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ABSTRACT: Colloidal crystal templating is a simple yet remarkably
versatile synthetic strategy toward inverse opal (IO) photonic crystals
for optical sensing and catalytic applications. Herein, we report the
successful fabrication of tantalum (V) oxide, Ta,Os, inverse opal thin
films and powders using the colloidal crystal templating method,
utilizing poly(methyl methacrylate) (PMMA) colloidal crystals as
sacrificial templates and TaCl; as the tantalum source. The Ta,O4 10
thin films and powders showed structural color at ultraviolet (UV) and
visible wavelengths, with the photonic band gap (PBG) position along
the [111] direction increasing linearly with the diameter of macropores
(D) in the inverse opals and also the refractive index of the medium
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filling the macropores, in excellent accord with a modified Bragg’s law

expression. Thermal ammonolysis of the Ta,O; inverse opals at 700 °C yielded well-ordered Ta;N; IO films and powders possessing
high specific surface areas (37 m* g™') and a semiconductor band gap of 2.0—2.1 eV. A Pt/Ta;N; IO photocatalyst delivered a H,
production rate of ~300 ymol g~ h™! in aqueous methanol (10 vol % MeOH) under visible-light irradiation (300 W Xe lamp, 4 >
420 nm), approximately twice that achieved using conventional Pt/Ta;Ns powder photocatalysts (161 gmol g~ h™', 8.4 m* g™").
Results demonstrate that inverse opal engineering is an effective approach for realizing Ta,O; IO thin films for sensing applications

and Ta;Ng I0s with enhanced photocatalyst performance.

Bl INTRODUCTION

With a view toward the fabrication of well-ordered porous oxide
materials for sensors and catalytic applications, researchers are
increasingly utilizing colloidal crystal templating strategies. This
approach involves the self-assembly of monodisperse spherical
colloids, typically submicron-sized polystyrene or poly(methyl
methacrylate) colloids, on a face-centered cubic (fcc) lattice to
form a colloidal crystal (synthetic opal).'~"" Subsequently, the
interstitial voids in the colloidal crystal templates are filled with a
dielectric material via sol—gel, electrodeposition, chemical vapor
deposition (CVD), atomic layer deposition (ALD), precip-
itation, or nanoparticle infiltration methods, followed by
selective removal of the polymer colloidal crystal template via
calcination or solvent etching.'~'' The product, commonly
referred to as an inverse opal (I0), comprises a face-centered
cubic array of uniformly sized air spheres (macropores) in a
dielectric matrix. Using this approach, a diverse array of three-
dimensionally ordered (3DOM) metal oxide inverse opals (e.g.,
Si0,, TiO,, ZrO,, Al,O;, and CeO,) and other kinds of inverse
opals (including conducting polymers, metals, etc.) have been
fabricated.'™'® The periodically modulated refractive index that
naturally exists in opal and inverse opal arrays creates photonic
band gaps (PBGs) or optical stop bands along particular
directions in the fcc lattice.'”~"? If the periodicity (d) in metal
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oxide inverse opals is around half that of visible-light
wavelengths (ie., dj; = 200—375 nm), angle-dependent
structural color in the visible region is typically observed, thus
providing a basis for optical sensor development (since the PBG
position, 4., and hence the reflected color are sensitive to the
refractive index of the medium filling the macropores). For first-
order diffraction on fcc planes in opal and inverse opal photonic
crystals, PBG positions can be described using the following
modified Bragg’s law expression:

lma_x = 2dhkl1 navgz — Sin29 (1)

where A, is the PBG position (in nm), dyy is the interplanar
spacing between hkl planes (in nm), 0 is the incident angle of
light with respect to the surface normal (in degrees), and Mayg 18
the average refractive index of the opal or inverse opal. The latter
can be calculated using the equation:
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navg = [qzolidnsolid + (1 - ¢50]jd)nvoid] (2)
where ¢4 is the solid volume fraction in the opal or inverse
opal (typically 0.74 for an opal, <0.26 for an inverse opal), 1,4 is
the refractive index of the solid material, and n,4 is the refractive
index of the void filling material.”

Tantalum pentoxide (Ta,O;) is an important metal oxide,
possessing a high refractive index (2.05—2.3) and high
transparency in both the visible and near-infrared regions.
These properties make it a particularly attractive material for
creating optical and optoelectronic devices, including sensors,
filters, lasers, and photographic lenses.”’~>” Further, the
combination of a high dielectric constant (¢ = 29, increasing
to 90—110 in thin films) and wide electronic band gap (E, = 4.0)
lead to further application in capacitors and other electronic
devices. Surprisingly, given the excellent optical properties of
Ta, 0y, very little work has been reported to date relating to the
fabrication of Ta,O; inverse opals operating in the visible
regime.”” ">’ The 3DOM structure of inverse opals, together
with their inherent photonic crystal properties, is expected to
create new opportunities for Ta,O; in optical sensor develop-

9737 photocatalysis,”” ~** and catalysis,””****~* motivat-
ing a detailed investigation. Furthermore, Ta,0j5 is an important
starting material in the preparation of TaON and Ta3Nj
photocatalysts for visible-light-driven hydrogen production.
Olive green TaON (E, = 2.4=2.5 eV) is typically obtained by
nitridation of Ta,04 at 800—950 °C and low NH; flow rates
(25—50 mL min~"), whereas orange-red Ta;Nj (Eg =2.0-2.1
eV) is generated at lower temperatures (~700 °C) and high
ammonia flow rates (0.5—1 L min™"). The syntheses of TaON
and Ta;Nj are described by the following equations:

Ta,O4 + 2NH; — 2TaON + 3H,0 3)

(4)

The TaON and Ta;N; products produced using commercial
Ta,O5 powders or sol—gel-derived Ta,O5 powders generally
have low specific surface areas (generally <10 m> g') due to the
high reaction temperatures used in their synthesis. This limits
their photocatalytic activities. We hypothesized that by using an
inverse opal Ta,O; IO precursor, particle sintering during the
thermal nitridation to produce TaON or Ta;Ng should be
greatly suppressed (since particle sintering cannot easily occur
across the large inverse opal macropores), thus producing
visible-light-driven photocatalysts with high specific surface
areas and improved photocatalytic activity. Validation of this
hypothesis is one focus of this manuscript.

In this work, we report a detailed investigation of Ta,O4
inverse opal fabrication using the colloidal crystal template
method. Using PMMA colloidal crystals as sacrificial templates,
we demonstrate that high-quality Ta,O; inverse opal thin films
with pseudo PBGs along [111] at UV and visible wavelengths
can readily be prepared for optical sensing applications. This fills
a critical gap in the scientific literature, since almost all
previously reported optical data for Ta,Og IOs are for
polycrystalline powders, not thin films (with oriented thin
films being desirable for optical sensing applications). Further,
we also demonstrate that the thermal ammonolysis of Ta,0 10
films and powders at 700 °C yields phase-pure Ta;Ng IOs with
high specific surface areas and excellent photocatalytic activities
for hydrogen production under visible light. Results encourage
the wider use of colloidal crystal templating to enhance the
functionality of transition metal oxide and nitride materials.

