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A B S T R A C T   

Here we report the enhanced light penetration and mass transfer efficiency of photocatalytic foams to convert 
CO2 to CO. The viability of utilizing a metallic foam as a model photocatalyst support is used to evaluate the 
photochemical and thermochemical reverse water gas shift reaction catalyzed by photoactive indium oxide 
hydroxide nanorods uniformly coated on nickel foams. A light-enhanced CO production rate up to 130% higher 
than the dark CO production was achieved through enhanced light penetration. A remarkably high thermo
chemical CO production rate of 0.75 mmol gcat

− 1 h− 1 was achieved at 295 ◦C. Whilst several approaches to 
optimization of photocatalyst morphology at the nanoscale have been successful in extending electron hole-pair 
lifetime and modifying the site of reactions, these advantages cannot be significantly realized unless microscale 
to macroscale structuring efforts, that shorten the path length for diffusion of the reactant gas molecule and 
lengthen photon penetration to these catalytic sites are integrated. The superior catalytic performance of the 
indium oxide hydroxide nanorods on an optimized coated foam configuration compared to the performance of 
packed bed and thin film configurations demonstrates the critical importance of using structured supports in 
scale up of future photocatalytic processes.   

1. Introduction 

Technologies for the photocatalytic transformation of gaseous car
bon dioxide (CO2) to synthetic fuels and value added chemicals have 
received increasing attention in recent years [1-4]. To achieve techno
logical readiness, the efficiency of these photocatalytic processes needs 
to be significantly boosted through the design of innovative catalyst 
architectures and reactor configurations, that allow efficiently capture 
and utilization of light by the catalyst. Thin films of photocatalytic 
materials could serve this purpose by optimizing the penetration of light 
to the maximum number of photoactive catalyst sites, however imple
mentation in practice would require inordinately large areas of land. 
Proposed herein is a more practical solution to this problem using 

photocatalytic foams. Their millimeter scale pores permit light incident 
on the surface of the foam to penetrate throughout the entire volume of 
the foam thereby providing access of the light to the photocatalyst 
supported on the pore walls of the foam. Thus, the goal of this work is 
the development of a high performance, structured photoreactor 
configuration capable of achieving significantly higher CO production 
rates than non-structured reactor systems (such as packed bed reactors, 
and thin films) through the Reverse Water Gas Shift (RWGS) reaction for 
the valorization of carbon dioxide: 

CO2 +H2→CO+H2O 

At present, CO can be commercially obtained by means of the 
Methane Steam Reforming process and despite the high efficiency and 
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cost-effectiveness of this method, significant challenges in the high en
ergy requirements to reach elevated temperatures (700–900 ◦C) and 
stability reduction due to coke formation under these conditions remain. 
[5] In this context, the development of processes that require less 
aggressive reaction conditions and/or that are less reliant on fossil fuel- 
driven energy is necessary for future implementation at a large scale. 

With the energy storage market expected to grow five-fold by 2040, 
[6] methanol produced via solar-driven RWGS is a potentially 
commercially viable energy storage solution (with appropriate carbon 
taxation) that leverages intermittently generated green hydrogen 
(forecasted price to drop below USD 1 kg− 1 by 2030 [7,8]) and over
comes several challenges commonly associated with energy storage such 
as energy density, supply–demand responsiveness and transportability 
better than competing storage solutions. In order to realize this solution, 
however, a minimum 10% solar-to-fuel efficiency of the RWGS process is 
needed.[9] Successful pilot-scale deployment and benchmarking of lab- 
scale thermochemical RWGS catalysts that surpass commercial catalysts 
on a CO production rate versus CO cost metric, provides a useful point of 
comparison for new solar-driven RWGS photocatalyst candidate 

systems. 
To achieve an optimal solar-to-fuel efficiency it is critical to use all 

the photons of the solar spectrum. Several recent review papers provide 
an excellent background on the thermodynamic and kinetic advantages 
as well as the several materials engineering approaches to maximize 
photothermal/photochemical enhancement of production rate and 
improving selectivity to the desired product particularly for CO2 
reduction.[10-17] A photo-thermal effect allows performing chemical 
reactions at relatively mild bulk conditions and is characterized by the 
synergy of the light absorption by the catalyst which leads to the gen
eration of electron-hole pairs with the thermochemical processes 
simultaneously occurring at the catalytic surface either at a lower acti
vation energy, higher local temperature or different mechanism to the 
photochemical process. This approach is promising given the continuous 
improvement possible at the nanoscale via materials engineering of 
photo-thermal properties of a catalyst system. For instance, the well- 
documented cubic indium oxide hydroxide (In2O3-x(OH)y) provides 
opportunities to study the RWGS reaction driven either thermochemi
cally or by hybrid photo- and thermal catalyst. [18] 

Fig. 1. Top: Simplified scheme of the annular photoreactor employed in this work to conduct the photo- and thermal CO2 hydrogenation on coated foams. Bottom: 
Graphical representation of the physical phenomena involved in the RWGS process catalyzed by In2O3-x(OH)y nanorods under solar light for different reactor 
configurations: a) Packed bed, b) Thin film and c) coated foam. 
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As the nanorod In2O3-x(OH)y superstructure[19-21] is amenable for 
coating and has been shown to exhibit high activity and stability at 
temperatures up to 300 ◦C, this morphology was selected as an arche
type for performing metallic foam (photo)catalyst experiments, in which 
the effects of both thermal and light input were tested. 

