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Fabrication and optical characterization of
polystyrene opal templates for the synthesis of
scalable, nanoporous (photo)electrocatalytic
materials by electrodeposition†

E. A. Gaulding,ab G. Liu,ab C. T. Chen,c L. Löbbert,ab A. Li,ab G. Segev,ab J. Eichhorn,b

S. Aloni,c A. M. Schwartzberg,c I. D. Sharpab and F. M. Toma*ab

Finding solutions to improve the performance of semiconductor light absorbers and catalyst materials remains

an outstanding issue that prevents the realization of solar fuel generators. Nanostructuring approaches of

photoelectrocatalytic materials have the potential to reduce bulk recombination and improve electron–

hole pair separation in semiconductor light absorbers, as well as to increase the active surface area and

influence the activity in catalytic systems. Herein, we propose a versatile approach for the synthesis of

reproducible, highly homogeneous, large scale nanoporous (photo)electrocatalytic materials for artificial

photosynthesis. By identifying and carefully analyzing critical parameters for forming opal templates from

solutions of colloidal polystyrene beads (PS), we are able to reproducibly fabricate large area (>cm2) PS

films with high optical quality over a wide diameter range (170–600 nm). Using these PS bead opal films as

templates, we demonstrate that electrodeposition is a suitable bottom-up infilling technique to produce

scalable, homogeneous, and highly ordered nanoporous (photo)electrocatalytic materials, namely Cu2O,

BiVO4, CuBi2O4, and Cu. We provide morphological, structural, and optical characterization of the resulting

opal replicas. Finally, we demonstrate preliminary integration of the Cu2O inverse opal film into a working

photocathode under CO2 reduction conditions.

Introduction

The increasing use of fossil fuels to meet human energy needs

has caused a steep rise of the atmospheric carbon dioxide levels

and is strongly inuencing climate change.1–3 While more than

75% of the current energy supply still originates from fossil

fuels, photoelectrochemical carbon dioxide reduction and H2

production provide promise as sustainable alternatives that are

well suited for the capture and direct conversion of solar energy

into chemical fuels, thus addressing the central challenge

associated with the intermittency of sunlight. However, reali-

zation of practical solar fuel generators is hindered by a lack of

material systems and assemblies that are simultaneously effi-

cient and cost-effective.1

The main components of integrated photoelectrochemical

systems are semiconductor light absorbers, which oen suffer

from signicant bulk recombination and charge transport

limitations that undermine both their efficiency and stability.

In this architecture, semiconductor light absorbers are coupled

to catalysts, which also must provide high activity, selectivity,

and stability.4,5 The use of nanostructured photoelectrodes can

decouple the light absorption depth from an unmatched charge

transport length, thus providing an appealing approach to

improving electron–hole pair separation and reducing bulk

charge recombination.6,7 In addition, nanostructuring of elec-

trodes for (photo)electrochemistry can dramatically enhance

efficiency by providing a high electrochemically active surface

area per geometric area, promote selectivity of active sites via

specic nanomorphology (i.e. selective faceting and concen-

tration of grain boundaries), and inuence catalytic site activity

by altering the local geometrical environments of surface-

bound chemical species in conned systems.8

The design and realization of (photo)electrodes with mono-

disperse, tunable pore sizes is key to studying the effects of

surface curvature on chemical activity, mass transport of chem-

ical reactants and products in conned systems, and competi-

tions between chemical reactions and charge recombination at

light absorber interfaces. In addition, such systems provide the

possibility of generating photonic crystals for the controlled

manipulation of light propagation in photoelectrodes. Unlike
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different synthetic approaches that result in electrodes with

inhomogeneous pore sizes with little or no control over the pore

diameter and size distribution,9–11 3-dimensional (3D) inverse

opals (IOs) can be characterized by highly ordered and uniform

porous structures. IOs are commonly obtained by inltration of

ordered polystyrene (PS) sphere templates, which themselves

possess the characteristic properties of photonic crystals. The

periodicity of IO architectures can be easilymodied by changing

the diameter of the polystyrene sphere template, which affects

the actual pore dimension and the interconnecting space

between pores. In these ordered structures, light can be scattered

and diffracted depending on the periodicity and refractive index

of the material, from which a photonic band gap (PBG) or

photonic crystal stop band emerges. While the nanoporous

interconnecting space between the pores ensures electronic

connectivity, the nanostructured characteristic can help match

the charge transport length with the diffusion length. In addi-

tion, the interesting optical properties of IOs can enhance light

harvesting, which consequently increases the generation of

electron–hole pairs. This latter enhancement is due to the slow

photon effect, which describes how light propagates at the edges

of the PBG. To date, a few studies have reported the benets of

using IO architectures as photoelectrochemical systems.12,13 For

example, Zhou et al. have described optimized charge transport

properties in ordered bismuth vanadate (BiVO4) photonic crys-

tals.14 Then, the same group has reported that the performance of

BiVO4 photonic crystals is inversely related to the pore and

interconnecting space dimensions.15 Examples of photonic

crystal photoanodes based on tungsten oxide (WO3) and engi-

neered BiVO4/WO3 heterojunctions have also shown improved

photocurrent with respect to their disordered and planar coun-

terparts.16,17 Despite these encouraging results, the range of

materials and sizes of photoelectrodes fabricated in such archi-

tectures remains limited. In particular, with respect to existing

reports,14–17 we recognize the need to bridge the gap between

fabricating large scale opal template lms and effectively con-

verting them into equally homogenous ordered replicas.

In order to produce uniform, large grain inverse opal lms

for large scale photoelectrodes that fully benet from the

emergent optical properties, low defect concentration IOs are

necessary. Indeed, polycrystallinity and disorder in the crystal

can affect periodicity and attenuate the photon mean free path

in defective IOs.18,19 For example, Ozin and collaborators have

provided evidence that the lower the disorder the higher the

photocatalytic degradation of organic dyes in TiO2 photonic

crystals.20 In addition, cost-effective, reproducible, and versatile

synthetic methods that match the required structural quality

are also needed.

For operation as a working electrode, the ultimate inverse

opal structure needs to uniformly cover the substrate surface.

