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SnO2 films containing organized mesopores and nanocrystal-

line frameworks with easily removable surfactant templates

were produced electrochemically using interfacial amphiphilic

assemblies formed on the working electrode as a template.

SnO2 has many technological applications including photoelec-

trochemical cells, gas sensing, and rechargeable Li-ion batteries.1

The efficiencies of these devices directly rely on the surface areas

and interfacial structures of film-type SnO2 electrodes. Therefore,

many efforts have been made to produce mesoporous SnO2 with

enhanced surface areas and interfacial kinetics.2 If the mesoporous

structure is composed of uniform pore size and pore connections, it

can also offer opportunities to study the effect of specific

nanostructural details on chemical and physical properties of the

SnO2 electrodes. In addition, charge transport properties of

uniformly organized mesoporous frameworks are reported to be

superior to those of mesoporous films composed of randomly

connected nanoparticles creating unorganized mesoscale voids.3

Therefore, achieving the synthetic ability to produce SnO2 or other

inorganic films with various organized mesoporous structures (i.e.

connectivity, pore size) can be highly desirable for both

fundamental studies and technological applications.

To date, SnO2 with organized mesoporous structures has been

prepared via precipitation or sol–gel based methods combined with

supramolecular surfactant templating.2 However, most of these

syntheses were aimed to prepare powder-type materials that cannot

be readily integrated into electrochemical devices. Successful

production of high quality mesoporous SnO2 films by sol–gel

based dip-coating methods has been relatively limited. This is

probably because the sol–gel based dip-coating method involves

synthetic variables that may not be freely controlled (e.g. rate of

evaporation, rate of hydrolysis).

In this study, we report an electrochemical interfacial surfactant

templating method that provides a one-step procedure to construct

SnO2 films containing organized mesopores and nanocrystalline

frameworks with easily removable surfactant templates. In this

method, surfactant templates were organized by surface forces at

the solid/liquid interface (i.e. the working electrode surface) and

construction of inorganic frameworks was achieved by electro-

deposition. This is quite different from the sol–gel dip coating

method where surfactant self-assemblies are induced by evapora-

tion and inorganic mesoporous walls are produced by the sol–gel

processes. Therefore, this method can provide a general comple-

mentary route to the sol–gel dip-coating method for producing

SnO2 and other various materials as mesoporous films. The

electrochemical interfacial templating method has been previously

used to produce films with two dimensional mesoporous structures

(e.g. lamellar and 2D hexagonal),4 but this is the first time to

produce films containing a three-dimensional mesoporous struc-

ture by this method.

SnO2 films were electrodeposited by reduction of NO3
2 ions,

which generates OH2 ions (NO3
2 + H2O + 2e2 A NO2

2 +

2OH2; Eu = 0.01 V vs. NHE).5 An increase in the local pH near

the working electrodes provides for deposition of SnO2 as a film

on the working electrode. A typical plating medium used for this

synthesis contains 0.1 M SnCl2, 0.4 M HNO3 and 0.5 M NaNO3

(See ESI{ for detailed experimental conditions).

In order to introduce a mesoporous structure into SnO2 films,

2 wt% of anionic surfactant, sodium dodecyl sulfate (SDS), was

added to the plating medium as a structure directing agent. Self-

assembly of amphiphilic molecules at the solid/liquid interface is a

well known phenomenon although it has not been methodically

exploited to construct inorganic mesoporous films.6 When the

SDS molecules form interfacial layers on the working electrode by

surface forces, Sn4+ ions join the surface of interfacial SDS micelles

serving as counter ions to minimize the repulsion between the

anionic head groups (Fig. 1). As a result, well-organized

arrangement of Sn4+ ions can be achieved on the working

electrode by the presence of interfacial SDS assemblies. The types

of amphiphilic structures stabilized on the working electrode

depend on the nature of the substrate (e.g. surface charge density,

hydrophilicity, external bias) as well as the composition of the
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Fig. 1 Schematic representation of electrochemical interfacial surfactant

templating.
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solution (e.g. type of surfactants, type and concentration of

counter ions, pH).6

When electrodeposition initiates, this arrangement of Sn4+ ions

around the SDS micelles directly becomes the skeleton of the SnO2

films forming mesoporous frameworks (Fig. 1). As the film grows,

additional amphiphilic layers continuously form on the new film

surface maintaining the same mesostructure initially stabilized on

the working electrode. This leads to the incorporation of a

homogenous mesoporous structure throughout the film.4 The

interfacial surfactant assemblies used as templates in this method

can form even in an extremely dilute surfactant solution (,critical

micelle concentration) and their structures are independent from

the solution surfactant structures. Therefore, this approach is

conceptually different from the previous electrochemical method

using a lyotropic liquid crystalline phase of surfactants in a plating

medium as a template.7

The X-ray diffraction (XRD) pattern of SnO2 films deposited

with 2 wt% of SDS shows (110) and (101) reflections of tetragonal

SnO2 structure (P42/mnm, JCPDS #41-1445) (Fig. 2(a)). The

broadening of these reflections indicates the nanocrystalline nature

of the SnO2 films. The particle size obtained from XRD peak

broadening using the Scherrer equation is approximately 1.5 nm.

The small angle X-ray diffraction of the same film shows a well

defined peak centered at 2h = 2.38u and a broad second order peak

centered at 2h = 4.78u. These peaks indicate the presence of

organized mesoporous structures with an average repeating unit of

ca. 3.7–3.8 nm (Fig. 2(b)).

