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Recent research in high-temperature photocatalysis is rapidly revealing the unique advantages of using

light to augment or replace pure thermal energy in chemical synthesis. However, poor penetration of

light into a typical powder catalyst creates a major challenge for efficient photo-driven processes. This

article presents a novel plasmonic catalyst system with a 3D photonic design that reshapes the balance

between thermal, optical, and mass transport. This unique 3D porous architecture allows for the catalyst

bed to be illuminated volumetrically while improving mass transport over traditional aerogels. When com-

pared to a powdered catalyst, this monolithic supported plasmonic Rh/SiO2 catalyst exhibits dramatically

increased response to light, both in increased reaction rate and improved selectivity for CO2 reduction.

The insertion of a pelletized sacrificial ZnO tetrapod scaffolding during aerogel synthesis resolves the

mass transport problems present in other 3D aerogel-based catalysts. Further, the ZnO scaffolding allows

for far easier nanoparticle loading as well as more facile adjustments to the aerogel’s surface chemistry

compared to a conventional aerogel made using standard methods.

Introduction

Traditionally, the energy used to enable and facilitate many
chemical processes has been most commonly supplied
through heat, either via combustion or electrical resistance.
However, the past decade of research into photocatalysis has
uncovered exciting benefits to harnessing energy from light. In
this study, we focus on plasmonic photocatalysis where photo-
chemical and photothermal mechanisms can both enhance
reaction rates and selectivity compared to dark thermal
processes.1–18 Extensive research has delved into separating
the two pathways,12,17,19–35 understanding each on its own,
and exploring how they can be combined for maximum
synergy.26,36–38 However, both mechanisms are hampered by
the comparatively small illuminated volume that results when
light shines upon a traditional catalyst bed. Further, the
common use of powder-supported nanoparticles creates a
highly heterogeneous reaction environment. Heat penetrates
much deeper than light,19,20,26 and as a result, a dark subsur-
face environment exists where only thermal mechanisms
operate.19,20,26 A common solution has been to use as thin a
layer of catalyst as possible, however, the micron-deep optical
penetration21 of higher energy photons into a tightly packed

catalyst bed makes this strategy imperfect, as well as imposing
scale and mass flow limitations. These issues have prompted
significant interest in the development of 3D monolithic struc-
tures for photocatalysis spearheaded by the Ozin group,39–41 as
well as by the Niederberger group specifically for aerogel-sup-
ported photocatalysts.42–45 Expanding upon these and other
studies,46–50 we have created a highly porous 3D photonic
monolith to support the plasmonic nanoparticle, whose
unique optical design allows for the structure to be volumetri-
cally illuminated. The plasmonic perspective gives specific
attention to high temperature performance, the optical impli-
cations of loading the structure with plasmonic nanoparticles,
and the importance of a readily tunable surface.

This work brings enhanced optical control to plasmonic
photocatalysis, removing the heterogeneity caused by poor
light penetration and the resulting differing reaction environ-
ments. Using an essentially transparent substrate gives the
system designer more options to precisely control the optical
distribution and observe the effects on rate and selectivity. The
addition of a sacrificial template allows for further optical
diffusion via multidirectional scattering and improves on a
critical weakness of aerogels. Prior research has explored aero-
gels as metal particles supports due to their excellent optical
qualities; however, the extremely fine pores of a traditional
aerogel limit mass transport45,51 and make its surface relatively
inaccessible and difficult to modify. This can impede reaction
throughput and the ability to modify the surface when
attempting to tailor the aerogel surface chemistry for a specific
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reaction. Adjusting the aerogel reactor design can be effective
at increasing mass transport43 during the reaction but requires
custom-built systems and does not allow for surface tunability.
Thus, while optically promising, mass transport limitations
present a hindrance for the performance and tunability of
aerogel-supported photocatalysts. The novel photonic mono-
lith presented herein addresses these mass flow limitations by
introducing a microscale hierarchical network of intercon-
nected channels via a sacrificial ZnO tetrapod scaffold.

This unique architecture not only unlocks better catalytic
performance but also provides a dramatically more facile
means to adapt the aerogel surface as desired. This article
further explores the impact of this modification on optical pro-
perties and delves into the tradeoffs between optical, mass,
and thermal transport for high temperature photocatalysts
across a breadth of reaction conditions. The accompanying
optical simulations visualize the extent to which the tra-
ditional illumination paradigm has been reshaped, and
together with the optical characterization, they bring quantitat-
ive clarity to the degree of optical homogeneity now achievable
for plasmonic reactions. Finally, the breadth of reaction con-
ditions spotlights the potential sacrifices made to thermal per-
formance for this burgeoning genre of plasmonic photocata-
lysts. Thus, this work explores a new 3D hierarchical architec-
ture for high temperature photocatalysis, analyzes the nuanced
changes to mass, optical, and thermal transport, and their
combined effects on key metrics of catalytic reaction rate,
selectivity, and efficiency. This paradigm shift from illumi-
nated surface to illuminated volume opens new potential for
high temperature photocatalysis, yet the wide-ranging impli-
cations and associated trade-offs have yet to be fully explored.
This work reveals the impact of increasing support transpar-
ency on the catalytic function of plasmonic catalysts via adjust-
ments to the nano- and micro-scale architecture and analyzes
the nuanced effects on the competitive processes dictating
reaction selectivity. Previous work on transparent monolithic
catalysts, has presented novel catalysts, but has not directly
compared them with more traditional powdered photocata-
lysts, examined the resulting shifts in reaction mechanisms
due to increased transparency, or explored how these dynamics
shift across a broad temperature range. In addition to these
analyses, the pore-enhanced aerogel developed for this case
study addresses challenges of reaction throughput and surface
tunability of existing aerogel-based catalysts.

