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Nanometer-scale layered structures based on thallium(1ll) oxide were electrodeposited in 
a beaker at room temperature by pulsing the applied potential during deposition. The 
conducting metal oxide samples were superlattices, with layers as thin as 6.7 nanometers. 
The defect 'chemistry was a function of the applied overpotential: High overpotentials 
favored oxygen vacancies, whereas low overpotentials favored cation interstitials. The 
transition from one defect chemistry to another in this nonequilibrium process occurred in 
the same potential range (100 to 120 millivolts) in which the rate of the back electron 
transfer reaction became significant. The epitaxial structures have the high carrier density 
and low electronic dimensionality of high transition temperature superconductors. 

Electrodeposition is unique among thin- 
film processing techniques because the driv- 
ing force of the reaction is precisely known 
and controlled. We exploited the intimate 
interplay of kinetics and thermodynamics 
in electrochemistry to deposit superlattices 
based on thallium(II1) oxide in which the 
defect chemistry is modulated on a nano- 
meter scale. We define defect chemistry as 
charge compensation reactions that must 
occur in a nonstoichiometric material to 
preserve charge neutrality. For example, in 
an n-type material such as thallium(II1) 
oxide in which the majority carriers are 
electrons, defect reactions such as the cre- 
ation of oxygen vacancies, cation intersti- 
tials, or altervalent substitutions (substitu- 
tion of an ion in a different oxidation state) 
ensure that the overall charge on the solid 
is zero. 

The defect chemistry superlattices in our 
study are layered materials that have the 
high carrier density and low electronic di- 
mensionality that are characteristic of high 
transition temperature (T,) superconduc- 
tors (1, 2). One goal of our work is to 
produce an artificial superconductor by al- 
ternating nanometer-thick layers of high 
carrier concentration ("charge reservoir 
layers") with nanometer-thick layers of 
high carrier mobility. Lagues et al. have 
recently used sequentially imposed layer 

nealing at high temperature in an atmo- 
sphere of known oxygen partial pressure 
and then quenching by rapid cooling of the 
sample. This type of treatment is used to 
control the stoichiometry of high Tc super- 
conductors. The defect chemistry of oxides 
can also be controlled electrochemically 
(8-10). Grenier et al. have used electro- 
chemical oxidation to intercalate oxveen , u 
into LazCuO4, producing a superconductor 
with a critical temperature of 50 K (8). This 
treatment, like high-temperature anneal- 
ing, cannot be used to modulate the defect 
chemistry in the material. 

We have previously shown that it is 
possible to grow nanometer-scale superlat- 
tices in the Pb-TI-0 system by modulating 
either the applied potential or current dur- 
ing the deposition (1 1, 12). Superlattices 
with layers as thin as 3 nm were produced. 
This is a nonequilibrium process, and the 
overpotential, q ,  is a direct measure of 
departure from equilibrium (q = Eapplied - 
E,,i,ib",,). We determined in previous 
work using scanning tunneling microscopy 
(STM) that the composition profile in Pb- 
T1-0 superlattices followed the applied po- 
tential more closely than it followed the 
applied current (1 3, 14). 

As a control ex~eriment in this ~revious 
work, we examined cleaved cross sections 

, - 
epitaGto deposit an artificial cuprate of the - BiSrCaCuO system with eight adiacent 
CuO, layers, which shows evidence-of su- 
perconductivity at 250 K (3). Our focus is 
on materials that have no CuO, planes. A 
notable example of a noncuprate supercon- 
ductor is B ~ , ~ , K , B ~ o ~ ,  which can be elec- 
trocrystallized as centimeter-scale single 
crystals (4-7). 

The defect chemistrv of nonstoichio- 
metric oxides is usually controlled by an- 

of "pure" thallium(II1) oxide films by STM 
(Fig. l) ,  which we grew by pulsing the 
overpotential between 90 and 300 mV 
(1 5). Layers corresponding to the calculat- 
ed Faraday thicknesses are evident for these 
films. with the laver de~osited at 300 mV 
having a higher apparent height than the 
layer grown at the lower overpotential. The 
quality of the STM images was a strong 
function of the cleavage process. Individual 
superlattice layers were typically discernible 
over a 1- to 2-p,m scan width. This is the 
approximate width of the columnar grains 
in the electrodeposited films. The contrast 
in the STM image could be attributable to 
electronic differences between the layers or 
true physical corrugation caused either by 
elastic deformation driven by strain relief or 
by composition-dependent surface reactions 
(13, 16, 17). Regardless of the imaging 
mechanism, the STM experiments were 
important because they showed us that the 
thallium(II1) oxide films were layered. 