In earlier studies, macroporous ceramic foams have been utilized as 
catalytic supports for solar thermochemical CO2 conversion processes. 
[22-25] This approach uses high concentration solar irradiation to heat 
the catalytic foam to very high temperatures (1000–1500 ◦C). By 
contrast, in this work solar photochemical CO2 conversion processes are 
driven by low concentration solar irradiation, under milder conditions 
on macroporous metallic foams. As a result, widely available, low cost 
solar concentrator equipment can be used with a smaller land footprint. 
Additionally, metallic photocatalytic foams have high thermal conduc
tivity, are light weight and highly flexible, allowing straightforward 
shape control and facile incorporation into different photoreactor con
figurations. [26] Moreover, metallic foams offer a high ratio of active 
surface area to reactor volume, which is a desirable characteristic for a 
catalytic support and furthermore its high porosity ensures low pressure 
drops, lower pumping costs, improved catalyst-reactant interaction and 
efficient mass transfer in the reaction system. [27-29] 

Foams with open cell and close cell structures with cell sizes ranging 
from 1 nm to over several mm are manufactured from materials that 
include copper, nickel, iron, titanium, alumina, silica, high performance 
plastics and carbon, and are commercially available at relatively low 
prices given their myriad industrial applications. Although several re
ports exist for the use of macroporous metallic foams as catalyst supports 
for CO2 transformation processes,[30-35] they focus entirely on ther
mochemical CO2 methanation and commonly performed in batch re
actors. To the best of our knowledge, there is no prior work on 
photochemical CO2 conversion, one of the main focuses of this work. 

For this work, nickel foam was selected as the support for the In2O3- 

x(OH)y nanorods given the high thermal stability, commercial avail
ability, and potential for surface chemical modification of Ni foam. The 
metallic support required surface pre-treatment before coating due to its 
low specific surface area (as low as 0.05 m2 g− 1 measured by BET 
analysis for commercial INCOFOAM nickel foam)[36] which would 
limit the amount of catalyst that could be supported. The In2O3-x(OH)y 
on Ni foams (with different pre-treatments) were integrated into a 
hybrid photothermal annular photoreactor[37] in which a hollow 
cylinder-shaped catalytic foam could be heated from the inside by an 
electrical heating cartridge and irradiated from the outside by a solar 
simulator, with the entire reactor assembly being mounted in a com
pound parabolic concentrator (Fig. 1 (top)). 

Fig. 1 (top) illustrates the reactor employed in this work. Fig. 1 (a) 
presents a schematic representation of the phenomena occurring in a 
conventional packed catalyst bed. These include a higher likelihood of 
the occurrence of “hot spots” due to the unwanted heat distribution 
throughout the catalyst bed, contributing to deactivation of the catalyst 
and difficulties illuminating the catalytic particles located in the inner
most part of the bed. In an earlier work, we presented the preparation 
and photocatalyst evaluation of In2O3-x(OH)y thin films, Fig. 1 (b), in the 
reverse water gas shift (RWGS) process. While efficient light utilization 
was demonstrated with these thin film photocatalysts,[37] a large 
footprint would be required to achieve industrially useful conversions in 
a solar RWGS process. 

Fig. 1 (c) depicts the physical processes occurring on the surface of 
the foam where a thin layer of nanostructured photocatalyst can be seen 
to facilitate molecular diffusion through efficient gas–solid contact. The 
interconnectedness and high thermal conductivity of the foam improves 
the uniformity of the heat distribution to and from the catalyst nano
particles, whilst multiple light scattering-reflection events, internally 
throughout the macroporous structure increases the probability of light 
absorption.[38] 

The key experimental variables include pre-treatment conditions of 
the Ni foam surface, reactant gas velocity, pore size and distribution of 

the foam and the process temperature. The CO production rate under 
thermal energy input only and the photochemical rate enhancement 
under additional illumination for the RWGS was used as the perfor
mance metrics of the system. Additionally, characterization of the In2O3- 

x(OH)y on the oxidized Ni foams before and after reaction provide in
formation on the long-term stability of the catalyst. In situ DRIFTS results 
provide an insight into the effect of the metal foam support on the re
action pathway. The findings obtained in this work are expected to 
facilitate the development CO2 photocatalytic foam enabled processes. 

2. Materials and methods 

2.1. Materials 

Urea was obtained from Sigma-Aldrich. Anhydrous InCl3 was pur
chased from Alfa Aesar, and methanol grade reagent were supplied by 
Fisher Scientific. All chemicals were used as received. Deionized water 
was used for the synthesis of the catalyst. 