3Ta,0; + 10NH, — 2Ta,N; + 15H,0
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B EXPERIMENTAL METHODS

Materials. Methyl methacrylate (MMA, 99%), 2,2'-azobis(2-
methylpropionamidine)dihydrochloride (97%), tantalum(V) chloride
(TaCl;, 99.99%), concentrated HCl (37 wt % in water), and
chloroplatinic acid hexahydrate (H,PtCl-6H,0, 98%) were purchased
from Sigma-Aldrich and used without further purification. Methanol
(99%), acetone (99%), ethanol (99.4%), n-heptane (99.5%), dichloro-
methane (DCM, 99%), carbon tetrachloride (CCl,, 99.5%), and
toluene (98%) were obtained from local suppliers. Water was obtained
from a Milli-Q system (18.2 MQ-cm).

Synthesis of Monodisperse Poly(methyl methacrylate) Colloids.
Eight batches of monodisperse PMMA colloids with different diameters
were synthesized by the surfactant-free emulsion polymerization of
methyl methacrylate at 70—85 °C (Table 1), following the general
procedure described by Schroden et al., with some modifications.>® The
polymerizations were conducted in a five-neck round-bottom flask
fitted with a mechanical stirrer, water-cooled condenser, thermometer,
nitrogen gas flow inlet tube, and a glass stopper (Figure S1). By varying
the reaction temperature and the volume of MMA added, eight batches
of monodisperse PMMA colloids with diameters ranging from 224 to
414 nm were obtained.

Table 1. Synthesis Parameters Used to Prepare the Eight
Batches of Monodisperse Poly(methyl methacrylate)
Colloids

temp.  volume MMA volume mass azo Dgeyt

batch  (°C (mL) H,0 (L) initiator (g) (nm)
#1 85 125 1.6 1.5 224
#2 85 150 1.6 1.5 235
#3 80 175 1.6 1.5 261
#4 80 200 1.6 1.5 294
#5 80 300 1.6 1.5 320
#6 70 300 1.6 1.5 360
#7 70 350 1.6 1.5 390
#8 70 400 1.6 1.5 414

Fabrication of Poly(methyl methacrylate) Colloidal Crystals
(PMMA CCs). PMMA colloidal crystal thin films on glass or quartz
microscope slides and free-standing monoliths were subsequently
prepared from each batch of PMMA colloids. These templates were
used to fabricate Ta,Og IO thin films and Ta,Os IO powders,
respectively. The flow-controlled vertical deposition method (FCVD)
method was used to deposit PMMA CC thin films on glass or quartz
microscope glass slides (2 cm X S cm) for optical characterization
studies (Figure $2).° Free-standing PMMA monoliths were prepared
by centrifugation. Conical polypropylene centrifuge tubes (50 mL)
were filled with the undiluted PMMA colloidal dispersions. The tubes
were then centrifuged at 1500 rpm (rcf 369) for 24 h at room
temperature using an Eppendorf 5804 centrifuge. Following
centrifugation, the supernatant was carefully removed using a plastic
pipette, and the centrifuge tubes containing the colloidal crystal pellets
were then left to stand vertically (uncovered) at room temperature in a
fume hood for 3 weeks until completely dry. The obtained PMMA
colloidal crystal monoliths were then used to fabricate Ta,O5 IO
powders.

Fabrication of Ta,Os Inverse Opals (Ta,Os; I0s) by Colloidal
Crystal Templating. For the preparation of the Ta,O; IO films, a S wt %
TaCls solution in ethanol was prepared. For the fabrication of the
Ta,0; 10 powders using the PMMA CC monoliths, a 10 wt % TaClj
solution in ethanol was used.

To infiltrate the PMMA CC films on glass or quartz microscope
slides, one end of each slide was slightly elevated to give a tilt angle of
~5° between the high and low ends of the slide. Then, 4 drops of the
ethanolic 5 wt % TaCl; solution were applied on the raised edge of the
PMMA colloidal crystal films. The combination of gravity and capillary
action resulted in the complete filling of the voids in the colloidal crystal
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films. After infiltration, the slides were laid flat (film side upward) and
allowed to dry in air for 24 h.

For the preparation of Ta,05 IO powders, the centrifuged PMMA
colloidal crystal monoliths were lightly crushed with a spatula to give
small pieces of size 1—2 mm. The pieces of colloidal crystal were then
spread as a thin layer on a piece of ethanol-moistened Whatman grade 2
filter paper in a Biichner funnel, with a strong vacuum applied. The 10
wt % TaCly solution (in ethanol) was then applied dropwise over the
layer of the PMMA colloidal crystal pieces until all pieces had been
wetted. A strong vacuum was applied for a further 15 min to remove any
excess TaClg solution. Finally, the infiltrated PMMA CC pieces were
allowed to dry in air for 24—48 h at room temperature.

The sol—gel infiltrated PMMA CCs were then transformed into
Ta,O; IOs by calcination. Briefly, the samples were heated from room
temperature to 300 °C in air at 2 °C min~" and then held at 300 °C for 2
h; then, the temperature was increased from 300 to 550 °C at 2 °C
min~" and held at 550 °C for 2 h (for films) or 4 h (for powders). The
samples were then removed from the furnace at 550 °C and allowed to
cool to room temperature in air. The resulting Ta,O; inverse opal films
and powders showed “opalescence” under white light and were
subjected to detailed optical and structural characterization studies.

Fabrication of Ta;Ns Inverse Opals (Ta;N; I0s) by Thermal
Ammonolysis. Ta;N 10s were synthesized by thermal ammonolysis of
the Ta,0; 10 films (on quartz) and powders at 700 °C for S h under an
ammonia gas flow. The nitridations were conducted in an alumina tube
reactor (housed in a tube furnace) that was sealed at one end and fitted
with ammonia inlet/gas outlet tubes at the other end (Figure S3). At the
beginning of the experiments, Ta,0O5 IO samples were placed in
alumina boats and then transferred to the reactor. Samples were heated
from room temperature to 550 °C at ~8 °C min~" under helium gas,
and then the gas switched to pure NH; gas (1 L min™", 99.99%). The
samples were then heated to 700 °C at 1 °C min™" and then held at 700
°C for S h. The samples were then allowed to cool naturally in the
alumina tube reactor, with the gas switched from NH; to He once the
temperature had dropped below 500 °C. Once the temperature of the
furnace was below 100 °C, the nitrided samples were collected for
characterization.

Characterization. Scanning electron microscopy (SEM) images
were collected on a Philips XL-30S Field Emission Gun scanning
electron microscope (FEGSEM) operating at an electron accelerating
voltage of 5 kV in high vacuum. Samples were mounted on black carbon
tape for the analyses and then lightly platinum sputter coated (Quorum
QI1S0RS) to reduce specimen charging under the electron beam.

Transmission electron microscopy (TEM) analyses used a Tecnai 12
transmission electron microscope operated at an accelerating voltage of
120 kV. An under-mounted GATAN CCD 4-megapixel camera was
used to collect the images. Powder specimens were dispersed in
ethanol, and then a drop of the dispersion was placed on a 400 mesh
copper viewing grid. After evaporation of the ethanol, the samples were
transferred into the vacuum system of the TEM instrument for imaging.

UV—vis transmittance spectra for the PMMA CC films, Ta,O 10
films, and Ta3N; IO films were recorded over the wavelength range
300—1100 nm on a Shimadzu UV-1700 spectrometer. The sample
compartment of the instrument contained a customized sample holder
for UV—vis transmittance measurements at different incident angles
with respect to the surface normal of the films. For studies examining
the optical properties of the inverse opal films in different organic
solvents, the angle measurement holder was replaced by a standard
quartz cuvette holder (path length 10 mm). Solvents used were
methanol, acetone, ethanol, n-heptane, DCM, CCl,, and benzene.

