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Carbon and carbon dioxide can be concurrently converted using light to carbon monoxide via the
reverse-Boudouard reaction. Nevertheless, the reaction’s high endothermicity requires the reaction to
be conducted at about 900 °C, which presents technical challenges associated with large-scale high-
temperature energy-intensive operations. Herein, we demonstrate that the reverse-Boudouard reaction

Received 17th October 2022, can be made practicable and profitable using sunlight in conjunction with light-emitting diodes, silicon
Accepted 7th November 2023 photovoltaics, and lithium-ion batteries under room temperature conditions. The feasibility of this
DOI: 10.1039/d2ee03353d scheme is explored using a comparative technoeconomic analysis (TEA) to establish the viability of the

process for converting several forms of carbonaceous waste and greenhouse gas carbon dioxide into a
rsc.li/ees sustainable and value-added C1 feedstock, carbon monoxide.

Broader context

The light-powered reverse-Boudouard reaction converts carbon and carbon dioxide, a notorious greenhouse gas, into the industrially relevant C1 feedstock
carbon monoxide, utilized in sectors such as metal fabrication, chemical synthesis, pharma and biotechnology, and electronics. The light-powered reverse-
Boudouard reaction is less energetically and chemically intensive than the same reaction driven by heat. Furthermore, it supersedes current high-temperature
processes, which produce toxic by-products and require fossil heat. Technological and economic feasibility analysis shows that the reverse Boudouard reaction
enabled by sunlight, photovoltaics, light emitting diodes and lithium-ion batteries is industrially viable due to advancements in the efficiencies and cost of
these renewable energy technologies. If successfully industrialized, the light-powered reverse Boudouard process can potentially displace fossil syngas and be
considered as a platform for synthesizing sustainable chemicals and fuels.
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Previous attempts at eco-friendly carbon monoxide produc-
tion utilized thermal steam-gasification of fossil fuels, biomass,
and/or waste materials, usually through auto-combustion of the
carbonaceous feedstock.'® Notably, the large-scale application
of this technology is limited by high temperatures, ash melting,
and tar contamination.'" Also, thermal steam gasification gen-
erates a large carbon footprint, requires injections of pure
oxygen, and produces combustion-related contaminants like
dioxins and furans.'>"® In comparison, the reverse-Boudouard
reaction can be carried out under similar conditions to gen-
erate CO directly from CO, with limited harmful byproducts.
Inconveniently, high thermal reaction enthalpies and tempera-
tures greater than 900 °C (Fig. S1, ESIf) are required to
effectively drive the reaction forward (eqn (1)).**

C+CO; —2CO  AHS = +172 kImol™! (1)

While alkali, alkali-earth, and transition metal catalysts have
been shown to somewhat decrease the reverse-Boudouard
reaction temperature, reactor degradation from catalyst melt-
ing and deposition remains a concern.'*>*®

Herein, we experimentally demonstrate a room temperature
light-driven reverse-Boudouard process and probe its feasibility
for large-scale applications by conducting a comparative tech-
noeconomic analysis using LED 24-7 vs. intermittent solar
irradiance as light sources.

The results indicate that a continuous LED-based process is
plausible and advances the design of photocatalytic processes
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for producing fuels and chemicals from carbon dioxide and
various carbon sources.

Results and discussion

Ultraviolet-Visible (UV-Vis) spectroscopy (Fig. S2, ESIt), elemen-
tal analysis, powder X-ray diffraction (PXRD) (Fig. S3, ESIT),
Raman spectroscopy (Fig. 1c), and X-ray photoelectron spectro-
scopy (XPS) (Fig. 1d and e) characterizations were conducted on
two kinds of carbon black, one ultrapure and the other contain-
ing a low level of metal impurities (denoted ultrapure C,B and
C,B CABOT, respectively) before and after light irradiation.
Optical and infrared spectroscopy helped elucidate the struc-
ture, elemental composition, and presence of organic function-
alities. Scanning and transmission electron microscopy (SEM
and TEM) of C,B CABOT showed that most carbon particles
were smaller than 100 nm, consistent with literature reports on
similar carbon black samples (Fig. 1a).'> Raman spectroscopy
analysis showed that sp® (single D band at ~1350 cm™*) and
sp> (single G band at ~1600 cm™ ') bands correspond to
aromatic rings and carbon chain vibrations, respectively were
the two diagnostic carbon stretching modes preserved follow-
ing photoreaction. In addition, a noticeable D band enhance-
ment was attributed to the formation of larger disordered
carbon structures and defects induced by light irradiation.
Following light irradiation, a higher amount of structural
disorder associated with graphitic domains was noted as CO,
consumes C,B (Ip/Ig = 1.32 £ 0.06 before and 1.42 + 0.05 after
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Fig.1 (a) Transmission electron microscopy (TEM) image of the pristine C,B CABOT sample; (b) particle size distribution of C,B CABOT sample,
(c) Raman spectroscopy of C,,B samples; (d) XPS survey of C,B samples before (black line), after (red line) CO, and light, and air (blue line) calcined C,B
CABOT sample (169.4 ppm metal impurities) and (e) High-resolution C1s XPS analysis of C,B CABOT sample before and after the photo-driven reverse-
Boudouard reaction and (f) thermogravimetric analysis TGA step ramp on ultrapure C,B, CABOT and Biochar samples. Xe lamp light intensity was set to
29 W cm ™2 for samples in figure ¢ (photo-driven CABOT CO,), in d (red line) and in ¢ after light and CO,. Irradiation time and reactor pressure for ¢, d and
e XPS analysis were 5 minutes and between 19-21 psig of CO, without appling external heat.
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the photo-driven Boudouard reaction). This larger I/l ratio
confirmed an increase in the degree of the generated disorder.
A graphitic structural disorder, confirmed by the various inten-
sity ratios of the D and G bands, was observed following the
thermal treatment of the carbon black by TGA.

