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T
he controlled synthesis of electroni-
cally active organic�inorganic hy-
brid materials over multiple length

scales is of great interest in optoelectronic
applications.1�3 One example is the useful
hybrid photovoltaic morphology with an al-
ternating nanoscale periodicity of 5�10
nm donor and acceptor domains for maxi-
mum exciton splitting.4 However, in order
for this nanoscale ordering to be the ideal
one for devices it has to have a precise macro-
scopic orientation throughout the active de-
vice area in order to support efficient
charge transport to the corresponding elec-
trodes. Several methods exist to fabricate
hybrid materials with controlled structural
features at multiple length scales. In one ap-
proach, self-assembling organic molecules
have been widely utilized to template the
mineralization of various inorganic materi-
als, such as SiO2,5 CdS,6,7 and a variety of
other chalcogenides.8 Although nanoscale
assembly and periodicity of organic and in-
organic domains can be controlled, orient-
ing them macroscopically and uniformly on
substrates via facile cost-effective ap-
proaches remains challenging. Other meth-
ods employ a combination of top down and
bottom up strategies. These include the
functionalization of solution grown nano-
wire arrays with organic molecules,9�12 the
infiltration of organic semiconductors into
mesoporous inorganic films,13 or the use of
poly(dimethylsiloxane) (PDMS) patterning
to direct molecular self-assembly and
mineralization.14,15 These multistep tech-
niques have potential scale up limitations.

Electrodeposition has recently gained
much interest because it provides a one-
step facile technique for synthesizing hy-
brid materials and it allows direct deposi-
tion of electronic materials onto electrodes

such as indium tin oxide (ITO). A variety of
electronically active inorganic materials
have been electrodeposited, including
ZnO,16�19 SnO2,20 MnO2,21 Co(OH)2,22 and
Ni(OH)2.23 For photoconductor24 and photo-
voltaic devices,11,25,26 ZnO is a material of
particular interest because it is an n-type
semiconductor with high electron mobility
and often forms interfaces with organic
semiconductors that are energetically favor-
able for exciton splitting.27 Choi and co-
workers demonstrated the deposition of
lamellar Zn-rich inorganic domains and
dodecyl sulfate domains with periodicities
on the order of 2�3 nm.18 Recently, we re-
ported the incorporation of semiconduct-
ing surfactants into the electrodeposition
bath and successfully produced nanoscale
lamellar Zn(OH)2 with either pyrene or ol-
igothiophene moieties on ITO.3 The inor-
ganic phase was converted to ZnO upon an-
nealing, and the nanoscale ordering of
p-type surfactant with n-type ZnO resulted
in high performance photoconductors
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ABSTRACT One of the challenges in the synthesis of hybrid materials with nanoscale structure is to precisely

control morphology across length scales. Using a one-step electrodeposition process on indium tin oxide (ITO)

substrates followed by annealing, we report here the preparation of materials with preferentially oriented

lamellar domains of electron donor surfactants and the semiconductor ZnO. We found that either increasing the

concentration of surfactant or the water to dimethyl sulfoxide ratio of solutions used resulted in the suppression

of bloomlike morphologies and enhanced the density of periodic domains on ITO substrates. Furthermore, by

modifying the surface of the ITO substrate with the conductive polymer blend poly(3,4-ethylenedioxythiophene):

poly(styrenesulfonate), we were able to alter the orientation of these electrodeposited lamellar domains to be

perpendicular to the substrate. The long-range orientation achieved was characterized by 2D grazing incidence

small-angle X-ray scattering. This high degree of orientation in electronically active hybrids with alternating

nanoscale p-type and n-type domains is of potential interest in photovoltaics or thermoelectric materials.

KEYWORDS: electrodeposition · lamellar · zinc oxide · zinc hydroxide · hybrid ·
nanoscale · orientation · alignment
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comparable to amorphous silicon. The conjugated na-

ture of the surfactant leading to �-stacked assemblies

was found to be critical in order to stabilize the lamel-

lar architecture with nanoscale domains as Zn(OH)2 is

converted into ZnO upon annealing.