Results and discussion

The synthetic scheme for the Rh/SiO2 pore enhanced aerogel
(Rh/SiO2-PEA) catalyst was inspired by a sacrificial ZnO tetra-
pod template strategy pioneered by Mishra et al.,52,53 sub-
sequently adapted by Schütt et al.54 to produce an exceptional
boron nitride optical diffuser, and then further developed to
produce an “aeroglass” material.55,56 This strategy was adopted
due to the excellent scalability such that the molded catalysts
can conform to an arbitrary reactor chamber, relatively mild

reaction conditions and insensitive precursors, and micro
scale porosity which enables simpler metal loading (surface
functionalization not required). The micro-scale pores make
the surface more accessible to reactants yielding more facile
surface modification as well as enhanced reaction throughput.
Essentially, a powder of microscale ZnO tetrapods, synthesized
using the flame transport method, is pressed into a pellet to
form an interconnected network of rods (Fig. 1a). Each ZnO
tetrapod building block has a crystalline core with the extend-
ing arms separated at an angle of 105°. Heating the pellet soli-
difies the network by sintering the abutting arms of neighbor-
ing tetrapods. The porosity of the resulting microtube network
exceeds 95%, enabling it to be easily loaded by simply drop
casting a solution of Rh nanoparticles using a volume that
nearly saturates the pellet. This strategy not only allows for
easier loading of catalysts, but it also ensures the catalyst is
concentrated along these passages. At this point, the surface
can also be modified, such as by growing a thin film of TiO2

(Fig. S1). Once the desired catalyst and coatings have been set
on the scaffolding, a silicate precursor is briefly mixed with a
gelation agent, aqueous ammonia, and added to a mold con-
taining the loaded scaffold. By adding the gel solution before
appreciable gelation begins, the gel forms around the loaded
scaffold, adhering to its surface. Once set, the wet gel is then
soaked in acid to remove the ZnO scaffolding. While the ZnO
template is removed, the catalyst and coatings remain bound
to the gel. Finally, the wet gel is dried in a critical point drier,
yielding the final catalyst monolith (Fig. 1b). Specific details
can be found in the materials and methods section along with
a diagram in Fig. S2 and a TEM image in Fig. S3.

The channels induced by the sacrificial ZnO template were
mapped by imaging a dyed wet gel using a confocal micro-
scope. The resulting maps (Fig. 1c and d) indicated that the
pore structure was consistent throughout the monolith. The
data was analyzed using Imaris Microscopy Image Analysis
software to form a 3D model (Fig. 1e). This analysis revealed
that most of the channel network is interconnected. Thus, the
modification to the monolith structure to accommodate mass
transport was confirmed to be homogenous and contiguous.
When compared to a pristine aerogel the mass flow rate was
improved on average by 23% (Fig. S4). For this work, a single
pellet density and tetrapod size were used, with only the con-
centration of the nanoparticle catalyst adjusted. However,
adjusting the density of ZnO pellet, as well as tuning the tetra-
pod size, offers additional flexibility in balancing mass and
optical transport.52,54 Future work on further tuning pore size
and density to understand the optimal balance between mass
and photon transport could shed additional light on the ulti-
mate utility and scalability of these promising 3D structures.

In addition to providing improved porosity, the ZnO tetra-
pod-based scaffolding also eases the burden of loading nano-
porous aerogels with catalyst and modifying the aerogel
surface. Catalyst loading requires no additional surface
functionalization, and the nanoparticles are naturally posi-
tioned along the channels. Finally, the ZnO tetrapod scaffold
provides an easily accessible surface where additional coatings
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can be readily applied to tune the surface chemistry. While a
layer of TiO2 was grown as a proof of concept for this article
(Fig. S1), additional work on tuning the monolith surface
chemistry for a specific reaction presents an exciting avenue of
research for these 3D photocatalytic monoliths.

The performance of the novel Rh/SiO2-PEA for photo-
catalytic CO2 reduction was compared to two powdered Rh/
SiO2 catalysts with different loading schemes (Fig. 2). TEM
images of the powdered catalysts can be found in Fig. S5. The
reaction was performed under continuous Blue LED illumina-
tion and in a commercial reactor. While the plasmonic absorp-
tion of the Rh nanoparticles’ peaks in the UV, blue was chosen
to avoid potential absorption by the support structure,
especially at higher temperatures, while still exciting the LSPR
at the tail of the Rh particles’ plasmonic absorption
peak.12,26,57 Absorbance spectrum of the Rh nanoparticles can
be found in Fig. S6. Further details of the catalytic measure-
ments can be found in the materials and methods section and
a system diagram can be found in Fig. S7. Rh/SiO2-PEA
(Fig. 2a) was first compared to SiO2 powder with a homo-
geneous 0.7 wt% Rh nanoparticle loading, termed Rh/
S-POW-H (Fig. 2b). Several observations immediately stand out
when comparing the two homogeneously loaded catalysts.
Most significantly, the Rh/SiO2-PEA is much more responsive
to light than the traditional powder. CO production of Rh/
SiO2-PEA increases with light intensity at all tested reactor
temperatures, 25–400 °C. However, the powdered Rh/S-POW-H