UV—vis reflectance spectra from the PMMA CC films, Ta,04 IO
films, and Ta;Nj IO films were acquired on an Ocean Optics CD S-
2000 spectrometer connected to a bifurcated fiber optic cable coupled
to a microscope objective lens. The light source was an Ocean Optics
DH-2000-BAL with deuterium and halogen light sources. Light from
the source was focused to a spot size of 1 mm?, with the illumination
occurring along the surface normal of the photonic crystal thin films
(i.e, along [111] direction). The reflected light was also collected along
the surface normal (i.e., using a 180° backscattering geometry). Spectra

8283

were collected over the wavelength range 300—880 nm with a spectral
acquisition time of 100 ms and boxcar smoothing of 2 nm.

N, physisorption isotherms for the inverse opal powders were
determined on a Micromeritics Tristar 3000 instrument at liquid
nitrogen temperature (77 K). Specific surface areas were calculated
from the N, physisorption data according to the Brunauer—Emmett—
Teller (BET) method using P/P, values in the range of 0.05—0.1.>
Cumulative pore volumes and average pore diameters were calculated
from the adsorption isotherms by the Barrett—Joyner—Halenda (BJH)
method.>® Prior to analysis, samples were heated at 80 °C overnight in a
vacuum oven.

Powder X-ray diffraction (XRD) patterns were collected on a
PANalytical Empyrean powder X-ray diffractometer equipped with a
Cu anode X-ray tube and a curved graphite filter monochromator.
Measurements were performed from 26 = 5—90° (step 0.02°, scan rate
2° min™") using monochromated Cu Ka, radiation (wavelength 1.5418
A, current 40 mA, voltage 40 kV) at room temperature.54

X-ray photoelectron spectroscopy (XPS) data were obtained on
Kratos Axis UltraDLD equipped with a hemispherical electron energy
analyzer, analysis chamber of base pressure ~1 X 107 Torr, and an Al
Ka X-ray source (1486.6 eV). A charge neutralization system was used
to minimize sample charging during analysis. Survey scans were
obtained at a hemispherical analyzer pass energy of 160 eV over the
binding energy range of 1300 to —5 eV, while core-level scans over the
Ta 4f, O 1s, N 1s, and Pt 4f regions used an analyzer pass energy of 20
eV.

The oxygen and nitrogen contents in the Ta,0O5 IO and Ta;N; 10
samples were determined by the hot gas extraction method using a
Horiba EMGA-920 analyzer (O/N analyzer). In the O/N analyses, the
samples were rapidly heated in a graphite crucible. The oxygen in the
sample was converted to carbon monoxide and carbon dioxide and
quantified using a nondispersive infrared detector, while the nitrogen in
the sample was converted to N, and measured using a thermal
conductivity detector.

Photonic Band Structure Simulations. Photonic band-gap
structure diagrams for the PMMA colloidal crystals and Ta,Oj5 inverse
opal were created using a freely available software package, “MIT
photonic band.” Fully vectorial eigenmodes of Maxwell’s equations
with periodic boundary conditions were computed by preconditioned
conjugate-gradient minimization of the block Rayleigh quotient in a
plane-wave basis, along the high symmetry directions U-L-I'-X-W-K of
the 3D face-centered cubic 1st Brillouin zone.>

Photocatalytic Hydrogen Production Tests. The photocatalytic
H, production tests were performed in a tubular Pyrex glass reactor
(105 mL volume). Ta;N; IOs (10 mg) were dispersed in 20 mL of a 10
vol % methanol solution (2 mL of methanol: 18 mL of deionized water)
containing a certain amount of H,PtCls-6H,0. Prior to photo-
irradiation, the stirred reaction suspension was kept under an N, flow
for 20 min to completely remove any dissolved oxygen. The reactor was
then sealed, and the suspension was irradiated by a xenon lamp (300 W,
Beijing Perfectlight Co., Ltd.) fitted with a 420 nm cutoff filter (1 > 420
nm) (Figure S4). To avoid excessive heating of the reactor under the Xe
lamp, cold air was blown directly onto the reactor to keep the
temperature at ~30 °C. At regular intervals, 1 mL samples of the
headspace gas were collected and injected into a Shimadzu GC 2014
equipped with a Carboxen-1010 plot capillary column and thermal
conductivity (TCD) detector. H, evolved was quantified using an
external calibration curve. Photocatalytic tests for each sample were
carried out in triplicate, with data expressed as mean =+ standard
deviation.

B RESULTS AND DISCUSSION

Structural Characterization of PMMA Colloidal Crystal
Films and Ta,O5 10 Replicas. Eight batches of monodisperse
PMMA colloids were prepared by the surfactant-free emulsion
polymerization of methyl methacrylate (MMA) at temperatures
between 70—85 °C. Table 1 shows the effect of polymerization
conditions (temperature and the volume of MMA) on the size of
PMMA colloids. Increasing the temperature at a fixed volume of
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Figure 1. SEM images of selected PMMA colloidal crystal films and their corresponding Ta,O; inverse opal replicas viewed along the [111] direction.
(a) #4 PMMA CC, (b) #4 Ta,05 10, (c) #6 PMMA CC, (d) #6 Ta,0; 10, (e) #8 PMMA CC, and (f) #8 Ta,O; IO. All images were taken at a
magnification of 100,000X; scale bar 500 nm.

MMA or decreasing the volume of MMA at a fixed temperature two parameters, eight batches of monodisperse PMMA colloids
resulted in smaller PMMA colloids. Through manipulating these with diameters between 224 and 414 nm were obtained.
8284 https://doi.org/10.1021/acs.chemmater.3c01903
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Table 2. Summarized Structural and Optical Properties of the PMMA Colloidal Crystal Films

batch Dgpy (nm) PBG [111] (nm) Dy_go (nm)“
#1 224 498 223.6
#2 23S 525 235.7
#3 261 583 261.7
#4 294 655 294.1
#5 320 714 320.7
#6 360 803 360.5
#7 390 868 389.7
#8 414 920 413.0

AL/ Anax @/ Anax Dang]e (nm)b navgb (ﬁPMMAb
0.076 0.636 209.5 1.453 0.768
0.073 0.633 213.0 1.505 0.656
0.076 0.633 248.7 1.435 0.738
0.076 0.635 288.5 1.392 0.664
0.072 0.634 321.4 1.321 0.545
0.075 0.634 350.7 1.402 0.682
0.077 0.635 379.0 1.404 0.685
0.083 0.636 414.4 1.368 0.695

“Calculated from the PBG, assuming a solid volume fraction of 0.74 and npypa = 1.492. bCalculated from plots of A,,,> vs sin® 0.

The high monodispersity of each colloid batch meant that the
well-ordered colloidal crystals could easily be prepared using the
FCVD or centrifugation methods described in the experimental
section. Figure la,c,e shows SEM images for PMMA colloidal
crystal films prepared using batches #4, #6, and #8 PMMA
colloids. The films crystallized with fcc (111) planes parallel to
the underlying glass/quartz microscope slides. The diameter
(D) of the PMMA colloidal crystals measured from the SEM
images were 294, 360, and 414 nm, respectively (Tables 1 and
2).