One challenge that still remains in the electrodepo-

sition of the photoconductive lamellar structures is how

to control the macroscopic orientation of the lamellar

domains on ITO surfaces. For optoelectronic devices,

orienting these lamellar structures with their normal

parallel to substrate surfaces will reduce the distance

that photoexcited holes and electrons would have to

travel before reaching the electrode. It has been previ-

ously reported that the orientation of the lamellar struc-

tures in the bulk can vary greatly with the nature of

the surfactant used.18,28,29 Most of these studies have

shown either lamellar structures grown completely par-

allel to the substrate surface29 or a distribution of stack-

ing orientations with a majority of the lamellae still par-

allel to the substrate surface.18 Here we report the

preparation of hybrids using electrodeposition with

lamellar domains of the semiconductor ZnO and the

conjugated surfactant 1-pyrenebutyric acid (PyBA) as a
model system. Using 2D grazing incidence small-angle
X-ray scattering (2D-GISAXS), we investigate the chem-
istry of the electrodeposition process to probe its role in
the growth of oriented nanoscale lamellae over macro-
scopic scales.

RESULTS AND DISCUSSION
Hybrid materials with lamellar domains were elec-

trodeposited in a solution of Zn(NO3)2 · 6H2O and PyBA
surfactant using the cathodic reduction of nitrate in a
mixed solvent bath of water/dimethyl sulfoxide
(DMSO). This reaction increases the local pH near the
working electrode surface resulting in the deposition
of Zn(OH)2,

DMSO was used as a cosolvent since it is miscible with
water and helps solubilize the surfactant. ITO was used

Figure 1. (A, C) SEM images showing the morphological differences for films electrodeposited for 20 min in solutions of 50:50
(v/v) H2O/DMSO, 0.04 M Zn(NO3)2 at two different surfactant concentrations: (A) 0.05 wt % PyBA and (C) 0.25 wt % PyBA. (B, D)
X-ray reflectivity measurements for (B) 0.05 wt % PyBA films, possessing a 3.2 nm lamellar periodicity, and (D) 0.25 wt % PyBA
films, possessing a 3.2 nm as well as 2.6 nm lamellar periodicity. (E) TEM image of the lamellar structure from the film grown in
0.05 wt % PyBA. The dark regions are the inorganic phase, and the light regions are the organic domains. (F) Schematic represen-
tation of the inorganic�organic lamellar structure growing perpendicular to the substrate surface.

NO3
- + H2O + 2e- f

NO2
- + 2OH- (E ) 0.01 V vs NHE) (1)

Zn2++2 OH- f Zn(OH)2(s)V (2)
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as the working electrode because of its importance in
devices for optoelectronic functions. As demonstrated
in our previous work,3 the Zn(OH)2 converts to ZnO
upon annealing and the lamellar structure of the film
is maintained.

Figure 1 shows the results of electrodeposition at
�0.9 V at two different concentrations of PyBA in solu-
tion. At a surfactant concentration of 0.05 wt %, scan-
ning electron microscopy (SEM) images show that the
dominant micrometer scale structure of the electrode-
posited film is a bloomlike morphology, which we de-
fine as clusters of growth extending radially outward
from a center point of nucleation. In contrast, when the
concentration of the PyBA is increased to 0.25 wt %,
we observe two-dimensional flakelike growths cover-
ing the substrate surface with a variety of orientations
rather than the clusters of nucleation associated with
the bloom morphology (Figure 1C). X-ray diffraction
measurements of both films confirm the lamellar nano-
scale periodicity, as evidenced by the integer ratio of
peak positions extending to four orders or higher (Fig-
ure 1B,D). For the case of 0.05 wt % PyBA surfactant, the
X-ray data in Figure 1B shows that the lamellar struc-
ture has a periodicity of 3.2 nm. For the case of higher
surfactant concentration, a second smaller d-spacing
emerges with a periodicity of 2.6 nm. This 0.6 nm
change in spacing could be due either to the interdigi-
tation of pyrene rings at high surfactant loadings or a
reduction in the thickness of the inorganic layer, but
this was difficult to determine via transmission elec-
tron microscopy (TEM) because of the minimal contri-
bution of this spacing within the film, as evidenced by
the weakly reflecting (00l)* peaks. For further visualiza-
tion of the lamellar structure, a bright-field TEM image,
taken from the sample showing bloomlike morpholo-
gies, is shown in Figure 1E. In this TEM image, the
electron-rich inorganic phase appears darker and the
less electron-rich PyBA organic domain appears lighter.
Figure 1 demonstrates our ability to dictate hybrid
micrometer scale morphology simply by changing the
surfactant concentration in solution.