2.2. Catalyst synthesis and characterization 

In2O3-x(OH)y nanorods were synthesized following the method re
ported previously by He et al.[21,20] In this procedure, 25 g of urea and 
3 g of InCl3 were dissolved in 100 mL of deionized water. The resulting 
solution was heated at 80 ◦C during 14 h under vigorous magnetic 
stirring. After this, the product was cooled down to room temperature, 
centrifuged and washed with deionized water. The white product (In 
(OH)3) was dried at room temperature for 48 h and then calcined at 
250 ◦C for 6 h under air atmosphere to obtain the final In2O3-x(OH)y rod- 
shaped superstructures. Characterization of the In2O3-x(OH)y super
structures was performed by PXRD and SEM. For this purpose, a Bruker 
D2-Phaser X-ray diffractometer was employed, using Cu Kα radiation at 
30 kV and a FEI Quanta FEG 250 environmental SEM/STEM, 
respectively. 

2.3. Foams coating and characterization 

Nickel foam was supplied by Weijun Electronic Co. (China) with two 
different porosities: 110 ppi and 45 ppi corresponding to an average 
pore size of 0.2 and 1 mm, respectively. The thickness of the foam was 
1.6 mm in all cases. Samples to be coated were cut out (6 cm length, 1 cm 
wide) and washed in an ultrasonic bath for 5 min. Samples were rinsed 
with deionized water and dried under vacuum for 2 h. In order to study 
the effect of the substrate on the quality of the coatings and on the CO2 
hydrogenation performance, three substrates were tested as a support 
for the In2O3-x(OH)y rod-shaped superstructures: metallic foam (MF), 
foam washed in acidic conditions (AF) to create surface roughness, and 
oxidized foam (OF), intended to create surface roughness and to increase 
surface area. MF was only washed as described before; AF was washed 
for 5 min in 0.1 M HCl in an ultrasonic bath, rinsed with deionized water 
and dried before coating; OF was calcined in air at 450 ◦C for six hours. 
The coating of the foam samples (MF, AF and OF) proceeded as follows: 
50 mg of In2O3-x(OH)y nanorods were dispersed in 2.5 mL of a solvent 
mixture water: methanol (1:4) and sonicated in an ultrasonic bath for 20 
min. The foam was weighed before coating and placed in a Petri dish 
with the catalyst dispersion for one minute. The sample was then 
removed from the dispersion, and the excess dispersion was removed 
from the pores of the foam by flowing air across the coated foam. The 
foam was further dried at 80 ◦C in a vacuum oven for 10 min before a 
next coating cycle. Unless stated in the text, this process was repeated 
twice, and the foam sample was bent into ring shape and dried at vac
uum overnight. The mass of catalyst loaded onto each coated sample 
was determined as the difference between the dry bare foam (before 
coating) and the coated foam after drying employing for this purpose an 
analytical balance. The morphology of the surface of the coated foams 
samples was determined by SEM employing a FEI Quanta FEG 250 
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environmental SEM/STEM instrument. An X-ray computed tomography 
study was performed to a small section of the coated foam employing a 
micro–CT Skyscan1172 system. 39 keV and 248 μA initial current was 
the adopted conditions in this study. The 3D reconstruction process was 
performed through the software Image J. XPS measurements were per
formed using a Perkin Elmer Phi 5500 ESCA spectrometer in an ultra
high vacuum chamber with a base pressure of 1 × 10− 9 Torr. The 
spectrometer uses an Al Kα X-ray source operating at 15 kV and 27 A. 

2.4. CO2 hydrogenation 

The catalytic activity of the coated foams in the carbon dioxide hy
drogenation process was evaluated in presence and absence of simulated 
sunlight. For this purpose, an annular reactor was employed, and it has 
been previously described in detail. [37] A detailed scheme of the 
reactor is presented in Figure S3. The inner cylinder corresponds to a 
copper rod (2.0 cm diameter) and the external cylinder is a quartz tube 
(2.2 cm internal diameter, 1 mm thickness). The coated foam to be 
tested was placed in the annular gap. The reactor length was 26 cm. The 
temperature of the reaction was controlled by an Omega temperature 
controller (model CN 7500) connected to a heating cartridge placed at 
the center of the reactor and connected to a K-type thermocouple placed 

on the surface of the tested foam. H2 and CO2 were fed to the system at a 
molar ratio 1:1. Hydrogen and CO2 flowrates were controlled by a 
Brooks mass flow controller (model 5850S/BA) and an MKS Instruments 
mass flow controller (model 1139B-00050SV). Reaction products were 
periodically analyzed by gas chromatography employing a SRI 8610C 
instrument connected to the reaction system and configured with col
umns Hayesep D and Molsieve 5A. Argon was employed as carrier gas. 
Concentrations of the outlet gas stream components were determined by 
calibration performed with standards of known composition. Solar 
irradiation was replicated using a 3.5 kW solar simulator providing 
about 1.8 suns at the surface of the tested foams. Solar simulator was 
located in front of the annular reactor at a distance of 40 cm. Pre- 
treatment of the foam to be coated (metallic foam, foam washed in 
acidic conditions and oxidized foam), gas velocity (0–64 sccm), pore size 
of the foam (110 and 45 ppi), temperature (265 – 295 ◦C) and the 
simulated sunlight effect were evaluated in this work. 