is much less responsive to light and only begins to show
activity when the reaction chamber is heated to 200 °C by the
reactor’s internal resistive heating element. Of these two
homogenously loaded catalysts, the Rh/SiO2-PEA outperforms
the Rh/S-POW-H under all moderate to high light intensity
(>2.5 W cm−2). Yet, Rh/S-POW-H does outperform the aerogel-
based catalyst under a single condition – in the dark at high
reactor temperature. This is not surprising as aerogels are
widely known to be among the best thermal insulators.58–60 In
additional to the well-known thermally insulating nature of
the aerogel, the Rh catalyst nanoparticles in the aerogel mono-
lith are further shielded from the heating of the reactor walls
of the reactor, due to the gap between the rigid pellet and the
metal sample cup. This poorer contact with the heated reactor,
combined with the aerogels insulating properties results in
inferior performance in dark thermal conditions. Thermal
imaging of the aerogel and powder depicts how the flow of
optical energy is improved over powder, but thermal flow from
the reactor is sacrificed (Fig. S8). Accordingly, the performance
of Rh/SiO2-PEA is only weakly associated with reactor tempera-
ture, and almost exclusively determined by light intensity. By
sacrificing thermal penetration for optical penetration, the Rh/
SiO2-PEA outperforms the powder supported catalyst with
equivalent spatial distribution of catalyst under illumination.

To further explore the significance of 3D bulk illumination
versus 2D surface illumination, the performance of Rh/SiO2-
PEA was compared to the performance of a powdered catalyst

Fig. 1 Structural Characterization and Analysis. SEM images of (a) sacrificial ZnO tetrapod scaffolding, (b) Rh/SiO2-PEA surface. Digitally recon-
structed maps of channel structure in the Rh/SiO2-PEA, where color denotes z-axis height from an (c) isometric and (d) top-down perspective. (e)
Digital rendering of channel structure with color denoting interconnectivity. Data for the maps and rendering were collected using confocal
microscopy.
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where the Rh photocatalyst was more concentrated on the
surface. This surface concentrated powdered catalyst is desig-
nated as Rh/S-POW-S (Fig. 2c). Whereas the Rh/S-POW-H dis-
tributed the Rh evenly throughout, the Rh/S-POW-S had all the
Rh contained in a thin 7 mg layer sitting atop 13 mg pure SiO2

powder. A total weight of 20 mg was maintained in both
systems to ensure the same distance from the LED light
sources, ensuring the incident light intensity remained com-
parable among all three samples. Among these samples, the
Rh/S-POW-S exhibited a stronger but qualitatively similar
relationship to both light and heat than the Rh/S-POW-H. As
with the Rh/S-POW-H, it is only when reactor temperatures
exceed 200 °C that enough catalyst is energized for the reaction
to start and for a typical Arrhenius relationship to manifest
with increasing reactor temperature. However, with a denser
layer of surface-exposed catalyst, Rh/S-POW-S displays at least
some measurable activity at the brightest intensities at all
reactor temperatures.

The notion of concentrating the catalyst in as thin a layer as
possible is a common practice in plasmonic catalysis and
reflects longstanding recognition of how energy can and
cannot flow through the catalyst bed. Catalysts should be posi-
tioned in a manner that is most accessible to the form of
energy provided. The relatively permeable nature of powder to
thermal energy dictates that proximity to the resistive heater at

the bottom of the reactor should be sacrificed for proximity to
the diverging light source that illuminates the top surface. In
contrast, the novel Rh/SiO2-PEA catalyst is more permeable to
light than heat, upending this longstanding paradigm and
creating new possibilities for high-temperature photocatalysis.

The indivisible nature of the monolith makes definitively
attributing the reaction mechanism according to the best prac-
tices established in recent thermal/nonthermal plasmonic
catalytic treatises19,22,26,28,31,34,61 practically difficult. Still,
observations of the reaction selectivity (Fig. 2d–f ) combined
with literature insight provide sufficient means to access the
mechanisms within the broad introductory scope of this
article. First, as mentioned previously, the blue illumination
aligns with the tail of the plasmonic absorption peak. Thus,
the frequency of illumination resonates relatively weakly with
the particles’ natural frequency, making it less likely that
enough high-energy hot carriers are being generated and then
injected into adsorbate orbitals to be the dominant driving
force of the reaction. Second, across all samples, CO selectivity
improves with increasing reactor temperature. This obser-
vation aligns with prior research on product selectivity in CO2

hydrogenation over plasmonic Rh catalysts, suggesting CO is
produced via a thermal mechanism.12,21 In this mechanism,
after dissociative adsorption of CO2, CO desorbs thermally
before it can be hydrogenated to CHO and experience hot

Fig. 2 CO2 reduction on plasmonic Rh/SiO2 photocatalysts. (a–c) CO production rates for (a) Rh/SiO2-PEA (aerogel) catalyst with 0.7 wt% Rh
loading, (b) Rh/S-POW-H (powder) Rh/SiO2 catalyst with uniform Rh distribution, (c) “surface concentrated” Rh/S-POW-S catalyst made with a thin
layer of higher wt loaded catalyst on top of bare SiO2. The backfill of powder maintains an equal distance to the light source across samples. (d–f )
CO selectivity for (d) Rh/SiO2-PEA (aerogel), (e) Rh/S-POW-H powder Rh/SiO2 catalyst with uniform Rh distribution, (f ) Rh/S-POW-S catalyst with Rh
concentrated at the surface. Temperatures are the reactor set temperature. In some low temperature/low brightness conditions, rection activity was
insufficient to reliably calculate selectivity and was therefore excluded. All samples loaded with equal weight Rh and illuminated by a Blue LED cen-
tered on 455 nm.
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carrier-driven C-O bond scission.12,21 A more detailed study of
the reaction energetics for CO2 evolution on plasmonic Rh
nanoparticle catalysts can be found in ref. 12. The competing
reaction mechanisms are outlined in Fig. S9. Based on experi-
mental design, literature reports, and observed selectivity, the
dominant mechanism is determined to be photothermal.