To further investigate the effects of surfactant con-
centration on the nucleation and growth of structures,
we electrodeposited films for a very short time and ana-

lyzed their growth via SEM. As observed in Figure 2A,

sparse nucleation on the substrate surface occurs for

films electrodeposited for 1 min in a solution with 0.05

wt % of PyBA. Furthermore, the onset of the bloomlike

structure is readily observed. In this case, the bloomlike

growth appears to originate from a flat footprint re-

gion that nucleates first. We believe that at low surfac-

tant concentrations, surface assemblies of surfactant

molecules are too sparse to nucleate a dense number

of structures. In addition, since the voltage is kept con-

stant throughout the electrodeposition process, it is

well-known that a depletion region can develop within

a short distance from the electrode surface after only a

short time.30 When this occurs, growth of prenucleated

structures is favored over the nucleation of new sites on

the electrode. This occurs as precursors diffuse from

the bulk toward the electrode surface and contribute

to the growth of pre-existing structures before reach-

ing the innermost nucleation plane. Thus, at the surface

of the electrode itself, a short time into the deposition,

the local surfactant concentration is too low near the

electrode surface to form a dense number of nuclei. We

believe that this type of concentration-limited nucle-

ation, followed by fast growth, results in the bloomlike

morphology observed for the case of 0.05 wt % PyBA.

For the case of higher surfactant concentration, a

greater amount of surfactant is present near the sub-

strate surface throughout the deposition, allowing for

more nucleation to occur. In Figure 2B, an SEM image of

a substrate electrodeposited for 1 min in the solution

with 0.25 wt % PyBA is shown, suggesting greater

nucleation under these conditions. Furthermore, in-

stead of a footprint and bloomlike morphology, this

substrate shows a distribution of parallel structures and

perpendicular structures growing directly on the sub-

strate surface. Thus, the increase in surfactant concen-

tration allows for the direct nucleation and growth of

flakelike structures from the substrate surface instead

of bloomlike clustering. Finally, although the films

formed at higher concentration lack bloomlike growths,

the flakelike structures containing the alternating inor-

ganic and organic domains still look orientationally iso-

tropic when viewed by top-down SEM (Figure 1C).

Figure 2. UV-ozone treated ITO substrates electrodeposited for 1 min in solutions of 50:50 (v/v) H2O/DMSO, 0.04 M Zn(NO3)2

at two different surfactant concentrations (A) 0.05 wt % and (B) 0.25 wt %.
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Given the strong effect of surfactant concentration

on structure, we hypothesized that varying the solvent

composition of the solution might also affect the aggre-

gation of surfactant molecules and therefore film mor-

phology. PyBA molecules are more soluble in solutions

with a greater volume fraction of DMSO and should

therefore be less aggregated than in solutions with

higher fractions of water. Figure 3 shows the results

for varying the solvent composition in solution when

the concentration of surfactant is equal to 0.05 wt %. At

a solution composition of 35:65 (v/v) H2O/DMSO, the

film nucleates sparsely on the substrate surface, as seen

in Figure 3A, and the structures that are present grow

with the bloomlike morphology described previously.

As the proportion of water in the solution is increased

to 50% and then to 65%, the morphology transitions

from a bloomlike structure (Figure 1A and Figure 3B) to

a flakelike morphology, as revealed by Figure 3C. Inter-

estingly, in contrast to the unoriented flakelike struc-

tures grown at high surfactant concentrations and 50%

H2O (Figure 1C), the flakelike structures grown at low

surfactant concentration and 65% H2O appear aligned

and oriented vertically to the substrate surface. Finally,

the TEM image in Figure 3D shows that the nanoscale

lamellar assembly of inorganic and organic domains is

still maintained under these conditions of electrodepo-

sition.