This stringent requirement strongly depends on obtaining

highly ordered PS bead templates and on maintaining signi-

cant homogeneity over cm2 areas. In addition, the synthesis of

high-quality nanostructured (photo)electrocatalytic opal

replicas calls for a bottom-up inlling approach that can retain

the high homogeneity of the original template over large scales,

while being amenable to the deposition of different materials.

Most importantly, the material of interest should grow from the

substrate outwards during inlling, thereby ensuring electrical

contact and continuity of the deposited material. Electrodepo-

sition is a bottom-up solution-based synthesis compatible with

ambient conditions that in recent years has been widely used

for producing various planar highly efficient (photo)electrodes

for solar fuel production, including metals,21 alloys,22 oxides,23

chalcogenides,24 and III–V semiconductors.25 While the viability

of this method to inll PS opal templates has been proven,26–28

inlling opal templates specically with semiconductor photo-

electrode materials by electrodeposition has not been widely

explored. Notably, to the best of our knowledge, there is no

reported example of highly homogeneous, large scale inverse

opal photonic crystal photoelectrocatalytic materials synthe-

sized with this approach. For example, while a few studies have

been recently reported for the fabrication of Cu2O nanoporous

structures through templates of colloidal beads by electrode-

position, the pore arrangement was either amorphous27 or the

grain size/area of ordered porous structures was small.28,29 A

Cu2O photonic crystal has been successfully formed by elec-

trodeposition through a photoresist template patterned via

multibeam interference lithography.30 However, the use of this

technique requires an expensive, complex setup and is difficult

to scale up. High-quality, large area inverse opal structures of

Cu2O that exhibit the photonic effect have yet to be synthesized

via simple solution techniques. Similarly, while examples of

BiVO4 photonic crystals obtained by sol–gel methods have

already been reported to successfully improve the efficiency of

the material,14,31 these approaches do not allow for the fabri-

cation of large area electrodes and typically require multiple

cycles to completely inll the space between the template.

Herein, we report the detailed synthesis of scalable (cm2),

highly reproducible PS opal templates for the fabrication of

electrodeposited IOs of (photo)electrocatalytic materials (Scheme

1). With respect to the existing synthetic methods for PS opal

templates,32,33 we nd that fabrication of high optical quality

lms over cm2 areas requires control over multiple parameters,

namely substrate surface hydrophilicity, tilt angle, temperature,

humidity, solvent, and added surfactant. We provide a detailed

analysis of the role of these parameters that contribute to

achieving a balance between highly ordered beads on the

micrometer scale while maintaining homogeneity on the macro

scale. Fine tuning these experimental knobs allows synthesis of

high-quality PS opal lms not only over cm2 areas, but also over

a wide range of bead diameters, from 170 to 600 nm. The high

quality of these PS opal templates is conrmed via optical

transmission and reectance measurements, where a strong and

sharp photonic crystal stop band is observed. In addition, full-

wave simulation of the optical response of PS opal template

analogues supports the experimental results, and conrms the

presence of a red-shi of the photonic crystal stop band due to

the increasing size of the PS beads. Then, these high-quality

substrates are used to template bottom-up electrodeposition of

IO porous structures comprising a variety of electrocatalytic and

photoelectrocatalytic materials of interest for articial photo-

synthesis. These materials span photoelectrodes and dark cata-

lysts, such as cuprous oxide (Cu2O), bismuth vanadate (BiVO4),
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copper bismuth oxide (CuBi2O4), and copper (Cu). Notably, the

electrodeposition of BiVO4 or CuBi2O4 via PS opal templating has

not been investigated. In addition, no reported example of

a CuBi2O4 IO structure has yet been reported. The quality of the

obtained inverse opals is assessed bymorphological, optical, and

structural characterization. In addition, to the best of our

knowledge for the rst time, initial functional photo-

electrochemical performance properties of Cu2O IOs under

aqueous CO2 reduction conditions are shown. Thus, we

demonstrate that this approach provides a promising, universal

methodology for the production of IO materials with high peri-

odicity and with pore size control over areas relevant for appli-

cation as functional (photo)electrodes.

Experimental
Materials

Non-functionalized polystyrene beads of sizes 400, 500, and

600 nm (25 mg mL�1 in water) were purchased from Corpuscular;

beads of sizes 200, 350, and 510 nm (Polybead® Microspheres,

2.5% w/v in water) were purchased from Polysciences; beads of

sizes 170, 280, and 390 nm (10% w/w in water) were purchased

from Bangs Labs. Water (18.2 MU cm, at 25 �C) was used as

a solvent and dispensed from an EMD Millipore system (Milli-Q®

Integral Water Purication System). Ethanol (>99.5%), acetone

(99.9%), hydrochloric acid (37%), nitric acid (70%), TritonX,

copper sulfate (>98%), lactic acid (85%), vanadium(IV) oxysulfate

hydrate (97%), copper nitrate (>99%), bismuth nitrate (>98%),

sodium acetate trihydrate (99.5), sodium hydroxide (98%), and

uorine doped tin oxide (FTO, TEC 15, 13.2 nm roughness) glass

with a surface resistivity of �13 U sq�1 were purchased from

Sigma-Aldrich. Toluene (>99.5%) and 1mm thick fused silica were

purchased from VWR. Cu foil (0.127 mm thick, 99.9%, 26.0 nm

roughness) was purchased from Alfa Aesar. All materials and

chemicals were used as received unless otherwise stated.

Deposition of polystyrene opal lms

To fabricate large area, cm2 scale PS opal templates over a wide

diameter range of PS spheres, 1 � 2 cm2 FTO and quartz

substrates were rst made hydrophilic by using the following

cleaning procedure: (1) substrates were sonicated in an Alconox/

DI water solution for 15 min, (2) then sonicated in pure DI water

for 15 min, and (3) next sonicated in a 1 : 1 : 1 acetone, ethanol,

and DI water solution for 15 min. Finally, the substrates were

treated with air plasma for �5 min. Between each step, the

substrates were inspected for dust/particulates which were

removed via a combination of physical agitation with Kimwipes

and owing nitrogen, as necessary. For the Cu inverse opals,

thin 1 � 2 cm2 copper sheets were used as the substrate, as Cu

poorly adheres to FTO. The cleaning procedure was the same as

for the FTO except that the plasma treatment was substituted

with a brief wash in 4 M HCl.