Figure 2a,c,e shows cross sections of the PMMA CC films,
showing good adherence to the underlying substrates, with film
thicknesses ranging from 3—5 ym (film thicknesses could be
controlled to some extent by changing the PMMA colloid
concentration and also the peristaltic pump speed). Owing to
their excellent 3D order, the PMMA colloidal crystal films
served as excellent sacrificial templates for the synthesis of high-
quality Ta,Oy inverse opal films.

Figure 1b,d,f shows SEM images for Ta,O; inverse opal films
prepared using the #4, #6, and #8 PMMA colloidal crystal films.
The small windows in the macropores show areas where PMMA
colloids “necked” in the templates and thus could not be
infiltrated by the TaCl; solution. The macropore diameters (D)
in the samples were 258, 315, and 350 nm, respectively (see
Table 3 below), approximately 15% smaller than the
corresponding D values for the PMMA colloidal crystal
templates (Table 2). Approximately the same degree of
shrinkage was observed in all eight batches of Ta,O; IOs, with
the shrinkage originating from densification of the Ta,O4
network following PMMA template removal at high temper-
atures. A plot of Dy, 5. vs Dpypia Yielded a straight line with a

slope of 0.85 (Figure SS), showing the close relationship
between the structural properties of the inverse opals and their
corresponding PMMA templates. The decrease in the D value
on going from the PMMA colloidal crystals to Ta,Oy inverse
opal replicas caused cracking of the films, with the inverse opal
films consisting of large islands of well-ordered inverse opal
(lateral size ~50 um®) with gaps in between. Despite the
cracking of the films, the Ta,0 IOs domains maintained good
local order and adhesion with the underlying substrates (as seen
in the cross-sectional images in Figure 2b,d,f), with their (111)
planes parallel to the substrate. Accordingly, the Ta,O; IO films
possessed adequate structural uniformity to create pseudo
photonic band gaps at UV and visible wavelengths, allowing
their application in optical sensing and the fabrication of Ta;Nj
IOs, as explored in detail below.

Figure 3a,b shows TEM images for a piece of the #6 Ta,0; 10
film. The sample was prepared for analysis by carefully scraping
the Ta,O;5 IO film from its underlying glass microscope slide
with a razor blade. No crystallites could be seen in the walls of
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the Ta,O;5 IOs prepared at 550 °C, suggesting an amorphous
oxide phase. This was confirmed by XRD (Figure 3c), with the
as-prepared Ta,O; IOs powders showing only a few broad
features.”>>” However, calcination of the Ta,O5 IOs at higher
temperatures resulted in crystallization of the Ta,O5 network,
resulting in the appearance of sharp peaks due to orthorhombic
Ta,05 (Pmm2, with lattice constants of a = 43.997 A, b = 3.894
A, and ¢ = 6.209 A), as shown in Figure 3d. For the purpose of
this study, we focus simply on the Ta,O; IO samples prepared by
calcination at 550 °C since those samples offered the best
structural color.

Optical Characterization of the PMMA Colloidal
Crystal Films and Ta,0; 10 Replicas. The optical properties
of the PMMA colloidal crystal films were studied by UV—vis
reflectance and transmittance spectroscopy. Data for the eight
batches of PMMA colloidal crystal films are shown in Figure S6.
The #1 to #8 PMMA CC films showed photonic band gaps
(PBGs) along the [111] direction (i.e,, perpendicular to the
films) at 498, 525, 583, 655, 714, 803, 868, and 920 nm,
respectively, in air. The PBGs appear as maxima in the
reflectance spectra and minima in the transmittance spectra.
On either side of the PBG along the [111] direction, the films
showed good optical transparency. The [111] PBG for the #8
PMMA CC film was outside the range of the reflectance
spectrometer used in this work. For first-order Bragg diffraction
on fcc (111) planes of colloidal crystals of inverse opals, eq 1
transforms to give the following equation:

Ay = 1.633D,/n,, > — sin®6 s)

where .., is the PBG position along the [111] direction, 6 is the
angle of light with respect to the surface normal of the (111)
planes (i.e., angle with respect to the [111] direction), and Mg IS
the average refractive index of the photonic crystals. For PMMA
colloidal crystals in air with an ideal solid volume fraction of
0.74, 1y, = (0.74 X 1.492 + 0.26 X 1.00) = 1.364, based on
fippma = 1.492 and n,;, = 1.00. For a colloidal crystal or inverse
opal in air and € = 0°, eq 5 further simplifies to give

Amax = 1.633Dn,, (6)
Substituting n,,, = 1.364 into eq 6 gives Ay, = 2.227D for a
PMMA colloidal crystal in air. Hence, the position of PBGs
along the [111] direction is directly proportional to the PMMA
colloid diameter (D), which agrees perfectly with the red shift
seen in the PBG positions of the PMMA colloidal crystals on
going from #1 PMMA CC to #8 PMMA CC (Figure S6a,b and
Table 2). Equation S also predicts that PBG along the [111]
direction will blue-shift as the incident angle of light (6) with
respect to the [111] direction increases, in excellent accord with
the experimental UV—vis transmittance data shown in Figure

https://doi.org/10.1021/acs.chemmater.3c01903
Chem. Mater. 2023, 35, 8281—-8300


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01903/suppl_file/cm3c01903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01903/suppl_file/cm3c01903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01903/suppl_file/cm3c01903_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.3c01903/suppl_file/cm3c01903_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.3c01903?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials pubs.acs.org/cm

AccV SpotMagn Det WD p———— 2um
500kV 20 20000x TLD 53

AccV SpotMagn Det WD p———— 2um
500kV 20 20000x TLD 50

AL A8 e
P
4 .

AccV ﬁp'otMégn Det WD |——— 2um ) AccV SpotMagn Det WD p——— 2um
3.00kV 1.0 20000x TLD 52 500kV 20 20000x TLD 49

(e)

Figure 2. Cross-sectional SEM images of selected PMMA colloidal crystal films and their corresponding Ta,O; inverse opals replicas. (a) #4 PMMA
CC, (b) #4 Ta,0, 10, (c) #6 PMMA CC, (d) #6 Ta,0, 10, (e) #8 PMMA CC, and (f) #8 Ta,0; IO. Images were taken at a magnification of 20,000X;
scale bar 2 ym.

S6c—e. By taking the square of both sides of eq 5, a linear confirmed in Figure S6f using the data shown in Figure S6c—e.
relationship is predicted between 4,,,,> and sin® 6, which was The slopes (—1.633’D*) and the y-axis intercepts
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Table 3. Summarized Structural and Optical Properties of the Ta,O; Inverse Opals

batch Dgpy (nm) PBG [111] (nm) Dy_go (nm)“ AX/ Aoy
#1 184 338 188.2 0.090
#2 200 368 204.9 0.102
#3 220 394 219.3 0.098
#4 258 449 250.0 0.098
#5 265 475 264.4 0.084
#6 315 544 302.8 0.100
#7 340 597 3323 0.114
#8 350 641 356.8 0.094

A/ Anax D.nge (nm)” navgb Dyojyent (nm)© Navg Dra0,
0.770 194.7 1.036 0.032
0.769 202.8 1.057 0.051
0.790 2182 1.101 226.1 1.066 0.058
0.813 243.4 1.119 251.0 1.092 0.081
0.789 262.1 1.108 267.1 1.099 0.088
0.819 314.1 1.072 308.2 1.097 0.086
0.805 3269 1.125 335.0 1.100 0.088
0.772 346.4 1.133 358.5 1.114 0.101

“Calculated from the PBG, assuming a solid volume fraction of 0.1 and #Ta,05 = 2.0. bCalculated from plots of A,,,,> vs sin® 6. “Calculated from

plots of Ay V Agglyent:

(1.6332D2nm,g2 of the linear plots allowed the estimation of D,
My and @pyia, With the results for all eight PMMA colloidal
crystals being in good general accord with expectations for a
PMMA colloidal crystal with a solid volume fraction of around
74% in air (Table 2).