The thallium(II1) oxide multilayers 
grown by potential pulsing are also super- 
lattices, as shown by x-ray diffraction. The 
x-ray pattern of a sample that was grown 
with a modulation wavelength of 13.4 nm 
is shown in Fig. 2. Each layer in the 
superlattice is 6.7 nm thick. The sample is 
strongly oriented with the (100) planes 
parallel with the electrode surface. In addi- 
tion, the Bragg peaks in the pattern are 
flanked bv superlattice satellites. The satel- , . 
lites are caused by the superperiodicity in 
the system, because the x-ray pattern is the 
Fourier transform of the product of the 
lattice and modulation functions convolut- 
ed with the basis (18). The wavelength of 
this superperiodicity can be calculated from 
the satellite spacing (1 1). The intensities of 
the superlattice satellites are 2% of the 
Bragg peak, compared with 14% for the 
Pb-T1-0 compositional superlattices of the 
same modulation wavelength in our previ- 
ous work. 

The lattice parameter of bulk (that is, 10 
p,m thick) thallium(II1) oxide films varies 
from 1.0518 nm at an overpotential of 44 

Flg. 1. An STM image of 
cleaved thallium(lll) oxide 
defect chemistry superlat- 
tice deposited by pulsing 
the overpotential between 
90 and 300 mV. The higher 
overpotential layer has a 
higher apparent height in 
the STM image. 
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mV to 1.0556 nm at 535 mV (Fig. 3A). 
The lattice mismatch for the layers of the 
electrodeposited superlattice is about 0.2%. 
The curve of lattice parameter versus over- 
potential resembles a titration curve, with 
the transition from one defect chemistry to 
another occurring between 100 and 150 
mV. The films were also found by flame 
emission spectrometry to contain excess 
thallium. The excess thallium increased 
from 0.3 to 5 atomic percent as the poten- 
tial was decreased from 535 to 44 mV, with 
the sharpest increase at overpotentials be- 
tween 100 and 120 mV (Fig. 3A). These 
results are consistent with the electrochem- 
ical. formation of thallium interstitials at 
potentials below about 120 mV. 

To, better understand the mechanism of 
the formation of thallium interstitials at low 
overpotential, we investigated the kinetics 
of the electrodeposition reaction by analysis 
of a Tafel plot of the log of the deposition 
current density (j) versus the applied over- 
potential (q) (1 9). The Tafel equation for 
an anodic reaction is 

where n is the number of electrons trans- 
ferred in the rate-determining step, F is 
Faraday's number, R is the molar gas con- 
stant, T is the absolute temperature (FIRT 
= 38.92 V-' at 298 K), a is the transfer 
coefficient (equal to 0.5 for a symmetrical 
energy barrier), j is the measured current 
density, and jo is the exchange current 
density. Linear Tafel behavior is usually 
observed in systems that are kinetically 
sluggish. 

In a chemically reversible system, the 
exchange current density is the equilibrium 
current density of both the anodic (for- 
ward) and the cathodic (back) reactions. 
At zero overpotential, the system is at 
eauilibrium and the anodic and cathodic 
components add to zero. As a positive 
oyerpotential is applied, the rate of the 
forward reaction increases exponentially, 
and the rate of the back reaction decreases 
exponentially. The linear Tafel region is 
the range of potentials at which the back 
reaction can be neglected. This transition - 
occurs at 118 mV for a one-electron process 
with a = 0.5, because the rate of the back 
reaction is 1% of the rate of the forward 
reaction at that overpotential (1 9). 