The selectivity data also reflects the trends observed with
the reaction rate data. As with productivity, the selectivity in
the aerogel is determined significantly more by optical con-
ditions than by reactor heating. This is most dramatically
apparent in conditions of lower reactor temperatures and
higher light intensities. Conversely, the selectivity of powdered
catalyst is much more responsive to the reactor’s heat than the
aerogel. As previously noted the thermally insulating character
of the aerogel and poor contact with the reactor walls both
prevent the nanoparticle from accessing the energy provided
by the heater and inhibits the metal particles from conducting
photothermal heat to and from the reactor body and to the
external environment. We therefore hypothesize that under
illumination, more of the photon’s energy remains with the
nanoparticles in the Rh/SiO2-PEA than with the powdered cata-
lyst. Further, thermographic and pneumatic measurements on
related 3D photonic structures have demonstrated exceptional
volumetric photothermal responses capable of heating

internal gases to 300 °C in a matter of seconds under high
light intensities.55 Thus, at a given light intensity the nano-
particles as well as the reagent gases in the monolithic sample
rapidly equilibrate to a higher temperature than those in the
powders, giving superior photothermal catalytic rates and
selectivity compared to traditional powders. The exothermic
nature of CO2 reduction reaction further compounds this
effect as hot particles have higher turnover frequencies, gener-
ating more heat that cannot be efficiently dissipated. While
heat buildup was likely an advantage for the aerogel sample
for productivity and selectivity in this study, it could prove
deleterious in other contexts and deserves more detailed study.
While homogenizing the reaction conditions leads to a more
uniform product distribution for this reaction, it is imperative
for future studies to consider these nuances when attributing
the primary catalytic mechanism. Future studies where the
monolith surface and experimental design have been tuned to
favor photochemical products12 could provide valuable insight
into this critical balance.

To understand the Rh/SiO2-PEA’s enhanced response to illu-
mination, optical measurements were performed in a lab con-
structed haze meter (Fig. S10). Optical characterization pre-
sented in Fig. 3a illustrates the efficiency of optical transmission
of a standard aerogel, pore enhanced aerogel (PEA) and Rh

Fig. 3 Optical properties and implications for catalyst loading. (a) Optical measurements of aerogel structures performed with 532 nm laser and an
integrating sphere. Measurement procedure is detailed in the methods section and Fig. S7. (b) CO production adjusted for amount of Rh used.
Illuminated by a Blue LED centered on 455 nm, reactor temperature set to 400 °C. (c) Qualitative images of aerogel-based samples in ambient light-
ing and illuminated by a red laser pointer.
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loaded PEA. The standard aerogel has low losses, which could
be further improved by reducing reagent concentration during
synthesis. This would in principle improve the optical perform-
ance of the pristine material by reducing the aerogels native
pore and particle size at a cost to speed of synthesis.59,62,63

Tailoring the amount and size of pores is a critical aspect of
monolithic photocatalyst design. Pores are essential for mass
transport, however, they are a detriment to optical transport.
The tight pores of pristine aerogel are known to restrict mass
flow in aerogel supported catalyst,45,51,64 limiting the overall
catalytic potential. Therefore, a network of interconnected chan-
nels was added to the aerogel to create the pore enhanced
aerogel (Fig. 3a). This enhancement of mass transport came at a
notable increase in energy loss both due to the support absorb-
ing more light, a result of increased path length, and an
increase in reflection of light towards the source. Combined
optical loss quadrupled from a combined 8.6% to 34.1%.
Serendipitously, loading the structure with plasmonic particles
reversed the increased losses, restoring the system’s optical
efficiency. Upon the addition of only 0.4 wt% Rh nanoparticles,
loss to reflection decreased from 18.8% to 12.6% (Fig. 3a). All
aerogel loadings had significantly reduced reflection compared
to both the lower and higher powders controls which were 35%
and 17% respectively (Fig. S11). Reducing reflection is a key
benefit of these structures, especially at lower metal loadings
often used to avoid particle agglomeration. Maximizing metal
surface area is of particular concern given the rare and expen-
sive nature of plasmonic metals. The dramatic reflection
reduction of the pore tailored aerogel is well positioned to maxi-

mize the cost efficiency of the plasmonic metal. Increasing the
loading to 1.7 wt% further decreased reflection loss to only
3.7%. Increasing the loading also reduced the amount of energy
exiting the system due to photons passing through the sample
without being absorbed. For the 0.7 wt% loaded sample 6.8%
of the incident photons went unused due to combined direct
and scattered transmission. Increasing the Rh load to 1.7 wt%
reduced these transmission losses to a mere 0.37%. Thus,
increasing the loading led to the PEA catalyst capturing 95.9%
of the incident optical energy.

These promising optical measurements prompted a study
of the influence of Rh loading on catalytic effectiveness shown
in Fig. 3b. Initially, adding more Rh improved performance as
additional Rh not only provided more active sites, but also
reduced losses to reflection. However, increasing Rh content
beyond 1.7 wt% loading showed a diminishing increase in pro-
ductivity. With 95.9% of the optical energy already being cap-
tured, there was rapidly diminishing potential energetic gains
and simultaneously, increasing loading would decrease
average optical penetration, resulting in catalyst being added
to an increasingly dark environment.