Analysis of ash residues from air combustion of C,B at
600 °C, by TGA, ICP-MS and XPS (Fig. 1d) showed no detectable
metal impurities. High-resolution C 1s XPS analysis showed
that minor oxygenated functional groups on the pristine C,B
were enhanced as the reaction proceeds, confirming the oxida-
tion of C,,B associated with the conversion of CO, to CO as well
as the adsorption of minor amounts of CO, (Fig. 1e and Table
S2-2, ESIY).

The TGA experiments performed on C,B samples (ultrapure,
CABOT and Biochar C,B) in a CO, atmosphere demonstrated
the influence of the metal impurities. In all cases, C,B conver-
sion rates (0.73-1.1 mmolc s cm™> h™" at 600 °C and 4.0-
8.6 mmolg em > h™" at 700 °C, respectively) and activation
energies were consistent with literature reports for the
thermally-driven reverse-Boudouard reaction.'® The conversion
of ultrapure, CABOT and biochar samples via C,B + CO, — 2CO
were shown to be thermodynamically favoured at temperatures
above 600 °C, as seen in the step-ramped TGA (Fig. 1f). As
expected, high activation energies were observed for this
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endothermic process (124.45 k] mol™" for the ultrapure C,B
and 150.1 k] mol " for CABOT C,,B). The conversion follows the
order Ultrapure Alfa Aesar < CABOT < Biochar confirming
enhancements from metal impurities. Several reported studies
on reverse Boudouard reactions using metals as catalysts
showed improved CO rate and decreased apparent activation

energies."”"°

Exploratory photo-driven reverse-Boudouard reactivity tests

Probe tests were performed using a 300 W Xe lamp
(12.7 W em™? irradiation intensity, where 0.1 W cm™? is equal
to 1 sun) to select the optimal carbonaceous material (CM) for
study (Fig. 2a).

Ultrapure C,B black (made from acetylene by Alfa Aesar) and
carbon nanotubes (Sigma-Aldrich) were found to be stable
under CO, and light and presented low carbon monoxide
production rates. Natural graphite samples were the most
stable under light regardless of irradiation intensity or expo-
sure time due to a lack of oxygenated functionalities and
surface defects."” CABOT C,B and biochar samples demon-
strated the highest carbon monoxide production under light
irradiation, matching the thermal reaction observations
by TGA.”®”" Though biochar showed the highest rates,
CABOT C,B was chosen for further study due its well-defined

a) 50 b) C) 595 nm highpass

2 \:I — 2000 ‘:] 495 nm highpass
P CO i COo 420 nm highpass
“"C 40 \:I CH ™ (;C 18001 l:l H + —— Visible bandpass

b= T 4 ‘£ 1600 - 2 - ’; AM 1.5

2 ° 4 5 . —— Xe arc lamp

5 5 1400 2 &

£ 301 £ 1200 § 4 602 -

E E1000{ g3 o [

3 201 £ 800 22 a0k o)

2 - w ] =

£ 600 %

5 2 =1 20&

3 S 400 o

3 104 2 0

8 8 200{ 14 f6 18 20 22 F]L 1 * |
& r gl Twee UL L w L Ml

0 AIfaAI N'_!_b NI 7 CAéOT = h—\ 16.3 18.2 20.9 242 34.1 300 400 500 600 700 800 900 1000
t t i
esar Nanolubes T e fochar 300 W Xe Arc Lamp Intensity on sample (W cm™ Wavelength (nm)
Graphite
d) e) 4.0- 11— f)

104 [JUttrapure C B
—~ " | casoTC,B

N
&
"

=)
N
o

:

-
(]
L

CO rate (mmol cm? h™")
o

CO rate (mmol cm h''
o m» -
o
o

w w

{ o0 ) (4]

Ln Rate
- o

Products concentration (p

1000 / K
Dark (E =133.0 kJ mol)

0.5 L
0 ; " ; ; ¥ 187
0 1 2 3 4 5

E 120000
Q
100000 »

80000{ ——H, o
——CO 190
800004 !

40000

Carbon mass (mg)

20000 }/ R

Dak PureXe AM15G 420nm 495nm  595nm
300 W Xe Arc Lamp (15 W cm™?)

Fig. 2 (a) Photo-driven reverse-Boudouard reaction performed on several carbon sources with a Xe lamp at an irradiation intensity of 12.7 W cm
(b) C,,B CABOT sample for power intensity studies. Photochemical behaviour was observed for CO production rates at intensities lower than 21 W cm
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(R? = 0.998). The red line shows a linear rate increase using CABOT C,,B for the reverse-Boudouard reaction, while the black line shows an Arrhenius

trend for ultrapure C,B. (c) Simulated Xe light spectrum used for wavelength dependence studies. (d) Wavelength dependence studies with applied
heating at 350 °C (to nullify the photothermal effect) and IR temperature measurement on ultrapure and CABOT C,,B samples at 15 W cm™2. (e) Activation
energies (E,) in dark and light conditions for the temperature range of 500-560 °C using a photo-flow reactor; in each experiment, the total gas flow was
set to 6 sccm (1 sccm CO,: 5 sccm Ar) with an irradiated sample surface area of 0.126 cm?; each sample weighed about 2-3 mg. LED simulated white
light intensity used 4.8 W cm™. New samples were used for every test condition. (f) Kinetic experiments for the photothermal reverse-Boudouard
reaction; Xe lamp light intensity was set to 34.1 W cm™2. At least three individual measurements were used to calculate the error bars. Irradiation time and
reactor pressure for a, b, d and f tests were 5 minutes and between 24-30 psig of CO, without external heat applied.
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composition, size, structure, aggregation state, porosity, com-
mercial availability and surface functionality.

