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Mesoporous Platinum Films from Lyotropic 
Liquid Crystalline Phases 

George S. Attard,* Philip N. Bartlett, Nicholas R. B. Coleman, 
Joanne M. Elliott, John R. Owen, Jin Hai Wang 

The lyotropic liquid crystalline phases of surfactants exhibit a rich polymorphism of 
structures that have long-range periodicities and whose characteristic repeat distances 
range from 2 to 15 nanometers. The electrochemical reduction of platinum salts confined 
to the aqueous environments of these phases leads to the deposition of platinum films 
that have a well-defined long-ranged porous nanostructure and high specific surface 
areas. These results suggest that the use of liquid crystalline plating solutions could be 
a versatile way to create mesoporous electrodes for batteries, fuel cells, electrochemical 
capacitors, and sensors. 

T h e  use of micellar solutions of surfactants 
in the synthesis of oxide ceramics is cur- 
rently the subject of considerable research, 
because the resulting materials, which com- 
bine high specific surface areas and larger 
pore sizes than are achievable in conven- 
tional zeolites, are of interest for applica- 
tions in catalysis and size-selective chemical 
separations (1-9). We  have shown that the 
synthesis of nanostructured oxides can also 
be achieved by using high surfactant con- 
centrations (>30 weight %) ( l o ) ,  so that 
the reaction mixture is in a homogeneous 
liquid crystalline phase. The advantage of 
conducting the synthesis in a single phase 
system is that it is possible to exploit the 
rich lyotropic polymorphism exhibited by 
surfactants to produce oxides whose nano- 
structures are in effect casts of the structures 
of the liquid crystalline phases in which 
they were formed. The diversity of periodic 
nanostructures that is accessible is illustrat- 
ed by the following examples. Materials 
synthesized in normal topology hexagonal 
(H,) phases have a system of aligned pores 
disposed on  a hexagonal lattice, whereas 
materials prepared in normal topology cubic 
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(Ia3d) ~ h a s e s  have a svstem of intercon- . . .  
nected cylindrical pores that form a gyroid 
lattice. Similarlv, the use of fluid lamellar 

1 ,  

(L,) phases produces materials with lamel- 
lar nanostructures. 

Metals with nanostructures analogous to 
those of mesoDorous oxide ceramics are of 
considerable interest for applications in ca- 
talysis, batteries, fuel cells, capacitors, and 
sensors (1 1-14). Recently we reported that 
nanostructured ~ l a t i n u m  can be ~roduced  
by the chemical reduction of metal salts 
dissolved in the aqueous domains of a hex- 
agonal lyotropic liquid crystalline phase 
(1 5). This nanostructured material (which 
is denoted by HI-Pt to indicate the phase 
used in its synthesis) is obtained as a coarse 
granular material with a specific surface 
area between 17 and 23 mZ g-', which is 
comparable with that of platinum black (20 
to 26 mZ g-l). Such granular nanostructured 
metals can be used directly in catalysis, but 
they are of limited relevance for electro- 
chemical or sensor devices in which the 
metal is required as a thin film. For those 
applications, the ability to predetermine the 
nature of the film's nanostructure through 
the use of different liquid crystalline phases, 
together with the control that can be 
achieved over the characteristic dimensions 
of the channels, provides new methods for 
obtaining optimized nanostructures. Here 
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we .report that metallic mesoporous plati- 
num films that have a controlled nanostruc- 
ture can be electrodeposited easily and re- 
producibly from lyotropic liquid crystalline 
plating mixtures. 

The plating mixtures used in our exper- 
iments were ternary systems consisting of 
a nonionic surfactant [octaethyleneglycol 
monohexadecyl ether (C16E08), hexachlo- 
roplatinic acid (H2PtC16), and water. The HI 
phase of the ternary mixture containing 29 
weight % hexachloroplatinic acid, 29 weight 
% deionized water. and 42 weight % of " 
Cl,E08 has a characteristic optical texture 
when viewed under a polarizing microscope, 
is stable at temperatures up to and above 
85"C, and remains chemically stable for 
more than a month. Electrodeposition of 
platinum from the liquid crystalline plating 
mixture onto polished gold electrodes was 
conducted at temperatures between 25" and 
65°C. After deposition, the electrodes were 