2.5. In situ DRIFTS study 

In situ DRIFTS studies for the CO2 hydrogenation on coated foams 
samples were conducted in a Thermo Scientific iS50 spectrometer 
equipped with a Harrick Praying Mantis DRIFT Accessory operating at a 

Fig. 2. Representative SEM images of coated samples using a different Ni substrate: a) Metallic nickel foam; b) Nickel foam washed in acidic media and c) oxidized 
nickel foam. 

Fig. 3. SEM micrograph of a) In2O3-x(OH)y nanorods deposited on an individual strut of oxidized Ni foam, and b) Struts of oxidized Ni foam sample after coating 
process. c) 3D reconstruction of the coated foam acquired by X-ray computed tomography. The images correspond to oxidized nickel foam with pore density of 110 
ppi (average pore size of 0.2 mm). 
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resolution of 2 cm− 1. The experiments were conducted at 150 ◦C since at 
higher temperatures it is not straightforward to obtain a high-quality 
signal due to the highly reflective properties of this catalyst. In each 
experiment the sample was initially purged with 15 sccm of Helium at 
room temperature for 30 min to remove impurities from the sample. 
First, the chamber was heated up to 150 ◦C and a background absor
bance spectrum were collected. After this, H2 was introduced to the 
chamber at a flow rate of 1 sccm followed by He to make up the total 
flow rate to 20 sccm, after which the absorbance spectra were collected. 
It must be noted that both the background and test spectra were taken at 
least twice to confirm measurements at the steady state. The same 
procedure was repeated separately for the measurements with mixtures 
of CO2-He and H2-CO2-He gas atmospheres. The foam samples were 
adapted to fit into the sample holder. 

3. Results 

3.1. Effect of the substrate on coating and CO2 hydrogenation 
performance 

Rod-shaped nanocrystal In2O3-x(OH)y superstructures were synthe
sized, and the indium oxide phase was confirmed by matching the 
angular reflection in the acquired diffractogram with the PDF card 
00–006-0416. The average length of the nanorods was verified to be 2.5 
µm according to SEM imaging. The corresponding XRD pattern and 
representative SEM image are included as Supporting information 
(Figure S1). The specific surface area of the nanorods was reported to be 
161.21 m2 g− 1 obtained from BET measurements. [21] 

Regarding surface pre-treatment of the foams, three substrates were 
tested as support of the In2O3-x(OH)y rod-like superstructures. Repre
sentative images of the substrates before catalyst coating (Figure S2) 
and after two coating cycles (Fig. 2) are provided. Among the three 
coated foam samples, the OF sample was found to exhibit the most ho
mogeneous and continuous layer of photocatalyst coated onto the 
porous structure. Superior affinity of the catalyst coating with the 
oxidized foam can be attributed to its higher hydrophilicity among the 
tested supports as well as the optimal surface wettability attained with 
the employed solvent mixture (water:methanol in ratio 1:4). In addition, 
the slow drying was beneficial for the strong adhesion of the catalyst to 
the walls of the foam. Representative SEM images and a 3D recon
struction of the coatings where OF was used, are presented in Fig. 3. 

Fig. 3 (a) shows the continuous layer of nanorods deposited on the 
surface of the oxidized foam. No clogging of the pores is observed for the 
applied coating conditions, as verified by SEM (Fig. 3 (b)) and a 3-D 
reconstruction of the foam from X-ray tomography cross-sectional im
ages, Fig. 3 (c). Noteworthy here, is the uniformity of the coatings 
achieved by the simple method followed in this work using only small 

amounts of solvents to minimize residual carbon contamination on the 
catalyst. The deposition of a thin layer of catalyst is suitable for avoiding 
mass transfer limitations. 

The catalytic activity of the three coated samples for the RWGS re
action was evaluated initially in dark conditions, under continuous 
operation of the annular reactor (shown in Figure S3 (a)). The reaction 
was performed at 275 ◦C with a total gas feed of 6 sccm composed of H2 
and CO2 at a 1:1 M ratio to favor the RWGS. This process temperature 
was selected for evaluating coating stability at relatively high temper
ature reaction conditions. All reactor experiments to test the effect on 
coating stability and reaction products of the three different pre- 
treatment methods were conducted for 6 h. Carbon monoxide and 
methane were the only products that were detected. Under these reac
tion conditions, a stable CO production rate on the order of hundreds of 
micromoles, was observed for all three cases (Fig. 4 (a)). While CH4 was 
produced, its rate decreased considerably during the first 2 h of reaction 
until it was no longer detected in the outlet gas stream. The highest CO 
production rate of 336 µmol CO gcat

− 1h− 1 was achieved by the oxidized 
foam sample, while the catalytic activity of the samples metallic nickel 
foam (MF) and nickel foam immersed in acid solution (AF) were both 
about 200 µmol CO gcat

− 1h− 1. Fig. 4 (b) shows the evolution of the re
action products when the oxidized foam sample was assessed. The dif
ference in catalytic activity between the tested samples can be explained 
with the images included in Fig. 2, where it can be observed that part of 
the surface of MF and AF are not coated by nanorods leading to a lower 
catalytic activity. Both samples, MF and AF were loaded with 16 mg of 
catalyst after 2 coating cycles in contrast with the oxidized nickel foam 
(OF), where 23 mg of catalyst was loaded onto the foam. Due to the 
different loading of catalyst onto the foams surface (influenced by the 
properties of each sample), we report the CO production rate normalized 
per gram of catalyst. Additionally, the catalytic activity of the bare 
nickel foams samples for the RWGS reaction was assessed under iden
tical reaction conditions as stated before. CO production was found to be 
negligible by testing MF and AF samples and for the case of OF, a CO 
production rate of 20 µmol CO gcat

− 1h− 1 was observed, only repre
senting a small contribution to the total CO production achieved with 
the coated foam sample. 

