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Solar-Driven CQO, Conversion via Optimized Photothermal Catalysis

in a Lotus Pod Structure
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Chungseok Choi, Eric A. Stach, and Hailiang Wang*

Abstract: Photothermal CO, reduction is one of the
most promising routes to efficiently utilize solar energy
for fuel production at high rates. However, this reaction
is currently limited by underdeveloped catalysts with
low photothermal conversion efficiency, insufficient
exposure of active sites, low active material loading, and
high material cost. Herein, we report a potassium-
modified carbon-supported cobalt (K™—Co—C) catalyst
mimicking the structure of a lotus pod that addresses
these challenges. As a result of the designed lotus-pod
structure which features an efficient photothermal C
substrate with hierarchical pores, an intimate Co/C
interface with covalent bonding, and exposed Co
catalytic sites with optimized CO binding strength, the
K*—Co—C catalyst shows a record-high photothermal
CO, hydrogenation rate of 758 mmolg, 'h™
(2871 mmolgc, 'h™") with a 99.8 % selectivity for CO,
three orders of magnitude higher than typical photo-
chemical CO, reduction reactions. We further demon-
strate with this catalyst effective CO, conversion under
natural sunlight one hour before sunset during the
winter season, putting forward an important step
towards practical solar fuel production. )

Utilizing sunlight to drive CO, reduction reactions has the
potential for storing solar energy in chemical fuels and
mitigating climate change caused by increasing CO,
emissions.! Photochemical reactions, which utilize semi-
conductors/chromophores and co-catalysts to transfer elec-
trons from reducing reagents to CO, upon photoexcitation,
are a prevalent method for solar-driven CO, reduction.”
However, this method utilizes only a fraction of the UV and
visible part of the solar spectrum, which together accounts
for 48% of the total energy, and typically shows low
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production rates at the pumolg, 'h™" scale.’*! Moreover,

most photochemical CO, reduction reactions require sacrifi-
cial electron donors to facilitate thermodynamics and
suppress undesired back electron transfer, which consider-
ably increases the cost.”” Photothermal CO, reduction can
make use of the full solar spectrum and reach production
rates in the range of mmolg, 'h™', three orders of
magnitude higher than photochemical reactions.™ The high
temperature condition directly driven by solar irradiation
can enable endothermic reactions between CO, and a
reducing agent such as H,, CH,, or H,0."”

Photothermal CO, hydrogenation converts CO, to CO
or syngas (CO,+H,—CO+H,0), which are main feed-
stocks for industrial reactions such as the Fischer-Tropsch
and Monsanto/Cativa processes.'"'? However, photother-
mal catalysts for this reaction are still underdeveloped,
limited by low photothermal conversion efficiency and
insufficient exposure of active sites.["l Most of these catalysts
are catalytically active nanoparticles dispersed on high-
surface-area supports such as SiO,,*1 A1,O,,5% TiQ,,[1"
CeO,™ and Si.™ They deliver 10° mmolg,,.. 'h™" CO
production rates based on the active material. This value
drops to 10' mmolg, 'h™' when normalized to the total
catalyst mass (including the support) because of the low
active material mass loading.” Utilizing low-density carbon
materials as supports can increase active mass loading up to
90O wt.% and improve overall CO productivity to
132 mmolg,, 'h™', but active material-based productivity
falls below 150 mmolg,.,. 'h™" possibly due to carbon
covering active sites.”!

In this work, we developed a potassium-modified
carbon-supported cobalt (K*—Co—C) catalyst with a lotus-
pod structure for efficient photothermal CO, hydrogenation
(Figure 1a). We utilize the strong coordination interaction
between Co’" ions and the hydroxyl groups of natural
cotton™ to create an intimate interface between highly
dispersed Co nanoparticles and the carbon photothermal
support after pyrolysis. Subsequent modification with K*
protects the Co sites from CO poisoning and prevents CO
methanation. Further H, treatment creates a lotus-pod-like
structure exposing the Co nanoparticles embedded in the
hierarchical porous carbon support. For photothermal CO,
hydrogenation (1:1 Hy/CO, by volume) in a flow reactor
under 2.8 Wem 2 Xe lamp illumination and ambient pres-
sure, our K"—Co—C catalyst shows highly selective (99.8 %)
CO production at a stable rate of 758 mmolg, 'h™'
(2871 mmolg, 'h™"), which is 4 times higher than the
previous record.”™ In a batch reactor, the catalyst shows