PS bead solutions were diluted from their stock solutions to

between 0.05 and 0.4 v/v%, depending on the size of the PS

beads. Millipore water was used consistently as the solvent for

the PS bead deposition. For solutions with bead diameters

$400 nm, a few drops of a 1% solution of TritonX were added.

PS bead solutions were sonicated for 15 min before deposition.

For a detailed table of the dilution concentrations and added

surfactant amounts for each individual PS bead size, please

refer to the ESI (Table S1†).

The substrates were set tilted at a 60� angle (where 0� is at

horizontal) with each sample placed individually in small vials

(1.5 cm diameter and 4.5 cm height). 1.5 mL of the desired PS

bead solution was carefully dispensed into the vials by applying

the pipette tip to the edge of the vial. The vials were arranged in

a 4� 4 grid on a hotplate for a total of 16 vials. The hotplate was

then covered with a crystallization dish (15.0 cm diameter and

7.5 cm height) with a lter paper taped to the bottom so that

droplets did not fall into the vials as water re-condensed on the

glass. The hotplate was then set to the desired temperature (see

Table S1† in the ESI for details per PS bead size). The humidity

and evaporation rate were reproduced by always maintaining

the same amount of water in the enclosed system (i.e. if only

making 8 substrates, the other 8 vials were still lled with 1.5

mL of water). Depending on the temperature, the deposition

was complete aer 1–4 days.

Aer the deposition, the lms with bead sizes$400 nm were

immersed in ethanol for 1 h, and then removed and carefully

dried using a gentle stream of nitrogen on the back side of the

substrate. This “solvent annealing” step improves the crystal-

linity and therefore optical properties of the PS opal (Fig. S1†).

Scheme 1 Schematic illustration of the polystyrene opal and inverse opal fabrication process.

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 11601–11614 | 11603
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All substrates were annealed on a hotplate at 90 �C for 10 min to

remove any remaining solvent and ensure good contact of the

beads with themselves and the substrate.34,35

Simulation of the optical response of polystyrene opal lms

Finite difference time domain calculations of the optical

response of PS opal lms were performed using Lumerical

FDTD Solutions. The experimentally realized lms were

approximated with a three-dimensional face-centered cubic

(FCC) opal structure 20 layers thick on top of a SiO2 slab.

Commonly available wavelength-dependent refractive indices

for the PS36 and SiO2 (ref. 37) were used. The simulation area

was dened by periodic boundaries encompassing a single FCC

supercell in the lateral directions and perfectly matched layer

absorbing boundaries in the vertical directions. Transmission

and reection were calculated from frequency domain eld and

power monitors placed below the structure in the SiO2 slab and

above the structure and the plane wave source respectively.

PS template electrode preparation

Substrates were prepared for electrodeposition by contacting

the bare substrate edge with copper tape (Ted Pella, 16074), and

then carefully constructing a window (0.7–1.2 cm2 area) out of

electrochemical tape (VWR, 33725-513) to mask off all area

except where the PS opal lm was present. Just before con-

ducting the actual electrodeposition, a drop of ethanol was

wicked onto the electrode window and the substrate was then

gently immersed into the electrodeposition solution without

agitation. This step helped prevent delamination of the lm and

promoted penetration of the solution into the PS template. A

standard three-electrode cell comprising a FTO working elec-

trode, a Ag/AgCl (3 M NaCl, BASI) reference electrode, and

a platinum counter electrode was used for electrodeposition. In

a typical deposition, approximately 50 mL of chemical bath

solution was used.

Electrodeposition of Cu2O

Deposition of Cu2O was adapted from a previous literature

procedure.38 In a typical experiment, a 0.4 MCuSO4 solution was

prepared by stirring 4.99 g CuSO4 in 25 mL of Millipore water.

13.51 g of lactic acid was added, and then 3 M NaOH was added

dropwise to the solution until it stabilized at pH 9. The solution

was then diluted by half to produce a 0.2 M CuSO4 solution and

adjusted to pH 9 by adding a few more drops of the 3 M NaOH.

Cu2O was deposited on the substrate under chronoampero-

metric conditions at �0.3 V vs. Ag/AgCl at 55 �C. The deposition

was done in ve 10 min cycles (50 min total) to monitor the lm

thickness and allow diffusion of the solution since it was not

stirred so as to not agitate the template. Aer the deposition,

the substrates were gently rinsed with water and then with

ethanol, and nally gently dried with a nitrogen gun. Next, the

PS beads were removed by cycling between toluene/acetone

rinses. This procedure successfully yielded electrodeposited

cubic cuprite Cu2O through the PS template on FTO. A planar

lm for optical characterization was also deposited on FTO

without the presence of PS beads using the same conditions.

Electrodeposition of BiVO4

BiVO4 electrodes were prepared via an electrodeposition

procedure for planar lms adapted from the literature.39 In

brief, 10 mM Bi(NO3)3 was added aer the pH of 35 mM VOSO4

solution reached <0.5 by the addition of HNO3. To stabilize the

otherwise insoluble Bi(III) ions at mildly acidic pH, 2 M sodium

acetate was added, raising the pH to 5.1, which was then

adjusted to pH 4.7 with HNO3. Deposition of amorphous Bi–V–

O lms was carried out potentiostatically at 1.9 V vs. Ag/AgCl

between 45 min and 1.5 h at 55 �C. All freshly prepared lms

were gently rinsed with water and then ethanol, and then gently

dried with a nitrogen gun. The lms were then annealed at

500 �C for 1 h in air with a 2 �C per minute ramping rate. Aer

annealing, the as-prepared lms were soaked in 1 M NaOH with

stirring for 20 min to remove the excess V2O5 and yield phase

pure monoclinic scheelite BiVO4. A planar BiVO4 lm for optical

characterization was deposited on FTO without the presence of

PS beads with similar deposition conditions and a deposition

time of 5 min.