Prior to testing the coated foams under continuous operation, iso
topic carbon dioxide (13CO2) hydrogenation tests on coated OF samples 
were conducted under total pressure of 30 psi in a batch reactor at 
185 ◦C (maximum safe operational temperature of the reactor). By doing 
so, CO was confirmed to originate from 13CO2, and not from residual 
carbon from the catalyst synthesis and/or coating process. In contrast, 
no 13C-labelled CH4 was detected, which indicates that methane 
detected at the beginning of the continuous flow experiment was re
sidual from the synthesis or deposition procedure, rather than resulting 
from catalysis. Further details about the isotopic tests can be referred to 

Fig. 4. CO2 hydrogenation performance on coated Ni foams. a) CO production rate with coated foams: influence of the pre-treatment of the surface; b) Time 
evolution of the products of the gas phase RWGS process using an oxidized Ni foam coated with In2O3-x(OH)y catalyst (OF). 
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in the Supporting information (Figure S4). 

3.2. Enhancement of mass and heat transfer in coated foams 

The RWGS reaction was assessed at different conditions of temper
ature and gas flow (Fig. 5 (a) and Fig. 5 (b)), taking advantage of the 
negligible pressure drops and the negligible thermal gradients because 
of the thin layer of catalyst loaded onto the foam. 

The CO production rate was measured as the inlet gas flow rate was 
varied, to identify the kinetic regime of the reaction, in which, there was 
maximal utilization of the reactant gases by the catalyst. The following 
inlet gas flowrates were assessed: 6, 9, 12, 16, 22, 30, 40, 50 and 64 
sccm, composed of a 1:1 feed molar ratio of CO2 to H2. In all the cases, 
the selectivity towards CO was 100%. Trace amounts of methane was 
detected exclusively at the beginning of the reaction. Fig. 5 (a) presents 
the CO production rate as a function of the inlet gas flow rates fed to the 
reactor at 275 ◦C. The reactor operation under intrinsic kinetics was 
attained at an inlet gas flowrate of 30 sccm, where the highest CO 
production rate was reached. The graph shows that the CO production 
rate increases proportionally up to an inlet gas feed of 15 sccm of CO2 
and 15 sccm of H2. At flow rates below 30 sccm, laminar flow dominated 
making it difficult for the adsorption/desorption processes involved in 
the effective transformation of CO2 to CO to readily occur. In contrast, 
when the flow rate was faster than 30 sccm, the gas–solid contact time 
was likely too short and consequently not beneficial for the process, 
resulting in lower production of CO. 

The influence of reaction temperature on the CO production rate and 
selectivity of the process was also evaluated. Experiments for the RWGS 
reaction were conducted using coated oxidized Ni foams. CO production 
rates plotted as a function of different temperatures (265, 275, 285 and 
295 ◦C) are presented in Fig. 5 (b). All experiments were performed 
under continuous flow (30 sccm) with CO as the only product detected. 
CO production increased from 332 µmol CO gcat

− 1h− 1 to 750 µmol CO 
gcat

− 1h− 1 when the temperature was increased from 265 to 295 ◦C. 
Stable production of CO was observed during at least 10 h (in extended 
experiments) without a drop in CO production rate. In addition, a 
pseudo-Arrhenius plot was prepared for estimation of the apparent 
activation energy for thermochemical CO2 hydrogenation catalyzed by 
In2O3-x(OH)y deposited on a foam and thermochemically driven. The 
estimated value was 66 ± 0.17 kJ mol− 1. 

3.3. Light utilization by photocatalytic foams 

The coated foams were tested in the dark and under illumination 
between 265 and 295 ◦C in increments of 10 ◦C. Illumination was found 
to have a limited effect on rate enhancement at elevated temperatures 

(less than 2% of enhancement in CO production rate due to light effect). 
Since the focus of the work is to demonstrate the photochemical rate 
enhancement capability of the foams as a macroporous structure and not 
modification of In2O3-x(OH)y to improve photochemical rate enhance
ment at higher temperatures, the coated foams were tested at 185 ◦C (as 
it was established to be an optimal temperature for photochemical rate 
enhancement under low concentration solar irradiation in previous 
work).[19,20] Also, it is important to note due to the exponential 
dependence of the CO production rate on temperature (as shown in 
Fig. 5 (b) and established in earlier reactor studies of cubic defected 
indium oxide [39]), a direct comparison cannot be made between pro
duction rates at the lower temperature (185 ◦C) and those at the higher 
temperature range (265–295 ◦C) in addition to the low concentration 
solar irradiation supplying a limited number of photons for photo
chemical work. Further, in this work, reactor testing was constraint to 
temperatures below 300 ◦C to be within the safe operating temperature 
limit of the reactor sealing components. Recent work demonstrating 
further improvement of the photochemical rate enhancement of defec
ted indium oxide at higher temperature regimes through tunable syn
thesis of a polymorphic rhombohedral-cubic In2O3-x(OH)y and 
photothermal enhancement by extending the optical absorption range of 
the catalyst to utilize more of the solar spectrum by non- 
stoichiometrically reducing the indium oxide to a black form, can 

