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Abstract

We developed a tandem, unassisted, solar-driven electrochemical and photothermocatalytic
process for the single-pass conversion of CO; to butene using only simulated solar irradiation as
the energetic input. The two-step process involves electrochemical CO> reduction (CO2R) to
ethylene followed by ethylene dimerization to butene. We assessed two unassisted electrochemical
setups to concentrate ethylene in the CO2R reactor, achieving concentrations up to 5.4 vol.% with
1.8% average solar-to-ethylene conversion and 5.6% average COs-to-ethylene single-pass
conversion under 1-sun illumination. When passed through the photothermocatalytic ethylene
oligomerization reactor, we generated 600 ppm of butene under 3-sun illumination. Through
analysis of this process, we identified that the presence of Hz, CO, and H>O leads to rapid
deactivation of the Ni-based ethylene oligomerization catalyst.

Introduction

The conversion of carbon dioxide (CO») to building block chemicals using renewable energy offers
an attractive means for decarbonizing the chemical industry. Butene is a key platform chemical
that is currently produced as a byproduct of petroleum refining'- and is used to produce plastics,
lubricating oils, and antioxidants.? Current electrochemical solar-driven CO; reduction (CO2R) is
primarily limited to Ci-Cs> products, namely carbon monoxide (19 % solar-to-fuel efficiency) and
ethylene (3-5 % solar-to-fuel efficiency).*’ Electrochemical conversion of CO: to products with
more than three carbon atoms, for example butene, remains difficult and has not been demonstrated
in a single-step.® Potential approaches to upgrading CO- to longer-chain hydrocarbons include
cascade tandem processes, which couple CO2R to downstream thermocatalytic processes.” 2
this work, we coupled a solar-driven CO2R reactor, producing ethylene, to a heterogeneous
photothermocatalytic ethylene oligomerization reactor for butene generation. Both reactors are
powered solely by solar irradiation, resulting in a process that leverages the entire solar spectrum

In

to convert waste CO; into butene. The strategy and implementation described herein illustrate an
attractive conceptual approach to decarbonizing the production of a broad range of multi-carbon
industrial fuels and chemicals.

A key challenge for the successful operation of a tandem solar-driven electrochemical-
photothermocatalytic system is the co-design of the two processes such that both work at the same
pressure and the effluent from the electrochemical system is compatible with the catalyst used in
the photothermocatalytic system.”!3 Specifically, solar-driven CO2R is carried out at ambient
temperature and pressure®!4, whereas thermocatalytic ethylene oligomerization normally occurs
at elevated temperatures (80-140 °C) and pressures (30-150 atm).!>"!7 Combining these processes
requires operating the CO2R reactor to maximize the concentration of ethylene and minimize the
concentrations of other gaseous products, which may inhibit the oligomerization process. Driving
COzR using only sunlight imposes a maximum power operating constraint (per unit area) on the
COxR reactor.!#29 Under unassisted conditions, this limits the per unit area CO> conversion for an
integrated solar-driven CO2R reactor and has consequences for the concentration of ethylene in
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the outlet gas stream delivered to the photothermocatalytic reactor. Similar barriers exist for the
photothermocatalytic reactor, which must be engineered to maximize the conversion of solar
irradiation to thermal energy. Moreover, the catalyst used for ethylene oligomerization must be
capable of utilizing gas inlet streams containing C>Hs, CO, CO2, CHs, H>O, and H; that are
produced from the CO:R reactor.?!?> The catalyst constraint is notable because ethylene
oligomerization is usually performed with pure ethylene using a nickel-based catalyst>*?4, and only

a handful of studies have reported the impact of other compounds (e.g., CO2, CO, and H;)?*%°.

Herein, we present an unassisted, solar-driven tandem system that couples electrochemical CO»
reduction with photothermocatalytic, heterogeneously catalyzed ethylene oligomerization to
produce butene in a single pass. We examined two designs for the CO2R reactor. The first, referred
to as a PV-EC reactor, integrates the photovoltaic (PV) component into an electrochemical (EC)
reactor containing a cathode comprised of a gas diffusion electrode (GDE). The second, a PV-
MEA reactor, comprises a separated PV component and membrane electrode assembly (MEA).
The PV-MEA reactor produced an ethylene concentration of ~5.4 vol.% as compared to only ~0.6
vol.% for the PV-EC reactor. To perform the photothermocatalytic step, we modified a
photothermocatalytic reactor integrated with a selective solar absorber layer?’, and carried out
ethylene oligomerization using a supported nickel catalyst. We demonstrated that this catalyst
generated butene using a dilute stream of ethylene in the presence of up to ~18 vol.% CO and ~5
vol.% Hz. However, we observed a loss of catalyst activity with time, which we attribute to the
presence of CO and H>O in the gas stream fed to the photothermocatalytic reactor.