Various light intensities were used to determine the photo-
responsivity of CO production on CABOT C,B and evaluate its
photochemical and photothermal behaviour. These results
are presented in Fig. 2b, where the rate graphs are linear below
21 W cm™> and display Arrhenius behaviour at intensities
above 21 W cm ™ 2. Although ultrapure C,B showed an Arrhenius
trend at irradiation intensities above 19 W ecm ™2, it displayed a
much lower CO production rate. These results demonstrated
that the highly endothermic reverse-Boudouard process
could be photochemically driven and suggests dominant photo-
thermal contribution under high-intensity light and dominant
photochemical behaviour at lower intensities below 21 W cm ™2,
In addition, it showed that metal impurities, surface defects, C
and O vacancies could dramatically increase the rate of CO
production without interfering with the photochemical beha-
viour under low light intensities.

Influence of light intensity and wavelength dependence on the
reverse-Boudouard reaction

To minimize photothermal effects under high-light intensity
conditions and confirm the presence of photochemical con-
tributions to the reverse-Boudouard process, a literature proce-
dure using a fixed photon flux at the sample was followed.>>
The results at light intensities below 21 W cm > presented a
linear correlation with CO formation rate, suggesting photo-
chemical behaviour. Therefore we selected 15 W c¢cm > for
further tests to determine the role of light in CO, reduction
over C,B samples (Fig. 2d). An IR camera was used to measure
the temperature generated on the sample surface under CO, in
a photoreactor with a CaF, window. An unfiltered Xe-arc lamp
set at the stated light intensity was used to heat the surface
(Fig. 2d). The measured temperature was 350 °C due to the
expectedly high optical absorption by a black carbon material
(Fig. S2, ESI¥). All systems were then heated to this temperature
for subsequent experiments, where it is expected that any
thermal contribution from the Xe lamp would become negli-
gible. Bandpass filters (Fig. 2c) were used to evaluate the
wavelength dependency of the reaction. Ultrapure and CABOT
C,B pellets (13 mm diameter and 2-3 mm thickness) were
placed in a batch reactor and, after several vacuum/CO, purges,
tested for photoactivity under CO, using the aforementioned
conditions. The Xe lamp intensity was set to ensure all samples
had an incident photon flux of 15 W ¢cm 2 on the surface
regardless of wavelength. The results are presented in Fig. 2d.
Using unfiltered light from the Xe lamp, CO production rates of
1.5 and 5.3 mmol cm > h™* for the ultra-pure and CABOT C,B
were observed, respectively.

To expand this comparison, rates of 0.16 (dark), 1.63, 2.93,
2.29, and 2.14 mmol ecm > h™! for ultrapure C,B, and 1.16
(dark), 5.53, 7.43, 8.43, and 9.24 mmol cm > h™* for CABOT C,,B
were observed when highpass filters of AM 1.5G, 420, 495, and
595 nm were added, respectively (Fig. 2d). A linear increase in
CO production rate was observed with each filter, confirming
that photochemical behaviour varies with spectral wavelength
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range with CABOT C,B, whereas the ultrapure C,B sample
presented a decreasing trend.*® The unique photochemical
behaviour of CABOT C,B under irradiation for wavelengths
higher than 595 nm for the highly endothermic reverse-
Boudouard process was documented by irradiation with a Xe
lamp at increasing intensities through the 595 nm highpass
filter. It presented the highest activity towards CO, and the
observed linear trend of the CO formation rate with the light
intensity supports the photochemical contribution to the solar-
driven reverse-Boudoaurd reaction (Fig. S4, ESIf).

In addition, we noted that minor amounts of molecular
hydrogen were generated when irradiation intensities exceeded
15 W cm 2. This was attributed to the dissociation of terminal
CH moieties in carbon black and agreed well with the photo-
chemical behaviour of H, generation presented in Fig. 2b.

Additional experiments evaluating the activation energies
E, of the reverse Boudouard process in the dark vs. light
conditions were performed in a photo-flow reactor. First, we
attempted to replicate the E, observed by the TGA experiments.
As presented in Fig. 2e, the light-assisted reactions yielded a
dramatically lower E, by four- to five-fold and increased the CO
production rate compared to the dark process. This confirmed
light’s contribution to the process and suggested that the light-
driven reaction likely proceeds through a different mechanism
than the thermal reaction. The dark thermal results’ similarity
to those from TGA (E, equal to 133.0 vs. 150.1 kJ mol™*
respectively) validated our reactor conditions, Fig. 1f and 2e.

Kinetic experiments

The following experiments were conducted assuming a non-
equilibrium batch reactor system where the total conversion of
CO, did not exceed 5%. The conditions presented in Fig. 2f,
where the total CO, conversion fulfills this requirement, are not
greater than 2% following up to 5 minutes of irradiation under
a simulated solar light intensity of 34.1 W cm™ 2. The kinetic
rate expressions formulated in material S5 (ESIt) were asso-
ciated with two separate reaction pathways. The first one
corresponded to CO formation (photochemical behaviour in
lower light intensity). The second was attributed to H, produc-
tion from CH residues on the C,B surface. Notably, H, produc-
tion showed higher photochemical behaviour to increased light
intensities than was seen for CO and deserves further study.
Since the H, produced under these conditions was not signifi-
cant compared to the CO from the reverse-Boudouard process,
the rate law was expressed only as a function of CO, conversion,
which depends only on the irradiated C,B area and reaction
time. As a result, the reaction order can be described by the
following equation: Ln(r,) = Ln(k) + nLn(C,) (material S5e1-e6,
ESIt), where reaction order differences compared to the con-
ventional thermal process were attributed to light effects.

