was reported by Malinovska et al. in 1997.194 In 

the MACE procedure, a Si substrate partly covered by a noble metal (gold in this work) is immersed in an 

etchant composed of HF acid and an oxidative agent (H2O2 in this work). The Si under the noble metal is 

etched much faster than the Si where is not covered by the noble metal. As a result, the geometry of 

metal template is transferred to the silicon substrate underneath while the etching process is going 

vertically. The process flow of fabrication of silicon nanowire array by MACE is indicated in figure 7.6. 

 

 

Figure 7.6 The process flow of fabrication of silicon nanowire array by MACE. 1. Non-close packed 

colloidal pattern. It is employed as the mask for gold mesh deposition. 2. Gold layer deposition and 
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colloidal lift-off to form gold mesh on silicon substrate. 3. Fabrication of vertically aligned silicon 

nanowire array by MACE in HF/H2O2 solution. 

 

In this work, a gold (Au) thin layer ranging from 20 to 50 nm, which depends on the diameter of 

nanobeads, is evaporated on the patterned surface by electron beam evaporation (AJA UHV model ATC 

ORION). A 1nm titanium (Ti) thin film is coated as an adhesive layer between silicon substrate and gold 

layer. The nanobeads are peeled off from the substrate by adhesive tape afterwards. The remaining gold 

mesh on Si substrate is then cleaned by oxygen plasma, which can be used as the template for fabrication 

of silicon nanowire array. The sample is immersed in the mixture of HF/H2O2 aqueous solution. The 

length of Silicon nanowire is controlled by the immersion time and the diameter is determined by the size 

of nanobeads in the previous colloidal lithography step. The sample is rinsed in Milli-Q water to terminate 

the wet chemical etching when the desired length is achieved. In order to preserve the high aspect ratio 

of the nanowire array during drying process, the rinsed samples are transferred to isopropyl alcohol (IPA) 

bath before blown dry by nitrogen. Figure 7.7 shows SEM images of Si nanowire array with different 

diameters. 

 

 

Figure 7.7 SEM images of Si nanowire array with different diameters. Left: 300nm in diameter. Right: 

100nm in diameter. 

 

Silicon nanowire arrays with higher porosity can be developed by adding an extra thin film of silver on the 

top of the gold layer during the electron beam evaporation. When the sample is dipped in the MACE 

etchant, part of the brittle silver layer will peel off and turn into nanoparticles in the solution. As long as 

these silver nanoparticles attach to the sidewalls of the nanowires, the chemical etching of silicon starts 
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locally. Thus, the porosity of silicon nanowire can be modulated by introducing a silver layer. Figure 7.8 

shows one example of porous silicon nanowire array with 200 nm in diameter. 

 

 

Figure 7.8 SEM image of porous silicon nanowire array with 200 nm in diameter. 

 

We also further modify silicon nanowire top morphology by site-selective deposition of silver 

nanoclusters on the top of nanowire tuning etching anisotropy.195 Figure 7.9 illustrates SEM images of the 

modified top morphologies by modulating the relative concentration in the [AgNO3 + HF + HNO3/H2O2] 

etching system. 

 

 

Figure 7.9 SEM images of the modified top morphologies. 
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7.1.3 PLATINUM CAP LAYER DEPOSITION AND RELEASE OF NANOMOTORS 

 

A platinum cap layer is deposited on the vertically aligned silicon nanowire array by electron beam 

evaporation with sample perpendicular to platinum source (AJA UHV model ATC ORION, directional 

source beam) and by sputtering with a tilted angle (Leica EM ACE200, non-directional source beam). The 

schematic of tilted Pt coating is shown in figure 7.10. In this case, the closest neighbour nanowires can 

play as the mask for the central one during the deposition process and thus the coating on the side wall 

of the nanowire is minimized. 

 

 

Figure 7.10 Schematics of the tilted Pt sputtering. Multiple depositions are carried out and the sample is 

rotated manually after each run to achieve a homogeneous thin film on the top of nanowire array. 