Electrodeposition of CuBi2O4

CuBi2O4 was formed through a PS bead lm on FTO via elec-

trodeposition and annealing conditions adapted from the

previously reported recipe for planar lms described by Mullins

et al.40 Specically, we used a 4 mMCu(NO3)2 and 8 mMBi(NO3)2
in 10% nitric acid solution as the chemical bath. The electrode-

position of CuBi2O4 was carried out at a constant potential (�0.7

V) for 5 min. Substrates were carefully rinsed with water and then

ethanol, and then gently dried with a nitrogen gun aer elec-

trodeposition. The PS beads were removed during the annealing

step in air (600 �C, 2 h, 2 �Cmin�1 ramp rate) for the formation of

crystalline tetragonal kusachiite CuBi2O4.

Electrodeposition of copper

Copper was deposited by adapting the deposition procedure for

Cu2O, and using a PS opal template on a thin Cu sheet as the

working electrode. A 0.4 M CuSO4 solution in lactic acid (pH 9)

was used as the electrochemical bath, and Cu was deposited on

the substrate under chronoamperometric conditions at �0.7 V

for 50 min. The PS beads were removed by cycling between

toluene/acetone rinses to yield FCC copper porous substrates.

UV/Vis/NIR transmission and reectance measurements

Transmission and spectral reectance measurements were

performed on a Shimadzu SolidSpec-3700 UV/Vis/NIR spec-

trometer using an integrating sphere. The baseline for the

reectance measurement was collected with a silver mirror

(Thor Labs PF10-03-P-01). All measurements used an aperture

with a 6 mm spot size.

Angle dependent reectance measurements

The angle dependent reectance measurements were taken at

angles 45–80 degrees from the substrate normal vector in 5

degree increments with equal incident and receiving angles

11604 | J. Mater. Chem. A, 2017, 5, 11601–11614 This journal is © The Royal Society of Chemistry 2017
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using a M-2000 ellipsometer with an extended NIR range by J. A.

Wollam Co., Inc (Lincoln, NE, USA).

Scanning electron microscopy

Scanning electronmicroscopy (SEM) imaging was performed on

an FEI Quanta 250 FEG microscope with an acceleration voltage

of 5–10 keV and 10 mm working distance.

Atomic force microscopy

Atomic force microscopy (AFM) measurements were performed

under ambient conditions using a Bruker Dimension Icon AFM.

For all measurements, a rectangular silicon cantilever (RFESP-

75, Bruker) with a spring constant of 2.8 N m�1 was used.

Topography images of the surface were acquired in peak force

(PF) tapping mode at 2 kHz modulation with a PF amplitude of

150 nm. The linear scan rate was set to 0.3–0.5 Hz. The AFM

data were processed with Gwyddion (free scanning probe

microscopy data analysis soware) by line alignment and plane

leveling.

X-ray diffraction

Wide angle XRD was performed on a Rigaku Smartlab system

equipped with a Cu source using BB or PB/PSA modes.

Photoelectrochemical measurements

All photoelectrochemical measurements were performed using

a BioLogic SP300 potentiostat in a three-electrode photo-

electrochemical cell with a planar quartz window (5 cm2).

Cuprous oxide photocathodes were congured as the working

electrodes, a coiled Pt wire as the counter electrode, and an Ag/

AgCl (3 M NaCl, BASI) as the reference electrode. Measure-

ments were performed in 0.1 M KHCO3 electrolyte saturated with

Ar (pH 7.2) or with CO2 (pH 6.8). All measurements under illu-

mination were performed using simulated AM 1.5 light (Solar

Light) adjusted to 100 mW cm�2 using a calibrated Si photovol-

taic cell (SolarSim calibration, Newport). Photoelectrochemical

performance was established by running CVs from the open

circuit potential (Eoc) to �0.094 V versus the RHE (�0.7 V vs. Ag/

AgCl) at a scan rate of 50 mV s�1. Both dark and illuminated

cyclic voltammograms (CVs) were collected.

Incident photon-to-current efficiency (IPCE) measurements

IPCE measurements were carried out using a Newport 300 W

Ozone free Xe lamp where the optical output was passed

through an Oriel Cornerstone 130 1/8m monochromator. In

order to reduce light induced degradation, the lamp power was

reduced to 150 W. The sample current was measured with

a Gamry Reference 600 potentiostat. Cuprous oxide photo-

cathodes were congured as the working electrodes, a coiled Pt

wire as the counter electrode, and an Ag/AgCl (3 M NaCl, BASI)

as the reference electrode. Measurements were performed in

0.1 M KHCO3 electrolyte saturated with CO2 (pH 6.8) at an

applied bias of �0.29 V vs. Ag/AgCl (0.3 vs. RHE). The mono-

chromatic light was stepped in 10 nm intervals and chopped at

a period of 8 seconds in which the sample was illuminated only

in the rst 4 seconds of each period. The current under illu-

mination was calculated by averaging readings in the last

second of the illuminated interval. The dark currents were

calculated by averaging the last second of the non-illuminated

interval in every period. The photocurrent was calculated by

reducing the dark current from the current under illumination

at each cycle. The incident optical output at each wavelength

was measured with a Newport 71648 photodiode.

Results and discussion
Control of parameters affecting the deposition of

homogeneous, scalable PS templates

The prerequisite to fabricate inverse opal lms for large scale

photoelectrodes is to obtain high-quality highly ordered PS

bead templates over cm2 areas. In an attempt to deposit such

homogeneous PS templates, we have found that several

parameters have a signicant impact on the PS bead assembly

and lm homogeneity. Therefore, we provide a rigorous study

and understanding of the roles of solvent, added surfactant,

surface hydrophilicity, tilt angle, temperature, and humidity in

the assembly process.