The Tafel plot (Fig. 3B) exhibits a linear 
dependence in the region from 102 to 308 
mV. The Tafel slope is 110 + 5 mV and the 
exchange current density is 1.9 (20.7) x 

A/cm2. The Tafel slope indicates that 
the rate of the reaction increases 10-fold for 
every 1 10-mV change in overpotential. This 
is consistent with a reaction with one elec- 
tron transferred in the rate-determining step 
and cw = 0.54 k 0.02. Deviation from ideal 
Tafel behavior occurs when the overpoten- 

20 (degrees) 

Fig. 2. The x-ray diffraction pattern of a [loo]- 
textured superlattice produced under potential 
control. The modulation wavelength (that is, the 
sum of the bilayer thicknesses) calculated from 
the satellite spacing is 13.4 nrn. The x-ray 
radiation is CuKa. 

tial exceeds 308 + 13 mV because of mass- 
transport effects and when the overpotential 
is less than 102 + 11 mV as a result of the 
back reaction. The low ovemotential devi- 
ation is particularly important for this study 
because it marks the potential at which 
partial reduction of the film occurs. There is 
good agreement between the potential at 
which the back reaction becomes important 
and when the excess thallium content of the 
film increases. We intemret this to indicate 
that a portion of the back-reaction current is 

. reducing lattice thallium(II1) to thallium(1) 
and driving the intercalation half-reaction 

where x = 0.02 to 0.10. 
The electrical properties of the films 

were also measured as a function of the 
deposition overpotential. The samples were 
found to be n-type degenerate semiconduc- 
tors. They have a sharp plasma resonance at 
about 1300 nm in the near infrared owing 
to the high concentration of free electrons. 
The resistivity (Fig. 3C) rises at overpoten- 
tials below 100 to 120 mV, in good agree- 
ment with the increase in excess thallium 
content and the deviation from ideal Tafel 
behavior at the same range of overpoten- 
tials. Because the carrier density was nearly 
constant at about 5 x loZ0 cm-3 through- 
out this range, the increase in resistivity is 
mainly the result of a decrease in electron 
mobility. The electron mobility decreased 
from 169 to 7 cm2 V-' s-' as the overpo- 
tential was decreased from 535 to 44 mV 
(Fig. 3C). The decrease in mobility is 
consistent with an increase in concentra- 
tion of charged interstitials. 

If Eq. 2 were the only defect reaction 
producing free carriers, the carrier density 
would decrease at high overpotentials. 
Thallium(II1) oxide has an optical band gap 
of 1.4 eV (20, 2 I), and the intrinsic carrier 

Overpotential (mV) 

Fig. 3. (A) Comparison of the structural prop- 
erties [(.) lattice parameter and (A) excess 
thallium] of bulk thallium(lll) oxide films as a 
function of overpotential. (B) The Tafel plot of 
log j versus overpotential (curve) for the elec- 
trodeposition of thallium(lll) oxide deviates from 
linearity. (C) Comparison of electronic proper- 
ties [(El) resistivity and (A) mobility] of bulk 
films. The structural and electronic properties 
all change near the overpotential 102 -r- 11 rnV, 
at which deviation from linearity occurs in the 
Tafel plot. We attribute this deviation to the 
back electron transfer reaction, which pro- 
duces cation interstitials in the film. 

density would be only about lo6 cmP3, 
rather than the observed 5 x loZ0 ~ m - ~ .  
We believe that the carriers in the films 
produced at high overpotential result from 
an internal redox reaction in which thalli- 
um(II1) is reduced to thallium(1) and oxy- 
gen vacancies are produced. This would be 
represented as a chemical reaction by 

and in Kroger-Vink notation by (22) 

1 
O0 + TITl = v,+Tl';., + - 0 2  (4) 2 

The symbol T h l  designates that a lattice 
thallium(II1) has been reduced to thal- 
lium(I), producing a site that has a double 
negative charge relative to its original 
charge. If the carriers are assumed to be 
"free" carriers and not localized on a par- 
ticular site, the Kroger-Vink expression 
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Fig. 4. Crystal structure of thallium(lll) oxide. (A) Polyhedral model of Representation that emphasizes the cigar-shaped holes, which lie along 
the structure viewed along the [I 1 1 1  direction. The yellow and purple the [ I  1 1 1  direction and are centered at lh, 1/2, 1/2 and 0, 0, 0. The holes 
polyhedra represent two types of thallium coordination environments. have a diameter of 0.33 nm and a length of 0.82 nm. A cation interstitial 
The thallium atom in the purple polyhedron at the center of the figure at the center of each of these holes would be surrounded by six oxygens 
located at 1/4,1/4, 1/4 and another thallium located at 3/4,3/4, 3/4 are the end at a distance of 0.23 nm. 
caps of an interstitial hole. There are two of these holes per unit cell. (B) 

would be more appropriate. The observed 
camer density of 5 x loZ0 cm-3 would 
require 0.6% of the oxygen sites to be 
vacant. 