Results and Discussion

The solar-driven electrochemical and thermal reactors were co-designed for butene generation. For
the electrochemical system, we targeted an outlet ethylene concentration of >5% and aimed to
maximize the ratio of ethylene to other gaseous products (e.g., CO). Additionally, to facilitate
simpler process design and improve potential energy efficiency via heat integration, we strove to
integrate the PV and EC components.?®-32 For the photothermocatalytic reactor, the system had to
reach temperatures high enough to achieve ethylene oligomerization at atmospheric pressure. The
oligomerization catalyst also had to be capable of performing the desired chemistry in the presence
of gaseous byproduct impurities (e.g., CO, H>, H>O). These criteria formed the basis for the design
of the tandem process illustrated in Figure 1.
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Figure 1. Schematic of the solar-driven tandem process involving the coupling of a CO; reduction
reactor for CO; to ethylene conversion with a thermocatalytic reactor to convert ethylene to butene
via ethylene oligomerization.

Design and performance of the solar-driven CO: reduction system

Two CO2R reactor configurations were examined to investigate the tradeoff between integration
and separation of the PV and EC functionalities within a single reactor. In an integrated PV-EC
solar reactor, the PV component imposes an upper limit on the maximum power that can be
achieved in the reactor, a key consideration for achieving a concentrated ethylene outlet gas
stream. 1820

The first design involved an integrated PV-EC system as shown in Figure 2A. This reactor consists
of an integrated photoanode combining a serially connected Si solar cell to a Ni anode catalyst
(see supplemental methods). The anode to cathode area ratio is 4:1 to reduce the overpotential
required at the planar photoanode to match the current density (and current as Acathode = 1 cm?) of
the cathode (Jgeo). The cathode catalyst comprises a thin layer of Cu sputtered onto carbon paper,
which serves as a gas diffusion layer. To enhance the formation of ethylene relative to other
products, the surface of the Cu film is modified with an electrodeposited film derived from
diphenyliodonium (DPI) (Figure S1). This film is hydrophobic, decreasing H> evolution by
lowering the availability of water at the catalyst surface and reducing the diffusion coefficient of

CO, enabling further conversion of CO to Ca+ products.?3°

The electrochemical performance of the Cu-DPI modified cathode was determined separately from
operation under illumination. The results in Figure S2 show the current-voltage characteristic of
the PV and EC components. The products formed on the Cu-DPI cathode during CO2R were
measured for cathode current densities of Jgeo = -60 mA cm™2, -120 mA cm2, -180 mA cm™, to
identify the operating condition that would maximize ethylene concentration in the outlet gas
stream (Figure S3, Table S1). In the presence of the DPI-derived film, the maximum ethylene
Faradaic efficiency (FE) was ~41% at Jgeo = -120 mA cm. When coupled to the PV component,
the intersection of the current-voltage curves for the PV, designed to be integrated into the
photoanode, and the EC reactor occurred near 60 mA (Jeeo = -60 mA cm), which was the
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maximum current density predicted to be attainable for prolonged unassisted operation of the
system (Figure S2). Figure S4 shows that the unassisted PV-EC device operated at an initial
cathodic current density of approximately -65 mA ¢cm? with an illumination at 100 mW ¢m and
a COz> inlet flow rate of 5 sccm. A peak ethylene concentration of ~0.6 vol.% in the effluent gas
stream was achieved after 20 min (Figure S4). These results correspond to an average solar-to-
ethylene efficiency of 1.3% and an average CO»-to-ethylene single-pass conversion of 0.87%
(Note S1). However, over time the concentration of ethylene in the outlet gas stream decreased
and was accompanied by an increase in the H> concentration. These trends are attributed to the
loss of the electrodeposited DPI film throughout the reaction which was confirmed by SEM and
XPS (Figure S1). Loss of the polymer film also led to a decrease in the current density, which is
attributed to a change in the operating point, as the temperature of the PV increased and the cathode
performance degraded due to the loss of the DPI film. As shown in Figure S5, the PV and EC
polarization curves shifted over the course of reaction such that the operating point decreased to

