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Herein we demonstrate improved mass transport through nano-

particle one-dimensional photonic crystals of enhanced porosity.

Analysis is made by impedance spectroscopy using iodine and ionic

liquid based electrolytes and shows that newly created large pores

and increased porosity improve the diffusion of species through the

photonic crystal. This achievement is based on the use of a polymeric

porogen (polyethylene glycol), which is mixed with the precursor

suspensions used for the deposition of nanoparticle TiO2 and SiO2

layers and then eliminated to generate a more open interconnected

void network, as confirmed by specular reflectance porosimetry. A

compromise between pore size and optical quality of these periodic

structures is found.
Introduction

Recently, different variants of porous one-dimensional photonic

crystals (1DPCs) have been proposed and built.1–12 To create these

porous multilayers in which the dielectric constant varies periodi-

cally along one direction, numerous methods have been developed

in the last few years, such as deposition of supramolecularly tem-

plated films,2,5 glancing angle vapor physical deposition,1,4,12 sol–

gel,11 or electrochemical etching.8,10 One of the most versatile

techniques is the deposition of nanoparticle suspensions by spin or

dip coating.3,6,7 Although these materials were first proposed by

Thomas in the late eighties,13 and research on them continued in

the nineties,14 it is now when the field is blooming and its techno-

logical potential is beginning to be explored.15,16 The added value of

these latter optical multilayers relies on their interconnected

porosity, which makes their inner void network accessible to melted

or dissolved polymers,17,18 liquids or gases,19 as well as on their ease

of design and their high versatility for deposition onto a wide

diversity of substrates. Actually, these properties have boosted the

exploration of applications in fields such as optical sensing20–22 or

photovoltaic devices.23 The first of these is based on the fact that
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these films show a different structural color upon infiltration of

different guest compounds into the porous network, which alters

the effective refractive index of the structure. On the other hand,

porous 1DPCs have also been employed as coherent mirrors to

improve light harvesting efficiency in dye sensitized solar cells.23 In

this case, their porous mesostructure allows the electrolyte to soak

the entire electrode, thus providing high reflectivity and allowing

charge transport through the cell. All these applications are highly

dependent on both the degree of porosity and the pore size

distribution of the films.

Typically, higher dielectric contrast (i.e., wider and more intense

Bragg reflections) is attained for multilayers built by alternate

deposition of amorphous SiO2 and nanocrystalline TiO2. Up to now,

the porosity of nanoparticle 1DPCs has only been controlled through

both the degree of aggregation and the particle size of the precursor

suspensions,6,17 which has even made it possible to build periodic

multilayers of homogeneous composition.24 However, the TiO2

nanocrystalline particles typically employed give rise to layers of small

pore size, which might impede the proper flow of species throughout

the periodic multilayer, limiting their potential application in elec-

trochemical devices.

Herein we demonstrate improved mass transport through nano-

particle 1DPCs of enhanced porosity. Analysis is made by imped-

ance spectroscopy (IS) using iodine and ionic liquid based

electrolytes. This achievement is based on the use of a polymeric

porogen (polyethylene glycol), which is mixed with the precursor

suspensions used for the deposition of the TiO2 and SiO2 layers and

then eliminated to generate a more open interconnected void

network. A similar method has recently been proposed to improve

mass transport in photocatalytic films.25 This allows controlling both

the degree of porosity and the pore size distribution of TiO2 (np-

TiO2) and SiO2 nanoparticle (np-SiO2) layers integrated in 1DPCs.

We study the changes of the structural properties caused by the

alteration of the pore structure in, first, monolayers made of TiO2

nanocrystals and amorphous SiO2 nanospheres and, then, in

multilayers containing them. In spite of achieving a large increase in

average pore size, the optical quality of the structure is preserved. A

reduction of the electrolyte diffusion resistance of above 40% with

respect to the starting multilayer is found. These results open the

route to optimize the performance of photo-electro-chemical devices

in which less porous optical multilayers have already been success-

fully integrated.
J. Mater. Chem., 2012, 22, 1751–1757 | 1751
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Experimental