This interpretation explains why oxides 
such as thallium(II1) oxide and lead(1V) 
oxide are highly conducting, whereas 
indium(II1) oxide is not conducting unless 
doped with an altervalent ion such as 
tin(1V). Thallium(II1) and lead(1V) both 
have reduction potentials that are positive 
enough to oxidize a coordinated oxide ion, 
whereas indium(II1) is not a powerful ox- 
idant. The carrier densitv and mobilitv 
that we measure for films grown at high 
overpotential are very similar to those 
measured by Wirtz (8 x lo2' ~ m - ~  and 
120 cm2 V-Is-' , r espectively) on single- 
crystal thallium(II1) oxide produced by 
vapor transport, in which the high free 
carrier densitv was attributed to doublv 
ionized oxygen vacancies (23). The excess 
thallium content at high overpotentials is 
insufficient to account for the observed 
high carrier density of 5 x loZ0 cm-'. 

The electrodeposited films relax to a 
camer density of about 5 x lo2' cm-' 
reeardless of the ovemotential used to de- 

L. 

posit the film, but the charge compensation 
defect chemistry is strongly potential de- 
pendent: Cation interstitials are favored at 
low overpotentials, and oxygen vacancies 
are favored at high overpotentials. 

Thallium(II1) oxide has the bixbyite 

crystal structure with the la3 space group 
(Fig. 4). This rare earth oxide structure has 
often been described as a distorted fluorite 
structure with twice the unit cell dimen- 
sions and one-quarter of the oxygens miss- 
ing (24). The thallium atom located at %, 
%I, % (Fig. 4A) and another thallium atom 
located at %, %, % are the end caps of an 
interstitial hole with a diameter of 0.33 nm 
and a length of 0.82 nm. There are two of 
these cigar-shaped holes in the structure, 
which lie along the [ I l l ]  direction and are 
centered at !h, !h, !h and 0,0,O (Fig. 4B). 
A thallium interstitial ion located at the 
center of these holes would be surrounded by 
six oxygen atoms at a distance of 0.23 nm. If 
both holes of the structure were filled with 
thallium interstitials, the excess thallium 
content would be 6.2%. Hence, the thal- 
lium(II1) oxide structure is open enough to 
tolerate rather laree interstitial ions or mol- - 
ecules; but the interstices are not intercon- 
nected, so the electrochemically imposed 
defect chemistry can remain localized in 
these nanometer-scale structures. 

The devosition techniaue we have out- 
lined for defect chemistry superlattices 
should be avvlicable to a wide ranee of . . - 
electrodeposited compound materials. Ex- 
amples include Pb02 (25), Cu20 (26), 
Ag(Ag30,) ,NO3 (27), and the electro- 
deposited superconductor Ba, -,K,BiO3 (4- 
7). The main reauirements are an element - ,  

with variable oxidation states that can be 

electrochemically controlled and relatively 
sluggish (that is, Tafel-like) electron-trans- 
fer kinetics. 
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Crystal Tectonics: Construction of Reticulated 
Calcium Phosphate Frameworks in Bicontinuous 

Reverse Microemulsions 

Dominic Walsh, Jeremy D. Hopwood, Stephen Mann* 
The chemical construction of organized architectures is an important aspect of innovative 
materials synthesis. Bicontinuous water-filled microemulsions can be used as preorga- 
nized systems for the fabrication of crystalline calcium phosphate materials with extended 
reticulated microstructures. These macroporous materials are formed by mineralization 
reactions located within the interconnecting water channels of the bicontinuous network. 
The resulting materials represent replicas of the microemulsion architecture, but the pore 
sizes are incommensurate, suggesting that secondary modifications in the bicontinuous 
microstructure occur during crystal growth. Synthetic macroporous calcium phosphates 
could have uses in biomaterial implants. 