 

The final step of silicon nanomotor fabrication is to suspend it in water from the substrate by ultra-

sonication. A bath of several minutes in the ultrasonic cleaner (Elmasonic S30, 37kHz) is usually sufficient 

to release silicon nanomotors. However, in the case of some dense silicon nanowire arrays, the probe 

sonicator (Qsonica Q55) is required to generate concentrated sonic waves on the sample surface to 

release nanomotors. The evaporated and sputtered samples after sonication suspension are shown in 

figure 7.11 below. 
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Figure 7.11 SEM images of the evaporated and sputtered samples after sonication suspension. Left: 

evaporated platinum sample array with inset of suspended silicon nanomotors (1µm in length and 200 

nm in diameter). Right: sputtered platinum silicon nanomotors with 1µm in length and 200nm in 

diameter after suspension with inset of the zoom-in view of top platinum layer. 

 

7.1.4 NANOMOTOR TRACKING 

 

The suspended silicon nanomotor propulsion behaviour is tracked under optical microscopes in a 1%wt 

H2O2 solution. Zeiss Axio Observer Z1m optical microscope, with a polychromatic light source and long 

working distance objectives (5X, 10X, 20X, 50X and 100X), is used to perform the experiment at different 

light intensities. TSC SP5 Leica confocal microscope, with an AOBS (Acousto-optical Beam splitter) and 

monochromatic laser sources in scanning mode, is employed to investigate Si nanomotor motions at 

different wavelengths and intensities. 

 

The captured video is analysed by software Imaris196, and the motion trajectories are plotted using the 

autoregressive motion algorithm designed for continuous movement in Imaris. Normal directional 

trajectories with more than 5um length are selected for mean velocity calculations.   

 

7.2 PUMP FABRICATION AND TRACKING 
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The silicon/platinum pump consists of a platinum disk on a silicon substrate. It can be considered an 

immobilized silicon motor and a counterpart to study the propulsion mechanism of the photocatalytic 

nanoswimmers.  

 

In this work, pumps are fabricated by patterning Pt discs with a diameter of 50 μm and a thickness of 50 

nm on p-doped silicon surfaces (10-20 ohm cm) by electron beam lithography, followed by platinum 

deposition either by electron beam evaporation (AJA UHV model ATC ORION) or sputtering (Leica EM 

ACE200). In the case of the electron beam evaporation, a very thin adhesion layer of chromium is 

deposited between the metal disc and the silicon substrate. 

 

The detailed fabrication process of Si/Pt micropump is described below. At first a 2cm by 2cm silicon 

substrate is cleaned with acetone and IPA in a sonication bath respectively. After the surface is blown dry 

by nitrogen, a double PMMA layer with different molecular weights (950K and 495K from Microchem) is 

deposited on top by spin coating as shown in step 1 of figure 7.12. After electron beam exposure using 

Inspect F50 from FEI and PMMA development in a 1:3 mixture of methyl isobutyl ketone (MIBK) and IPA, 

an undercut profile of the PMMA resists is formed as shown in step 2. In such a structure, coating the 

sidewall of the resist can be avoided when Pt is evaporated in step 3. Thus, the well-defined micropump 

with smooth edge can be achieved after the lift-off process in acetone sonication bath. 
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Figure 7.12 Process flow of silicon micropump fabrication. 1. e-beam exposure on PMMA resist. 2. PMMA 

development in a mixture of MIBK and IPA. 3. Pt deposition by e-beam evaporation or sputtering. 4. Lift-

off process in acetone sonication bath. 

 

The fabricated pump is investigated under Nikon Eclipse LV100 optical microscope. The fluid motion is 

followed by tracking the motion of colloidal particles with different surface charges in 1%wt H2O2 

solution, the same concentration as in the case of nanomotor tracking. 

 

The recorded tracer motion video is converted into image series with the help of software iWisoft. The 

object tracking software Diatrack197 is used to analyse the images and calculate the mean velocity of the 

colloidal particles. 

