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Continuous Production of Ethylene and Hydrogen Peroxide
from Paired Electrochemical Carbon Dioxide Reduction and

Water Oxidation

Sotirios Mavrikis,* Matthian Nieuwoudt, Maximilian Géltz, Sophie Ehles, Andreas Korner,
Andreas Hutzler, Emeric Fossy, Andreas Zervas, Oshioriamhe Brai, Moritz Wegener,
Florian Doerrfuss, Peter Bouwman, Stefan Rosiwal, Ling Wang, and Carlos Ponce de Leén*

Paired electrolysis offers an auspicious strategy for the generation of
high-value chemicals, at both the anode and cathode, in an integrated
electrochemical reactor. Through efficient electron utilization, routine product
misuse at overlooked electrodes can be prevented. Here, an original paired
electrosynthetic system is reported that can convert CO, to ethylene (C,H,) at
the cathode, and water to hydrogen peroxide (H,0O,) at the anode under a
single pass of electric charge. Amongst various investigated copper (Cu)
nanomorphologies, the bespoke mixed Cu nanowire/nanoparticle catalyst
recorded a peak C,H, Faraday efficiency (FE) of 60% following 370 h of
electrolysis at 200 mA cm~2, while the tailored boron-doped diamond (BDD)
anode accumulated an unprecedented ~1% w/w of H,0, in 4 M K,CO; upon
applying 300 mA cm~2 for 10 h. When paired, the dual C,H,-H,0,
electrochemical cell attains a combined FE of 120% for 50 h at 200 mA cm~2,
a combined energy efficiency (EE) of 69%, and a 50% decrease in the overall
electrical energy consumption (EEC) compared to the individual

1. Introduction

Prominent aqueous electrochemical pro-
cesses such as carbon dioxide (CO,) re-
duction toward hydrocarbons and alco-
hols, or water reduction to H,, and N,
reduction to NH,;, allow for the electro-
generation of valuable organic and inor-
ganic commodities at the cathode, while
the anodic reaction, typically oxygen evo-
lution, is routinely disregarded.l'! Paired
electrolysis permits the practical elec-
trochemical production of such nexus
chemicals at both electrodes with min-
imal waste and by-product generation,
whilst also cutting costs, saving resources
and maximizing the energy efliciency
and atom economy of the combined

electrosynthesis of C,H, and H,0,.

system.[2]
The twelve-electron CO, reduction re-
action (12e~ CO,RR) has hastily garnered
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widespread attention as an appealing method for the electro-
chemical synthesis of ethylene (C,H,), the most commonly-
produced organic compound in the world, with a range of in-
dustrial applications including the large-scale production of ethy-
lene oxide, ethylene glycol and polyethylene.[®! State-of-the-art
copper (Cu) coated gas diffusion electrodes (GDEs) have shown
great promise for the formation of multi hydrocarbon (C,,)
species,I”® however major bottlenecks of this concept include
selectivity toward C,H, (with the hydrogen evolution reaction,
HER, being the predominant competing reaction, alongside CO
generation),®!) and the instability of the GDE due to catalyst
delamination and flooding of the diffusion layer.''"** The two-
electron water oxidation reaction (2¢- WOR) is an unconven-
tional yet propitious route for the electrochemical production of
hydrogen peroxide (H,0,), instead of oxygen, at the anode.[']
Despite not being as established as the popular two-electron oxy-
gen reduction reaction (2¢- ORR), notable advancements have
been made with respect to catalyst design and the current ef-
ficiency for H,0, electrosynthesis.['718] Practical limitations of
the 2e~ WOR, however, include inadequate H,O, output con-
centrations, low operational current densities, the stability of the
anode, and an overwhelming majority of investigations carried
out in laboratory-scale H-type batch cells, instead of industrially-
relevant and larger (pertaining to the active area of the catalyst)
flow reactors.