rinsed with copious amounts of deionized 
water to remove the surfactant. Energy-dis- 
persive analysis of x-rays confirmed that no 
surfactant was present in the washed films. 
The washed nanostructured deposits were 
uniform and shiny in appearance. Transmis- 
sion electron microscopy (TEM) studies of 
the electrodeposited platinum (HI-ePt) re- 
vealed a highly porous structur: consisting of 
cylindrical holes 25 A ( 2  1.5 A) in diameter 
arranged on a hexagonal lattice (Fig. 1, A 
and B). The pla~inum yall thickness was 
found to be -25 A (+2 A). The pore diam- 
eters of HI-ePt electrodeposited from the HI 
phase of the shorter-chain surfactant 
$,,E08 yere determined by TEM to be 17.5 
A ($2 A), wbereas pores with diameters of 
35 A (21.5 A) were present in HI-ePt ob- 
tained from a quaternary mixture containing 
C16E08 and n-heptane in the molar ratio 
2 : 1. These observations suggest that altering 
the chain length of the surfactant or using 
a hydrophobic additive would allow con- 
trol'of the pore size of HI-ePt over a range 
of 1.7 to 10 nm, as is the case in meso- 
porous oxide ceramics (7-9). The mor- 
phology of HI-ePt films deposited onto 
1-cm2 electrodes was investigated over a 
range of length scales with the use of 
scanning tunneling microscopy (STM) 
(Fig. 2). The STM studies show that the 
films are uniform over the entire area of 
the electrode and are remarkably flat, with 
a typical surface roughness of 20 ( 2 5 )  nm 
over a 1-mm2 area. This accounts for the 

Fig. 1. Transmission electron micrographs show- 
ing the hexagonal nanostructure of H,-ePt elec- 
trodeposited at 25°C onto a 1 -cm2 polished gold 
electrode from a hexagonal liquid crystalline solu- 
tion containing 42 weight % C,,EO,, 29 weight % 
water, and 29 weight % hexachloroplatinic acid 
hydrate. A large-area, platinum-gauze counter 
electrode and a saturated calomel reference elec- 
trode (SCE) were employed. The potential was 
stepped from +0.6 V versus the SCE to -0.1 V 
versus the SCE until a charge of -0.662 C was 
passed. The deposited film was -300 nm thickas 
measured by scanning electron microscopy. (A) 
End 'iew of the pores. (B) Side view of the pores. 

high reflectance of the films. The long- 
ranged ordered arrangement of channels 
in HI-ePt is clearly visible in Fig. 2. Fur- 
thermore, the pores appear to be, on av- 
erage, at an angle of 20" with respect to 
the normal to the plane of the electrode. 
The long-ranged anisotropic nanostruc- 
ture of these platinum films is in marked 
contrast to that of polypyrrole films elec- 
trodeposited from thermotropic nematic 
phases ( 16). 

The electrochemically active specific 
surface areas, which are of central impor- 
tance for potential technological applica- 
tions of HI-ePt, were estimated from cyclic 
voltammetry experiments (1 7). In the rep- 
resentative cyclic voltammogram of HI- 
ePt shown in Fig. 3, the fine structure 
corresponding to the formation and re- 
moval of platinum oxide and platinum 
hydride is clearly resolved. Using the areas 
under the curves for platinum hydride for- 
mation and removal, together with the . - 
total deposition charge, the specific sur- 
face area of the deposited platinum was 
estimated to be 22 (+2) m2 g-'. The spe- 
cific surface areas of platinum (denoted by 
ePt) deposited from hexachloroplatinic 
acid solutions in the absence of surfactant 
and with the same potential and charge 
conditions were found to be 4.5 (20.5) m2 
g-'. Literature values for the specific sur- 
face areas of platinized platinum films 
range from 2 to 30 m2 g-l (18, 19). The 
double-layer capacitance of HI-ePt in 2 M 

Fig. 2. Scanning tunneling microscope scan of H,-ePt deposited at 25°C under the conditions de- 
scribed in Fig. 1. Scan area, 450 x,450 nm. 
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sulfuric acid as estimated from cyclic vol- 
tammetry at 200 mV s-' is 5.2 X lop2 F 
crnp2. This compares favorably with the val- 
ue of 1.2 X lop2 F cmP2 for a film of ePt of 
similar thickness. The complex impedance 
of the double layer showed a capacitance of 
5.1 x lop2 F cmp2 and an effective series 
resistance of 0.8 ohm cm2 at 1 Hz. The 
volumetric capacitance, estimated to be -200 
F cmP3, is typical of the best candidate ma- 
terials for electrochemical capacitors (20). 
The impedance was found to decrease with 
frequency according to ( i ~ ) - ' . ~  up to the 
highest measurement frequency (6.5 X lo3 
Hz). This behavior is consistent with that 
observed for ePt. Any Warburg impedance 
due to the electrolyte resistance in the 
Dores (21) was below the detection level. 
and therefore HI-ePt can be expected td 
~e r fo rm  well as an  electrochemical c a ~ a c i -  
tor at high power and high frequency. 