The normalized PBG bandwidths (A4/A,,,, where A/ is the
full width at half maximum of the reflectance peak) were near-
identical for all eight batches of PMMA colloidal crystals
~0.073—0.077 and independent of colloid diameter (D), as
expected due to the identical construction of the PMMA CC
templates (Table 2). The angular frequencies of the [111] PBGs
(w = a/A,,,,, where the lattice constant a = \/ 2D for a fcc lattice)
were calculated to be ~0.64 for all samples (Table 2), in perfect
accord with a prediction from the simulated PBG structure
diagram for the PMMA colloidal crystals (@ = 0.639, Figure S7).
The PBG structure diagram shows a pseudo photonic band gap
between the second and third bands along the L — I" direction
in reciprocal space, corresponding to the [111] direction in real
space. The PBG blue-shifts to higher angular frequencies as the
incident angle of light with respect to the [111] direction
increases, consistent with the blue shift of PBG in the
transmittance spectra of Figure 4c—e with increasing 6 values.

Next, the optical properties of the Ta,O5 IOs prepared from
the PMMA colloidal crystal templates were investigated. The
rich structural color palette offered by the Ta, O, inverse opals is
evident from the digital photographs in Figure 4 for films of #2
Ta,O; 10, #4 Ta,0O; 10, #5 Ta,0; 10, #6 Ta,04 10, and #7
Ta,0; IO in air and filled with ethanol.

When illuminated and viewed along the film normal (i.e.,
[111] direction), the films appeared colorless, violet, blue, green,
and orange, respectively. The observation of such different
colors confirmed the success of the colloidal crystal templating
procedure, with #2 Ta,O; IO having a PBG along the [111]
direction at UV wavelengths (thus explaining its absence of
visible color in air). After filling the macropores in the inverse
opals with ethanol (1,0 = 1.361), the color of all samples red-
shifted due to the corresponding increase in the average
refractive index (navg) of the Ta,O, I0s, with #2 Ta, 04 IO now
showing a blue-green color at visible wavelengths. Some of the
Ta,0 10s with larger macropore sizes (e.g, #6 Ta,O5 10)
became colorless after being filled with ethanol, indicating that
the PBG along the [111] direction had red-shifted outside of the
visible region. This red shift in the PBG position on filling the
inverse opals with a solvent forms the basis for Ta,O; IO thin-
film-based liquid refractive sensors, as discussed below.

Figure Sa,b shows UV-—vis reflectance and transmittance
spectra, respectively, for #1 to #8 Ta,O5 1Os. All spectra were
collected along the [111] direction. The data show that as the
macropore diameter (D) in the Ta,Og IOs increased, the PBG
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position along the [111] progressively red-shifted, as predicted
by egs S and 6. The [111] PBG values for the Ta,O IOs were all
around 68—69% of the [111] PBG values for the PMMA
colloidal crystal templates, demonstrating that size control in the
PMMA colloids allows the fabrication of tantalum (V) oxide
inverse opal replicas with well-defined structural and optical
properties. As with the PMMA colloidal crystals, the PBGs in the
Ta, 05 IO0s blue-shifted as the incident angle of light with respect
to the [111] direction increased, as shown in Figure Sc—e. Plots
of Ay Vs sin® @ were linear (Figure Sf), with values of D, n,,,,
and ¢y, o, determined from the slopes and intercepts of the plots

summarized in Table 3. Note that the calculated solid volume
fractions (¢r,,0,) in the inverse opals were all much lower than

0.26 (the maximum void space in the PMMA colloidal crystal
templates), which is explained by shrinkage and densification of
the Ta,O4 network in the walls of the inverse opals after PMMA
template removal by calcination. Interestingly, the Ta,Oj solid
volume fraction increased with increasing diameter of PMMA
colloids in the templates. This suggests that the interstitial voids
in the PMMA colloidal crystals were harder to fill with the
ethanolic TaClg solution when the PMMA colloid diameters
were small.

The normalized PBG bandwidths (AA/A,,) were near-
identical for all eight batches of Ta,O; inverse opals (all around
0.10, Table 3). The angular frequencies (@ = a/A,,,, where a =
\/ZD) for the [111] PBGs for the Ta,Oj inverse opals were
calculated to be ~0.76 (Table 3), similar to that predicted by
PBG structure diagram calculations for a Ta,O5 IO with a solid
volume fraction around 10% (Figure 6).

Figure 7a—c shows UV—vis transmittance spectra for the #4,
#6, and #8 Ta,O IO films in air (n = 1.00), methanol (n =
1.329), ethanol (n = 1.361), n-heptane (n = 1.388), dichloro-
methane (n = 1.4241), carbon tetrachloride (n = 1.4601), and
benzene (n = 1.501). Filling the macropores of the Ta,Oj
inverse opals increased the refractive index (navg) of the inverse
opals and red-shifted the PBG position along [111] direction (as
seen visually in Figure 4), with the magnitude of the red shift
being proportional to the refractive index of the solvent. Figure
7d confirmed a linear relationship between the [111] PBG
position and the solvent refractive index for the three different
Ta,0; 10 films, which can be explained by the substitution of

[¢solidnsolid + (1 - ¢solid)nvoid:| for Navg in €q 6.

Amax = 1.633D¢ . ngiq + 1.633D(1 — ) )10ia

(7)

where 1,44 is the refractive index of the liquid filling the
macropores in the Ta,Ojs inverse opals. Equation 7 predicts a
plot of A, 8 11,5 (i-€., Mgorvent) Should be linear with a slope =
1.633D(1 — ¢hyiq) and y-axis intercept = 1.633D¢ patsona- BY
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Figure 3. (a, b) TEM images for #6 Ta,O; IO. (c) XRD patterns for selected Ta,O5 IO powders prepared by calcination at S50 °C for 4 h. (d) XRD
patterns for #6 Ta,0; 10 calcined at selected temperatures (550, 700, and 800 °C, from top to bottom, respectively).

simple mathematical rearrangement, the following equations diameters (D) were in excellent accord with values measured by
can be obtained: SEM on the (111) planes, while the ¢, o values were all around

slope X 1,y + intercept 0.1 (indicating that the inverse opals were approximately 10%
D= Ta, 05 and 90% void by volume). It should be pointed out the

1.633 X ngiq ®) red shift in the PBG position with solvent reflective index was
] sufficient to readily distinguish methanol (n = 1.329) and water