The feasibility of exploiting the anode, during the highly-
coveted electrochemical conversion of CO, toward C,H,, to pro-
duce valuable and versatile chemicals like H,O,, instead of oxy-
gen, has, to date, not been investigated.['>?2] Consequently, in
this work, upon optimization of each respective process sepa-
rately, the 12e~ CO,RR is coupled with the 2e~ WOR for the first
time, resulting in the assembly of an electrochemical flow reac-
tor where the in situ parallel dual electrosynthesis of C,H, (at a
Cu/GDE cathode) and H,0, (at a boron-doped diamond, BDD,
anode) is achieved simultaneously at a cell voltage of 4.99 V. This
promptly effectuates a combined energy efficiency (EE) of 69%,
alongside a 50% lower electrical energy consumption (EEC) of
11.77 kWhkg™ ;.o qucs a1d @ combined Faraday efficiency of 120%
under an applied current density of 200 mA cm~2 for 50 h of con-
tinuous paired electrolysis. A preliminary technoeconomic evalu-
ation of the combined electrolytic 12¢~ CO,RR/2e~ WOR system
showcases an estimated 42% increase in the added value (AV), as
well as a positive AV of €0.18 kg™1;, 4uas Of the paired electrosyn-
thesis products (C,H, and H,0,), compared to the non-paired
ones electrochemical process. The concepts developed, as well as
the results attained, within this work can be incorporated in a
future scaled up system where further nonelectrochemical trans-
formations can be realized, such as the chemical production of
ethylene oxide (C,H,O) from electrosynthesized C,H, and H,O,.

2. Results and Discussion

2.1. Bespoke 12e~ CO,RR and 2e~ WOR Catalyst
Characterization

A comprehensive characterization of the cathodic material in-
troduced for the 12¢~ CO,RR measurements carried out in this
work is presented in Figure 1. The self-ordered and moderately
natural agglomeration of the mixed Cu nanowire/nanoparticle
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catalyst deployed on the microporous layer of the GDE, for the
12¢~ CO,RR, can be seen in the top view (Figure 1a), bro-
ken cross-section (Figure 1b) and ion-mill-polished cross-section
(Figure 1c) SEM images. For easier differentiation of the GDE lay-
ers in Figure 1c, the Cu nanowires are artificially colored yellow,
the Cu nanoparticles orange, the fibrous carbon substrate grey,
and the conductive varnish for SEM imaging in violet. Conse-
quently, it is observed that the Cu nanowires generally do not in-
filtrate the finer pores of the rough carbon fibers, but instead gen-
erate a weblike network on its surface, spanning larger crevices
as seen in the centre of Figure 1b,c,g. The latter laser scanning
microscopy (LSM) mapping showcases the frequency and depth
of these cracks, commonly > 50 um, and that some of them are
overlaid and only emerge lightly, as confirmed by further SEM
images in the Supporting Information, revealing that the Cu
nanowire network interlines or bridges these apertures (Figures
S1-S4, Supporting Information). The Cunanowire network addi-
tionally appears mechanically stable (at breaking edges), forming
freestanding lamellae as seen in Figure 1b. In contrast to the Cu
nanowires, the Cu nanoparticles were embedded both in the Cu
network (up to ~2 um thick) and within the GDL (infiltration in
pores up to &5 um deep). In positions where only Cu particles,
primarily Cu nanocubes, were present at the fibrous carbon sur-
face, such as within the pores depicted in Figure 1c, the deposited
Cu layer measures 200 nm in thickness?

An average edge length of 69 nm (¢ = 14 nm) has been deter-
mined for the Cu nanocubes and an average diameter of 48 nm
(6 = 12 nm) is measured for the Cu nanowires, as portrayed in
Figure 1d,h,j. The chemical composition of the mixed Cu catalyst
is evaluated by STEM-EDXS and confirmed to be metallic copper
(Figure 1e), with minor signals for oxygen (Figure 1f), likely orig-
inating from the surface oxidation of a few atomic layers post-
electrolysis since the material was not hermetically sealed and
thus susceptible to air and humidity. This is further confirmed
by SAED analysis (Figure 1i). The Cu nanocubes were oriented
in {200} while the wires grow along the {110} axis (Figure 1h-k)
as has been reported.[?*%] The determination of the lattice dis-
tance can be found in Figures S5-S9 (Supporting Information).