LED wavelength dependence

Wavelength dependency tests were conducted using LEDs. UV-
vis spectroscopy measurements (Fig. S2, ESIt) and the black
nature of the material (band gap and sub-gap defect states see
later) suggested that the selected carbon sample would absorb

This journal is © The Royal Society of Chemistry 2023
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strongly across a broad wavelength spectrum. In this context,
we studied the wavelength dependence of the photo-driven
reverse-Boudouard reaction using UV (365 nm), blue
(470 nm), white (440-600 nm), green (525 nm), and red
(625 nm) LEDs, the results of which are documented in
Fig. S6 (ESIt). Linear photon flux-dependent CO production
rates, with similar behaviour for the minor CH, co-product,
were observed when the system was irradiated with UV light,
suggesting photochemical behaviour (Fig. Séa, ESIf). CO pro-
duction under blue LED light was found to follow Arrhenius
behaviour, implying that blue wavelengths provide photother-
mal contributions to the solar-powered reverse-Boudouard
reaction (Fig. Séb, ESIt), and was responsible for the photo-
thermal activity shown in Fig. 2b at greater photon flux inten-
sities. The green LED-driven reverse-Boudouard required
intensities greater than 1.8 W cm ™2 (Fig. Séc, ESI¥) for product
formation. At the same time, the white LED light showed
irregular methane production rates with increased light inten-
sity in addition to CO and minor ethylene and propylene co-
production that increased linearly with light intensity (Fig. Séd,
ESIt). Finally, the red LED showed a linear relationship
between power intensity and CO formation rates and also
produced minor amounts of methane and ethane (Fig. See,
ESIY).

Red LEDs yielded the highest CO production rate, confirm-
ing the bandpass filter experiments using simulated solar light.
As such, red LED light was used as the primary light source for
subsequent experiments to compare to natural solar light
irradiation experiments. To summarize, results from the indi-
vidual LED experiments elucidated the source of each product
observed during the photo-driven reverse-Boudouard reaction
and the photochemical and photothermal contributions of
specific wavelengths in the simulated and natural solar light
process.

Natural solar reverse-Boudouard reaction

To confirm the photothermal effect or contribution, Photo-
driven reverse-Boudouard experiments were conducted using
natural sunlight on the roof of Lash Miller Laboratories to test
reactivity under solar light as opposed to previous trials under
simulated solar power from a Xe lamp. Several 13 mm diameter
and 1-2 mm thick C,B pellets were prepared by compressing
the test material under two metric tonnes of pressure for
5 minutes using a commercial pellet press. The pellets were
irradiated with natural sunlight focused to a 2-4 mm diameter
spot using 7.5 cm and 12.7 cm diameter lenses in a CO,
atmosphere. Typical unfocused natural solar light intensities
ranged between 0.070-0.088 W cm™ 2. Notably, Xe-arc lamps
and natural sunlight have comparable spectra and photon
fluxes (Fig. 2c and 3b); therefore, they are expected to produce
comparable large-scale production rates.

To amplify our findings, irradiation with solar light at
approximately 20 W c¢cm™? without external heating yielded
higher CO production rates than the reported thermal process
at 850 °C. Raising the incident light intensity to 43 W cm™>
yielded rates above those reported at 75 W of microwave

This journal is © The Royal Society of Chemistry 2023
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radiation at 813 °C."* As expected, CO production rates
increased with natural-light intensity, showing a linear trend
characteristic of photochemical reaction pathways (Fig. 3a) or
near photothermal-photochemical equilibrium due to the high
conversion rate.

Notably, some low molecular weight unsaturated hydrocar-
bons were also observed, most likely from C,B pyrolysis from
visible wavelength contributions, as demonstrated in both the
LED white and red wavelength experiments (Fig. S6d, ESIf).
Overall, simulated solar Xe-arc lamp CO production rates
agreed with those of natural solar experiments. A light-driven
reverse-Boudouard process was proven to be accessible using
sunlight. Thus, we experimentally demonstrated the feasibility
of a solar-powered reverse Boudouard process.

Like with the Xe lamp simulated solar irradiation experi-
ments, the use of solar irradiation through a 595 nm bandpass
filter showed higher CO rates than the same intensity irradia-
tion using the full spectrum, implying that the photo reverse-
Boudouard process performance can be optimized by using
mostly IR photon flux. The rate of formation and yield of CO
agreed with the expected experiments conducted under natural
light at intensities of 65 to 90 W cm ™ (Fig. 3a). This suggests
that high-intensity LED systems could be employed to drive the
reverse Boudouard process to overcome the intermittency of
natural sunlight. Hence, experiments were conducted using
high-intensity red LEDs (625 nm at 95 W cm ).

The wavelength dependence of the light-driven reverse-
Boudouard reaction was also evaluated using 75 W cm >
unfiltered solar light, UV, Visible and IR bandpass filters
(Fig. 3c). The total irradiation power decreased from 75 to 62,
42, and 34 W cm™ > when the filters were used (Fig. 3c), yielding
corresponding CO production rates of 3706, 1814, 161, and
176 mmol CO cm > h™', respectively. Wavelength variations
using the light filters did not change which products were
produced, though rates expectedly decreased with lower
irradiation power.

Isotopic **C photo-driven reverse Boudouard reaction

Equal amounts of "*CO and "*CO were observed using isotopi-
cally labelled "*CO, over a CABOT **C,B sample, establishing
that carbon monoxide formed in equal amounts from each
precursor thereby confirming the role of carbon dioxide in the
reaction with natural solar irradiation (Fig. S7, ESIt).

Solar reverse Boudouard reaction pathway

A notable decrease in observed E, for the reverse-Boudouard
reaction in the light versus the dark (Fig. 2e), suggested that
light is critical to the reaction progress. The thermal reaction
was measured as a first-order reaction with Arrhenius behavior,
as reported by the time-dependent weight loss experiments
using carbon.>* Typically, the thermally powered Boudouard
reaction proceeds in two general steps where the first C,B +
COyg <> C;BO(, + CO(, eventually progresses to C,BO() —
Cy—1B) + COy. This was confirmed experimentally by XPS
analysis of post-reaction C,B. Oxygenated functionalities were
enhanced relative to the pre-reaction material, suggesting a
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Fig. 3 (a) Rooftop natural solar irradiation and red LED tests on the reverse-Boudouard reaction at different light intensities. (b) Rooftop natural solar

spectrum (A), with UV cut-off filter (B), IR cut-off filter (C), both C and B UV-IR cut-off filters (D). Light intensity change using several light filters. (d) DFT-
based reaction pathway for the reverse-Boudouard reaction. (e) and (f) In situ DRIFTS experiments for CABOT and ultrapure carbon samples. Production
rates following 10 minutes of irradiation in a batch reactor with CO, pressure of 15-20 psig. Minor and similar amounts of ethylene and propylene were

observed in (c) but were not shown for clarity.