.. = intercept (n = 1.333) or ethanol (n = 1.361) and acetone (n = 1.359).
olid = slope X ng 4 + intercept 9) Fabrication and Characterization of Ta;N; Inverse
Opals. Since tantalum (V) nitride photocatalysts show great
Using the experimentally determined slopes and intercepts of promise in visible-light-driven photocatalysis due to their
the linear regressions in (Figure 7d), values of D and ¢Ta205 for narrow electronic band gap (Eg =2.0—2.1 V), it was of interest
the different Ta,O5 IOs were calculated using eqs 8 and 9, with to see if Ta;Ns IOs could be prepared from Ta,O; IO thin films
the results summarized in Table 3. The calculated macropore and powders by thermal nitridation in NH; at 700 °C. For this
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Figure 4. Digital photographs of selected Ta, Oy inverse opal thin films in air (n = 1.000) and ethanol (n = 1.361). Note the large red shift in the color of

the films on filling the macropores in the inverse opals with ethanol.

purpose, we used #7 Ta,05 IO films (on quartz microscope
slides) and powders. The #7 Ta,0; 10 powder was white (BET
surface area 39.1 m* g™'), with some angle-dependent structural
color observed in flatter pieces of sufficient size to diffract light
uniformly toward the observer. Following thermal nitridation in
NHj;, both the thin film and the powder samples possessed an
orange base color, confirming the successful nitridation of Ta,O5
10s to Ta;N; IOs (Ta;N; absorbs light strongly below 600 nm
and reflects orange and red light). The BET specific surface area
of the #7 Ta;N; 10 powder was 36.7 m* g, lower than that of
the #7 Ta,O;5 IO precursor but much higher than that of a
noninverse opal Ta;N reference photocatalyst (8.4 m*> g™*)
prepared by thermal nitridation of a commercial Ta,Og powder
(2.8 m* g”") supplied by Wako Chemicals.

Figure 8a—c shows SEM images for the #7 Ta;N; IO film. The
images show that the 3DOM structure of the parent #7 Ta,O;
IO film was retained after the thermal nitridation treatment, with
the sample showing good order along the [111] direction. The
macropore size (D) in #7 Ta;N; 10 was estimated to be ~340
nm, much smaller than the D value of ~380 nm for #7 Ta,O; IO.
Clearly, substantial shrinkage of the inverse opal lattice occurred
on transforming Ta,Oj in the walls of the inverse opal to Ta;Nj.
The XRD patterns for the #7 Ta;Ng 10 powder and Ta;N,
reference powder were similar (Figure 8d), showing peaks due
to orthorhombic Ta;N; (space group Cmcm, a = 3.8862 A, b =
10.2118 A, and ¢ = 10.2624 A, JCPDS Card No. 79-1533).°%*’
No peaks due to Ta,O; or oxynitride phases such as TaON were
present in the XRD patterns, implying complete conversion of
the Ta,O; precursors to phase-pure Ta;Ns. The nitrogen and
oxygen contents in the #7 Ta;N IO powder determined by O/
N analysis were 10.47 and 1.00 wt %, with the balance being Ta
(88.53 wt %). These nitrogen and tantalum contents were very
close to the theoretical values for Ta;N (N 11.43 wt %, Ta 88.57
wt %). The small amount of oxygen in the sample was possibly
due to some oxidation with air exposure or residual amorphous
Ta,O;5. The Ta;Njg reference powder possessed a similar
composition as Taz;Ng IO #5, with the contents of N, O, and
Ta being 10.17, 1.38, and 88.45 wt %, respectively.

Figure 8e shows the UV—vis reflectance spectrum for #7
Ta;3N; 10 film in air (n = 1.00), ethanol (n = 1.361), DCM (n =
1.424), and benzene (1 = 1.501). Figure 8f shows the color of the
film in air and ethanol. The [111] PBG in air was at 562 nm,
approximately 40 nm lower than the value for the corresponding
Ta,0; 10 in air (601 nm). As noted above, the macropore
diameter (D) value decreased by ~14% on converting #7 Ta,0;
IO to #7 Ta3N; 10, which explains the lower PBG position for
the latter. Even though Ta;Nj has a refractive index (n) of 2.9,
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much higher than that of Ta,O5 (n = 2.1), the decrease in D with
converting the Ta,O; IO to TazN; IO meant that the [111] PBG
for the #7 Ta;N; IO was lower than that of the #7 Ta,O4 10
precursor. However, the normalized bandwidth AA/4,,, of the
[111] PBG peak for #7 Ta;N; 10 was 0.13, almost twice that of
#7 Ta,05 10 (AA/Ap, = 0.076), which directly reflects the
higher refractive index of Ta;Ny compared to Ta,Os. As with the
Ta,0; 10 films, the PBG along the [111] direction in the #7
Ta;N; IO film red-shifted on filling the macropores with organic
solvents. By plotting the PBG position vs the refractive index of
the medium in the macropores, a good linear relationship was
obtained. Using the slope and intercepts, together with eqs 8 and
9, the D, pry3ns and n,,, values for #7 TazN; 1O in air were
calculated to be 252, 0.045, and 1.103, respectively. The
calculated D value of 252 nm was quite a bit smaller than the
value of ~340 nm estimated by SEM (when viewing the samples
along the [111] direction). The UV—vis data measures the
periodicity along the [111] direction, from which D is then
calculated. The lower value of D determined by UV—vis suggests
that on converting amorphous Ta,O5 IO to nanocrystalline
Ta;N; 10, the macropores in the inverse opals collapsed slightly
(by ~20%), thus reducing the interplanar spacing along the
[111] direction, while leaving the apparent diameter of the
macropores in the (111) planes unchanged. Partial collapse
along the [111] direction is not surprising, given the fragile
connections between Ta;Nj crystallites in the walls of the
inverse opals and the low solid volume fraction in the sample
(~10% solid). The cross-sectional image of the #7 Ta;N; 10
film (Figure 8c) supports this hypothesis, with the macropores
appearing slightly elliptical rather than spherical when the film
was viewed in cross section.

Photocatalytic Hydrogen Production Tests Using
TasNs Inverse Opals. Ta;N; has an electronic band gap (Eg
= 2.0—2.1 eV), with the valence band (VB) and conduction
band (CB) levels around +1.58 V and —0.52 V,, respectively, vs
NHE. These band edge positions are sufficient to allow water
oxidation (O,/H,0, E = +0.82 V at pH 7) and proton reduction
(H*/H,, E = —0.41V at pH 7), respectively, under band gap
excitation.”” These properties make Ta;N; photocatalysts very
promising materials for solar-driven water splitting. While
overall water splitting over Ta;N; photocatalysts is thermody-
namically favorable, rates of H, production are generally very
low due to rapid electron—hole pair recombination following
photoexcitation. Therefore, to achieve meaningful hydrogen
production rates, researchers use alcohols (such as methanol) as
sacrificial hole scavengers and decorate the surface of Ta;Nj
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Figure S. Optical characterization of Ta,Oj inverse opals. (a) Normalized UV—vis reflectance spectra for the different Ta,05 IOs in air. (b) UV—vis
transmittance spectra for the different Ta,0; IOs in air. All data in panels (a, b) were collected along the [111] direction. UV—vis transmittance spectra
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photocatalysts with platinum nanoparticles (thus creating
cathodic sites for H, evolution).