Fig. 5. a) CO production rate as function of the inlet gas flowrate. Reaction conditions: Temperature: 275 ◦C, CO2:H2 molar ratio 1:1, foam pore density of 110 ppi; b) 
CO2 hydrogenation tested at different temperatures under continuous operation. Reaction conditions: Inlet gas flowrate: 30 sccm; CO2:H2 molar ratio 1:1, foam pore 
density of 110 ppi. 

Fig. 6. CO production rate under dark and light conditions attained at different 
temperatures. Reaction conditions: Inlet flowrate: 6 sccm, CO2:H2 molar ratio 
1:1; light intensity: 1.8 suns. 
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allow better utilization of the foam advantages to show photochemical 
and photothermal rate enhancements at these high temperature regimes 
among other approaches to boost RWGS selectivity.[40-43] 

Fig. 6 compares the effect of light to the RWGS reaction at different 
temperatures using coated foams. A significant light enhancement of the 
CO production rate was observed at this temperature under a reactor 
illumination intensity of 1.8 suns and an inlet gas flowrate of 6 sccm. The 
enhancement in CO production rate under light conditions was given by 
an increase from 24 to 32 µmol CO gcat

− 1h− 1 when the coated foams was 
irradiated with simulated sunlight. This increment represents an 
improvement of about 30% in comparison to the dark catalytic process. 
It must be noted that during all the experiments conducted at 185 ◦C 
there was no CO production when using bare nickel foams. Also, when 
the process was carried out below 200 ◦C, the selectivity towards CO was 
81% with methane detected in the outlet stream unlike the experiment 
conducted at higher temperatures, where the selectivity towards CO 
after 6 h was 100%. In general, in our isotopic experiments, methane 
was not confirmed to originate from 13CO2 and it can be assumed that 
residual carbon species on the surface of the coated foam are involved in 
such CH4 production. 

The effect of pore size (45 ppi and 110 ppi) on light enhancement for 
the RWGS was also studied. The CO production rates obtained in dark 
and light conditions for the two different pores are presented in Table 1, 
the CO production rate rises from 11 to 26 µmol CO gcat

− 1h− 1 when the 
foam with a larger pore size was tested under light. It means a 130% rate 
improvement due to the sunlight. Better light utilization by the foam 
with large pores can be explained by a larger fraction of the coated area 
being illuminated (almost 2-fold as shown in Table 1) as well as greater 
light scattering-reflection events provided by the random arrangement 
of the struts in the foams. In contrast, illumination of the catalyst layer 
on foams with narrow pores likely is unable to reach an extended coated 
area because of a shadow effect which may limit light penetration and 
absorption thoroughly. Quantum yield (QY) was estimated for both 
cases and it was determined a QY of 0.00428 and 0.00222 % for the pore 
densities of 45 and 110 ppi, respectively. 

Selectivity towards CO was found to be dependent on the foam pore 
size. Differences in the amount of produced methane by samples of foam 
with different pore size can be explained by differences in the contact 
efficiency between the gas and the solid phase promoted by the 
macroscopic geometry of each foam. 

The findings of the performance of the coated foams presented in this 

work are compared in Table 2 against similar CO2 hydrogenation pro
cesses previously reported where different reactor configurations were 
employed. Even though a strict comparison between differences in 
reactor operation, gas flowrate and composition and morphology of the 
indium catalyst is not possible, this comparison is useful in contextual
izing the advantages of coated foams and identifying opportunity areas 
for future studies. 

The CO production rate achieved with the coated foams at 295 ◦C is 
higher than that of the other configurations in Table 2. This was largely 
possible to achieve due to higher inlet flow rates in the annular reactor 
(in comparison to the three first row, where a capillary channel was 
used). Also important is the absence of pressure drop when foams are 
employed. Likewise, in the present work the light intensity employed 
was considerably lower than in similar reports. Even with lower light 
intensity, we observed an enhancement of CO production rate when the 
coated foams were illuminated. Differences in selectivity are likely due 
to the different catalyst morphology and H2/CO2 ratio. 

3.4. Catalyst-support interaction during CO2 hydrogenation on foams 

In this work utilization of hydroxylated indium oxide supported on a 
nickel substrate has been presented for the first time. Consequently, the 
interaction of the catalyst with the nickel oxide support was studied 
through XPS analysis and in situ DRIFTS experiments to evaluate the 
stability of the supported catalysis and to establish the reaction in
termediates involved in the CO2 conversion. 