To further understand how the 3D photonic design dictates
the distribution of light throughout the catalyst, the internal
optical environment was simulated using raytracing (Fig. 4).
An effective refractive index approximation, incorporating scat-
tering and absorption lengths extracted from the optical data
presented in Fig. 3a enabled the simulation of the volumetric
distribution of light within the unloaded and loaded PEA
monoliths. Measurements of the optical dispersion and inten-

Fig. 4 Optical simulations and energy accumulation. (a–c) Raytracing simulations of (a) unloaded pore enhanced aerogel. Note that the increased
illumination of the sides is due to reflection off the sample chamber floor compared to the center region which extends across the 2 mm wide gas
outlet, (b) pore enhanced aerogel with 0.4 wt% loading Rh, (c) pore enhanced aerogel with 1.7 wt% loading Rh. In (a), intensity exceeds 100% in
certain regions due to reflection from the walls and floor of the reaction chamber. (d–f ) Simulated energy accumulation normalized to total absorp-
tion of the sample for (d) unloaded pore enhanced aerogel, (e) pore enhanced aerogel with 0.4 wt% loading Rh, (f ) pore enhanced aerogel with
1.7 wt% loading Rh.
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sity allowed for light source of the simulation to accurately
match the LED light source used for catalysis. More details on
the simulation methodology can be found in the materials
and methods section. Fig. 4a shows the unloaded pore
enhanced aerogel. Light penetrates deeply and the entire struc-
ture is brightly illuminated. As result of the optical divergence
and subsequent reflection off the reactor walls and floor, a
large portion of the interior volume experiences intensity
greater the initial illumination. Only the portion of the mono-
lith atop the reactor outlet experiences less than 100%, with
the bottom of the monolith receiving <75% illumination, in
good agreement with the experimental measurements.

Simulation of the lightly loaded 0.4 wt% Rh PEA monolith
revealed a broad and deep gradient of illumination that
extended through the entirety of the bulk (Fig. 4b). The pene-
tration depth of light was increased several orders of magni-
tude compared to calculations of light penetration into pow-
dered catalyst.21 The broad intensity gradient across the mono-
lith volume suggests that changes to metal loading and illumi-
nation scheme to create a uniformly illuminated catalyst
monolith are a possible and exciting direction for future work.
The optical environment could be further homogenized either
by decreasing loading across the entirety of the monolith or
restricting catalyst towards regions with sufficiently bright illu-
mination. By decreasing the volume of Rh solution added to
significantly below the saturation limit, the depth of catalyst
distribution can be easily tuned to regions with sufficiently
bright illumination i.e. not less 50% surface intensity. Thus,
these 3D photonic structures provide an accessible means to
ensure bright illumination across all catalyst particles, elimi-
nating the dual reaction zone paradigm19,20,26 that has thus far
hampered selectivity and scalability in high temperature
photocatalysts with both thermal and nonthermal activities.

Creating a more uniformly illuminated environment across
a catalyst volume with poor thermal transport could further
assist the study of the thermal vs nonthermal, i.e., photother-
mal vs photochemical mechanisms in plasmonic catalysis.
Understanding the relative contributions of photothermal and
photochemical reaction mechanisms has been a subject of
extensive research. However, these studies are complicated by
the heterogeneous thermal and optical environment created
when light shines upon a powder.19,20,26 Prior research, embra-
cing the heterogeneity of the reaction environment, has
yielded some clarity on this balance.26 Now, by turning to a
monolithic design, the contrasting environments of illumi-
nated surface and dark subsurface can be obviated. 3D photo-
nic structures can provide a more homogeneous environment,
which can direct selectivity towards a single product.

The highly heterogeneous illumination of powdered cata-
lysts can be particularly problematic when dark thermal
activity produces an alternative product compared to the
photoproduct of the exposed surface. Some researchers have
circumvented this conundrum by developing catalysts with
negligible thermal activity.1 However, homogenizing the reac-
tion environment using a 3D photonic monolith presents an
alternative path to improving product selectivity.

Fig. 4c depicts the PEA catalyst with a higher 1.7 wt% Rh
loading, resulting in a steeper gradient of illumination. This
aligns well with the observed decrease in efficiency of 2.9 wt%
loaded catalyst compared to the 1.4 wt% load in Fig. 3b. When
added uniformly across the monolith, only a fraction of the
catalyst added beyond 1.7 wt% loading of Fig. 4c, would
receive meaningful illumination. Continuing to add catalysts
would make the gradient even more dramatic until its bulk
optical profile was similar to that of powdered catalyst, albeit
with poorer thermal conductivity. Thus, these simulations and
measurements provide a useful framework for optimizing the
catalyst for monolithic catalyst supports.

From these simulations, the energy accumulation across
the depth of the structure was calculated and plotted (Fig. 4d–
f ). The plot provides a more quantitative visualization of how
energy is distributed within the 3D photonic structure. For an
unloaded aerogel monolith, nearly 85% of light passes
through (Fig. 3a). The 15% that remains within the structure
forms a homogenous energy distribution environment. Each
vertical “slice” in the axis of illumination is in a comparable
environment of optical excess. However, loading the monolith
with strongly absorbing plasmonic particles (Fig. 4e and f)
results in energy accumulation, which follows an exponential
cumulative distribution function

Cumulative optical energyðx; λÞ ¼ 1� e�λx

where x is the depth along the axis of illumination and λ is the
rate parameter, which is determined by the nanoparticle
loading. Increasing the catalyst loading shifts the cumulative
energy distribution in line with an increase in the rate para-
meter λ and improves the fit to the cumulative distribution
function model (Table S1). This aligns well with the nature of
optical absorption across a sample with a random distribution
of absorbers. In this system, optical absorption is a Poisson
process. As light travels through the monolith, the increasing
path length makes it increasingly likely that it will have
encountered a metal particle and been absorbed, however,
each individual potential absorption event remains indepen-
dent of all others and the path the photon has traveled. As
more nanoparticles are added, the rate parameter λ, indicating
the time/distance between Poisson events, increases, corres-
ponding to a shorter time/distance between absorption events
(Table S1).