Preparation of particle suspensions

The starting materials were suspensions of nanoparticles of SiO2 and

TiO2. They were employed in the production of these multilayers due

to the high refractive index contrast between them. SiO2 nanocolloids

(average size of 30 nm) were purchased from Dupont (LUDOX

TMA, Aldrich), while TiO2 nanocrystallites (average size of 10 nm)

were synthesized using a variation of a method based on the

hydrolysis of titanium tetraisopropoxide followed by a peptization

process under hydrothermal conditions.26 Titanium tetraisoprop-

oxide (20 ml, 97% Aldrich) was added to Milli-Q water (36 ml) and

stirred for 1 hour. Once the alkoxide was hydrolyzed, the product was

filtered to collect the solid formed and washed several times with

distilled water. Then, it was peptized in a Teflon reactor containing

3.9ml of 0.6M tetramethylammoniumhydroxide (�2.8M,Fluka) at

120 �C for 3 h. Later centrifugation at 14 000 rpm for 10 minutes

allows elimination of some large aggregates from the dispersion, the

concentration of the resultant suspension being typically between 24

and 25 wt%. TiO2 and SiO2 nanoparticles are diluted to 5 and 2 wt%

respectively, in a mixture of water, 21 vol%, and methanol, 79 vol%,

in order to use as precursors for the spin-coating process. Prior to

their deposition each suspension was ultrasonicated for several

minutes to re-disperse aggregates.

The polymer chosen to alter the porous network is polyethylene

glycol (PEG) because it exhibits good film forming properties, and

reduces the density of defects present in the films made by spin-

coating.17 The influence that the addition of different quantities of

PEG to the TiO2 and SiO2 precursor suspensions has on the meso-

structure of these nanoparticle Bragg reflectors was analyzed after-

ward. It should be mentioned that there are other methods that allow

control of the porosity of nanocrystalline TiO2 films, which involve

the synthesis of particleswithin polyelectrolytemultilayers.27Also, the

increase of particle size to enlarge the average pore size was discarded

since it could give rise to unwanted diffuse scattering, as it has been

proven before.28

Preparation of monolayer and multilayer films

Both np-TiO2 monolayers and np-SiO2/np-TiO2 stacks with 1DPC

propertiesmade of five bilayers were built by deposition of the diluted

TiO2 and SiO2 nanoparticle suspensions by spin-coating (final speed

u¼ 5000 rpm; acceleration g¼ 9180 rpms�1; time 60 s), followed by

heat treatment in an oven at 450 �C for 30 min to provide the films

with mechanical stability. In order to achieve the desired monolayer

thickness, several depositions of the same precursor suspension were

carried out. The substrates used to deposit monolayers and multi-

layers were silicon and glass, respectively. Both substrates were

previously treated to enhance their hydrophilicity and, consequently,

improve the first layer deposition. The films prepared presented high

optical quality and displayed uniform color arising from the inter-

ference of the beams reflected by the different interphases.

In order to build the monolayers and multilayers using the np-

SiO2/PEG and the np-TiO2/PEG precursor suspensions we also

employed the spin coating protocol described above, although in this

case it was necessary to perform a thermal annealing at 300 �C for 15

minutes in air after each deposition to eliminate the PEG from the

structure and to consolidate the stacking of these layers.Without this

intermediate treatment, it was not possible to create a new layer on
1752 | J. Mater. Chem., 2012, 22, 1751–1757
top, since the deposited film did not adhere properly. Finally, the