lower current densities.>¢#!
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Figure 2. Schematics of the two solar-driven electrochemical CO2R reactors. (A) PV-EC CO2R
reactor. The reactor utilizes a 1 cm? porous sputtered Cu-DPI/PTFE treated carbon paper cathode,
and an integrated photoanode consisting of a 4 cm? Ni foil integrated to a 16 cm?, 0.2 W Si solar
cell. CO; is fed through the serpentine channel at 5 sccm while 1 M KOH is fed at 2 mL min™!
through the anolyte and catholyte chambers which are separated by a Sustainion anion exchange
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membrane (AEM). The anode and cathode are wired together to complete the circuit. (B) PV-MEA
CO;:R reactor. The reactor utilizes a 5 cm? porous sputtered Cu/PTFE treated carbon paper cathode
and a 5 cm? IrOx/carbon paper anode. The anode and cathode are separated by a Sustainion AEM.
CO:sz is fed into the serpentine channel at the back of the cathode at 10 sccm, while 0.1 M KHCO3
is fed through the back of the anode at 2 mL min™!. Three 1.2-W, 50-cm? Si solar cells are connected
in series to the MEA. The PV component of both reactors is illuminated with an intensity of 100
mW cm™.

Since the peak ethylene concentration in the effluent stream of the PV-EC reactor was much lower
than the target value of 5 vol.%, we considered a second, less integrated, solar-driven design
(Figure 2B). This design involved a separate PV array directly connected to a 5 cm?> MEA.
Removal of the geometric constraint present in the PV-EC reactor allowed the PV-MEA reactor to
operate at Jgeo = -120 mA cm™. The PV-EC reactor utilized the Cu-DPI cathode, the PV-MEA
reactor was operated with only the sputtered Cu film deposited on carbon paper, since inclusion of
the DPI-derived polymer film in the case of the PV-MEA system led to degradation of the film and
loss of ethylene selectivity (Figure S6). The performance of the MEA reactor operated under
electrochemical conditions at Jeeo = -120 mA cm™ (I = 600 mA) is shown in Figures 3A and B.
Under these conditions, the MEA achieved an ethylene FE of 36% and a CO FE of 14%.

The PV array for the PV-MEA was designed so that the intersection of the power and load curves
occurred well within the light-limited regime of the PV component, as shown in Figure 3C. The
unassisted operation of the PV-MEA resulted in a total current of approximately 610 mA (Figure
S7) and a cathodic current density of approximately -122 mA c¢m™ under illumination with
100 mW cm™. The inlet CO» flow rate was set to 10 sccm, and the outlet flow rate was measured
to be ~5 sccm; an expected result as it is well-established that the lower effluent flow rate can be
attributed to conversion of CO> to Ca+ products and to CO; crossover from the cathode to the anode
compartments of the MEA .*?* Under illumination conditions, the concentration of ethylene in the
outlet gas stream was ~5.4 vol.% and was fairly constant for the duration of the 4 h reaction (Figure
3D). This corresponds to an average solar-to-ethylene efficiency of 1.8% and an average CO>-to-
ethylene single-pass conversion of 5.6%. While the ethylene concentration measured for the PV-
MEA reactor was an order of magnitude higher than that measured for the PV-EC, the CO
concentration was also higher, 18 vol.% for the PV-MEA reactor versus 1.4 vol.% for the PV-EC
reactor. However, since the targeted ethylene concentration of >5 vol.% was achieved using the
PV-MEA reactor, we focused on this reactor for the evaluation of the tandem system.

https://doi.org/10.26434/chemrxiv-2024-qnr9n ORCID: https://orcid.org/0000-0003-3309-1220 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-qnr9n
https://orcid.org/0000-0003-3309-1220
https://creativecommons.org/licenses/by-nc-nd/4.0/

(A) I =600 MA, Jgoo = -120 mA cm? (B) - | =600 MA, Jgeo = -120 mA cm™2
50 .

—=—H, —e-CO —4-CH, —wCH,

40 4 80

W Zav,
30 4 E ”/ CZH4 60

< EtOH Zi
. | CcO .
HCOO
J CH,
10 4 i nPrOH 20 4
Acetic acid
0 '——-I T = 2 T s 2 ‘# 0
20 40 60 80 100 120 '
. . -120 mA cm?
Time (min) . 2
Current Density (mA cm™)
(C)  ——MEA Polarization Curve ——PV Polarization Curve (D) =610 MA, Jgeo = -122 mAcm-2
1000 : T T T T T 25 . T

—=—H, —-CO —4-CH, —v CH,

800 . ) E 20 E
Operating point

-
o
1
1

% in gas (%)
S

Current (mA)

O4F—= o w w w w w w ow w ow w w oaw ow ]
7 0 50 100 150 200

Voltage (V) Time (min)

Figure 3. Overview of performance for the PV-MEA CO; reduction reactor. (A) Gaseous product
FE vs. time for the MEA reactor under dark galvanostatic conditions of [ = 600 mA (Jgeo =-120 mA
cm?). (B) Average FE for the MEA reactor under reaction conditions described in (A), including
liquid CO2R products collected from the anolyte reservoir at the end of the experiment. The
missing FE is attributed to product re-oxidation at the anode and liquid product trapping in the
serpentine channel of the cathode.* (C) Polarization curves for the MEA reactor with a sputtered
Cu catalyst and three serially connected 1.2 W Si photovoltaics. (D) Composition of the outlet gas
from the unassisted operation of the PV-MEA device under illumination of 100 mW c¢m™. Figure
S8 gives the corresponding FE for the unassisted PV-MEA. Error bars represent experiments
repeated at least in triplicate.