XPS analysis of the Cu mixed catalyst surface reveals standard
carbon contamination, an oxygen O 1s peak and various copper
signals (Figure 11). The Cu 2p region displays distinct peaks for
metallic copper and various oxidized copper states like Cu,O,
CuO and Cu(OH),. XRD measurements (Figure 1m) further sup-
port the assumption of superficial oxides due to air exposure with
signals recorded from plain C-paper (violet), C-paper coated with
the Cu mixed catalyst (orange), and their difference (blue). In the
latter, all signals from the substrate were eliminated and the four
remaining peaks at 43.3°, 50.4°, 74.1°, and 90° agree with the ex-
pected diffraction signals for metallic face-centred cubic (FCC)
copper, of the {111}, {200}, {311}, and {222} planes, respectively
(JCPDS file no. 03-1018).226

Three boron doped diamond (BDD) coatings, deposited on
1 mm thick niobium plates (Figure S10, Supporting Informa-
tion) for the 2~ WOR in an electrochemical flow reactor, denoted
BDD-a, BDD-b and BDD-c (Table S1, Supporting Information),
respectively, were synthesized in a custom-built hot filament
CVD apparatus as described previously.[?’! The boron doping lev-
els, quantified by GDOES, have been adjusted to 12600 ppm for
BDD-a, and to 20000 ppm for BDD-b and BDD-c. Concerning
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Figure 1. Structural characterization of the novel 12~ CO,RR electrocatalyst used in this work. a) Top view SEM micrograph of the mixed copper
nanowire/nanoparticle electrocatalyst, scale bar: 5 um. b) SEM micrograph of a broken cross section SEM of the Mixed Cu/GDE, scale bar: 10 um.
c) lon-mill polished cross section SEM (artificially colored) of the Mixed Cu/GDE, scale bar: 5 um. d) STEM-HAADF analysis of the Mixed Cu catalyst
suspended in toluene, scale bar: 200 nm. e) STEM-EDXS analysis of the Mixed catalyst for Cu distribution. f) STEM-EDXS analysis of the mixed catalyst
for O distribution. g) LSM scan of the Mixed Cu-coated Vulcan GDE, scale bar: 1 mm. h) SAED of single Cu-wire-Cu lattice planes marked, scale bar:
100 nm. i) SAED-diffraction image of SAED of single Cu-wire-Cu lattice planes marked, scale bar: 15 nm~.j) SAED of single Cu-cube-Cu lattice planes
marked, scale bar: 100 nm. k) SAED-diffraction image of single Cu-cube-Cu lattice planes marked, scale bar: 15 nm~". I) XPS analysis showing Cu, C
and O signals (the Cu 2p region contains signals of both metallic and Cu oxide). m) XRD spectra of Mixed Cu/GDE (orange), plain/uncoated GDE

background (violet) and the remaining catalyst signal (blue).

the surface of the three variants, SEM micrographs (Figure 2a—)
disclose that BDD-a and BDD-b possess an average facet size of
0.47 and 0.48 nm, respectively, while BDD-c averages 0.91 nm.
The diamond coating thickness measures at 1.6, 1.6 and 3.1 um,
for BDD-a, BDD-b and BDD-c, respectively, while a microcrys-
talline morphology is uniformly spread across the niobium sub-
strate with an overall roughness (Rz) between 3 and 5 um
(Figure 2d; Figure S11, Supporting Information). EBSD analysis
(Figure 2e; Figure S12, Supporting Information) of the cross sec-
tion in Figure 2f confirms that the BDD morphology is polycrys-
talline with a predominant occurrence of {111} and {101} facets.

Adv. Energy Mater. 2024, 14, 2304247 2304247 (3 of 20)

XRD analysis (Figure 2g) further corroborates that the diamond
peaks exhibit a typical distribution for this morphology (JCPDS
file no. 06-0675),%8] while unmarked peaks were attributed to Nb
or NDbC of the substrate. In the Raman spectra of the diamond
films, the sp*-carbon peak at 1332 cm™! is tilted to the left and
overlayed by the signal at 1230 cm™! (Figure 2h) due to boron
doping. This phenomenon, coupled with the pronounced band at
500 cm™!, is associated with a high level of boron doping, and is
notably stronger for films BDD-b and BDD-c, whose sp?-carbon
bands at ~1500 cm™! were concealed. The same bands remain
visible for BDD-a, which possesses a lower boron doping level.[?’]