remaining polymer is eliminated after calcination of the whole

multilayer at 450 �C for 1 hour in air.
Materials characterization

The new porous mesostructure of the TiO2 and SiO2 films was

assessed by Specular Reflectance Porosimetry (SRP). This technique

is based on the analysis of the shift of the optical response at equi-

librium as the vapor pressure of a volatile liquid, first, gradually

increases up to saturation and, then, decreases down to the initial

value in a closed chamber. In this way, the adsorption–desorption

isotherm curves of the np-TiO2/PEG and the np-SiO2/PEG mono-

layers were obtained. The solvent used to execute this study was

isopropanol, which has proven to yield excellent results for the

analysis of vapor sorption properties of complex mesostructured and

nanoparticle based multilayers.19,29,30 This technique allows us to

obtain the effective refractive index of each one of the films and, by

using the Bruggeman equation, analyze the evolution of both the

overall porosity and the pore size distribution as the concentration of

PEG in the precursor liquid varies. Analysis of the specular reflec-

tance spectra obtained at normal incidence was performed by simu-

lating and fitting the optical response measured at the different

solvent partial pressures. To do so, we employed a code written in

MatLab based on the transfer matrix method and that has been

thoroughly described before.31 Reflectance spectra were attained

using a Fourier transform spectrophotometer (Bruker IFS-66 FTIR)

attached to a microscope and operating in reflection mode with a 4�
objective with 0.1 of numerical aperture (light cone angle �5.7�).
Please notice that the inadequacy of using standard BET techniques

(based on sample weight changes caused by N2 adsorption and

desorption from the pore walls) for the study of porous mesostruc-

tured films arises from the too low weight of the films. On the other

hand, ellipsometry relies on the use of one-side polished silicon wafers

as substrates, which would largely affect their optical properties. The

images of cross-section were acquired with a field-emission scanning

electron microscope (FESEM, Hitachi S-4800 operating at 2 kV).
Impedance spectroscopy measurements

IS analysis was performed over cells containing a solution made with

0.13 M iodine in 1-butyl-3-methylimidazolium iodide. Each cell was

composed of two platinized FTO electrodes, one of themwith an np-

SiO2/np-TiO2 multilayer, for which different quantities of PEG were

employed, deposited over the Pt-coated glass. An area of 1 � 1 cm2

was drawn over conductive glass leaving a 2 mmwide strip on one of

the sides to evacuate the charge and make the contacts. FTO out of

this area was removed via etching with Zn powder and diluted HCl.

Then the electrodes were electroplatinized by submerging them into

a diluted chloroplatinic acid aqueous solution using a Pt sheet as

a counter-electrode and applying a potential of 1.5 V for 1 minute.

After this process, dark FTO electrodes were obtained, indicating

that a high concentration of Pt was deposited over the surface. The

cells were mounted after drop casting the electrolyte in one of the

electrodes and fixing the second by pressing it strongly with a clamp.

Pressing electrodes together with a clamp ensures to reach a distance

between electrodes equal to the photonic crystal thickness. The

removal of external FTO avoids both short circuiting of the cells and

direct diffusion of iodide between uncovered FTO layers, minimizing
This journal is ª The Royal Society of Chemistry 2012
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edge effects. The conductive strips of the opposed electrodes were

oriented in contrary faces also to prevent short circuits. The iodine

concentration used in the electrolyte is lower than that found in the

literature because the short distance between electrodesmakes itmore

difficult to reach the current saturation regime.32Furthermore, a pure

ionic liquid is necessary in this experiment both to avoid evaporation

during measurements and to be able to appreciate the differences in

diffusion due to porosity. Electrochemical measurements were

carried out in this two electrode configuration and collected after

letting the electrolyte penetrate into the pores of the nanoparticle

1DPC. First, a current–voltage curve between 0 and 1.5 V was made

to measure the limiting currents reached. Then galvanostatic IS

curves were attained taking 4 different currents starting from 0mA to

near the saturation current for each cell. Analysis of the parameters

obtained at the same current density was performed in order to

obtain comparable results between the different samples. IS datawere

fitted to a Randles circuit model.
Results and discussion

Analysis of pore size and porosity

The different degree of porosity extracted from the analysis of the

specular reflectance spectra of the np-TiO2/PEG and np-SiO2/PEG

layers in air is shown in Table 1. On the other hand, the change in the

optical response of these porous layers versus the gradual increase or

decrease of the vapor pressure of a liquid solvent provides us with

information on the different pore size distribution. Adsorption–

desorption isotherms are presented in Fig. 1 and 2. This analysis

reveals that the starting (containing no polymer) np-SiO2 layers

present a much larger average pore size than np-TiO2 ones and that

the addition of PEG produces more significant changes in both the

pore size and average porosity of the second kind of layers. Hence

more effort was devoted to improve the pore network of the TiO2

layer since the bottleneck for optimized electrolyte flow must be the

narrowest pores of the multilayer, present in the np-TiO2 layers.