Design of the photothermocatalytic reactor

The photothermocatalytic reactor converts sunlight into thermal energy to reach the temperatures
required for ethylene oligomerization. The design and operation of the photothermocatalytic
reactor is described by Su et al.?’ Briefly, from top to bottom (Figure 4A) the photothermocatalytic
reactor consists of a quartz window to allow illumination, a vacuum chamber to minimize heat
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losses to the environment, and a selective solar absorber to convert light into thermal energy. A
plug flow reactor containing the supported nickel catalyst is placed into a hole in the lower flange
of the photothermocatalytic reactor. To further minimize heat losses to the environment, the reactor
is placed in an insulated box.

The key requirement for the ethylene oligomerization catalyst is that it operates with a dilute
ethylene stream containing a substantial concentration of CO. While homogeneous transition-
metal catalysts (e.g., Ti, Ni, Zr) are utilized for industrial ethylene oligomerization, they require
harmful organic solvents, expensive catalyst recovery costs, and de-coking.*>* By contrast,
heterogeneous Ni catalysts are appealing since they remove the need for catalyst separation.*® For
this study, we used Ni supported on either commercial alumina-silica (SIRAL-30) or aluminated
SBA-15.234648 The catalysts were prepared using previously reported procedures.??

Performance of the tandem PV-MEA/photothermocatalytic system

0.1 M KHCO,
0.1 M KHCO, +Liquid products

il

e s 1

b

L un

_,_-y--bc‘,HB
CO,, CO, H,, CH, R o
B) eco wom sn (€
~204 ® Filled symbols - Ni/AISBA-15
S ° ’g v Open symbols - Ni/SIRAL-30
= ° S600{ ¥
<] o ° o
3151 =
c S
S % 400 v
® 10 = .
|5 8200
© 5001
2 5{ @ = ul g 3 Y
(o) -
() v
0 01— . : .
40 80 120 160 200 40 80 120 160 200
Time (min)

Time (min)

Figure 4. (A) Schematic for the tandem solar-driven electrochemical CO; reduction and
photothermocatalytic oligomerization process. CO; gas is fed into a 5 cm? PV-MEA at 10 sccm,
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illuminated at 100 mW cm, with the outlet gas fed directly to the photothermocatalytic reactor.
The photothermocatalytic reactor consists of a selective photoabsorber to convert solar irradiation
into thermal energy and operates at 150 °C under illumination of 300 mW cm. Concentrations of
(B) Hz, C2H4, CO, and (C) butene in the outlet of the photothermocatalytic reactor. Filled symbols
stand for a supported nickel (2 wt. %) on SBA-15, Ni/AISBA-15 and open symbols stand for 4 wt.
% Ni on SIRAL-30, Ni/SIRAL-30.

Figure 4A shows the connection between the PV-MEA and photothermocatalytic reactors. The
performance of this solar-driven tandem system is shown in Figures 4B and 4C. The effluent
stream from the tandem setup had an initial CO concentration of 18 — 20 vol.% that decreased with
time, whereas the initial ethylene concentration was ~5.4 vol.% and remained constant with time.
Both oligomerization catalysts (Ni/SIRAL and Ni/SBA-15) initially produced ~600 ppm of butene
(0.01% CO; to butene conversion), but this concentration steadily decreased over time. Both
oligomerization catalysts exhibited similar deactivation profiles. Formation of butene as the single
oligomerization product is attributed to the low ethylene partial pressure.