Theoretically, two factors may shift the optical behavior of
the monolith away from a Poisson model. The first is inelastic
scattering. However, while Raman scattering is significant for
sensing applications, the relative rarity of Raman scattering
events allows it to be ignored when discussing photocatalytic
production. Second and more significant are temperature-
dependent effects on the nanoparticles’ localized plasmon
resonance (LSPR).65 Photothermal heat from intense light, as
well as heat released by exothermic reactions, can increase the
temperature of the plasmonic metal particle. Changes in the
nanoparticle temperature can have complex effects on its
LSPR, influencing both plasmonic absorption peak position
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and intensity.65 Factors such as lattice expansion, shifts in the
population distribution of occupied states, and degradation of
polarizability due to thermal oscillations are among the temp-
erature dependent known to significantly influence the
LSPR.65 Additionally, these factors impact both optical absorp-
tion and scattering and are highly dependent on the elemental
metal as well as the particle size and morphology. Thus, under
higher illuminating intensities, particles at the surface may
have a decreased absorption cross-section than particles
deeper in the monolith. It is important to note that the optical
measurements upon which the simulation was based were
conducted at room temperature using a green laser. The differ-
ences between the environment in which the optical character-
ization was performed and the environment in which the cata-
lysis occurred necessarily create some discrepancies. However,
while the environments were not identical, the trends in the
data of both optical and catalytic experiments align well. The
agreement between the loading dependence of the structure’s
optical profile (Fig. 3a) and catalytic efficiency (Fig. 3b) asserts
the relevance of the optical measurements to the catalytic
phenomena.

Thus, while the optical measurements and derived simu-
lation are ex situ, they still provide valuable insight into the
novel optical properties of the monolithic photocatalyst. A
future study systemically adjusts the height and loading of the
samples across a breadth of different nanoparticle absorbers,
and temperatures could provide data necessary for a more
expansive predictive energy distribution model. Such a model
could rapidly accelerate the adoption of monolithic photo-
catalyst by ubiquitously providing a highly informed starting
point for the otherwise tedious process of optimizing catalyst
loading to the volume for a given reactor volume, nanoparticle
optical cross-section, and illumination scheme.

This optical characterization, simulation, and analysis
should be viewed in the context of the structural-optical prop-
erty relationship of aerogels and how they differ from tra-
ditional powders.59,62,63 Aerogels are composed of tiny nano-
particles (significantly smaller than light’s wavelength), which
cause only weak Rayleigh scattering, allowing light to mostly
pass through. However, the larger particles common to most
powders cause strong Mie scattering, rapidly diffusing light,
and making the support material opaque. Additionally, the
aerogel’s porous structure has a low refractive index, close to
air, minimizing scattering at interfaces compared to the
powder’s dense packing, which creates a high refractive index
contrast with air, increasing scattering. Finally, aerogel’s open
network reduces interfaces where light scatters, whereas
powders’ tightly packed particles increase scattering.
Absorption is negligible in both cases, so the key difference
between aerogel and powders comes from scattering and
refractive index effects. Thus, pristine aerogel generally
appears translucent with a faint blue color, while powder
appears opaque and white. Therefore, from an optical perspec-
tive, aerogel is a superior support for photo-driven processes
occurring across a bulk volume. While optically designed 3D
monolithic catalysts hold exciting promise for both photother-

mal and photochemical processes, their greatest potential
application may be for reactions with photochemical mecha-
nisms. Since the photochemical pathway only emerges
under direct light illumination, it would stand to reason
that photochemical rates would receive greater benefit
from the optical environment provided by these 3D monolithic
structures. However, it is important to consider the thermal
impact of aerogel as well. Greater thermal accumulation
due to decreased thermal conductivity could spur thermal
rates faster than the plasmonic process can provide excited
carriers, potentially outpacing the increase in photochemical
reactivity.

Conclusion

This article provides a greater understanding of and novel
solution to the challenging balance between energy and mass
transport inherit to heterogenous photocatalysis. We demon-
strate a facile approach to circumvent mass flow limitations in
standard aerogels. Serendipitously, the ZnO scaffolding archi-
tecture that is employed to solve the mass transport challenges
also provides a more facile method of catalyst loading and
surface modification. Additionally, this article highlights the
effects on bulk optical properties incurred when augmenting
mass transport as well as quantifying the implications of
incorporating increasing amounts of strongly light-absorbing
photocatalyst. The methods presented here provide a blueprint
for striking the optimal balance between energy and mass
transport, two essential properties of heterogenous photocata-
lysis, and a more informed starting point for others seeking to
leverage this technology. The optical measurements and simu-
lation support the analysis, provide quantitative visualization
of the optical enhancements and showcase how the distri-
bution of photons can be readily tuned across a 3D monolith.
Finally, this article advances the field of monolithic photocata-
lysts with detailed attention to the unique implications for
high-temperature processes. The breadth of high-temperature
photocatalytic data provided herein highlights the unique
relationships between thermal and optical energy transport for
highly porous monoliths with isolated absorbers. Table S2
compares the photocatalytic monolith in this work to those of
other works.