The obtained XPS spectra of the In2O3-x(OH)y on Ni foam sample 
before and after reaction are included in Fig. 7. The In 3d5/2 spectra is 
composed of non-symmetric peaks, in which the characteristic signal of 
indium oxide hydroxide has a binding energy of 444 eV. The peak was 
slightly displaced (0.2 eV) towards lower binding energy after reaction. 
For the Ni 2p3/2 spectra, the characteristic signal of NiO, the appearance 
of the split peak located at 853.8 eV and two satellite peaks at 861 eV 
and 880 eV can be observed in both samples although some minor 
changes were observed in the sample after reaction but without con
firming the presence of additional Ni species to NiO. Lastly, for the O 1 s 
spectra, three oxygen species are distinguished by deconvolution of the 
spectra before reaction: indium oxide (530 eV), oxygen vacancies 
(531.7 eV) and surface OH groups (532.5 eV).[21] According to Chen et. 
al.,[44] this component has been associated with O2– ions located in 
oxygen-deficient regions within the oxide matrix and as a result, 

Table 1 
Summary of the photocatalytic performance of coated foams of different pore size to produce carbon monoxide. T = 185 ◦C; Inlet gas flowrate: 6 sccm; CO2:H2 molar 
ratio 1:1.  

Foam density 
(ppi) 

Average pore size 
(mm) 

Mass of catalyst 
loaded (mg) 

Foam coated area 
(cm2) 

% CO production rate improvement due 
to the sunlight 

Selectivity to CO 
(%) 

Quantum Yield 
(%) 

110  0.2  15.2  49.7 30 81  0.00222 
45  1.0  4.6  28.1 130 68  0.00428  

Table 2 
Summary of the photocatalytic performance of Indium-based catalyst assessed in different reactor configurations.  

Material Reactor 
configuration 

H2 /CO2 Flow Rate 
(sccm H2/sccm CO2) 

Temperature 
(◦C) 

Light Source Main 
Product 

Rate (μmol 
g¡1 h¡1) 

Selectivity 
(%) 

cubic-In2O3-x(OH)y 

nanocrystals[54] 
Packed bed 3 sccm/ 3 sccm 150 300 W Xe lamp (22 

suns) 
CO 15 100 

cubic-In2O3-x(OH)y 

nanorods[20] 
Packed bed 6 sccm/ 2 sccm 300 130 W Xe lamp (~6 

suns) 
CH3OH 205 50 

rhombohedral-In2O3- 

x(OH)y[40] 
Packed bed 6 sccm/ 2 sccm 270 130 W Xe lamp (10 

suns) 
CH3OH 180 13 

In2O3-x(OH)y on Al rod 
[37] 

Thin film 1 sccm/ 1 sccm 225 Solar simulator AM 
1.5G (1.8 suns) 

CO 49.6 100 

In2O3-x(OH)y on Ni foam 
(This work) 

Foam structured 
reactor 

3 sccm/ 3 sccm 185 Solar simulator AM 
1.5G (1.8 suns) 

CO 32 81 

In2O3-x(OH)y on Ni foam 
(This work) 

Foam structured 
reactor 

15 sccm/ 15 sccm 295 Solar simulator AM 
1.5G (1.8 suns) 

CO 755 100  
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“changes in the intensity of this component may be in connection with 
the variations in the concentration of the oxygen vacancies”. The three 
oxygen species were present in both samples (before and after reaction) 
although changes in the ratio of the three oxygen species ratio were 
observed for the sample after reaction. 

In situ DRIFTS experiments were performed under gas phase RWGS 
atmosphere with In2O3-x(OH)y, to gain information about the role of the 
adsorbed species and its implication on activity and selectivity of the 
process. Two samples were under study: bare oxidized Ni foam and 
coated oxidized Ni foam. Fig. 8 presents the spectra obtained for each set 
of experiments. 

According to the literature, the IR bands at 1230, 1442, and 1646 
cm− 1 are assigned to different vibrational modes of adsorbed bi
carbonates,[45-47] while carbonate bands corresponds to 1336 cm− 1 

and 1525 cm− 1 according to the same authors. Formate species are 
located at 1376, 1393 and 1593 cm− 1.[46] No adsorbed CO species were 
detected on the assessed samples (IR region about 2350 cm− 1). 

The samples exposed to the gas stream containing H2 and He (Fig. 8 
(a)) did not show the presence of adsorbed species on the surface of bare 
oxidized foam and weak signals about 1435 cm− 1 in the case of the 
coated foam. Conversely, when CO2 balanced with He was introduced 
into the chamber (Fig. 8 (b)), chemical species were found to be 
adsorbed on the surface of the coated foam. The vibrational peaks 
identified at 1372 cm− 1 are associated to formate species while bicar
bonate was also identified at 1435 cm− 1. Bands located at 1511 and 
1311 cm− 1 correspond to additional adsorbed species not identified. 
There were no noticeable adsorbed species on the bare oxidized Ni foam. 

Moreover, in the last set of experiments (Fig. 8 (c)), H2, CO2 and He 

Fig. 7. XPS spectra of In 3d5/2, Ni 2p3/2 and O 1 s of In2O3-x(OH)y loaded on oxidized nickel foam before (left side) and after (right side) reaction.  

L. Hurtado et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 435 (2022) 134864

9

were fed to mimic the actual gas phase RWGS process. The bare oxidized 
Ni foam did not seem to have strong interaction with the gas phase 
whilst in the coated foam sample bicarbonate and carbonate were 
clearly identified (1225, 1441 and 1642 cm− 1), and the bands located at 
1366 and 1403 cm− 1 likely correspond to formate adsorbed species. 