Although the elucidation of "molecular 
tectonics" ( I )  is still at a fundamental level, 
it is clear that there are many parallels 
between the synthetic requirements of ma- 
terials chemistry and the biological strate- 
gies inherent in biomineralization (2). Pre- 
viously, we have shown that organized as- 
semblies of amphiphilic molecules can be 
used to provide nanoscale environments for 
inorganic materials synthesis, anisotropic 
templates for the production of fibrous in- 
organic-organic composites, and recogni- 
tion surfaces for the oriented nucleation of 
inorganic crystals (3). Although this ap- 
proach has been successful in mimicking 
aspects of biomineralization involving dis- 
crete building units, it has not been forth- 
coming in fabricating elaborate three-di- 
mensional extended architectures analo- 
gous to the tests and shells of biological 
materials such as diatoms and sea urchins. 
The technological importance of such a 
relation is exemplified in the recent discov- 
ery involving the use of liquid-crystal sur- 
factant aggregates in the control of the pore 

size of amorphous aluminosilicate materials 
formed from aqueous solution (4). Here, we 
report an approach based on "crystal tec- 
tonics," in which the nanoscale intercon- 
necting rod-like water conduits of bicontin- 
uous water-filled microemulsions act as an 
organized medium for the construction of 
an extended macroporous calcium phos- 
phate material. Our approach differs from 
previous studies with liquid-crystal aggre- 
gates in that aqueous compartments are 
used and reticulated frameworks comprising 
crystalline inorganic units are fabricated. 
Moreover, because the bicontinuous net- 
work microstructure rapidly fluctuates in 
liquid media, we have used frozen oils to 
generate immobilized frameworks for the 
construction of inorganic architectures. 

Bicontinuous reverse microemulsions 
(5) were prepared from mixtures of the 
cationic surfactant didodecyldimethyl am- 
monium bromide (DDAB), a metastable 
calcium phosphate aqueous solution, and a 
long chain alkane (6). The clear mixture 
was rapidly frozen in liquid nitrogen (7) and 
stored for up to several weeks at tempera- 
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7AY. UK. radecane, and -25°C or +Z°C for tetrade- 
'To whom correspondence should be addressed. cane-hexadecane mixtures) at which the 

alkane oils remained frozen (8)  but the , , 

aqueous phase was liquid (9). Extraction of 
the inorganic component formed by miner- 
alization in the aqueous conduits was 
achieved by centrifugation of the melted 
microemulsion at 10.000 mm for 10 to 15 
min, followed by extensive washing of the 
  el let in hot hexane to remove residual 
surfactant and oil. Depending on the vol- 
umes of metastable calcium phosphate 
used, product yields of 0.5 to 1.0 g per liter 
of microemulsion were obtained. Samples 
were subseauentlv air-dried and studied bv 
x-ray diffraction, infrared spectroscopy, and 
electron microsco~v ( 1  0). . ,  . , 

Scanning electron micrographs of the 
extracted mineralized replicas showed the 
presence of highly reticulated microstruc- 
tures of interconnecting needle-like crystals 
(Fig. 1). These architectures were observed 
in all samples prepared at -25" or +Z°C. 
Infrared spectra, electron and x-ray diffrac- 
tion patterns, and energy dispersive x-ray 
analysis spectra were consistent with the 
crystalline mineral hydroxyapatite [HAP: 
Ca,,(OH),(PO,),]. The majority of mate- 
rials studied were macroporous with pore 
diameters up to several micrometers and 
wall thicknesses of 50 to 130 nm. de~end-  , L 

ing on the storage time and composition of 
the microemulsion mixture (Table 1). No 
evidence of regular interconnecting &rays 
was observed; in all structures the frame- 
work appeared to consist of a randomly 
arranged network of intergrown crystalline 
needles (lengths of 0.2 to 1 pm) with a 
wide range of pore diameters. The largest 
Dores were often formed bv curved cvlinders 
of the reticulated material and were possibly 
artifacts of the washing and drying pro- 
cesses. Some modifications in microstruc- 

Fig. 1. Scanning electron micrograph showing 
reticulated framework of needle-like hydroxy- 
apatite crystals formed in bicontinuous micro- 
emulsions. The material was prepared from a 
DDAB-water-tetradecane-hexadecane system 
at +2"C for 3 weeks. Scale bar, 1.0 Fm. 
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