With the goal of producing photonic IO materials, we have

chosen slow evaporation as the assembly method for the PS beads

over a range of diameters from 170 to 600 nm. This method allows

the formation of thick, highly ordered PS opals with a strong

photonic effect. In contrast, other methods produce thinner opal

layers, as in the case of dip-coating,41 or opal structures with

smaller crystalline grains, as in the case of spin-coating.42 For the

case of PS opal formation by the slow evaporation method,

ethanol43 and water32 are commonly used as solvents. However, we

have found that while lms deposited from ethanol are uniform,

the PS beads are only moderately ordered and the photonic crystal

stop band is weak (Fig. S2†). On the other hand, initial trials using

water as the solvent resulted in highly ordered PS beads, but

deposited in bands across the substrate, thereby yielding inho-

mogeneous templates (Fig. S3†). This solvent strike-slip phenom-

enon, commonly known as the “coffee ring effect”, is caused by the

capillary ow at contact lines of evaporating droplets containing

dispersed non-volatile solids.44 Because in our case high order of

the PS beads is crucial, we have investigated additional parameters

to minimize the coffee ring effect. Adding a small amount (mL) of

surfactant (TritonX) to beads with diameters $400 nm dispersed

in water improved the overall quality of the lms without nega-

tively impacting PS assembly (Fig. 1a, S4 and S5†). In this process,

the surfactant decreases the surface tension of water, ameliorating

the coffee ring effect through a phenomenon known as the Mar-

angoni effect.45 Indeed, similar improvements of the coffee ring

effect have been observed for the evaporation of water droplets

containing suspended silica beads and hydrosoluble polymer

additives.46

While the deposition solution plays a primary role in deter-

mining the quality of the lm, equally important is the control

of the substrate quality and its handling during the deposition.

Specically, substrate hydrophilicity is crucial to achieving good

wetting of the solvent on the substrate. Therefore, in addition to

a solution cleaning treatment (detailed in the Experimental
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section), substrates were treated with air plasma as the nal

step, thereby rendering them hydrophilic and improving their

wettability. In addition, the tilt angle of the substrate plays

a signicant role in the assembly.47 While substrates are

commonly dried vertically,48 we nd that tilting the substrates at

an angle of approximately 60� during the slow evaporation

process reduces the severity of the strike-slip movement of the

drying front. At the same time, the substrate needs to maintain

an angle (>45�) in order to ensure homogeneity of the lm

thickness across the substrate (Fig. S6†). Finally, both temper-

ature and humidity of the drying environment are instrumental

in determining the nal quality of the PS opal lm, as they

control the actual evaporation rate of the water solution. In

particular, under low humidity conditions, the drying rate of the

lms dramatically increases, ultimately affecting the opal

homogeneity (Fig. S7†). Therefore, drying of these lms needs

to be carried out in a water saturated environment. In a typical

experiment, a series of vials are dried on a single hotplate

covered with a crystallization dish. The temperature and total

amount of solvent within the setup are maintained constant for

every experiment, xing the temperature, humidity, and, ulti-

mately, the evaporation rate of the solvent as the lms form.

The details of all the parameters mentioned above for each bead

size can be found in the Experimental section. The opal lm

thickness is dependent on the solution concentration and can

be varied from a monolayer to tens of layers (Fig. S8†). Control

over the PS lm thickness is important to prevent electronic

transport limitations during the electrodeposition process, thus

preventing a successful synthesis of the (photo)electrocatalytic

materials. Typical lms assembled from 500 nm beads are

about 3 mm thick (Fig. S8†). In summary, by controlling the

substrate tilt angle, surface hydrophilicity, solvent, surfactant,

temperature, and humidity, we demonstrate the reproducible

fabrication of homogeneous lms of highly ordered PS beads on

the cm2 scale.

Optical and morphological characterization of highly ordered

PS templates

These PS bead lms are deposited on conductive transparent

electrodes (e.g. FTO), which are useful for subsequent inlling

by electrodeposition and for potential use of the resulting

systems as active photoelectrodes. However, analogous PS opal

lms, exhibiting similar quality, were also successfully depos-

ited on silicon, quartz, and copper substrates. While we have

focused on the optimization of the process on FTO substrates,

we have also performed the assembly on Cu foil. We have

measured the surface roughness as the root mean square

(RMSSR) of FTO (RMSSR ¼ 13.2 nm) and Cu foil (RMSSR ¼ 26.0

nm) by means of atomic force microscopy (AFM, Fig. S9†).

These two substrates have different, yet not dramatically so,

surface roughnesses. However, the PS opal lm formation

works comparably well on both of them, as long as the substrate

cleaning procedure (described in the Experimental section) is

followed (Fig. 1 and S10†). We ascribe this effect to two possibly

concomitant reasons: (1) the meniscus at the drying front plays

a more signicant role in the opal formation than the direct

interaction of the PS beads with the substrate surface, and (2)

the diameter of the PS beads is much larger than the actual

roughness of the substrate, which consequently does not affect

the assembly. The quality of the PS opal lms can be seen by eye

via the photonic effect, which manifests as a change of color in

the transmission (Fig. 1b) and reection (Fig. 1c) images of the

lms. To more thoroughly characterize the optical properties of

the PS opal templates and assess their homogeneity over a large

scale, we have conducted UV/Vis/NIR optical transmission and

specular reection measurements of the lms, with results for

PS beads with diameters 170, 200, 280, 350, 390, 400, 500, 510,

and 600 nm shown in Fig. 2. A main photonic crystal stop band

is observed in the reection spectra (Fig. 2a), and is com-

plemented by a dip in the transmission spectra (Fig. 2b).

The large amplitude and small full width at half maximum

(FWHM) of these features in the optical spectra are indicative of

the high quality, 3D nature, and large area of the PS opal lms.

As a measure of the quality factor of these opal structures, the

FWHM values are reported in Table 1 and, to the best of our

knowledge, correspond to some of the highest values published

in the literature.42,49 The broad increase in reectance that

occurs in the IR is due to the FTO substrate (Fig. S11†). When

the same lm is prepared on a quartz substrate, this reectance

disappears (Fig. S12†).