C,BO moiety and C,B-CO, adsorption-reaction intermediates
following light irradiation (Fig. 1e).>>®

The carbon black C,B used in this study has a high surface
area (216 m*> g~ ') and strongly adsorbs CO, through hydrogen-
bonding interactions with surface hydroxyl, carboxyl, and aro-
matic functionalities. The bound CO, is denoted by C,B- - -CO,
(Fig. 3d and Fig. S8, ESIt). The ultra-black colour of the C,B
originates from intense broad absorptions across the entire
solar spectrum, ranging from ultraviolet to visible wavelength
polycyclic aromatic © to m* bandgap excitations and visible to
near-infrared surface and defect related sub-gap excitations
(ean (2)-(5)).

Photoexcitation of the « to n* in C,B’s aromatic rings results
in electron transfer to adsorbed CO,, creating a charge-transfer
surface intermediate as depicted in Fig. 3d:

C,B---CO, + hv — (C,B---CO,)* (2)

This process could disrupt the highly stable linear structure
of CO,, favouring a surface lactone species, enabling the

6160 | Energy Environ. Sci., 2023, 16, 6155-6167

elimination of CO, and promoting the formation of surface
ketones or epoxides.

At surface edges, one could obtain surface ketones followed
by the loss of the ketonic carbon,

(C.B = 0)* > C,_ B+ CO 3)

resulting in the solar reverse-Boudouard reaction as the net
reaction:

C,B+CO,+m - C, B+2CO (4)

On the other hand, for reactions directly on a surface plane, one
could obtain a surface epoxide, followed by CO formation from
the epoxidic carbon or the adsorption and cleavage of another
CO, molecule near the surface epoxide, leading to the for-
mation of oxygenated surface intermediates.

CnB + CO, + v — C,(O),B + CO (5)

Fig. S10e (ESIt) illustrates a potential energetic landscape for
intermediates involved in sequential CO, adsorption and CO
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formation on a graphite surface model, as obtained through
density functional theory (DFT) calculations. Importantly, it
demonstrates that surface defects such as OH and substitu-
tional O can involve intermediates more stable than that for a
clean graphite surface, suggesting that carbon vacancy defects
and electron-rich oxygenated species on the surface can help
facilitate the photo-driven reverse Boudouard conversion of
CO, to CO.

Non-radiative relaxation of the photogenerated aromatic « to
n* bandgap electrons of the photoexcited states into sub-gap
states denoted (C,B---CO,)* could cause some local heating
from a photothermal contribution to the reaction rate. How-
ever, this is envisioned to be a minor effect due to the order of
magnitude difference between the activation energies of the
light-driven (31.3 k] mol ') and thermally-driven (133 kJ mol )
reverse-Boudouard reactions. The light-driven reaction is also
dominated by a linear photochemical rate increase rather than
an exponential Arrhenius rate increase with light intensity.

In situ diffuse reflectance infrared Fourier transform spec-
troscopy (DRIFTS) supported the proposed reaction scheme
above (Fig. 3e). Two gaseous CO peaks (2075 and 2132 cm™ )
and two methane peaks (3016 and 1304 cm ') were observed
after purging with 2 sccm of CO, through the CABOT C,B
sample. A peak corresponding to hydroxyl groups (3854 cm™ ")
and multiplets (1329-1803 cm ') assigned to gaseous H,O and
chemically absorbed H,CO, species were observed.””*® These
surface species increased with CO, concentration in the reac-
tion chamber. Interestingly, the peak intensity ratio of H,O-
H,CO,/CO, increased sharply from 0.27 to 0.56 while the CO/
CO, ratio remained constant and CH,/CO, ratio decreased to
0.46 from 0.66 after altering the reaction condition from light to
dark (Fig. 3e and f). These observations confirm the reaction
between CABOT C,B and CO, under light, with surface inter-
mediates appearing to be carbonate or more complex (oxy)hy-
drocarbon compounds. These types of intermediates are also
further supported by the results of structural relaxation calcula-
tions via DFT. Aside from CO production through the reverse
Boudouard reaction, the generation of CH, and H,O (or -OH)
suggests side reactions involving C,B-bonded hydrogen spe-
cies, such as the reverse water gas shift and the Sabatier
reactions. The light accelerated the transformation of H,CO,
intermediates, removed surface-absorbed water, and facilitated
CH, generation. Comparing the CABOT C,B and ultrapure C,B
suggests that metal contaminants have higher CO production
rates, higher CH,-to-CO selectivity, and more H,O-H,CO,, inter-
mediates on CABOT C,B (Fig. 3f).

System-level analysis

Hereafter, we present the results of a technoeconomic analysis
comparing two different Boudouard photocatalytic processes: a
LED-based process (LED-P) consistent with the experimental
approach used in this work and, based on the results obtained
using a red LED, and an intermittently operating process (IO-P)
using natural sunshine and buffered storage of intermediate
products. Both processes intend to deal with the variability
and intermittency of sunlight, one of the most challenging
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problems of sun-powered catalysis.>**° The LED process
ensures uninterrupted operation by charging batteries during
the day so that the LED-based reactor can be powered at night.
The IO-P process relies on buffered storage of intermediate
products, which can be consumed during the night so that the
reactor does not operate at night but the rest of the plant
remains in operation. We first describe the archetype processes
and present techno-economic analyses for the base case
designs. Then, we present a detailed sensitivity analysis and
discuss the potential of these processes based on current
projections for different technologies. We note that performing
TEAs at low technology readiness levels (TRL 1-3) is crucial to
identify a system’s major cost drivers and helps guide future
research paths such that the major cost drivers are addressed
as the technology develops.®! In fact, addressing design weak-
nesses is easy earlier in the design when there is more
flexibility.