First of all, as presented in Table 1, as the PEG : np-TiO2 weight

ratios increase from 0 to 0.75, the effective refractive index decreases

from 1.70 to 1.50, which implies that the accessible porosity of these

layers rises from 47% to 60%. In the case of SiO2 films, the refractive

index varies from an already low 1.25 to 1.22 when the PEG : np-

SiO2 weight ratio is 0.50, with the porosity changing from 44%

to 50%.

Noteworthy, all adsorption–desorption isothermsmeasured can be

classified as type IV33,34 following a standard classification of the

capillary condensation response of mesoporous materials (pore size

between 2 and 50 nm). In the curves attained from the np-TiO2 layer

(Fig. 1a), the volume of solvent infiltrated within the structure
Table 1 Refractive index and porosity of the different nanoparticle monolaye

Material PEG/np (wt%) neff monolayer
Porosi
monol

TiO2 — 1.70 47
25 1.58 55
50 1.55 57
75 1.49 60

SiO2 — 1.25 44
50 1.22 50

This journal is ª The Royal Society of Chemistry 2012
increases as the pressure goes up to a specific value of P/P0 ¼ 0.93,

where P0 is the saturation vapor pressure of isopropanol at room

temperature, with the filled pore volume remaining constant for

higher pressures. This fact indicates that the accessible porosity of the

layer is completely filled with the solvent employed. However, this

trend is not observed for the case of the isotherms measured from the

layers in which the PEG was used to change their internal porous

structure (Fig. 1b and c), which is in consonance with the expected

effect of the porogen on the mesostructure, namely, the creation of

large cavities in which condensation of the vapor is prevented. Pore

size distributions of the different np-TiO2 and np-TiO2/PEG films

were extracted from the isotherm data, as presented in Fig. 1d–f. The

porous structure attained after spin coating the np-TiO2 precursor

suspension without PEG is a network of voids whose size is

comprised between 4 nm and 18 nm. Broader pore radius ranges, up

to 24 nm, are obtained when the different amounts of polymer are

employed. For the case of films made of suspensions containing

PEG : np-TiO2 weight ratios of 0.25 and 0.50, the larger pore radius

created cannot be estimated from the isotherm curves since the

plateau at higher partial vapor pressures is not reached. Nevertheless,

pore size distributions demonstrate that both the porosity and the

pore size are largely increased when PEG is used as porogen.

Similarly, adsorption–desorption isotherms and pore size distri-

butions of both np-SiO2 and np-SiO2/PEG layers are shown in Fig. 2.

In this case, the most noteworthy difference is the increase of the

radius of necks between nanoparticles of the sample when PEG is

used, as it can be seen when Fig. 2c and d (grey circles and lines) are

compared. Also, the pore size distribution becomes wider and the

average pore size shifts towards higher values. As expected, since

layers formed by SiO2 nanoparticles have larger pores than TiO2

films to start with, the effect of porogen on the SiO2 pore size is less

noticeable, although in both types of layers the porosity rises with the

concentration of porogen used in the precursor suspensions.
Highly porous layers in Bragg reflectors

Having demonstrated that both the porosity and the average pore

size of np-TiO2 and np-SiO2 films are increased when PEG is added

to the precursor suspensions, 1DPCs were built in order to prove that

these new highly porous layers can also be integrated in a stack that

presents photonic crystal properties. For that purpose, np-SiO2 and

np-TiO2 precursor suspensions with different concentration of PEG

were employed. FESEM images of cross-sections ofmultilayersmade

by alternating films deposited from these suspensions are shown in

Fig. 3. The samples whose images are displayed were prepared using

suspensions containing PEG : np-TiO2 weight ratios of 0 (Fig. 3a)

and 0.75 (Fig. 3b), while the same np-SiO2 suspension containing no

PEG was used for both samples.
rs and multilayers, as estimated from the analysis of the optical reflectance

ty of
ayer (%)

neff of
np-film in multilayer

Porosity of np-film in
multilayer (%)

1.69 47
1.59 54
1.54 57
1.49 60
1.27 42
1.22 50

J. Mater. Chem., 2012, 22, 1751–1757 | 1753
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Fig. 1 Adsorption (black circles and lines) and desorption (grey circles and lines) isotherms and pore size distribution measured by specular reflectance

porosimetry from uniform monolayers made of (a and d) np-TiO2 and np-TiO2/PEG mixtures in which the weight ratio between the porogen and the

nanoparticles is (b and e) 25% and (c and f) 50%.