In conclusion, a new monolithic plasmonic photocatalyst
was synthesized, and its physical and chemical nature was ana-
lyzed. The 3D photonic structure created a dramatically
different paradigm for high-temperature photocatalysis
whereby all catalyst nanoparticles throughout the bulk volume
can be illuminated. Rh nanoparticles operating in this para-
digm exhibited a greatly enhanced catalytic response to light,
but a more limited response to conducted heat. This resulted
in a greatly enhanced reaction rate and selectivity when the
reactor was brightly illuminated absent supplemental heat.
This enhanced photo response provides exciting potential for
the field of plasmonic catalysis as well as for the broader study
of heterogeneous photocatalysis.
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Materials and methods
Synthesis

Rh nanoparticles. Rh nanoparticles were synthesized
according to published polyol methods.12,21,26 25 mg
Polyvinylpyrrolidinone (PVP ∼ w. 55 000) was dissolved in
10 ml ethylene glycol at 160 °C under vigorous stirring in a
round bottom flask. Separately, 24 mg RhCl3 hydrate
(∼35–40 wt% Rh) was dissolved in 0.8 ml ethylene glycol. The
Rh solution was quickly injected into the hot PVP solution and
stirred for 30 minutes at 160 °C. After cooling to room temp-
erature, the solution was washed with acetone and then water/
acetone twice. First, the reaction mixture was diluted to 30 ml
with acetone, divided into fourths, sonicated, centrifuged, and
the supernatant discarded. The sediment in each tube was
resuspended in a minimal amount of DI H2O (∼1 ml) and
then diluted to 8 ml with acetone and sonicated. After two
water/acetone washes the final product was suspended in
EtOH at concentrations of 1.5–2 mg ml−1 and stored in freezer
at −17 °C.

Sacrificial ZnO microrod template. ZnO tetrapods were syn-
thesized by flame transport synthesis procedure.52,53 Zn
powder (diameter ∼ 5 µm) is mixed with polyvinyl butyral
(PVB) in a 1 : 2 wt ratio in a ceramic crucible. The crucible is
then placed in a preheated (450 °C) muffle furnace. The
furnace temperature is then increased to 900 °C. The furnace
remained at 900 °C for 30 minutes and then cooled naturally
resulting in the growth of micro- and nanoscale ZnO tetrapods
structures. In flame transport synthesis process, the tetrapod
growth occurs via solid-vapor-solid process in flame controlled
ambient conditions. This tetrapod production process by
flame synthesis is scalable and is commercially available. The
tetrapods are collected and for each pellet 20 mg is pressed in
a mold 3 mm in height and 5 mm in diameter. The pellets are
then further heated at 1150 °C for 5 hours yielding highly
porous interconnected ZnO tetrapods network as sacrificial
template to create the 3D monolithic network.

Catalyst loading. 55–60 μl Rh nanoparticle solution was drop
cast onto the top of the ZnO pellet such that it penetrated
almost to the bottom of the pellet. After drying the pellet was
flipped over and Rh solution was added to the opposite side.
Rh loading was varied by adjusting the number of repetitions
and the concentration of the Rh solution. After drying at room
temperature, the Rh loaded ZnO pellets were calcinated at
400 °C in an open tube furnace.

Pore enhanced aerogel. Aerogel was synthesized following a
Stober66 style sol–gel method.67,68 1 ml of tetramethyl orthosi-
licate was added to 1 ml of methanol at room temperature
while stirring. Separately, 0.4 ml 85.4 mM NH3(aq) was added
to 1 ml of methanol stirring at room temperature. The
ammonia solution was then rapidly added to the silicate solu-
tion and stirred for 2 minutes at room temperature. After two
minutes, 55 μl of gel solution was added to a mold containing
the Rh-loaded ZnO pellet. The solution was left to gel for two
hours while sealed and then immersed in 10 ml 1.2 M HCl
overnight to remove the ZnO template. After etching, the wet

monolith was placed in EtOH, and the EtOH was replaced
daily for 5 days to exchange the solvent. Finally, the washed
wet monolith was dried in a Tousimis Autosamdri-931 critical
point drier.

Powdered catalyst. Powder silica support was synthesized
using the Stober method.66,69 1 ml tetraethyl orthosilicate was
added to 50 ml of Ethanol under vigorous stirring at room
temperature. 3 ml 10.5 M NH3(aq) was added, and the reaction
mixture was stirred for 6 hours at room temperature. The
product was washed three times with ethanol and then dried.
The dried silica was ground and added to 100 ml of ethanol.
While stirring, diluted Rh nanoparticle solution was added to
the stirring silica slurry and the heat was increased to 200 °C.
The solution was stirred until all the ethanol evaporated. The
loaded silica powder was then calcinated in air at 400 °C and
then ground.

Characterization

Optical characterization. Samples were characterized in a
Thor Labs general-purpose ∅50 mm integrating sphere with a
custom-made sample holder and illuminated by a 530 nm
laser. Changing the beam path allowed total intensity, total
transmission, scattered transmission, and reflectance to be
individually measured and normalized. From these measured
values, the absorbance and direct transmission were calcu-
lated. The measurement scheme is illustrated in SI Fig. S7.
Absorption of Rh nanoparticles was measured in Shimadzu
UV-3600i spectrophotometer.