In this work, an in situ photodeposition method was used to
prepare 1 wt % Pt/Ta;N; photocatalysts. Briefly, #7 Ta;N; IO or
a reference Ta;Ng powder photocatalyst, denoted herein as
Ta;N(bulk) and prepared by nitridation of a commercial Ta,O;
powder, were loaded into a glass photoreactor containing a small
amount of H,PtClg-3H, 0 dissolved in 10 vol % methanol (2 mL
of methanol, 18 mL of water). After degassing the system, the
magnetically stirred Ta;N; photocatalyst dispersion was then
irradiated using a Xe lamp with a UV cutoff filter (4 > 420 nm).
In the initial stages of photoexcitation, valence band holes were
consumed by methanol or water oxidation, while conduction
band electrons reduced adsorbed cationic Pt species to Pt’,
leading to the surface decoration of the Ta;Ny photocatalysts
with small 1—3 nm sized platinum nanoparticles. The platinum
nanoparticles subsequently acted as sites for photocatalytic
hydrogen evolution, with H, production being monitored as a
function of Xe lamp irradiation time to determine H, evolution
rates for the 1 wt % Pt/#7 Ta;N 10 and 1 wt % Pt/Ta,;N; (bulk)
powder photocatalysts.

Figure 9a—d shows TEM images for 1 wt % Pt/#7 Ta;N; 10
photocatalyst prepared by the in situ photodeposition method
(i.e., formed during the photocatalytic methanol reforming
tests). TEM images for the 1 wt % Pt/Ta;Ns(bulk) powder
photocatalyst are shown in Figure 9e,f. In each case, small and
well-dispersed Pt nanoparticles could be seen on the Ta;Nj
supports, reflecting the well-known strong metal—support
interaction between Pt and Ta;N..°"°> In the higher
magnification TEM images of the Pt/#7 Ta;Ng IO sample,
lattice fringes with an interplanar spacing of 0.428 nm could be
observed, corresponding to the (110) plane of Ta;N;.>® In the
TEM images of both samples, pores could be seen in the Ta;N;
supports, which were absent in the Ta,Og precursors. The
appearance of these pores following Ta,Oj; nitridation to Ta;Nj
reflects the fact that although Ta,O5 and Ta;N; both formally
contain Ta(V), Ta;N; contains fewer anions per Ta atom (1.67
N3~ anions/Ta atom) than Ta,O; (2.5 O* anions/Ta atom).
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Accordingly, nitridation will cause a decrease in the solid
volume, which manifests as mesopores (2—50 nm) in the Ta;N;
products, as seen in the TEM images of Figure 9.

The XRD patterns for the #7 Ta;Ng IO and 1 wt % Pt/#7
Ta;N; IO samples were identical (Figure 10a), being typical for
orthorhombic Ta;Ng (JCPDS Card No. 79-1533).>*" This
confirmed that the Ta;N; IO support was stable under the
conditions used for the photocatalytic H, production tests in
aqueous methanol. No diffraction peaks were seen for platinum
in the XRD pattern of the 1 wt % Pt/Ta;N;IO photocatalyst,
reflecting the low platinum loading and also the severe line-
broadening in 1—3 nm sized nanoparticles.”®

X-ray photoelectron spectroscopy (XPS) was next applied to
examine the near-surface region chemical composition of the #7
Ta,0; IO, #7 TazN; IO, and 1 wt % Pt/#7 Ta;N; 10 samples.
The technique probes the top few nanometers in materials.*®
The XPS survey spectrum for the Ta,O5 10 (Figure 10b)
showed peaks due to Ta, O, and C, the latter mainly being due to
adventitious hydrocarbons and surface carbonates. Nitridation
gave new peaks due to N, while the in situ photodeposition step
to form the Pt/Ta;NIO photocatalyst gave some additional
weak peaks due to Pt. Figure 10c shows Ta 4f spectra for the
different samples. The Ta,O; IO showed peaks at 26.3 and 28.2
eV in a characteristic 4:3 area ratio, which could readily be
assigned to the 4f,/, and 4f;, signals, respectively, of Ta>* in
Ta,04.”%%* The corresponding O 1s spectrum for the Ta,O5 10
(Figure 10d) showed the presence of two components, an
intense peak at 530.6 eV due to lattice oxygen (O*”) in Ta,0;,
and a smaller peak at 532.3 eV which is assigned to surface
hydroxyl or carbonate species.””**%° The Ta 4f spectra for the
Ta;N; IOs and Pt/Ta;N; I0s samples showed two sets of peaks.
An intense set of peaks at 25.5 and 27.4 eV in a 4:3 area ratio
could readily be assigned to the Ta 4f76/2 and 4f;;, signals,
respectively, of Ta®" cations in Ta;N. % Since nitrogen is
less electronegative than oxygen, the Ta 4f signals for Ta*" in
Ta;N; appear at lower binding energies than the Ta 4f signals for
Ta® in Ta,0;. The weaker set of peaks at 26.4 and 28.3 eV are
assigned to a thin surface Ta(V) oxide phase formed through air
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solvents. (a) #4 Ta,0; 10, (b) #6 Ta,0; 10, and (c) #8 Ta,0; 10. (d) Plot of the photonic band gap position (1) vs refractive index of the medium in

the macropores for selected Ta,O; inverse opals.

contact.”®~"° Evidence for such a thin surface oxide phase was
verified by the presence of oxygen in the XPS survey spectra of
the Ta;Ng IO samples and also multiple oxygen species in the
core-level O 1s spectra of the samples. The N 1s spectra for #7
Ta;N; 10 and 1 wt % Pt/#6 Ta;N; 1O (Figure 10e) showed a
single peak at 397.0 eV, typical for lattice nitrogen (formally
N37) in Ta;N;.°° The core-level Pt 4f spectrum for 1wt % Pt/#7
Ta;N; 10 was dominated by peaks at 71.2 and 74.5 eV in a 4:3
area ratio, typical for Pt° Figure 10f.”" It is worth noting that the
Pt 4f spectrum overlaps the Ta Ss region, but since the Ta Ss
signal is very broad, it does not interfere with the determination
of the Pt valence state in the 1 wt % Pt/#7 Ta;N; IO
photocatalyst. The data confirms the successful photodeposition
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of metallic Pt nanoparticles on the #7 Ta;N; IO support during
the photocatalytic hydrogen production tests. Further, the
speciation of Ta and N in the Ta;N; IO support was unchanged
by Pt nanoparticle photodeposition during the H, production
experiments, indicating that the Ta;N IO was photocatalytically
stable (ie, no loss of N occurred during the hydrogen
production tests, which might have led to low-valent Ta states
and a change in optical absorption characteristics). This was
further verified by an O/N analysis performed on the 1 wt % Pt/
#7 Ta;N; IO catalyst, with the N and Ta contents being very
similar to the data reported above for #7 Ta;Nj IO prior to the
H, production tests. XPS data collected for the refl wt % Pt/
Ta;N(bulk) powder photocatalyst (not shown) were very
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similar to that for the 1 wt % Pt/#7 Ta;N; 10 photocatalyst. ICP 10 and 1 wt % Pt/Ta,;N;(bulk) photocatalysts were similar (~1
analysis confirmed that the Pt loading in the 1 wt % Pt/#7 Ta;N; wt %).
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(e) (f)

Figure 9. TEM images of (a—d) 1 wt % Pt/#7 Ta;N; IO photocatalyst prepared using the in situ photodeposition method and (e, f) 1 wt % Pt/
Ta;N;(bulk) photocatalyst prepared using the in situ photodeposition method.