SEM images show the homogeneity of these structures over

large scales and indicate that the sphere arrangement in the PS

Fig. 1 (a) SEM image of a 500 nm PS bead film, (b) transmission and (c) reflection camera images of the PS templates showing film uniformity
over a >1 cm2 area. PS templates reported in (b) and (c) are 1 � 2 cm2.
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templates is FCC (Fig. 1a), which is consistent with prior reports

of analogous systems.32,33,50 In order to calculate the position of

the photonic crystal stop band, the optical data have been

compared to prediction based on the Bragg–Snell law (eqn (1)).50

For an FCC assembly, the expected reectance peak maximum

can be calculated according to:

l ¼
2

m

"

ffiffiffi

2
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

#

D

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

navg2 � sin
2
q

q

(1)

where l is the wavelength of the PBG; m is the order of Bragg

diffraction; h, k, and l are theMiller indices; D is the pore center-

to-center distance (approximately bead size); navg is the average

refractive index (1.44) for an FCC structure of polystyrene and

air; and q is the angle between the incident light and the normal

of the substrate plane. navg takes into account the refractive

index of polystyrene (1.59) and of air (1.00), as calculated in

eqn (2) using the effective medium approximation, where fPS
and fair are the volume fraction of PS and air, respectively.51

navg ¼ fPSnPS + fairnair (2)

A comparison of the calculated and measured PBG peak

positions for each bead size is provided in Table 2, and high-

lights that the experimental photonic crystal stop bands for the

different PS sizes are in reasonable agreement with the ones

calculated with the Bragg–Snell law.

The Bragg–Snell model also predicts shis of the PBG as

a function of the incoming angle of the incident light. There-

fore, reectance measurements were performed as a function of

angle in the range of 45–80� (in 5� increments) relative to the

normal vector from the substrate surface (i.e. 10–45� from the

substrate plane). Most of the lms exhibit a main peak that red

shis as the PS diameter increases, suggesting that this feature

is from the periodic order of the beads. PS beads of sizes 200,

280, 350, and 500 nm are reported in Fig. 3, with the remaining

sizes in Fig. S13.† A blue shi is observed as the incident angle

progresses from the substrate normal towards the substrate

plane. This nding agrees with the peak shi determined from

Fig. 2 (a) Spectral reflectance and (b) transmission spectra of the PS bead templates, showing a peak in reflectance and a dip in the transmission
where the photonic gap is formed. The increase in the reflectance in the IR is from the FTO substrate (see Fig. S11†).

Table 1 FWHM values for opal films fabricated from various diameters of PS beads

Diameter (nm) 170 200 280 350 390 400 500

FWHM (nm) 36.1 52.9 44.9 65.6 71.0 84.2 80.5

FWHM (eV) 0.298 0.239 0.140 0.117 0.121 0.147 0.103

This journal is © The Royal Society of Chemistry 2017 J. Mater. Chem. A, 2017, 5, 11601–11614 | 11607
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the model. The calculation of the shi in the position of the

(111) peak is tabulated in Table S2.†

To gain a further understanding of these optical features, we

have performed full eld optical simulations of the 3D PS opal

lms on SiO2 substrates. As predicted by the Bragg–Snell law, we

see a dip in the transmission corresponding to the PBG at

wavelengths correlated with the close-packed (111) lattice

planes of the simulated FCC PS opal lms (Fig. 4a–c). While at

smaller PS bead sizes there is a slight mismatch between the

experimental and calculated PBG positions likely due to the

polydispersity of the as-received PS beads (Fig. 4a). A better

correlation in these features can be seen at lower wavelengths

for larger bead sizes (Fig. 4b and c). These peaks are due to

features in the photonic band structure arising from resonant

modes of the individual PS spheres as described by Mie scat-

tering theory.52 A full comparison of the PBG position for the

full range of measured and simulated bead sizes is presented in

Fig. 5.

Electrodeposition as the inlling method of PS templates for

the synthesis of scalable, nanoporous (photo)electrocatalytic

materials

Establishing a reproducible and homogeneous opal template

size series lays the foundation for creating inverse opal mate-

rials via inlling deposition methods and subsequent removal

of the beads via calcination or chemical dissolution. Sol–gel,

spin-coating, capillary, and evaporative methods have been

used as top-down approaches to producing inverse opal struc-

tures.32,49,53,54 However, these techniques suffer from drawbacks

such as minimal control over the inverse opal lm thickness,

a need for repeated inlling steps, an overcoat layer that

subsequently needs removal via selective chemical etching, and

a risk of blocking the pores during the course of the deposition

due to the top-down nature of the methods.55,56

In contrast to the methods described above, the bottom-up

electrodeposition approach has several advantages, including

control of nucleation and growth via voltage/current, the ability

to vary the lm thickness using the same template via deposi-

tion time, and the potential to produce low-cost large area

samples.53 Electrodeposited materials are preferentially grown

up from the substrate towards the surface. This characteristic is

Table 2 Calculated and measured PBGs of different PS bead
diameters

Diameter
(nm)

Calculated
PBG (nm)

Measured PBG
(nm)

170 398.8 386.5

200 469.2 522
280 656.9 627.5

350 821.1 827.5

390 914.9 846

400 938.4 836
500 1173.0 981

510 1196.4 1157.5

600 1407.6 1586

Fig. 3 Angle dependent reflectance data for PS templates of (a) 200,
(b) 280, (c) 350, and (d) 500 nm diameters. The peak shifts from blue to
red with increasing PS bead diameter, and from red to blue with
increasing angle from the normal vector from the substrate.
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particularly advantageous for enabling complete inltration

and lling of the interconnecting space between pores due to

the outward growth in order to fabricate IO structures with good

electrical contact and continuity.

We use our highly ordered PS bead lms as templates for

electrodepositing inverse opal electrodes. To demonstrate the

versatility of this templating approach, we have chosen mate-

rials that cover the spectra of electrode materials of interest for

solar fuel (photo)electrochemistry: Cu2O (as an established

photocathode), BiVO4 (as an established photoanode), CuBi2O4

(as an emerging photocathode), and Cu (as an established

catalyst for electrochemical CO2 reduction). Cu2O, BiVO4, and

CuBi2O4 absorb light in the visible range and have favorable

band edge positions, which are benecial properties for solar-

driven photoelectrochemical water splitting or CO2 reduction

applications. However, they suffer from poor electron–hole

separation yields and bulk recombination, which affect the

activity57 and stability of the materials,4 particularly in planar

systems. Therefore, synthetic nanostructuring approaches

would benet this class of transition metal oxide materials. In

addition, the synthesis of nanostructured, porous Cu electrodes

for CO2 reduction has the potential to tune the kinetics of

product selectivity due to CO2 and reaction intermediate

connement in the pores. For example, the use of Ag-IOs has

been recently studied to effectively tune efficiency and selec-

tivity in CO2 reduction.
58 Thus, we demonstrate how electrode-

position can be used as a bottom-up versatile inlling approach

for different photoelectrocatalytic materials.