© 2023 Wiley-VCH GmbH
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Figure 1. Synthesis, structure, and photothermal response of Co—C catalysts. a) Synthetic route for K*—Co—C catalyst with desirable structure and
properties for photothermal CO, hydrogenation. b) SEM images of as-pyrolyzed Co—C. ¢) SEM images and d) EDX maps of H,-activated Co—C.
e) Photograph of a lotus pod. Credit: tanakawho (https://www.flickr.com/photos/28481088 @N00/3908915225). f) HAADF-STEM images and

g) EDX maps of H,-activated K*—Co—C.

>95% CO selectivity with CO, conversion close to the
thermodynamic equilibrium value.

The carbon-supported cobalt (Co—C) catalyst was syn-
thesized by soaking a natural cotton pad in an aqueous
Co(NOs), solution and pyrolyzing the impregnated substrate
in Ar at 900°C. The powder X-ray diffraction (XRD)
pattern of as-pyrolyzed Co—C shows peaks corresponding to
graphite and cobalt metal (Figure S1), suggesting that our
synthesis successfully graphitizes the cotton and reduces
Co”" to Co(0). Scanning electron microscopy (SEM) charac-
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terizes the material structure as ~100 nm nanoparticles
embedded in a matrix (Figure 1b). The Co particle size
remains the same when elevating the pyrolysis temperature
to 1000°C, decreases to ~30nm at 700°C, and is not
recognizable at 500°C (Figure S2). Therefore, we selected
900°C as the pyrolysis temperature for all our materials. The
BET surface area of as-pyrolyzed Co—C was measured to be
197.6 m*g !, higher than the 115.4m’g™' of as-pyrolyzed
cotton C (Table S1). The higher surface area in the presence
of Co may be due to decomposition of Co(NOs3), during the
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pyrolysis which releases gas and creates extra pores in the
carbon support structure. This is supported by the substan-
tially increased pore volume with Co (Table S1). Co 2p core
level X-ray photoelectron spectroscopy (XPS) can hardly
detect any Co signal on the surface without sputtering
(Figure S3), suggesting that the surface may be covered with
carbon. The uniform dispersion of Co nanoparticles in the
carbon matrix is a direct result of the chemical interaction
between Co*" and the hydroxyl groups of cotton. As is
known, natural cotton is a cellulose polymer with each
glucose unit containing 3 hydroxyl groups, in theory
accounting for 31.5 wt% of the material.””’ The abundant
oxygen atoms can readily coordinate Co*". If we pyrolyze
cotton first to remove the hydroxyl groups and then follow
the same procedure to load Co nanoparticles (sample named
Co+C), aggregated Co particles with a broad size distribu-
tion are resulted (Figure S4).

Our pyrolyzed cotton substrates can efficiently convert
light irradiation to heat. Under Xe lamp illumination with
the power varied from 1.5 to 2.8 Wcm ™, the surface temper-
ature of as-pyrolyzed Co—C is constantly ~50°C higher than
a carbon fiber paper substrate at each power density
(Figure 2a and Figure S5a—c). Under 2.8 Wem™ illumina-
tion, the catalyst can reach a maximum surface temperature
of ~440°C in 20s (Figure 2b). Control experiments show
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that the photothermal response is not influenced by the
presence of the Co nanoparticles or their post-treatment/
modification (Figure S6). Therefore, this high photothermal
performance is an intrinsic property of the cotton-derived C
substrate whose hierarchical porous structure enhances light
absorption by trapping and scattering photons inside the
bulk phase.!"”!