In an effort to understand why hybrid films grown

from solutions with higher water content consist of ver-

tically oriented flakelike structures, we studied the early

nucleation and growth of these films. Figure 3E shows

an SEM image for an ITO substrate electrodeposited for

30 s. Even after short deposition times, the substrate

shows many regions of dense nucleation, as well as re-

gions of more sparse growth. This is in sharp contrast to

the case when only 50% water is in the solution, which

shows only sparse nucleation and bloomlike growth, as

was already described in Figure 2A. Thus, increasing

the water ratio in solution results in a dramatic change

of macroscale morphology, while maintaining the

nanoscale lamellar domains. With increasing water con-

tent in the solvent, we expect more PyBA micelles both

in the solution and on the substrate surface as a result

of increased hydrophobic interactions among pyrene

moieties. Micelles should be highly effective nucleating

agents as they deposit many contiguous molecules at

once on the substrate, placing more surfactant at the in-

ner nucleation plane for dense nucleation and ori-

Figure 3. (A�C) SEM images showing the change in morphology and alignment for films electrodeposited on UV-ozone
treated ITO for 20 min in a solution of 0.05 wt % PyBA solution, 0.04 M Zn(NO3)2 and (A) 35:65 (v/v) H2O/DMSO; (B) 50:50
(v/v) H2O/DMSO; and (C) 65:35 (v/v) H2O/DMSO. (D) TEM image of the lamellar structure from the film grown in a solution
with solvent composition 65:35 (v/v) H2O/DMSO. (E) SEM image of a UV-ozone treated ITO substrate electrodeposited for 1
min in a solution with solvent ratio 65:35 (v/v) H2O/DMSO.
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ented growth. Finally, the increase in water makes the
electrochemical reaction more favorable, as shown in
eq 1, which may also lead to a greater amount of nucle-
ation. From the results presented thus far, it appears
that by targeting surfactant aggregation, either by in-
creasing the surfactant concentration or increasing the
water composition in solution, denser nucleation can
occur on the substrate surface, resulting in individual
flakelike growth instead of bloomlike clustering. We
also explored the effect of changing Zn(NO3)2 concen-
tration and of adding KCl as a supporting electrolyte to
the solution, but these parameters did not show pro-
nounced changes to bloomlike morphologies when
added to a solution of 0.05 wt % PyBA and 50:50 (v/v)
H2O/DMSO (Supporting Information).

To quantify the degree and type of nanoscale lamel-
lar orientation extending throughout the bulk of the
films, 2D grazing incidence small-angle X-ray scatter-
ing (2D-GISAXS) was used. 2D-GISAXS is a nondestruc-
tive X-ray scattering technique that is surface sensitive
and has been used to characterize nanoparticles and
nanostructures on surfaces.31�33 In this technique, a
well-collimated X-ray beam is directed at the substrate
surface with an incidence angle close to the critical
angle of the substrate. Because the incidence angle is
very small, the X-ray beam samples a large area of the
substrate, resulting in an increase in scattering signal as
compared to other X-ray techniques. In addition, be-
cause the scattering signal is recorded with a 2D detec-
tor, both in-plane and out-of-plane structure can be
analyzed.

Figure 4 shows 2D-GISAXS data for the film grown
in 50% water and exhibiting bloomlike morphologies
(Figure 1A and Figure 3B) and for the film grown in 65%
water, which exhibits vertically oriented flakes (Figure
3C). In each case, the 2D-GISAXS data show at least five
rings of scattering, indicating the high degree of order-
ing within the lamellar domains. For the bloomlike mor-
phology, the 2D-GISAXS in Figure 4A shows the stron-
gest scattering intensity in the vertical direction (� �

90°), characteristic of lamellar structures with the
majority of stacking parallel to the substrate surface
(�lamellar � 0°), as shown in Figure 5A. A plot of the (001)
ring intensity as a function of azimuthal angle, �, shows
that for the bloomlike morphology, 71.4% of the scat-
tering intensity is between 45° � � � 90°, with 44.3%
of the overall scattering intensity between 67.5° � � �

90° (see the Supporting Information). Thus, the pre-
dominant orientation of the lamellar structures is paral-
lel to the substrate surface.