Archetype Boudouard processes

Fig. 4 presents the flowsheets corresponding to the two
proposed processes. Fig. 4a shows the IO-P and Fig. 4b shows
the LED-P. In both processes, excess CO,, captured from a point
source (not shown in the figure), and a CM (coal, biochar, etc.)
are fed to the system. The CM is crushed and dried before
feeding it to the reactor, where the Boudouard reaction (eqn (6))
occurs. This equation is a lumped representation of the main
(Boudouard) and side reactions. We use lambda (1) as a
parameter to describe the selectivity toward CO.

CH,O, + 1CO; — (24 +b)CO + (1 — b — 22)CH,
+<%—2+2b+4A>H2+AC 6)

In addition to the formation of the main product (CO),
methane, hydrogen and atomic carbon result as by-products
(olefin formation is neglected). The CM is characterized by its
moisture, ash, and elemental composition (nitrogen and sul-
phur are omitted for simplicity). Both in the IO-P and in the
LED-P separation operations are identical: (1) a drying unit to
remove moisture from the CM (2) a solid-gas separation system
to recover unconverted carbon (cyclone); (3) a CO, capture
system that enables recycling excess CO, (cryogenic distilla-
tion); and (4) a CO purification system (based on the COSORB
technology) to remove the remaining by-products (see material
S11 and S12 for details, ESIf). CO,, unconverted CM, and
atomic carbon are partially recycled to the reactor. The magni-
tude of the recycle streams is constrained such that a pre-
established carbon : CO, ratio is maintained in the reactor, and
the ash content at the reactor entrance does not surpass a pre-
established limit.

In the IO-P, some units are shut down at night. Three buffer
storage systems are required to keep the other units operational
(Fig. 4a). Two of them store gas products. In contrast, the LED
process uses batteries to store the required energy to operate
the process at night (Fig. 4b). Although the IO-P and the LED-P
rely on the same photocatalytic reaction, the reactor system
varies significantly. In IO-P, we use parabolic collectors to
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gather solar energy, whereas, in the LED-P, a photoreactor
powered by an LED arrangement is used. We also consider
using modular reactor units, where capacity can be added by
increasing the number of reactor units rather than the size of
the reactor.

We calculate the proposed processes’ costs and study how
different parameters affect their economics. To this end, we
formulate a non-linear model (see material S11, ESIt), which
consists of mass balances for the different operating units,
equations to estimate their capital and operating costs, and a
set of operational constraints (e.g., the maximum ash content
in reactor input, and excess CO,). The model minimizes the
minimum selling price (MSP) of CO. The solution yields,
among others, component flows in all streams. Any CO, not
recycled is captured and stored, while unconverted carbon that
is not recycled is used for electricity generation and other
energy-rich by-products (methane and hydrogen). The electri-
city generated offsets part of the process requirements. These
processes are designed to remain operational during an average
year’s longest night (20 hours). The duration of this night is
established based on results presented by Peng and
Maravelias.>” In the I0-P case, the ability to sustain operation
through this longest night implies that the reactor and storage
system are oversized based on this scenario; in contrast, we
achieve this by oversizing the battery system in the LED-P case.
In this work, we have relied on literature reports for the sizing
and cost of different components of the designed system
(reactor, collector, crushing and drying, and CO capture).***
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For other components (e.g., cyclone and CO, capture), we relied
on our own estimates based on detailed simulations using
Aspen plus. (See material S12, ESIf).

Techno-economic analysis of the base case scenario

First, we compared the base case for the IO-P and the LED-P.
Values for the most important model parameters are shown in
Table 1. The values for these parameters have been estimated
based on experiments reported in this work, state-of-the-art
studies, or considering short-term projections. The parameters
have been grouped into eight categories: chemistry (parameters
associated with the reaction mechanism), operational (parameters
describing reactor conditions), feedstock composition, feedstock
costs, utilities cost, capital costs, and LED (used in LED-P only).
Biochar produced by the pyrolysis of lignocellulosic corn
residues is selected as the CM (Elemental composition:*®
CHy.406500.087, ash content:*” 5%, moisture content: 6.2%).
We selected this CM due to its availability and sustainability.
The results obtained, however, can be extrapolated to other
types of CM. We note that the feedstock used here differs from
the one used to characterize the reaction (i.e. CABOT C,B).
However, biochar is expected to have greater reactivity than
the studied system, presumably due to its higher metal content,
and the results of this TEA should be treated as an under-
estimation of solar-powered reverse-Boudouard’s potential.
The CO, feed was modelled to be obtained from a
point source (e.g., the fermentation outlet from an ethanol
production plant), where it is captured; we assume that the
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Table 1 Base case (Ref.), upper bound (UB) and lower bound (LB) values for the most relevant parameters in the model
Category Parameter Symbol Units LB Ref. UB Source
Chemistry Conversion 0 % 10 20 40 Experiment
Selectivity geo % 87.6 91 100 Experiment
Light to chemical efficiency #5CF % 20 30 80 38
Operational Ash content in the reactor jhsh % 7 10 20 Assumed
c|co, ;.clco: — 1:1 1:3 1:6 Experiment
Feedstock costs CO, 0°°: $$ per Ton 0 39.6 100 39
CM 6° $$ per Ton 100 300 500 40 and 41
Utilities Electricity 0" ¢ per kW h 3 5.7 12 42
Capital costs Separations ' — 0.5x 1x 1x Aspen plus,®
Gast storage ST — 0.5% 1x 1x Aspen plus
Reactor I $$ per Module 1230 2460 4920 39
Collector N $$ per Unit 13300 26 600 53200 39
LED Power conversion efficiency n"E % 20 60 86 44
Roundtrip efficiency BRE % 50 85 95 45
Battery cost 0" $ per kW h 88 345 400 46

cost of CO, capture is 39.6 $ Ton ".*° For the intermittent
operation, we assume that at the location of the plant, the
average solar irradiation is ~8.2 kW h m~? (e.g., in Southern
California, near the city of Lancaster).”” The dish system for
solar energy collection is assumed to have 75% efficiency,®
including optical losses and other inefficiencies.** Each dish is
designed to collect 60.5 kW** and has an area of 88 m’.
Furthermore, we assume that the sun will be available for an
average of 10 h per day. The capacity of the processes is such
that ~80.000 Ton year " of CO, is processed. We note that the
overall solar to chemical efficiency based on the projected
values is ~20%. This is an optimistic value but is consistent
with other works in the field.*