Catalytic performance of as-pyrolyzed Co—C for photo-
thermal CO, hydrogenation were tested without external
heating in a flow reactor under 2.8 Wcm ™ illumination at
the total pressure of 1 atm (Figure S5d). H, and CO, (1:1 by
volume) were flowed at a total rate of 50 standard cubic
centimeters per minute. CO and CH, were the only products
detected. We consider CO to be a more valuable product
than CH, in this case because CO is a more important
feedstock for the chemical industry and the reaction is
endothermic (AH=41.2kJmol™') which can store solar
energy. As-pyrolyzed Co—C shows a photothermal CO
formation rate of 323 mmolg,, 'h™' with a ~96 % selectivity
(Figure 2c). Increasing the Co loading in the catalyst
improves the CO production rate but decreases the
selectivity (Figure S7). By controlling the light intensity, we
were able to adjust the temperature of the catalyst (Fig-
ure 2a and Figure S5e,f) and measure an activation energy
of 64.8kJmol™' (Figure 2d) for the as-pyrolyzed Co—C
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Figure 2. Study of photothermal response and kinetics in flow reactor. a) Stable temperature reached under illumination of varying power density,

comparison between as-pyrolyzed Co—C and carbon fiber paper. b) Time response of temperature increase for as-pyrolyzed Co—C upon 2.8 Wcm™

2

illumination. c) Photothermal CO, hydrogenation reaction rate and product selectivity, comparison between as-pyrolyzed Fe—C, Co—C, Ni—C, and
Cu—C catalysts. d) Temperature-dependent CO production rate and activation energy of as-pyrolyzed Co—C, comparison between thermochemical
and photothermal reactions. e) Activation energy comparison of as-pyrolyzed Fe—C, Co—C, and Ni—C catalysts.
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catalyst. To probe the nature of this photothermal reaction,
we also studied the catalyst for thermochemical CO, hydro-
genation under identical reaction conditions but without
light irradiation (Figure S5g). Similar reaction rates and
activation energy (51.3 kJmol™) to the photothermal reac-
tion were observed (Figure 2d). This indicates that our
photothermal CO, hydrogenation reaction mainly proceeds
via the thermochemical pathway instead of a photochemical
pathway."

We compared Fe, Co, Ni and Cu loaded on cotton-
derived carbon for photothermal CO, hydrogenation. The
Fe—C, Ni—C and Cu—C catalysts were synthesized with the
same method as Co—C and feature metallic phases with
partially oxidized surfaces (Figure S8 and S9), resulting in
similar photothermal conversion performance (Figure S10).
Measured under identical reaction conditions as Co—C,
Ni—C shows a similar CO formation rate but a lower
selectivity than Co—C; Fe—C is significantly less active than
Ni—C and Co—C; and Cu—C shows negligible activity (Fig-
ure 2c¢ and Figure S11). These results corroborate that the
catalytic activity of Co—C originates from Co instead of the
carbon support. The photothermal activation energies of
Fe—C, Co—C, and Ni—C are in the order of Ni>Co=Fe
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(Figure 2e and Figure S12), a trend agreeing well with
activation energies measured for the three metals in
thermochemical CO, hydrogenation reactions.!