4. Discussion 

The utilization of metallic foams as catalyst support was beneficial 
for achieving efficient mass transfer by engineering an alternative 
reactor configuration to the traditional packed bed in the evaluation of 
nanostructured rod-like In2O3-x(OH)y catalyst. Gas flow rates up to 64 
sccm were processed to convert CO2 to CO in the annular reactor using 
coated foams. This represents a step forward to the design of pilot scale 
processes for conversion of CO2 by photochemical processes. It is 
important to highlight the relevance of the random structures of the 
metallic foams; the gas stream is diverted through the interconnected 
channels which acts as static mixer generating turbulence.[48] Also, 
despite the relatively large flow rates passing through the reactor, no 
pressure drop was detected in the system because of the high porosity of 
the foams, which is particularly beneficial for the safety of the process at 
larger scale. 

Several studies have well documented the strong photoresponse of 
In2O3-x(OH)y catalyst and our results confirmed this feature for a 
delimited interval of temperatures despite the size of the foam: below 

200 ◦C, the photochemical effect had a more pronounced impact on the 
CO2 conversion in comparison to process temperatures close to 300 ◦C. 
The limited effect of illumination on rate enhancement at elevated 
temperatures (less than 2% of enhancement in CO production rate due to 
light effect) is attributable to a higher rate of non-radiative multi- 
phonon relaxation competing with electron-hole separation enabling 
chemistry, a phenomenon commonly observed in semiconductor mate
rials at higher temperatures.[49,50] Our findings suggest that in the 
RWGS process catalyzed by In2O3-x(OH)y coated foams a synergy exists 
between the light driven reaction and the thermally activated process 
and the dominant mechanism (photochemical / thermochemical) is 
directly linked to the temperature at which the experiment is being 
carried out. Elsewhere, it was demonstrated that the foam dimension is 
determinant for a better penetration of the light through the reactor. 

Selectivity of our RWGS process differs from previous reports for this 
catalyst. Methane was not quantified before in contrast to methanol, 
which in our experiment was detected only in trace amount. This is not 
surprising since we introduce the variable of oxidized nickel foam. At 
specific temperatures (for example, below 200 ◦C) the occurrence of 
parallel reactions to the RWGS process are likely. Namely, the CO2 
methanation reaction and CO methanation process, which have been 
reported to have been promoted by Ni species.[51-53] To provide 
further evidence of the role of Ni species, XPS and DRIFTS studies were 
carried out. From XPS, we can extract that in our study, changes in the 
amount of oxygen vacancies and OH groups after reaction are attributed 

Fig. 8. In situ DRIFTS spectra of bare oxidized Ni foam and coated oxidized Ni foam obtained under different gas atmospheres at 150 ◦C. a) 1 sccm H2 and 19 sccm 
He; b) 1 sccm CO2 and 19 sccm He; c) 1 sccm H2, 1 sccm CO2 and 18 sccm He. 
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to the high mobility of charge carriers induced by the presence of Ni 
species. A surface rich in electrons created through the oxygen vacancies 
strongly binds the OH groups with In, generating the active surface site. 
This active site promotes the heterolytic splitting of H2 for the subse
quent adsorption and dissociation of CO2 releasing CO as reaction 
product. According to DRIFTS, CO2 hydrogenation proceeds through 
bicarbonate, carbonate, and formate species, but the unidentified peaks 
at 1314, 1508, 1564 and 1586 cm− 1, suggest that additional different 
adsorbed species are also involved in the reaction pathway when coated 
foams are employed 

5. Conclusion 

Indium oxide hydroxide nanorods were successfully coated on an 
oxidized nickel foam (In2O3-xOHy on Ni) and its reverse water gas shift 
thermochemical and photochemical activity were assessed in a hybrid 
photo- and thermal catalytic annular reactor. The process was optimized 
through variations in the surface structure, composition and pore size of 
the foam and the inlet gas flowrate and temperature of the process. A 
light-enhanced CO production rate up to 130% was achieved through 
enhanced light penetration and a remarkably high thermochemical CO 
production rate at 295 ◦C of 0.75 mmol gcat

− 1 h− 1 was achieved under 
continuous operation conditions. The challenges of developing photo
catalysts and photoreactors that efficiently facilitate mass, heat, and 
light transfer to enable gas-phase heterogeneous CO2 hydrogenation 
reactions are substantial. Whilst, there are orders of magnitude gaps to 
be bridged between defected indium oxide and commercial Cu/ZnO/ 
Al2O3 when it comes to the CO production versus cost of CO production 
metric (refer to Table S1 in supporting information) the approximately 
one order of magnitude improvement in the CO production rate for the 
In2O3-xOHy nanorods coated on foams compared to that of the-packed 
bed and thin film configurations can play an important role in partly 
improving the catalyst utilization and viability (Table 2). The results and 
learning described in this study augur well for the accelerated devel
opment of solar fuels science to achieve technology readiness levels that 
can enable the industrialization of gas-phase heterogeneous CO2 
photocatalysis. 
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