The scanning electron micrograph (SEM) shows the particulate

nature of SnO2 films composed of 50–150 nm spherical particles

(ESI{). This is due to the multiple nucleation processes during

electrodeposition. The transmission electron microscopy (TEM)

study shows that each SnO2 particle contains a well-defined

worm-like mesoporous structure (Fig. 3(a)). The worm-like

structure is best described as one-dimensional rod-type micelles

entangled in a three-dimensional manner.8 As a result, this

structure provides an isotropic porous structure with easily

accessible pore openings from any directions, which makes this

structure highly desirable for various electrochemical and photo-

electrochemical applications.3 The TEM study also reveals that

there are many domains with more regularly arranged pore

channels in the worm-like structure (circled area in Fig. 3(a)),

which is responsible for the appearance of the weak and broad

second-order peak in the small-angle XRD pattern (Fig. 2(b)).

High-resolution TEM (HRTEM) images of the inorganic walls

between the pores show atomic lattice fringes of SnO2, indicating

that the as-deposited films already contain a nanocrystalline

framework without the need for thermal treatment (Fig. 3(b)). This

result agrees well with the line broadening in the wide-angle XRD

pattern. Production of mesoporous films with crystalline walls can

be highly beneficial for achieving superior charge transport

properties as well as high surface areas than those with amorphous

walls. However, production of crystalline mesoporous walls is not

commonly achieved in sol–gel based synthesis without additional

thermal treatments.

Construction of SnO2 films with a worm-like structure using

SDS-Sn4+ surface assemblies is the first example of producing a

three-dimensional mesoporous structure via electrochemical inter-

facial surfactant templating. Previous studies showed that SDS

formed exclusively bilayer interfacial assemblies with divalent ions

(Zn2+ and Ni2+) regardless of SDS concentrations, resulting in

construction of two-dimensional lamellar structures.4 The fact that

SDS–Sn4+ surface assembly does not adopt a lamellar structure

indicates that the charge of the metal counter ions (tetravalent tin

ions vs. divalent zinc or nickel ions) is one of the major factors that

affect the interfacial packing patterns of SDS.9 This result also

implies that this method has the potential to create more diverse

mesoporous structures (e.g. three-dimensional gyroid or micellar

cubic mesoporous structures) when factors that govern the stability

of interfacial structures during electrodeposition are further

investigated.

In order to utilize surface areas enhanced by porous structures,

removing surfactants without collapsing the mesoporous frame-

work is crucial. In this electrochemical method, the surfactant

molecules do not become the part of the inorganic wall structure;

the electrostatic interactions between Sn4+ and the sulfate head

groups of SDS during electrodeposition disappear when Sn4+ ions

are deposited as neutral SnO2, which leaves SDS merely

Fig. 2 (a) Wide angle and (b) small angle XRD patterns of SnO2 films

deposited with 2 wt% SDS. Cu-Ka radiation is used for both

measurements. Diffraction patterns created by a stainless steel working

electrode are indicated by *. Fig. 3 (a) TEM and (b) HRTEM images of the mesoporous SnO2 film.
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physisorbed on the surface of SnO2 deposits. This made it possible

to remove SDS from the pores by simply soaking the films in

deionized water for 9–12 hours (or 6 hours with gentle stirring).

The absence of SDS in the films was confirmed by X-ray

photoelectron spectroscopy (XPS) and energy dispersive X-ray

spectroscopy (EDS) (ESI{). The fact that SDS can be easily

removed by a solution process also indicates the accessibility of the

pores in the SnO2 films. The SnO2 film after SDS removal showed

an identical small angle XRD pattern to that shown in Fig. 2(b),

indicating that the SnO2 mesoporous walls remained intact during

the surfactant dissolution process.

After SDS was removed, the porosity of the SnO2 film was

characterized by N2 adsorption/desorption analysis. N2 adsorp-

tion/desorption analysis for mesoporous films is often not reported

because it calls for a relatively large quantity of materials

(.100 mg), which requires scaling up the synthesis without

affecting the quality of the mesostructure. The method described

here can produce films as thick as 20 microns while maintaining

the uniformity of the mesostructure, allowing for relatively facile

sample preparation for N2 adsorption/desorption analysis. The

SnO2 films exhibited a type IV isotherm with H3-type hysteresis,

confirming the mesoporous features of the film (Fig. 4(a)).10 The

mean pore size, pore volume and Brunauer–Emmett–Teller (BET)

surface area of sample are 28 Å, 0.113 cm3 g21, and 163 m2 g21 (or

1133 m2 cm23), respectively (Fig. 4(b)).

The photoelectrochemical property of the mesoporous SnO2

films was characterized by measuring the zero-bias (short circuit)

and potential-dependent photocurrent (Fig. 5). The SnO2 films

were heated at 100 uC for 1 h before the photocurrent

measurement to ensure good adhesion between the SnO2 particles

and the conducting substrate that may have been loosened during

the soaking process for SDS removal. The SnO2 films generate

anodic photocurrent under irradiation, which is a typical behavior

for an n-type semiconductor. Both the nanocrystallinity and thin

mesoporous walls of the SnO2 films contribute to the generation of

well-defined photocurrent; more efficient charge transport pro-

cesses are expected in nanocrystalline walls than amorphous walls

and the mesoporous structure significantly reduces the distance for

the photon-generated holes to travel to the SnO2/electrolyte

interface. These features decrease the rate of electron-hole

recombination considerably and enhance the photocurrent.

Annealing the SnO2 films higher than 100 uC did not improve

photocurrent, indicating that the as-deposited SnO2 films already

possess optimum nanocrystallinity. These mesoporous SnO2 films

are currently being investigated for use in dye-sensitized solar cells

and gas sensors.
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