Fig. 2 Adsorption (black circles and lines) and desorption (grey circles

and lines) isotherms and pore size distribution measured by specular

reflectance porosimetry from uniform monolayers made of (a and c) np-

SiO2 and (b and d) np-SiO2/PEG mixtures in which the weight ratio

between the porogen and the nanoparticles is 50%.

Fig. 3 FESEM images of cross-sections corresponding to Bragg reflec-

tors made of alternate layers of spherical silica particles and titania

nanocrystals. The latter was mixed with PEG in weight relations of (a) 0%

and (b) 75% with respect to the weight of np-TiO2 in the precursor

suspension.

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ita

t J
au

m
e 

I 
on

 0
6 

M
ar

ch
 2

01
2

Pu
bl

is
he

d 
on

 1
9 

D
ec

em
be

r 
20

11
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1J

M
15

20
2E

View Online
The different pore structure of the TiO2 layers can be clearly

distinguished in these pictures. Furthermore, it can be readily

observed that the thickness of the TiO2 layer also increases with the

PEG concentration in the precursor suspension, with thicknesses
1754 | J. Mater. Chem., 2012, 22, 1751–1757
comprised between 60 nm and 130 nm being attained for PEG : np-

TiO2 weight ratios ranging from 0 to 0.75. The clear definition

between the interfaces of np-TiO2 and np-SiO2 layers present in the

originally made nanoparticle multilayers6 (Fig. 3a) fades when the

polymer is used to modify the pore network (Fig. 3b) mainly due to

the SiO2 particle interpenetration within the large superficial pores of

the TiO2 layers. Long range uniformity is, however, preserved.

In the same way that it was done for the monolayers, the values of

the effective refractive index and the porosity of each layer within the

periodic stack were also estimated minimizing the difference between

the simulated and the experimental reflectance spectra and using the

Bruggeman equation, respectively. The results of the fittings are listed

in Table 1. It can be noticed that the porosity of the np-TiO2 layers

remains practically unaltered after being integrated in the Bragg

reflector when compared to that measured for monolayers. It should

be remarked that control over the porosity of the films, like the one

herein demonstrated, opens the possibility of designing the optical

properties of themultilayers built with themwith great precision, as it

has actually been proven for other optical filters in which porosity,

although not accessible, can be tailored to measure.35Also, we would

like to remark that, although highly reflecting multilayers of

controlled pore size distribution can be attained by supramolecular

templating,36 these cannot be easily integrated in photo-electro-

chemical devices. This is due to the incompatibility of the compounds

employed during the preparation of the supramolecularly templated

mesostructure with the rest of materials present in the photocatalytic

or photovoltaic cell: liquid phase precursors infiltrate the whole

device, which yields the uncontrolled formation of metal oxide,

drastically reducing the performance of the device. In contrast, when

nanoparticle suspensions are used to form the multilayers, the solid

phase is retained in the regions onto which it is deposited, while the

liquid one evaporates or is easily removed by thermal annealing.