To fabricate the IO photonic crystals of the targeted mate-

rials, we have used PS templates of 500 nm beads for the Cu2O

and BiVO4, 200 nm beads for CuBi2O4, and 280 nm beads for

Cu. All the electrodeposition conditions used herein have been

adapted from existing literature methods on electrodeposition

of planar lms of the corresponding materials (see the Experi-

mental section for details). Tuning of the deposition time,

temperature, and voltage/current can affect the growth rate and

the quality of the lms. Once electrodeposition of the desired

material through the PS template is accomplished, the PS beads

are removed via toluene/acetone immersion cycles, as in the

case of Cu2O and Cu, or via annealing, as in the case of BiVO4

and CuBi2O4. Aer the removal of the PS beads, the resulting

pore diameter is approximately 450 � 15 nm for Cu2O and

BiVO4, 212 � 22 nm for CuBiO4, and 213 � 9 nm for Cu (Table

S3 and Fig. S14†). In addition, the lm thickness measured

from the obtained IO lms is approximately 900 nm for Cu2O,

100 nm for BiVO4, 42 nm for CuBi2O4, and 1.3 mm for Cu

(Fig. S14 and Table S4†).

The SEM images of the nal electrode lms grown through

the PS opal template are shown in Fig. 6. The Cu2O lms show

a well-dened, multi-layered inverse opal structure (Fig. 6a),

with a pore size slightly smaller (450 nm) with respect to the

original PS bead size (500 nm). The lm is relatively at and

oriented in the [111] direction from the substrate. The line-like

discontinuities of the hexagonally patterned structure are

a result of the grain boundaries present between grains in the

PS opal template. Nevertheless, the registry of the structure is

continuous between grains, and is observed over a large area as

shown in Fig. S15.† Using electrodeposition as an inlling

method for BiVO4 results in an interesting, unexpected geom-

etry: an inverse opal structure with a planar over-layer

(Fig. S16†). In this case, the iridescence from the periodicity

Fig. 4 Comparison of measured and simulated transmission of PS
bead templates of (a) 280, (b) 400 and (c) 500 nm size under normal
incidence plane wave illumination.

Fig. 5 Comparison of the position of the PBG for the full range of
simulated and measured PS bead opals. The feature at the PBG was
fitted with a Gaussian in order to extract its position.
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of the inverse opal structure could be seen through the bottom

of the substrate (Fig. S17†). When this overgrowth layer is gently

removed via scotch tape, it reveals a patterned lm that is the

origin of the iridescence (Fig. 6b). This geometry is particularly

attractive as removal of the photonic lm with a conductive

tape has been reported as a successful way to make electrode

materials, and the presence of a planar over-layer, in contact

with the tape, guarantees electrical contact through the lm

without preventing the use of our approach for the synthesis of

(photo)electrocatalysts. The area of the patterned BiVO4

covered virtually the entire substrate with crack-free areas to

well over 1 mm2 (Fig. S18†). The CuBi2O4 lms also reect the

inverse opal structure (Fig. 6c). However, the quality of the

lms could be improved over a large scale (Fig. S19†). The

presence of structural defects in the case of CuBi2O4 may be

attributed to the inhomogeneous nature of the electrodeposi-

tion growth noted by Mullins and colleagues.40 While Choi

et al. have published an improvement upon this electrodepo-

sition method, this approach involves using DMSO as a solvent

and the PS beads are unstable in this environment over the

time of the deposition.59 Nevertheless, we report the rst

known demonstration of a CuBi2O4 inverse opal structure.

Finally, the Cu lm shows a pattern of spherical grain growth

with uniform pores where the PS template was originally

present (Fig. 6d). Despite the unusual grain growth, the order

of the PS template is clearly maintained in the Cu lm. The

inverse opal structure is observed over a large scale as shown

in Fig. S20.†

While the homogeneous deposition of patterned BiVO4 and

CuBi2O4 lms was successful, further optimization of the

deposition conditions for these ternary oxides is required to

produce lms of the same structural quality of the Cu2O and Cu.

In particular, nucleation and growth of these lms plays an

important role in achieving the desired quality and must be

precisely controlled. For example, to improve the structural

quality of Cu2O and provide information on the growth mech-

anism, we have monitored its nucleation process in the opal

template as a function of the deposition time (Fig. S21†).

Shorter deposition times show that Cu2O nucleates at indi-

vidual PS beads. Then, prolonged deposition times show that

Cu2O encompasses the PS beads until it forms an over-layer. In

addition, control and careful choice of voltage/current param-

eters, as well deposition temperature, have also been demon-

strated to be important synthetic knobs.

To conrm that we have electrodeposited the targeted

material in the presence of the PS template, we have conducted

wide angle X-ray diffraction (XRD) experiments. The data shown

in Fig. 7 conrm the cubic cuprite phase for Cu2O, monoclinic

Fig. 6 SEM of (a) Cu2O, (b) BiVO4, (c) CuBi2O4, and (d) Cu inverse opal structures electrodeposited through PS opal templates.
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scheelite phase for BiVO4, tetragonal kusachiite for CuBi2O4,

and FCC for Cu with a small contribution from the (111) peak of

Cu2O as the surface is partially oxidized. These results are also

in agreement with the modied electrodeposition procedures

used herein.

In order to characterize the optical properties of these

photonic crystal inverse opals, we have performed spectral

reectancemeasurements to assess the position of the photonic

crystal stop band. As mentioned above, the presence of the PBG

is determined by the refractive index of the material and the

pore size of the opal replicas. Cu2O is a high refractive index

(2.7) material and therefore has the possibility of exhibiting

a photonic band gap effect if the structure is well ordered.