Reflectance of powdered samples was measured in the
same spectrophotometer using an integrating sphere
attachment.

Structural characterization. SEM images were captured
using an FEI (Thermo Fisher Scientific) Apreo S scanning elec-
tron microscope. The sample was contained in a custom made
sample holder. TEM images were collected in an FEI Tecnai G2

Twin as well as in a Thermo Scientific Talos F200X.
Confocal microscopy and porosity mapping. Confocal

microscopy was used to investigate the connectivity of the
pores in the aerogel sample. The sample was first dyed using a
commercially available fluorescent dye. The sample was first
dyed using a commercially available fluorescent dye
(Rhodamine B) prepared at a concentration of 0.01 mmol. The
dyed sample was then placed in a sample holder filled with
100% ethanol, ensuring that the sample was fully immersed in
the solvent. The sample holder had a bottom thickness of
0.13 mm, which was compatible with high-resolution
microscopy. The sample holder was then mounted on an
inverted confocal microscope and a 514 nm laser as the exci-
tation source. A 20× magnification objective lens with a
numerical aperture (NA) of 0.70 was used to illuminate the
sample and to collect the photoluminescence signal. The
emitted photoluminescence signal was collected, and the spec-
tral window of 700–780 nm was selected for detection to
isolate the relevant emission signal. The spatial resolution for
the measurement was set to 0.13 µm in both the xy-plane and
the z-plane, ensuring high-resolution imaging of the sample.
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The Aerogel structure was coated with fluorescent dyes, while
the pores remained unfilled, creating a contrast in photo-
luminescence signals between the two regions under uniform
illumination. The dark regions correspond to the unfilled
pores, whereas the bright regions represent the dye-coated
aerogel matrix.

The confocal microscopy data were analyzed using Imaris
software (Bitplane, Zurich, Switzerland) to construct three-
dimensional (3D) models and evaluate the connectivity of the
poles in the Aerogel sample. To ensure consistency in intensity
values across all z cross-sections, the intensity distribution of
each z cross-section was normalized. The pixel intensity values
were rescaled to fall within the range of 0 to 255. To emphasize
positions of the poles in the original dataset, the normalized
intensity values were inverted. This transformation converted
dark regions into bright regions, enabling their visualization
and analysis as high-intensity features. The inverted intensity
dataset was imported into Imaris software, where a 3D model
was constructed. The bright regions in each z cross-section
were identified and used to generate a 3D reconstruction of
the sample. Imaris’s surface rendering algorithm was
employed to visualize the spatial organization of the bright
regions and assess their connectivity. The connected bright
regions in the 3D model were segmented and assigned unique
labels using Imaris’s built-in segmentation tools. Each con-
nected region was automatically labeled with a distinct color,
facilitating visualization and analysis of the connectivity of the
poles.

Simulation

We created our ray-tracing simulations for the aerogel samples
with the help of an open-source Python-based photon path-
tracing code (pvtrace), which we adapted to account for reab-
sorption and rescattering processes within the aerogel as well
as reflection from mirrored walls with zero absorption. For
each sample, we launched 10 million rays to capture the
spatial intensity distribution, with intensity in each three-
dimensional voxel defined by the number of rays passing
through it. We used a 210 × 210 × 185 voxel grid (in x, y, and z,
respectively) and matched the actual aerogel dimensions
(cylinders with 4.2 mm diameter and 2.5 mm depth). To repli-
cate our experimental setup, in which an LED-based laser
source is delivered by a 5 mm-diameter liquid light guide, we
initialized the rays at a 4.6 mm distance from the aerogel
surface with a uniform radial distribution and used an 11 mm-
diameter Gaussian profile to illuminate the sample.

The aerogel medium was modeled with an effective refrac-
tive index approximation, incorporating scattering and absorp-
tion lengths (Ls, La)

1 that were derived from measured trans-
mittance (T ), reflectance (R), and absorptance (A) values
obtained via integrating sphere measurements.2 Specifically,
the attenuation length Latt = −L/ln T, the absorption length La =
−L/ln TF with transflectance TF = 1 − A, and the scattering
length Ls = (Latt La)/(La − Latt). Here L is the 2.5 mm thickness
of the aerogel. We validated the model by comparing simu-
lated and measured values of T, R, and A. For instance, for the

unloaded pore enhanced sample, the measured values (T =
0.66, R = 0.19, A = 0.15) were in good agreement with those
from the simulation (T = 0.69, R = 0.14, A = 0.17). Additionally,
we incorporated surface roughness by using confocal
microscopy to measure the three-dimensional topography of
the aerogel and encoding the resulting distribution of surface
normal into the reflection and scattering events at the air–
aerogel interface.

Catalysis

Catalytic experiments were performed in a Harrick Raman
high temperature reaction chamber according to previously
described procedures.12,19–21,26,36 The catalyst was pretreated
with 50% H2/Ar at 400 °C for 2 h. After cooling down, the feed
was switched to 6 sccm CO2, 24 sccm H2 and 30 sccm Ar. The
reactor temperature was set using a thermocouple inserted
into the reactor between the heating element and reaction
chamber. At each temperature set point (25, 100, 200, 300,
400 °C), the voltage of the 450 nm Prizmatix fiber optic LED
was increased incrementally from 0–4.8 V resulting in cali-
brated light intensities of 0–3.9 W cm−2. Outlet gas stream was
fed directly to an International Crystal Laboratories FTIR gas
cell and analyzed using a Thermo Fisher Nicolet 380 FTIR.
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