The photocatalytic hydrogen production activities of #7 catalysts were evaluated in aqueous 10 vol % methanol solutions
Ta,05 10, #7 Ta;Ng 10, and TayNg(bulk) powder photo- under visible-light irradiation supplied by a 300 W Xe lamp with
8294 https://doi.org/10.1021/acs.chemmater.3c01903
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2420 nm cutoff filter (4 > 420 nm). Results of the photocatalytic showed negligible H, production activity under the applied
tests are shown in Figure 11. The #7 Ta,O5 IO photocatalyst testing conditions, even in the presence of H,PtCls-3H,0O. This
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was expected, since Ta,O; has a wide band gap of 3.9—4.0 eV
and thus should not be photoexcited under visible light. The
bare #7 Ta;N; IO photocatalyst (in the absence of H,PtCly
3H,0) showed alow H, production rate of 21 ymol g~ h™' with
no induction period, confirming that Ta;N; is able to generate
H, under the testing conditions used in this work. The rate of H,
production increased dramatically to 300 ymol g~ h™" for the
#7 Ta;N; IO photocatalyst when H,PtCls-3H,0 was present
(due to the in situ formation of the 1 wt % Pt/#7 Ta;N; 10
photocatalyst), with an induction period of ~25 min duration
with no H, production observed at the start of the testing.
The induction period is associated with the reduction of
adsorbed cationic platinum species (formed by adsorption of
aqueous PtCl*”) to Pt° nanoparticles on the photocatalyst
surface, which then acted as cathodic sites for H, production.
During the photocatalytic reaction, electrons photoexcited into
the conduction band of Ta;Ng will migrate onto the Pt
nanoparticles, thus transforming H to H, (i.e., 2H* + 2e7(CB)
— H,), while valence band holes will be consumed by methanol
oxidation (CH;0H + 2h*(VB) - CH;CHO + 2H, as well as
acetaldehyde oxidation) and also water oxidation (H,O +
2h" (yp) = O, + 2H").”'~7* By this approach, electron—hole pair
recombination in the Ta;Njs-based photocatalysts can be
minimized, thus boosting H, production rates. In the absence
of Pt nanoparticles, electrons will accumulate in the conduction
band of Ta;Nj, explaining why the bare Ta;Ns IO had very
modest H, evolution activity in comparison with the in situ-
generated 1 wt % Pt/#7 Ta;N; 10 photocatalyst.”>”>~"® After
the short induction period, the 1 wt % Pt/#7 Ta;Ng 10
photocatalyst generated H, in a linear manner under visible-light
irradiation, implying excellent photocatalytic stability. The in
situ-generated 1 wt % Pt/Ta;N;(bulk) photocatalyst was less
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active than the 1 wt % Pt/#7 Ta;N; IO photocatalyst, delivering
a hydrogen production rate of 161 pumol g~' h™" following a
longer induction period of around 150 min. The Ta;N(bulk)
photocatalyst had a BET surface area of only 8.4 m* ¢!, much
lower than that of the #7 Ta;N; IO photocatalyst (36.7 m* g ™).
The lower surface area of the Ta;Ns(bulk) photocatalyst
explains the longer induction time before any H, production
was observed, since the reduction of cationic Pt species to active
Pt° would naturally take longer on a photocatalyst of low surface
area. The higher surface area of the 1 wt % Pt/Ta;N;(bulk)
photocatalyst was also expected to allow excellent Pt nano-
particle dispersion while also offering more surface sites for
methanol and water oxidation, thus boosting the photocatalytic
activity. To understand the effect of surface area on perform-
ance, we normalized the photocatalytic H, production rates (in
umol g~ h™") against the BET specific surface area of the
photocatalysts (in m* g™!). The resulting area normalized H,
production rates for the 1 wt % Pt/#7 Ta;N; IO photocatalyst
and 1 wt % Pt/Ta;N(bulk) photocatalyst were 8.18 and 19.26
umol m™>h™", respectively. Clearly, the advantage of the inverse
opal architecture is to provide a high surface area form of Ta;Nj
that allows enhanced H, production performance, even though
the bulk powder was more active per unit area. The latter is
explained by the low surface area powder having increased
crystallinity, thus less bulk and surface defects for charge
trapping. Pt particle size effects were not expected to be the
reason for the different H, production activity (in mol g~ h™")
between Pt/Ta;N; 10 and Pt/Ta;N(bulk). Previous published
work by our group has shown that cocatalyst particle size does
not influence the rate of H, production over M/TiO,
photocatalysts (M = Pd, Pt, Au).”” Hence, it is not expected
that small differences in Pt nanoparticle size effects were
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responsible for the large difference in H, production rates (in
mol g™' h™") seen for the Pt/Ta;N; IO and Pt/Ta;N;(bulk)
photocatalysts. Rather, the specific surface area of the Ta;Njg
supports in each photocatalyst was the determining factor.

The H, production rate realized in this work of 300 ymol g™*
h™" for the 1 wt % Pt/#7 Ta;N; IO photocatalyst is among the
highest yet reported for a TayNj-based visible-light-driven
photocatalyst (Table S1).°”**** The photocatalytic tests in the
current work utilized Ta;Ns IO powders. With a view toward
further improving H, production rates, we are now attempting
to exploit “slow photon” phenomena at the edges of the PBGs in
Ta;Ng IO thin films. Previous studies of other inverse opal
semiconductor systems have shown that by coupling the
electronic absorption edge of the semiconductor with the red
edge of the [111] PBG (i.e., the edge where the electric field of
the incident light is localized on the semiconductor rather than
the macropore), the group velocity of light in the semiconductor
can be slowed enormously, leading to increased photon-
semiconductor interactions (enhanced absorption due to the
path length of light in the semiconductor being increased),
leading to large enhancements in photocatalytic activity.*>~**
The high-quality Ta,0; IO films and Ta;N; IO films produced
in this study provide a perfect foundation for realizing “slow
photon photocatalytic amplification” of H, production over Pt/
Ta;N; IO thin-film photocatalysts.

B CONCLUSIONS

High-quality Ta,O; inverse opal thin films and powders were
prepared by the colloidal crystal templating technique. By
varying the sizes of the PMMA colloids used to construct the
colloidal crystal templates, Ta,O5 IO thin films with different
macropore diameters and PBGs along the [111] direction in air
at 337, 359, 399, 443, 475, 551, 601, and 642 nm were
successfully prepared (i.e., spanning from the UV region right
across the visible spectrum). A detailed investigation of the
optical properties of the Ta,Og I0s was undertaken, with the
PBG properties being accurately described by a modified Bragg’s
law expression. The potential of Ta,O; IO thin films to be used
in liquid refractive index sensing was demonstrated, with the
[111] PBG position increasing linearly with solvent refractive
index in the macropore. Thermal ammonolysis at 700 °C
transformed the Ta,O5 IO films and powders into Ta;N; 10
films and powders, respectively. A 1 wt % Pt/Ta;Ng IO
photocatalyst delivered a H, production rate of 300 ymol g~*
h™!in 10 vol % methanol under visible-light irradiation, a rate
twice that of a traditional 1 wt % Pt/Ta;N; photocatalyst based
on a Ta;Ng powder. The enhanced activity of the 1 wt % Pt/
Ta;N; IO photocatalyst was attributable to its higher specific
surface area. Results offer valuable new insights into the
potential of Ta,05 IO and Ta;N; IO materials in sensing and
photocatalysis, respectively.
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