We use typical efficiencies to calculate the primary energy
requirements for converting fossil fuels or solar energy into
electricity or heat.>® The mass flows and energy requirements
(divided into electricity, heat, and light) for the base cases are
shown in Fig. 4. Except for the reactor, where solar energy is
always used, these requirements can be satisfied using fossil
fuels or solar energy as the primary source. The grey squares on
top of each unit represent the primary energy consumption
when fossil fuels are used. The dark yellow squares show the
results when solar-derived utilities are employed. In what
follows, we do not differentiate between the cost of solar and
fossil-derived utilities, and we assume that the goal of parity
between these two types of utilities has been achieved.

CO, emissions from cradle-to-gate were calculated for the
LED-P and IO-P cases. These calculations were performed in
GaBi (see material S16 for details, ESIT). The results obtained in
kg-CO,-eq per kg-CO are shown in Fig. 4. CO, emissions are
significantly lower in the LED-P case (Fig. 4). The consumption
of grid electricity in the I0-P, mainly used to compress gas
streams, has a high environmental burden. In contrast, no
compression is needed in the LED-P. Most of the electricity is
consumed in the reactor, which is powered by photovoltaics
and batteries; thus, the environmental impact is significantly
reduced. For comparison, the emissions associated with CO
production from synthesis gas are 0.626 kg-CO,-eq per kg-CO.
These values have been established based on the energy
database in GaBi (see material S16.1 for more details, ESIT),

This journal is © The Royal Society of Chemistry 2023

and the energy consumption and yields for the biochar produc-
tion have been set based on a system that uses corn stover
feedstock.™

Economic metrics of the two base cases are shown in Fig. 5a
presents how the MSP (US$ kg™'), is distributed across five
categories, while Fig. 5b shows the annualized capital and
operating costs. For the base case, the LED-P leads to a lower
MSP (US$ 2.63 kg~ " versus US$ 2.77 kg™ for the 10-P). This
difference can be attributed to the large capital cost associated
with the overdesign in the IO-P case. For reference, attainable
prices for CO using electrochemistry have been estimated
between US$ 0.2-0.6 kg™ '.°>** The estimates are based on
systems in which flue gas is used as the feedstock for carbon
capture, typically using an amine-based process. The produc-
tion of 1 mol of CO per mol CO, was assumed.*® In these
analyses, the major cost drivers are feedstock cost and electri-
city requirements. Comparing the cost of electrochemical CO,
reduction with the estimate in our work, we conclude that
significant technological improvements are still needed to
achieve a cost similar to the reference technology. These results
indicate that significant technological developments are still
needed to achieve a cost similar to the reference technology.
Furthermore, in Fig. S15 (ESI{), we show the price of syngas
produced using the photocatalytic CO obtained in this work.
We note that for the set of parameters used in the base case, the
electricity stored in the LED process has approximately the
same cost as the storage of gases plus the solar collector in the
intermittent operation. The results presented are auspicious for
LED-based photocatalytic technologies if we consider that the
electricity storage costs are projected to decrease significantly
in the coming decades*>>® and that the efficiencies associated
with the process may also increase. Furthermore, improve-
ments in the modelling/design of equipment may lead to lower
capital investments.”®

Sensitivity analysis

In Fig. 6, we present a sensitivity analysis for the five different
parameter groups. The ranges used in the sensitivity analysis
have been selected to represent extreme points; that is, break-
through improvements or significant underestimations of the
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costs in comparison to the reference case. Fig. 6a shows the
results for the IO-P, while Fig. 6b those for the LED-P. The
shaded area encloses the region where +15% changes in the
MSP are obtained. Parameters with the largest effect on the
MSP lead to changes outside this area. In the IO-P, the most
important parameters are conversion (), the ash content in the
reactor (2**), C|CO, fraction (1°1°°?), cost of CM (0°), and the
capital cost of storage (5°7). Among them, conversion, C|CO,
fraction, and storage cost have the most significant impact. These
three parameters are correlated, provided that the conversion and
the C|CO, fraction determine the size of the gas storage units,
which are responsible for a significant fraction of this system’s
capital and operating costs. In the LED-P, the most important
parameters are: light to chemical efficiency (5°°F), CM cost (6°),
power conversion efficiency (17°F), and cost of storing electricity in
the battery system (0°7). In this case, most of the variables are
related to electricity consumption and storage, suggesting that
advances in this field will be instrumental for the practical
implementation of LED-P as a platform for photocatalysis.

6164 | Energy Environ. Sci., 2023, 16, 6155-6167

We present a detailed sensitivity analysis using heat maps in
Fig. S13-1-S13-3 (ESI{) to understand the importance of differ-
ent parameters further. Additionally, in Fig. S14-1 (ESIT) we
present a vision for the 2050 photocatalytic process showing the
expected MSP when incremental improvements in the I0-P and
LED-P parameters are implemented. The main conclusion from
this analysis is that the IO-P and LED-P are similar in terms of
achievable MSP in the medium and long term. The operational
advantages of LED-P make them an attractive option. However,
the economic viability of these processes is contingent upon
the development of efficient and low-cost battery storage sys-
tems, photovoltaic conversion systems, and LEDs.