To assess whether the Ni-SIRAL-30 catalyst utilized in the tandem system is intrinsically stable
for ethylene dimerization and to identify possible causes for the deactivation observed in Figure
4C, we conducted reactions in a stainless steel gas-flow reactor, heated to 150 °C (the operating
temperature of the photothermocatalytic reactor under 300 mW c¢m) using resistive heating with
input streams mimicking the outlet of the PV-MEA. Figure 5 demonstrates stable formation of
butenes with a dilute ethylene stream (5 vol.% ethylene in COz), resulting in a butene concentration
of 1000 ppm, corresponding to a 4% butene yield. Introducing 5 vol.% H> to the reactor feed
gradually decreased butene formation and generated ethane, attributed to ethylene hydrogenation
(Figure S9). Saturating the stream with H,O vapor or introducing 20 vol. % CO led to catalyst
deactivation. These results show that while H leads to the formation of ethane, H,O and CO lead
to rapid catalyst deactivation. We suspect that H>O poisons the catalyst because it adsorbs on the
cationic Ni sites responsible for ethylene oligomerization.*® The results shown in Figure 5A,B
indicate that sustained dimerization of ethylene to butene necessitates minimizing the
concentrations of Hz and CO in the effluent from the CO2R reactor and removal of the remaining
H; and CO, and all H>O from the PV-MEA effluent stream, via condensation, adsorption or H»
pumping.’®>! To further reduce any separations requirements, the concentrations of H» and CO
produced in the PV-MEA reactor could potentially be minimized via a range of approaches,
including by pulsed electrolysis (carefully controlled by light pulsing), or by using different
ionomer coatings to improve the ethylene:CO and ethylene:H, selectivity on the Cu catalyst.’>->
While these approaches may reduce the Faradaic selectivity to CO and Hz, CO will likely always
be present in the effluent stream in non-negligible concentrations. In the conversion of CO» to
ethylene, CO is a key intermediate and byproduct, and is generated in a 6:1 molar ratio of CO to
ethylene (by Faraday’s law). Hence, developing technologies for the selective separation of CO
from the PV-MEA effluent gas stream is a worthwhile strategy for improving the future
performance of the tandem PV-MEA photothermocatalytic process.
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Figure 5. Performance of Ni/SIRAL-30 at 150 °C. Concentrations of butenes (A) and carbon
products yield (B) under various conditions mimicking gas concentrations produced in the PV-
MEA device: CO»/C>Hs corresponds to 5 vol.% CoHy, balance CO2; CO2/C2Ha/Hz is 5 vol.% CoHa,
5 vol.% Ha, balance CO»; CO2/C>2H4/H2/CO is 5 vol.% C:Ha, 5 vol.% Ha, 20 vol.% CO, balance
CO3y; and CO2/C2H4/H2/H20 i1s 5 vol.% C2Ha, 5 vol.% Ha, balance CO,, saturated with water. The
total flow rate for all compositions was 5 sccm.

Conclusions

We co-designed coupled microenvironments to develop a tandem, unassisted, solar-driven
electrochemical and photothermocatalytic process for the single-pass conversion of CO: to the Cs4
product, butene. This involved electrochemical CO2R-to-ethylene followed by ethylene
oligomerization to butene. To achieve this goal, we assessed two unassisted electrochemical
setups. In the first setup, we employed a monolithically integrated PV-EC flow cell designed for
use with a photoanode, operated at a current of 60 mA. We observed a maximum ethylene FE of
41%, which corresponded to a concentration of ~0.6 vol.% ethylene in the outlet gas stream, a
solar-to-ethylene conversion of ~1.3% and a single-pass CO conversion of ~0.87%. Recognizing
that the low effluent concentration of ethylene from this system would hinder dimerization in the
photothermocatalytic reactor, we evaluated a second CO2R reactor, a PV-MEA cell in which the
PV element is physically separated from the MEA-type reactor. This unit operated at a current of
610 mA and produced an outlet ethylene concentration of ~5.4 vol.%, corresponding to an average
solar-to-ethylene conversion of ~1.8% and average CO»-to-ethylene single pass conversion of
~5.6%. The outlet gas stream from the PV-MEA system was fed to the photothermocatalytic
reactor containing Ni-based catalysts (Ni-AISBA-15 or Ni-SIRAL-30). When the
photothermocatalytic reactor was heated to 150 °C by 3-sun illumination and operated at ambient
pressure, the initial concentration of butene was 600 ppm in the outlet gas stream. However, rapid
deactivation of both Ni-based catalysts occurred with time on stream. Additional experiments
revealed that for the concentrations of ethylene and CO; and the flow rate of effluent from the PV-
MEA reactor, Ni-SIRAL-30 produced a stable butene concentration of 1000 ppm. This work
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revealed that the deactivation observed for the tandem system is attributable to the presence of Ha,
which hydrogenates ethylene to ethane, and to the presence of CO and H>O, both of which cause
catalyst deactivation, an area for future improvement. Overall, we demonstrated unassisted, solar
driven conversion of CO; and water vapor to butene in a tandem PV-MEA and
photothermocatalytic system. Our work provides a critical demonstration of the co-design of solar
technologies to develop a solar-driven tandem process that converts CO into butene.
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