1DPCs of different porosity having their Bragg peaks in the

same spectral range were built in order to study the influence that

the new pore network structure may have on the control of the

photonic crystal properties. This requires that all samples present

the same unit cell optical thickness, duc¼ (n1t1 + n2t2), being ni and

ti the refractive index and the thickness of each type of layer present

in the ensemble, since, in a first approximation, the Bragg peak is

centred at lB ¼ 2duc. This condition is achieved by modifying the
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 (a) Scheme of the sandwich cells measured in this study. (b) j–V

curves for the 1DPCs prepared from precursor suspensions containing

different amounts of PEG in the np-TiO2 layer: weight ratios of 0 (black

solid line), 0.25 (dashed line), 0.5 (dotted line), and 0.75 (dashed-dotted

line) while keeping the PEG : np-SiO2 weight ratio constant and equal to

0. Results for a sample made using both PEG : np-TiO2 and PEG : np-

SiO2 weight ratios of 0.5 are also shown (solid grey line) and (c) limit

current obtained by extrapolating the values of the plateau on j–V curves

versus average porosity of the multilayer.
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concentrations of TiO2 and SiO2 precursor suspensions, since, as

shown in Fig. 3, the actual thickness of a layer increases when the

same concentrations of nanoparticles are mixed with increasing

amounts of PEG.The specular reflectance spectra of these samples

are displayed in Fig. 4. The comparison between the different

spectra reveals that the presence of larger pores does not affect

adversely the performanceof themultilayers asBragg reflectors. In

all cases, the number of layers deposited is similar (N ¼ 10) and

primary maxima present intensities above 80%. Slightly higher

peaks are achieved for 1DPCs in which the pores are finer. The

reason for this effect is the lower refractive index contrast existing

between the layers of np-TiO2 and np-SiO2 in those multilayers

showing enhanced porosity, which diminishes the scattering

strength of the lattice. Also, a clear narrowing of the peak spectral

width is observed as the porosity increases. The photonic gap to

midgap ratio, Du/u0, decreases from 25% in the original nano-

particle 1DPC to 20% in those with higher porosity. In fact, it

can be shown that Du/u0 depends on the dielectric contrast,

Dn ¼ |n1 � n2|, like Du/u0 ¼ 2/p Dn/n,37 where n is the average

refractive index, estimated as n ¼ (n1t1 + n2t2)/(t1 + t2). The

generation of a more open pore network yields both lower Dn and

n, as it can be estimated from the data shown in Table 1, and thus

may lead to spectrally thinner Bragg reflections.

Enhanced diffusion through Bragg reflectors

To assess the effect that the modified pore network of 1DPCs has on

mass transport, curves of current density vs. potential (j–V curves)

and impedance spectroscopy measurements were performed over

1DPC samples immersed in a viscous electrolyte, 0.13 M of iodine in

1-butyl-3-methylimidazolium iodide, as schematized in Fig. 5a. As

shown in Fig. 5b, the increase of the layer porosity and pore size with

the addition of PEG produces a rise both in the slope at low

potentials and in the value of the limiting current (jlim) plateau

(Fig. 5c) of the j–V curves. These results prove the enhancement of

mass transport of an electrolyte embedded in 1DPC as a result of the

control of porosity.

For a more detailed analysis of these results, each sample was

measured by impedance spectroscopy at four different currents

between 0 mA and the limiting current. The typical impedance
Fig. 4 Specular reflectance spectra of 1DPCs in which different weight

ratios of PEG were added to the precursor suspensions, namely, 0%

(black solid line), 25% in TiO2 (grey dashed line), 50% in TiO2 (grey

dotted line), 75% in TiO2 (grey dashed-dotted line) and 50% in TiO2/50%

in SiO2 (light grey solid line) with respect to that of nanoparticles.

This journal is ª The Royal Society of Chemistry 2012
spectrumobtained from the porous 1DPC shown in Fig. 6awas fitted

with the Randles equivalent circuit schematized in Fig. 6b. It allows

analyzing separately the physical processes of carrier transport and

charge transfer that take place in our device where Rs corresponds to

the sum of the resistances associated with FTO, contacts and wires,

RPt and CPt are the charge-transfer resistance and double-layer

capacitance from the platinized electrodes, respectively, and Zd is the

diffusion impedance, which represents the resistance to mass transfer

through the porous structure. From the expression ofZd given by eqn

(1), where ud is the characteristic diffusion frequency, u is the

frequency of the measurement and i is the imaginary unit,

Zd ¼ Rd

tanh
h
ðiu=udÞ1=2

i

ðiu=udÞ1=2
(1)

we obtain Rd, which is the resistance associated with diffusion of

triiodide ions in the electrolyte and is the parameter that will be more

affected by variations of the pore network in the multilayers.
J. Mater. Chem., 2012, 22, 1751–1757 | 1755
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Fig. 6 (a) Impedance spectrum of a device made by sandwiching

a photonic crystal and the electrolyte solution between two platinized

electrodes. Galvanostatic measurement was performed at 10 mA over

a sample made with 25% PEG in np-TiO2. (b) Randles circuit used to fit

experimental data.