Our results show that electrode~osition 
of metals from appropriate salts dissolved in 
the aqueous domains of the lyotropic liquid 
crystalline phases of nonionic surfactants 
~roduces  metal films that combine well- 
hefined porous nanostructures, high specific 
surface areas, electrical connectivitv, fast 
electrolyte diffusion, and good mechanical 
and electrochemical stability. In these 
films, the diameters of the holes are deter- 
mined by the length of the alkyl chain of 
the surfactant used in the plating mixture, 

Fig. 3. Plot of current passed ( I )  while linearly 
scanning the applied voltage (U relative to the 
SCE) for HI-ePt, recorded with a scan rate of 200 
mV s-I in 2 M aqueous sulfuric acid at 25°C. The 
platinum was electrodeposited at 65°C onto a 
0.008-cm"olished gold electrode. The potential 
was stepped from +0.6 V versus the SCE to -0.1 
V versus the SCE until a charge of -50 mC was 
passed. The surface area of the washed platinum 
deposit was determined from the charge associ- 
ated with the hydrogen adsorption and desorption 
process (in the region +0.2 V ,  ,,,,,, +-0.2 V + 

+0.2 Van,,,,). The capacitive charge (shaded re- 
gion) was not included. The surface area was de- 
termined to be 5.47 cm2, which implies a rough- 
ness factor of -680. 

whereas the geometric disposition of the 
channels is determined by the architecture 
of the liquid crystalline phase. Because both 
of these parameters are under direct exper- 
imental control, electrodeposition from liq- 
uid crystalline plating mixtures provides a 
versatile route to creating mesoporous met- 
al films that could represent new genera- 
tions of electrode materials for use in bat- 
teries, fuel cells, sensors, and electrochemi- 
cal capacitors. 
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A Porous Silicon-Based Optical 
In terferometric Biosensor 

Victor S.-Y. Lin, Kianoush Motesharei, Keiki-Pua S. Dancil, 
Michael J. Sailor,* M. Reza Ghadiri* 

A biosensor has been developed based on induced wavelength shifts in the Fabry- 
Perot fringes in the visible-light reflection spectrum of appropriately derivatized thin 
films of porous silicon semiconductors. Binding of molecules induced changes in the 
refractive index of the porous silicon. The validity and sensitivity of the system are 
demonstrated for small organic molecules (biotin and digoxigenin), 16-nucleotide DNA 
oligomers, and proteins (streptavidin and antibodies) at pico- and femtomolar analyte 
concentrations. The sensor is also highly effective for detecting single and multilayered 
molecular assemblies. 

Biosensors have been develo~ed to detect a 
variety of biomolecular complexes, includ- 
ing oligonucleotides (1-4), antibody-anti- 
gen interactions (5,  6), hormone-receptor 
interactions (7 ) -  enzvme-substrate interac- . , ,  , 

tions (8, 9), and lectin-glycoprotein inter- 
actions (10). In general, biosensors consist . . - 
of two components: a highly specific recog- 
nition element and a transducer that con- 
verts the molecular recognition event into a 
quantifiable signal. Signal transduction has 
been accomplished with electrochemical 
(1 I ) ,  field-effect transistor (1 2), optical ab- 

sorption, fluorescence, interferometric (13) 
and other devices (14). Here we describe an 
optical interferometric transducer scheme 
based on inexpensive and readily available 
optically flat thin films of porous silicon 
(Psi).  This material has been used for high- 
ly sensitive detection of small molecules 
(biotin and the steroid digoxigenin), short 
DNA oligonucleotides (16-nucleotide oli- 
gomers), and proteins (streptavidin and an- 
tibodies). Most notably, the sensor can be 
highly effective in detecting multiple layers 
of biomolecular interactions, termed "cas- 
cade sensing," including sensitive detection 
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