We also quantified the orientation of the lamellar
structures for the film grown with 65% water and exhib-
iting single flakelike growths. From the SEM shown in
Figure 3C, one might expect the 2D-GISAXS data to
show predominantly perpendicular orientation of the
lamellar domains, as shown schematically in Figure 5B.
Surprisingly, the majority of the lamellar stacking orien-

tation is still more parallel than perpendicular to the

substrate surface (Figure 4B). Plotting the (001) ring in-

tensity as a function of � and applying the appropriate

integration limits reveals that 57.9% of the scattering in-

tensity is between 45° � � � 90°. This is a 13.5% de-

crease when compared to the bloomlike morphology,

but the SEM image of Figure 3C might lead one to ex-

pect an even greater decrease.

Referring back to the early nucleation and growth

SEM images in Figure 2A and Figure 3E, we hypo-

thesize that the UV-ozone treated ITO preferentially

nucleates and grows lamellar structures with parallel

orientation first, irrespective of the chemistry of the

electrodeposition solution. After the initial parallel

nucleation, lamellar structures with off-parallel orienta-

tions can nucleate and grow on top of the initially de-

posited parallel lamellar surface. We confirmed this

growth mechanism by using 2D-GISAXS to study the

early nucleation and growth for the case of elec-

trodeposition in a solution of 0.05 wt % PyBA and 50:50

(v/v) H2O/DMSO. Figure 6 shows the 2D-GISAXS data

for films electrodeposited for 30 s and for 1 min. Fig-

ure 6A clearly shows scattering intensity only for paral-

lel orientation of the lamellar domains after 30 s of elec-

trodeposition. Scattering associated with perpendicular

orientation only occurs at the later time point, as seen

in Figure 6B. From these data, it is apparent that the par-

allel orientation of the lamellar domains nucleates first,

followed by off-parallel orientation. Thus, even though

changes in the aggregation of surfactant molecules as

mediated by solution chemistry can result in different

Figure 4. 2D-GISAXS data for films electrodeposited on
UV-ozone treated ITO for 20 min in a solution of 0.05 wt
% PyBA solution, 0.04 M Zn(NO3)2 and (A) 50:50 (v/v) H2O/
DMSO (bloomlike growth); (B) 65:35 (v/v) H2O/DMSO
(flakelike growth). The nanoscale periodicity of both films
is 3.2 nm.
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morphologies, the substrate surface also has a large ef-

fect on the initial nucleation and growth processes.

Because it is known that different substrates can in-

duce large changes in the type of surfactant aggrega-

tion occurring on a surface,34 we decided to coat the

ITO surface with poly(3,4-ethylenedioxythiophene):

poly(styrenesulfonate) (PEDOT:PSS). PEDOT:PSS is a ma-

terial that is commonly used to modify ITO substrates

in optoelectronic devices, in order to decrease the sub-

strate surface roughness and also to function as an elec-

tron blocking layer in solar cells.35,36 In addition, the

PEDOT:PSS changes the surface energy of the substrate,

making it more hydrophobic than UV-ozone treated

ITO, as we confirmed through water contact angle

measurements (Supporting Information).

Figure 7 shows the results of electrodeposition at

�0.9 V on PEDOT:PSS coated ITO with the dilute 0.05

wt % concentration of PyBA. Without surface modifica-

tion, this solution chemistry resulted in bloomlike

growth (Figure 1A), but with PEDOT:PSS, the morphol-

ogy is now flakelike, as seen in Figure 7A. The multiple

rings in the 2D-GISAXS pattern in Figure 7B and the TEM

image in Figure 7C confirm that the nanoscale lamellar

structure is still present. 2D-GISAXS characterization

(Figure 7B) further reveals that the lamellar domains

possess a high degree of perpendicular alignment with

respect to the substrate film. Plotting the (001) ring in-

tensity as a function of � and applying the appropriate

integration limits reveals that 84.6% percent of the scat-

tering intensity is between 0° � � � 45°. Thus, interest-

ingly, the predominant orientation of the

inorganic�organic lamellar domains on PEDOT:PSS sur-

faces is perpendicular instead of parallel to the

substrate.

This perpendicular growth on PEDOT:PSS coated

electrodes occurs even at short electrodeposition times.