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 2. Structural characterization of the 2¢~ WOR electrocatalysts used in this work. a) SEM micrograph of the crystal morphology of BDD-a (facet
size: 0.467 um; boron doping: 12600 ppm), scale bar: 5 um. b) SEM micrograph of the crystal morphology of BDD-b (facet size: 0.487 um; boron doping:
22000 ppm), scale bar: 5 um. c) SEM micrograph of the crystal morphology of BDD-c (facet size: 0.908 um; boron doping: 12600 ppm), scale bar: 5 pm.
d) LSM scan of the surface morphology of BDD-c, scale bar: 200 um. e) EBSD scan of BDD-c demonstrating a polycrystalline structure with mostly {111}
and {101} facets, scale bar: 5 pm. f) FSD image of the EBSD scan of BDD-c, scale bar: 5 pm. g) XRD analysis of BDD-a, BDD-b and BDD-c exhibiting
peaks for {111}, {220} and {311}, Nb and NbC. h) Raman spectra of BDD-a, BDD-b and BDD-c with the sp*-carbon (diamond) signal at 1332 cm™!

visible but tilted by boron incorporation.

2.2. Optimized Electrocatalytic 12e~ CO,RR

Using the mixed copper electrocatalyst (optimal loading
1 mg cm~2; Figure S13, Supporting Information) in five
different combinations of substrate (Figures S14 and S15,
Supporting Information) and PTFE pre-treatment (Tables S2
and S3, Supporting Information), the electrocatalytic capability
of the bespoke GDEs to produce C,H, was investigated in an
H-cell for 2 h under a constant current density of 150 mA cm™2
in 1 m KOH (Figure 3a). Of the five GDEs evaluated, Mixed-1
recorded an average appt. FE of 48% throughout the duration
of electrolysis likely due to hydrophobic pre-treatment of the
macro and microporous layers as well as the excellent (observed)
adhesion of the mixed Cu electrocatalyst to the Vulcan carbon
particles, without the use of a binder. In contrast, mixed-2
exhibits a lower C,H, electrosynthesis performance (and a
higher selectivity toward CH, —Figure S16, Supporting Infor-
mation) which could be attributed to the inclusion of PTFE in
the catalyst ink (prior to coating), hindering the diffusion of
CO, to the catalyst surface, lowering the overall conductivity
of the GDE or rendering fewer active sites available for C,H,
production.’l Next, to assess the performance of the mixed
Cu catalyst to electrochemically convert CO, to C,H,, several
of the most prominent Cu catalyst morphologies reported in
the 12¢~ CO,RR literature were prepared in house,[?>3% coated
on the Vulcan substrate (Table S4, Supporting Information),
and evaluated under identical operating conditions (see Experi-
mental Section). As seen in Figure 3D, the bespoke mixed GDE

Adv. Energy Mater. 2024, 14, 2304247 2304247 (4 of 20)

exhibited an impressive C,H, accumulation ability, attaining an
apparent (appt.) FE of 49% at 200 mA cm™? and maintaining
an appt. FE above 40% at 300 mA cm~2, whereas the other Cu
nano-catalyst GDEs were unable to reach an appt FE of 40%.
The superior C,H, electrocatalytic capability of the bespoke
mixed Cu nanowire/nanoparticle catalyst, compared to the other
Cu morphologies (Figure S17, Supporting Information), can
likely be attributed to a synergistic effect amongst the nanowire
and nanoparticle morphologies, emerging from their different
geometries. It is observed that the Cu nanowires form a sec-
ond nano porous layer upon the Vulcan-based GDL, vaguely
reminiscent of a copper “nano felt” (Figures S1-S4, Supporting
Information), that can bridge the larger crevices within the
GDL surface, exhibiting excellent adhesion to the Vulcan-based
GDL as well as noteworthy mechanical strength. The smaller
Cu nanoparticles infiltrate the finer pore networks of the GDL,
and additionally occupy the Cu nano felt formed by the Cu
nanowires. The strong adhesion of the Cu nano felt to the Vul-
can GDL, and of the Cu nanoparticles to the Cu nanowires, both
render the utilization of a binder superfluous. The additional
3D catalyst loading capacity of the GDE substantially increases
the amount of active material per geometric surface area, likely
allowing for higher FEs at larger current densities. The 3D
loading capacity permits the Cu catalyst to trap and interact with
CO, constantly flowing through the larger and spanned cracks
within the GDL that would otherwise leave the cathode with no
contact with the Cu catalyst at any point. The Cu nanowires also
aid lateral and vertical conductivity by way of connecting the