Conclusions

The potential technoeconomic relevance of a
Boudouard reaction powered by light was evaluated by a

system-level study that was undertaken to assess the feasibility

reverse-
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of using intermittent sunlight compared to continuous LED light
for CO production. Compared to thermochemical and microwave
reverse-Boudouard processes requiring temperatures greater than
900 °C, the solar-powered process operates with lower activation
energy and without external heating. The photo-driven reverse-
Boudouard reaction described herein details methods for con-
verting different carbon sources and CO, into CO.

This brings one to the inescapable conclusion that the solar
reverse-Boudouard process is technically feasible with advance-
ments in battery efficiency, solar concentrators, and LEDs,
together with their lower costs. Such a process would enable
the production of CO from waste carbon and carbon dioxide
and generate value-added feedstocks for a wide range of
chemicals and chemical precursors.

Experimental

Materials

Carbon Black (C,B) was purchased from CABOT (VULCAN
XC72R GP-3921) and used as received. The material was found
to have a surface area of 216 m> g~ ". Carbon nanotubes, natural
graphite, carbon black (**C,B) and carbon-"*C dioxide (**CO,
99%) were purchased from Sigma-Aldrich and used as received.
Ultrapure carbon black was purchased from AlfaAesar. Detailed
characterization of as-received carbon black can be found in
the ESL.1 Before use, carbon dioxide (99.9% purity and pur-
chased from Praxair) was passed through a dry alumina col-
umn. Carbon black samples were suspended in distilled water
and placed in an ultrasound bath for 30 minutes before
dropwise addition under vacuum onto glass fibre filters with
a Pasteur pipette. After drying for 2 hours in a vacuum oven at
60 °C, the samples were exposed to simulated and natural solar
light with and without external heat. For the natural solar tests,
C,B pellets were made with different diameters (4-13 mm)
between 2-3 mm thickness and were prepared using a com-
mercial pellet press at 2 metric tonnes for 5 minutes. Biochar
was produced by slow pyrolysis of wood chips at 200 °C under
N, atmosphere in a flow furnace for 6 hours. Then, the
temperature was raised to 400 °C at 20 °C min ' and main-
tained for 12 hours, during which the wood samples were
monitored for pyrolysis completion. Depending on the size of
the chips, the extra time and intermediate grinding were
needed to ensure biochar formation.

Thermogravimetric analysis

TGA experiments were performed on a Discovery Series TGA
from TA Instruments. A constant gas flow of 10 mL min~" was
used for a single-step ramp under N, and CO, over "“CB
CABOT, '>CB AlfaAesar carbon black and Biochar samples
and a gas flow of 20 mL min " was used for multiple-step
ramps using only CO,. Multiple isothermal step ramps were set
at 20 °C intervals between 600 °C and 700 °C for 2 hours, each
with a 20 °C min~" ramp in between. In addition, CO, absorp-
tion measurements were performed on preheated samples in a
CO, (20 mL min~"') atmosphere at 120 °C to remove any dush
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and moisture impurities from the solid surface for 30 minutes,
followed by a ramp of 30 °C min~* up to 400 °C. The sample
was then equilibrated until 60 °C and held isothermally for
10 min. During this step, the CO, is adsorbed on C,B and was
measured by a mass weight difference. Several cycles of the
above procedure were performed to evaluate the stability of C,,B
under CO, conditions and the amount of CO, absorbed and
thermally desorbed.

Characterizations

PXRD patterns were collected on a Bruker D2-Phaser X-ray
diffractometer using Cu Ko radiation at 30 kv. Diffuse reflec-
tance spectra were collected using a Lambda 1050 UV/vis/NIR
PerkinElmer spectrometer with an integrating sphere. As-
received and post-reaction carbon black XPS were performed
on a Thermo Scientific Ko with an Al Ko X-ray source. SEM and
TEM were done using a Hitachi S-5200 HRSEM and JEOL 2010
HRTEM, respectively. Raman spectrums from 875 to 1950 cm™
wavenumbers were collected on a CABOT pellet (10 mm diameter
spot irradiated area) before and after the photo-driven Boudouard
process and after TGA analysis at 640 °C under CO, atmosphere
for two hours using a red laser (785 nm) in a Bruker Senterra
Raman microscope at 1 mW of power. At least three different
spots were analyzed over 60 seconds of exposure time (Fig. 1c).

The amounts of *CO/**CO produced were analyzed using a
GCMS spectrometer (Agilent 7890B-5977A MSD, using He as
carrier gas) equipped with an automated injection gas sam-
pling valve over three capillary columns (Molsieve, HP-PLOT/Q
+ PT and DB-FFAP) to improve separation and quantification.
Reactions carried out in a batch reactor used an average sample
mass of ~0.3 to 1.1 mg and deposited on borosilicate filters.
Alternatively, pellets of 13 mm diameter were placed in a
reactor equipped with a quartz window and pressurized with
24 to 30 psi of CO,. Natural solar light irradiated the samples
with a measured intensity between 20-90 W cm > for 10 minutes.
A 300 W Xe arc lamp from PerfectLight company was used to
simulate the sun during the preliminary and wavelength experi-
ments (Fig. S9, ESIT). Following this, LED measurements were
conducted by a flame ionization detector (FID) on an SRI8610 GC
instrument. In situ DRIFTS spectrums were collected on a Thermo
Scientific iS50 Fourier transform infrared (FT-IR) with a liquid
nitrogen-cooled MCT detector. 32 or 64 spectra were co-added
with a resolution of 4 cm ™. The carbon powders were placed into
a Harrick reaction chamber holder, ramped to 350 °C, and held
for 2 h to remove adsorbed water and organic contaminants
under 2 sccm H, flow. Subsequently, the carbon sample was held
at 350 °C for 5 min under 10 W white LED irradiation to obtain
stable background spectra after the H, flow rate was attenuated to
0. Finally, 2 sccm CO, flow was introduced and the in situ CO,
reduction DRIFTS spectra were recorded with time.
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