Fig. 7 (a) Diffusion resistance (Rd) versus current density (j) as extracted

from the impedance spectroscopy analysis. (b) Diffusion resistance

obtained at j ¼ 0 mA cm�2 versus average porosity of the 1DPC prepared

using different PEG : np-TiO2 weight ratios, namely, 0 (squares), 0.25

(circles), 0.5 (triangles), 0.75 (rhombus). Data for the multilayer prepared

using both PEG : np-TiO2 and PEG : np-SiO2 weight ratios of 0.5 are

also shown (stars).
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From the diffusion frequency and film thickness, L, the diffusion

coefficient may be obtained using D ¼ udL
2 that yielded values

comprised between 1.5 and 2.5 � 10�8 cm2 s�1, in good agreement

with data obtained from jlim calculations.38These values are one order

of magnitude lower than those obtained in the free electrolyte,32

indicating certain difficulties in the transport of I3
� through the

1DPC. We associate these low values of D with the increased

tortuosity and constrictivity introduced by the 1DPC relative to the

free electrolyte.

In practical terms, the diffusion resistance is the most relevant

parameter of Zd since its value determines, together with Rs and RPt,

the total series resistance of the device. Thus it may influence its

performance,mainly through the loss of fill factor, but eventually also

by a drop in short circuit current.39,40 We thus focus our study on Rd

in what follows.

Fig. 7a displaysRd as obtained from the analysis of the impedance

spectra measured at several current densities, j. The different symbols

(lines are just guides for the eye) correspond to photonic crystals

possessing different pore networks. In all cases, Rd increases as the

current does, reaching rather large values when jlim is approached. It

can be readily seen from Fig. 7a that samples with higher porosity

present lower diffusion resistance, reaching values similar to those

commonly found in optimized devices forRs (1–5U cm2) andRPt (1–

3U cm2).40–43Fig. 7b clearly shows the dependence ofRd measured at

0 mA versus the average porosity within the multilayer structure.

Again a clear decay of Rd as porosity is increased can be observed

while, consequently, the opposite trend is observed for jlim, as shown

in Fig. 5c. It should also be noticed that this enhancedmass transport

must be caused by the combined effect of both larger porosity and

average pore size. However, these two effects cannot be analyzed

separately: each time porosity is increased (see Table 1), the bottle-

necks, responsible for the hindering of diffusion, are also enlarged

(see Fig. 1d–f), thus also contributing to a better flow of species

through the multilayer.
1756 | J. Mater. Chem., 2012, 22, 1751–1757
Impedance spectroscopy analysis confirms that multilayers built

using mixtures of nanoparticles and PEG always present larger

effective sections for the diffusion of I3
� species, which results in lower

diffusion resistances. This result, combined with the use of optimized

electrolytes, allows beating the limitations to efficiency introduced by

the addition of the 1DPC extra layers in photo-electro-chemical

devices such as dye sensitized solar cells.23,44
Conclusions

In summary, we have presented a method to enhance the mass

transport through nanoparticle multilayers displaying one-dimen-

sional photonic crystal properties. Addition of a polymer in the

precursor suspensions allows tuning the pore size distribution of the

ensemble. Monolayers built from these suspensions have been

analyzed by specular reflectance porosimetry to demonstrate that

both the total accessible void volume and the average pore size of the

film are increased. Stacks of these highly porous layers display intense

Bragg reflections as well as improvedmass transport, as confirmed by

the diffusion resistance obtained for an electrolyte embedded in the

structure from impedance spectroscopy measurements. These mate-

rials presenting combined optical and transport properties will give

rise to improved performance when integrated into photo-electro-

chemical devices.
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