Figure 7D shows an SEM image for a PEDOT:PSS coated

ITO substrate that underwent electrodeposition for 1

min. As can be seen in this figure, the 2D flake struc-

tures grow individually and extend vertically upward di-

rectly from the substrate surface. This is in direct con-

trast to the early nucleation and growth seen for the

same solution chemistry on the UV-ozone treated ITO

surface (Figure 2A). In both cases, sparse nucleation oc-

curs on the substrate surface, but in the case when

PEDOT:PSS is used, flakes grow directly upward from

the substrate surface, ultimately resulting in high den-

sity films with alternating inorganic and organic

domains.

It is clear that the surface structure of the PEDOT:PSS

layer on the substrate plays a critical role in determin-

ing the larger scale morphology of electrodeposited

lamellar nanoscale domains. We speculate that the

amphiphilic nature of the coated substrate with both

hydrophobic thiophene moieties and hydrophilic

sulfonic acid and ethylene oxide groups increases

both the affinity of pyrene functions and Zn2� ions

to the surface. This way, the hydrophobic patches of

PEDOT:PSS would allow assemblies of surfactant

molecules to form which in turn promote perpen-

dicular growth. In terms of the inorganic phase, since

single Zn(OH)2 is known to grow as two-dimensional

sheets with an excess of positive charge on the 2-D

face,37,38 small surface patches of both charged and

Figure 5. Schematic diagram showing the relationship between lamellar orientation and the resulting 2D-GISAXS pattern:
(a) lamellar structures oriented mostly parallel to the substrate surface; (b) lamellar structures oriented perpendicular to the
substrate surface; (c) lamellar structures oriented randomly with respect to the substrate surface.

Figure 6. 2D-GISAXS data for films electrodeposited for short times on UV-ozone treated ITO in a solution of 0.05 wt % PyBA
solution, 0.04 M Zn(NO3)2, and 50:50 H2O/DMSO (A) after a deposition time of 30 s; (B) after a deposition time of 1 min. The
color scale is an arbitrary log scale.
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hydrophobic character may favor nucleation of

lamellar domains with perpendicular orientation. It

follows that on a hydrophilic substrate, the charged

face of the 2-D Zn(OH)2 crystal promotes growth of

lamellae parallel to the substrate. In this case, the

lamellar phase can then proceed to grow in a step-

by-step fashion, whereby the organic molecule as-

sembles on the surface of the Zn(OH)2 and subse-

quently nucleates the next layer of inorganic. This

process then repeats, creating the parallel lamellar

structure, as has been argued in other work.29

In order to support the hypothesis proposed above,

we electrodeposited hybrid material on ITO substrates

coated with a 0.1 wt.% solution of poly(styrene-

sulfonate) (PSS). We found that the hydrophilic PSS

layer indeed causes the dense nucleation and growth

of lamellar domains that are predominantly parallel to

the substrate (see Figure 7E,F). Thus, we propose that in

the case of PEDOT:PSS, the hydrophobicity of the sub-

strate surface favors the aggregation of pyrene moieties

on the hydrophobic regions, whereas the hydrophilic

regions should favor the accumulation of Zn2� ions, to-

gether resulting in the growth of perpendicular alter-

nating domains.

CONCLUSIONS
The orientation and density of alternating inor-

ganic and organic nanoscale domains using elec-

trodeposition can be effectively controlled through

solution and substrate chemistry. In the case of zinc

hydroxide (a precursor to the semiconductor ZnO)

and amphiphilic molecules, parallel orientation of

the lamellar structure is easily attained on hydro-

philic surfaces. However, perpendicular orientation

of the 2D lamellar domains is possible in the pres-

ence of an inhomogeneous surface with both hydro-

Figure 7. (A) SEM image of the morphology of the lamellar structures grown on PEDOT:PSS coated ITO; (B) 2D-GISAXS
image showing intensities corresponding to lamellar structures grown on PEDOT:PSS with strong perpendicular ori-
entations; (C) TEM image showing the hybrid lamellar structure between the Zn-rich inorganic (dark regions) and the
surfactant 1-pyrenebutyric acid (light regions); (D) film electrodeposited for 1 min in 50:50 (v/v) H2O/DMSO, 0.05 wt
% PyBA, 0.04 M Zn(NO3)2 on PEDOT:PSS coated ITO; (E) SEM image of the morphology of the hybrid structures grown
on PSS coated ITO; (F) 2D-GISAXS image showing intensities corresponding to lamellar structures grown on PSS with
strong parallel orientations.