Fig. 8a shows the spectral reectance of a Cu2O inverse opal

templated from a 500 nm PS lm. By using the Bragg–Snell law,

we can approximate the photonic crystal stop bands expected

for an inverse opal structure of Cu2O with a pore size of 450 nm.

The results are 649 nm (220), 918 nm (200), and 1060 nm (111).

These calculated peaks correlate well with the photonic crystal

stop bands in the experimental data, which show a sharp peak

at 625 nm and a broader peak at �995 nm. The peak at 625 nm

is relatively close to the calculated one (649 nm) for the (220)

plane. The broader peak at �995 nm could be a contribution

from both the (111) and (200) planes. Notably, the appearance

of these spectral features demonstrates that the high order of

the inverse opal structure results in a photonic effect when

compared to a planar lm (Fig. S22†). This effect can be seen by

eye as a yellow iridescence. Exhibition of a photonic effect from

the Cu2O lm suggests that this material could be of interest as

an active photocathode whose structure could additionally be

used to tune how the incoming light interacts with the elec-

trode. The spectral reectance data of the BiVO4 lm with the

overcoat layer removed are shown in Fig. S23.† Although a clear,

angle dependent iridescence of the BiVO4 lms can be seen by

eye, further improvement in the structural quality of the lm is

necessary to observe a dened photonic crystal stop band as

exhibited by the Cu2O inverse opal lms. Similarly, the elec-

trodeposition of CuBi2O4 needs further improvement to achieve

uniformity over a large scale. Cu has a very low index of

refraction, and thus it is not a good stand-alone candidate for

the creation of a photonic effect.

Finally, even though functional characterization of these

photoelectrodes is beyond the main focus of this paper, we have

analyzed the performance of Cu2O IOs as an active photo-

electrode for CO2 reduction. Upon illumination, the photo-

generated electrons are present in the conduction band of

Cu2O, which lies energetically above the potentials for both CO2

and H2O reduction.60 Thus, the energy level of the conduction

band of Cu2O is favorable to aid the photoelectrochemical

reduction of CO2 and generate a cathodic photocurrent. Fig. 8b

reports the cathodic sweep for Cu2O under aqueous conditions

(0.1 M KHCO3) in the presence of (and without) CO2 in the dark

and under illumination. While Cu2O has been used for photo-

electrocatalytic H2 production,61 direct photoelectrocatalytic

CO2 reduction with this material has yet to be demonstrated.

Cu2O inverse opals are tested in the presence of Ar, where CO2

Fig. 7 XRD patterns of (a) Cu2O, (b) BiVO4, (c) BiCu2O4, and (d) Cu inverse opal structures. Asterisks mark peaks from the FTO substrate. The
arrow in (d) marks the (111) plane for Cu2O, indicating a minor presence in the Cu inverse opal.
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reduction is suppressed in favor of H2 generation, and in the

presence of CO2, where H2 generation and CO2 reduction are

competing with each other. Notably, an improvement in the

onset potential (�0.1 V) and in the photocurrent (�0.39mA cm�2

at 0 V vs. the RHE), together with an improvement in the ll

factor are observed in the presence of CO2, thus suggesting the

potential of Cu2O as an active photocathode for CO2 reduction.

Although Cu2O is known to be unstable for long-term opera-

tion,61 Cu2O IOs are found to be sufficiently stable for the dura-

tion of the measurements presented here, as determined by

measurements of several cyclic voltammograms (Fig. S24†). In

addition, measurements of the incident photon-to-current effi-

ciency (IPCE) as a function of wavelength, performed in the

presence of CO2 at 0.3 V vs. the RHE, reveal an onset near 620 nm

(Fig. S25†). This value agrees well with the band gap of this

material61 and indicates that the photoexcitation of Cu2O is

indeed responsible for the cathodic photocurrent. While we

consider this a preliminary result, and more thorough studies on

stability and the role of pore size need to be performed, this

nding demonstrates that our approach produces functional

large scale materials for articial photosynthesis.

Conclusions

In conclusion, we have reported the synthesis of scalable (cm2),

highly reproducible PS opal templates over a wide range of bead

diameters, from 170 to 600 nm. We provide a careful analysis

and discussion of the different parameters that play a role in the

fabrication of these PS opal templates. The high quality of these

PS opal templates is conrmed via optical transmission and

reectance measurements, where a strong photonic crystal stop

band with a small FWHM is observed. The Bragg–Snell model is

utilized to calculate the photonic crystal stop band of the PS

opal template as a function of the PS bead size and as a function

of the incident light, revealing that the calculated and experi-

mental values are in good agreement with each other. In addi-

tion, nite difference time domain calculations of the optical

response of PS opal lms show that the calculated PBG is in

good agreement with the experimental one. These high-quality

opal substrates are used as templates for the electrodeposition

of photoelectrocatalytic and electrocatalytic materials, thus

providing a versatile and universal approach for producing

highly periodic materials with pore size control over large areas.

We show that Cu2O, BiVO4, CuBi2O4, and Cu IOs can be ob-

tained by this approach, and conrm their identity by XRD. To

the best of our knowledge, we report for the rst time the

electrodeposition of BiVO4, and the synthesis of CuBi2O4 IO

structures. Morphological and optical characterizations of the

lms show superior quality for the Cu2O and Cu replicas, with

the rst demonstration of a photonic effect from Cu2O IO

synthesized in an all solution based approach. While optimiza-

tion of the electrodeposition technique is still necessary and

underway in our laboratory for the ternary oxide compositions,

we show that this technique holds great promise for the fabri-

cation of large scale opal templates and effectively converting

them into equally homogeneous ordered replicas. Based on

preliminary photoelectrochemical testing on Cu2O photocath-

odes, we expect these structures to be promising in the eld of

CO2 reduction. While we demonstrate the photoelectrochemical

performance of Cu2O IOs in reducing CO2, the testing of these

materials and the understanding of the effect of the pore size of

the IO structure on (photo)electrocatalysis for CO2 reduction is

currently underway in our laboratory.
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