Treatment of as-pyrolyzed Co—C with H, at 500°C for
30 min renders a porous structure as shown by SEM images
featuring exposed nanoparticles after removing the sur-
rounding matrix while still maintaining the carbon support
(Figure 1c, Figure S13 and S14). Energy-dispersive X-ray
(EDX) spectroscopy maps (Figure 1d) and XRD (Fig-
ure S15) confirm that the nanoparticles are cobalt metal,
and the matrix is graphite. A Co 2p;, XPS peak at 778.2 eV
corresponding to Co(0) can be clearly observed after H,
treatment (Figure S16), which might have removed the
surface carbon and exposed the Co sites. If the cotton is
pyrolyzed at temperatures lower than 900°C, H, treatment
would remove most of the carbonaceous species which is
insufficiently graphitized and leave a fragile and shrunken
catalyst material (Figure S17). The structure of H,-activated
Co—C catalyst resembles a lotus pod, where the Co nano-
particle lotus seeds are anchored in the porous carbon pod
with their surroundings exposed (Figure le). Remarkably,
the Hj-activated catalyst increases the CO production rate
to 650 mmolg,,, 'h™! with a ~98% selectivity (Figure 3a).
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Figure 3. Effect of H, treatment and K* modification on Co—C catalyst in flow reactor. a) CO, hydrogenation reaction rate and product selectivity,
comparison between as-pyrolyzed and H,-activated Co—C catalysts. b) CO, hydrogenation reaction rate and product selectivity, comparison
between H,-activated Co + C, Co—C, and K"—Co—C catalysts. c) Activity comparison of H,-activated K*—Co—C catalyst with other photothermal CO,
hydrogenation catalysts reported in the literature. Detailed reaction conditions are summarized in Table S3.
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This reaction rate corresponds to 1477 mmolge, *h™! based
on Co mass and an estimated turnover frequency (TOF) of
2.39 57!, approaching the highest reported mass activity of
Co-based catalysts for photothermal CO, hydrogenation to
CO (Table S2).!"! The measured activation energy is slightly
lower but comparable to that of as-pyrolyzed Co—C (Fig-
ure S18), suggesting that H, activation mostly increase the
active surface area of the catalyst rather than alter the
nature of the catalytic site. In contrast, the Co+ C catalyst
(Figure S19) shows a low CO rate of 195 mmolg,, 'h' even
after H, activation (Figure 3b, black), demonstrating the
importance of high Co dispersion and intimate Co/C
interfaces for high catalytic activity.

The CO production rate of H,-activated Co—C gradually
decreases to ~50 % of the initial value after 4 h (Figure 3b,
red), which may be due to CO poisoning the Co sites.’ To
address this issue, we modified Co—C with K* which is
known to lower the CO binding energy.”*" The K*—Co—C
catalyst was prepared by drop-casting KNO; into as-
pyrolyzed Co—C and then treating it in H, at 500°C.
Increasing the added amount of KNO; from 0.2 wt % the
mass of as-pyrolyzed Co—C to 10wt% improves CO
selectivity while retaining the production rate, whereas
further increasing it to 30 wt% does not change the
selectivity or activity (Figure S20). Therefore, we selected
10wt % as the optimal amount for our study. K*—Co—-C
exhibits a lotus-pod structure similar to Co—C with a
homogeneous distribution of the K element (Figure 1g and
Figure S21a). The pores and Co particles in K*—Co—C show
similar size distributions centered around 120 nm (Fig-
ure S22), analogous to the lotus-pod structure where seeds
reside in pores with matched sizes (Figure le). K*—Co—C
exhibits a BET surface area of 194.5 m’*g™", similar to as-
pyrolyzed Co—C, and a considerably higher pore volume
(Table S1). High-angle annular dark field scanning trans-
mission electron microscopy (HAADF-STEM) shows crys-
talline Co nanoparticles with expected lattice fringes
attached to porous carbon (Figure 1f). K*—Co—C shows
almost the same XRD pattern (Figure S23) and Co 2p XPS
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binding energy (Figure S24) as Co—C, demonstrating that
K™ modification does not change the bulk phase or surface
oxidation state of Co. Under identical photothermal CO,
hydrogenation conditions, our K*—Co—C catalyst shows a
stable CO formation rate of 758 mmolg., 'h™"' with a 99.8 %
selectivity (Figure 3b blue). This CO rate is at least 4 times
higher than other CO, hydrogenation catalysts tested under
similar conditions (Figure 3c and Table S3).[!3-16:182028-32]
When normalized to the mass of Co, the CO production rate
is 2871 mmolge, 'h™' with an estimated TOF of 4.65s,
superior to all other Co-based photothermal CO, hydro-
genation catalysts reported to date (Table S2).921338 K+
—Co—C synthesized from KNO; and KCl show similar CO
productivity and selectivity, demonstrating that the perform-
ance improvement is indeed caused by K*. Na™ addition can
also improve CO selectivity, but to a less extent than K*
(Figure S25). The catalyst’s morphology (Figure S21b), ele-
mental distribution (Figure S21c), and crystal structure (Fig-
ure S23) remain unchanged after 8 hours on stream. Nota-
bly, K* modification increases the activation energy
substantially from 543 kJmol™ to 90.0kJmol™' (Fig-
ure S18). This is likely due to suppressed H, adsorption,*"
which is also responsible for the improved selectivity for CO
(as opposed to further hydrogenated CH,). Compared with
other catalysts,'*"%*%] the superior performance of K*
—Co—C likely originates from its improved photothermal
conversion efficiency and increased exposure of Co sites.