 

7.3 CHEMICAL ANALYSIS TECHNIQUES FOR CONTAMINANT REMOVAL 

 

The mixture of benzene, toluene, and xylene (BTX) is applied as reference to evaluate the capability of 

our silicon nanomotors to decompose organic contaminants in water. Gas chromatography with flame 

ionization detector (GC-FID) is employed to measure the concentration of BTX solution after adding the 

silicon nanomotors into the solution. 

 

Gas chromatography (GC) is a widely used technique for qualitative and quantitative chemical compound 

analysis. The basic components of a typical equipment to perform GC are shown in Figure 7.13. It mainly 

consists of carrier gas system, sample injection system, column, and chromatographic detector. 
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Figure 7.13 Block diagram of a typical gas chromatograph.186 

 

The flame ionization detector (FID) is the most widely used and generally applicable detector for GC. With 

a FID, as shown in Figure 7.14, effluent from the column is directed into a small air/hydrogen flame. Most 

organic compounds produce ions and electrons when pyrolyzed at the temperature of an air/hydrogen 

flame. These compounds are detected by monitoring the current produced by collecting the ions and 

electrons. A voltage applied between the burner tip and the collector electrode located above the flame 

is used to collect the ions and electrons. The resulting current is then measured with a sensitive 

picoammeter. The number of ions produced is approximately proportional to the number of reduced 

carbon atoms in the flame. As the FID takes responses to the number of carbon atoms entering the 

detector per unit of time, it is a mass sensitive chromatographic detector with a high sensitivity (10–13 

g/s), which is independent from the effect of flow rate changes of the carrier gas.198 

 

 

Figure 7.14 A typical flame ionization detector from Agilent Technologies. 186 
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7.4 SURFACE ANALYSIS TECHNIQUES 

 

7.4.1 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

 

X-ray photoelectron spectroscopy (XPS) is employed as the quantitative method to analyse surface 

chemical composition. The schematic of XPS measurement is shown in figure 7.15. When the sample is 

irradiated with a beam of x-ray, the kinetic energy and number of electrons that escape from the surface 

of the material are collected in ultrahigh vacuum (UHV). The electron binding energy 𝐸𝐵
𝐹(𝑘) as illustrated 

in figure 7.15 is measured in the experiment. It is defined as: 

𝐸𝐵
𝐹(𝑘) = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − 𝜙𝑠𝑝𝑒𝑐 

where 𝐸𝐵
𝐹(𝑘) is the binding energy referred to the Fermi level, ℎ𝜈 is photon energy, 𝐸𝑘𝑖𝑛 is kinetic energy 

and 𝜙𝑠𝑝𝑒𝑐 is spectrometer work function. 

 

The binding energy is influenced by the chemical surroundings, which makes XPS suitable for determining 

chemical states. In addition, XPS is surface sensitive because the emitted photoelectrons originate from 

the upper 0.5–5 nm of the sample, despite the deeper penetration of the primary X-rays compared to a 

primary electron beam.199 
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Fiugue 7.15 The schematic of XPS measurement 

 

Within this work, a Perkin Elmer PHI 5500 XPS system with monochromatic Al X-ray source (1486.6eV) is 

applied to perform the measurement in ultra-high vacuum (10-10 mbar). Analysed depth is 10 nm. XPS 

data is analysed with CasaXPS. 

 

7.4.2 NEAR-AMBIENT PRESSURE PHOTOEMISSION (NAPP) 

 

Compared to conventional XPS in UHV, a differential pumping system equipped with  electrostatic lenses 

(see in figure 7.16) is employed in near-ambient pressure XPS to collect a substantially larger fraction of 

escaped electrons that would otherwise be lost due to the scattering with gas molecules in near-ambient 

pressure.200 
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Figure 7.16 schematic of a typical near-ambient pressure XPS system 

 

In this work, Near-Ambient Pressure Photoemission (NAPP) is employed to study the silicon/platinum 

interface in water ambient. It was performed at the NAPP endstation of the CIRCE beamline at the ALBA 

synchrotron. 

 

The NAPP endstation consists of a load lock chamber, a sample preparation chamber and an analysis 

chamber for the XPS measurements in UHV or in the presence of different gases with pressures up to 20 

mbar. The XPS analyser is a PHOIBOS 150 NAP.201 
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