A
RTIC

LE

www.acsnano.org VOL. 5 ▪ NO. 1 ▪ 565–573 ▪ 2011 571



phobic and hydrophilic regions. This type of orienta-
tion of nanoscale lamellar hybrids with optoelectronic
properties is of great interest for photovoltaics where

the nanoscale favors exciton splitting and the perpen-
dicular orientation at longer length scales favors effi-
cient charge transport to electrodes.

EXPERIMENTAL METHODS
Solutions were composed of varying concentrations of

Zn(NO3)2 · 6H2O (Aldrich, 98%) and 1-pyrenebutyric acid (PyBA,
Aldrich, 97%) in a mixture of dimethylsulfoxide (DMSO) and H2O.
The solutions were stirred and purged with Ar gas at 80 °C for
20 min prior to deposition. All solutions were adjusted to a pH
of 5.35 by adding 0.1 M NaOH dropwise to the solution.

Indium tin oxide coated glass (10 �/sq sheet resistance, Kin-
tec) was first scrubbed with soap water and then cleaned under
sonication with subsequent baths of water, acetone, methanol,
and water, respectively, and finally dried with N2 gas. For depo-
sitions on bare ITO, the substrate was UV-ozone treated for 10
min prior to electrodeposition and placed upright in the cell,
functioning as the working electrode. For ITO coated with poly-
mer (either PEDOT:PSS (Clevios P VP AI 4083, H.C. Starck) or PSS
(0.1 wt % in water, 1 MDa avg MW)), the ITO was first UV-ozone
treated for 30 min followed by an immediate layer of polymer
spin-cast on top of the substrate with a 15 s ramp from 0 rpm to
4 000 rpm for a total spin time of 1 min. The polymer coated sub-
strates were then baked on a hot plate at 120 °C for 20 min.
The thickness of the polymer layer was approximately 45 nm.

Electrodepositions were performed using an EG&G Prince-
ton Applied Research Potentiostat (model 263A) in an undi-
vided cell vial using a three-electrode setup and 6 mL of the so-
lution described above. Zn wire (Alfa Aesar, 99.9997%) was used
as a counter electrode, and an Ag/AgCl electrode (BAS Inc. model
RE-5B) was used as the reference. The working electrode was
either UV-ozone treated ITO or PEDOT:PSS coated ITO. For all
depositions, the applied potential was �0.9 V, the temperature
was maintained at 80 °C, and the solutions were under constant
magnetic stirring. After deposition, films were rinsed with water
and dried with N2 gas.

Morphologies were characterized using a Hitachi S-4800-II
FE SEM operating at 3 kV. The lamellar nanostructure was inves-
tigated with a JEOL JEM-2100F FAST TEM operating at 200 kV.
X-ray reflectivity measurements were recorded on a Rigaku
ATX-G thin-film diffractometer utilizing Cu K� radiation. 2D-
GISAXS measurements were obtained using a Rigaku
MicroMax-002� high-intensity microfocus sealed tube X-ray
generator (Cu K� radiation) with either a Bruker Hi-Star 2-D wire
detector or Fujifilm phosphor image plate. 2D-GISAXS data for
the early nucleation and growth was obtained at beamline 12-
ID-C at the Advanced Photon Source, Argonne National Labora-
tory. All 2D-GISAXS measurements were performed at an angle
close to the critical angle of the ITO.

To quantify the amount of scattering corresponding to vari-
ous orientations, the ring of scattering associated with the (001)
lamellar peak was unwrapped into a 1-D function of intensity,
I(�), versus azimuthal angle, �. To determine the percent of scat-
tering associated with lamellar structures oriented between the
angles �initial and �final, the 1D scattering data was integrated be-
tween these bounds and divided by the total scattering inten-
sity, according to the equation:

Finally, because the scattering intensity I(�) is symmetric around
� � 90°, we limited our interest to the region 0° � � � 90°.
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