To realize higher CO, conversion, we investigated
photothermal CO, hydrogenation in a batch reactor (Fig-
ure S5¢). Under 2.8 Wem™ illumination (catalyst surface
temperature ~440°C) with 1:1 H,/CO, (by volume) at a
total pressure of 1atm, the H,-activated Co—C catalyst
achieves a CO, conversion of ~25 % after 30 min, approach-
ing the thermodynamic equilibrium value of 28.4 % (Fig-
ure 4a and Figure S26). However, the selectivity for CO is
below 80% due to CH, formation. This decrease in
selectivity is associated with CO accumulation in the batch
reactor during the reaction which leads to further hydro-
genation of CO to CH, (Figure S27).") Remarkably, the K*
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Figure 4. Study of CO, conversion in batch reactor. a) Catalytic performance of H,-activated Co—C and K*—Co—C in a batch reactor with 1:1 H,/CO,

for 30 min. b) Cycling stability of H,-activated K*—Co—C.
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Figure 5. Demonstration of CO, hydrogenation in batch reactor under natural sunlight concentrated by a plastic Fresnel lens. a) Comparison
between conventional lens and Fresnel lens. b) Experimental setup. c) Conversion and product distribution after 30 min of reaction (1:1 H,/CO,).

—Co—C catalyst still maintains a high CO selectivity of
>95 % while achieving a high CO, conversion of ~25%
(Figure 4a), benefited from the K* modification suppressing
CO and H, adsorption.”?” The simultaneously high CO,
conversion and CO selectivity of K*—Co—C motivated us to
pursue even higher CO, conversion by increasing the H,/
CO, ratio. Unfortunately, CO, conversion was not effec-
tively improved because increasing the H,/CO, ratio leads to
decreased CO, partial pressure (the total pressure is kept at
1 atm) which in turn decreases the reaction rate. At H,/CO,
ratios >3, the reaction was unable to reach equilibrium
within the ~100min reaction time and therefore the
observed conversion is low (Figure S28). At a H,/CO,
volume ratio of 2, H,-activated K*—Co—C retains >22 %
CO, conversion and >95% CO selectivity for at least 7
consecutive batch reaction cycles, reflecting good durability
of the catalyst (Figure 4b).

The high performance of the H,-activated K*—Co—C
catalyst enabled us to drive photothermal CO, hydrogena-
tion under natural sunlight utilizing a plastic Fresnel lens as
a cost-effective solar concentrator (Figure 5a). Compared to
the conventional lens, the Fresnel lens retains the refracting
surface while removing some of the inner material, resulting
in a reduced thickness and a shorter focal length.” The low
thickness reduces light absorption by the lens itself and thus
enables its manufacturing with cost-effective materials such
as plastics. We utilized a 32.5x23.6 cm® plastic Fresnel lens
to focus sunlight onto our 1x1 cm? sized catalyst, resulting
in a temperature increase from 12°C to 585°C during the
winter season at 1h before sunset (Figure Sb). After a
30 min batch reaction with 1:1 H,/CO,, K*™—Co—C shows
25% CO, conversion with ~100% CO selectivity (Fig-
ure 5¢). At sunset, the temperature on the catalyst surface
gradually decreases from 473°C to 11°C, and K*—Co—C still
retains ~6 % CO, conversion with ~100% CO selectivity
(Figure S29).

In summary, we have developed a lotus-pod-structured
K*—Co—C catalyst with record-high activity and near-unity
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CO selectivity for the photothermal CO, hydrogenation
reaction. The high performance is rendered by efficient heat
transfer through the intimate Co/C interface, exposed Co
catalytic sites, and facilitated heat generation and mass
transport within the hierarchical porous carbon matrix. This
work demonstrates photothermal catalyst design for solar
fuel production and CO, utilization.
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