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 3. Electrocatalytic 12~ CO,RR screening measurements using bespoke copper-based GDEs in an H-type cell. a) Apparent (Appt.) C,H, faradaic
efficiency during a two-hour continuous chronopotentiometry measurement at 150 mA cm™2 in 1 M KOH using the mixed Cu electrocatalyst loaded
on different carbon-based substrates (see Table S3, Supporting Information). b) Appt. C,H, faradaic efficiency from the screening of the 12¢~ CO,RR
electrocatalytic performance of various Cu based catalysts, loaded onto a Vulcan XC 72R/Sigracet SGL 28 BC support, in 1 M KOH within an applied
current density range of 50-300 mA cm~2 (increments of 50 mA cm~2; electrolysis duration: 5 min at each current). c) Appt. C,H, faradaic efficiency
of the Mixed-1 GDE in different KOH solutions plotted as a function of the applied current. d) Appt. C,H, faradaic efficiency of the mixed-1 GDE in
different concentrated potassium-based aqueous solutions versus the applied current. e) Appt. C,H, faradaic efficiency of the mixed-1 GDE in different
concentrated potassium-based aqueous solutions versus the applied current.
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incorporated Cu nanoparticles to the source of electrical energy,
the GDE surface, minimizing the ohmic drop within the GDE.
The electrical conductivity of the GDE is also enhanced by the
lack of a binder in the Cu catalyst ink.

In an attempt to further suppress the HER and minimize
ohmic losses, four different concentrations of KOH (1-4 M) were
evaluated in standard H-cell conditions using the Mixed-1 elec-
trode (Figure 3c). Upon doubling (2 M) and tripling (3 M) the
catholyte concentration, a notable increase in the appt. FE for
C,H, production is observed, with a peak appt. FE of 54.4%
reached at 200 mA cm™ in 3 m KOH. Interestingly, increas-
ing the KOH concentration to 4 M results in an overall dimin-
ished performance (Figure S18, Supporting Information), with
the appt. FE peaking at 150 mA cm™2 (50.1%), before rapidly
dropping to below 35%, contradicting prior studies which have
reported enhanced C,H, FEs in KOH concentrations of up to
10 m.3132] The performance of mixed-1 was additionally deter-
mined in several concentrated potassium-based aqueous elec-
trolytes (Figure S19, Supporting Information), with pH values
ranging between neutral and alkaline (Table S5, Supporting In-
formation). The carbonate-based solution (5 M K,CO,) exhib-
ited the highest selectivity toward C,H, at lower currents (57%,
100 mA cm~2) before rapidly declining to 30% at 300 mA cm™>
(Figure 3d). Bicarbonate-based solutions (2 M KHCO,) displayed
a constant appt. FE of 50-52% throughout the duration of elec-
trolysis, while 3 M KOH, reaches peak appt. FEs (53-54%) be-
tween 200 and 250 mA cm~2, with an overall lower overpoten-
tial for the 12e~ CO,RR. Of the potassium halides salts assessed,
3 M KI attained the highest appt. FE of 48.75%, maintaining that
value throughout the duration of electrolysis. Finally, electrolyte
engineering (Figures S20-S24, Supporting Information) was em-
ployed to identify the optimal catholyte composition for maxi-
mal C,H, accumulation during electrochemical CO, reduction
(Table S5, Supporting Information). The addition of potassium
halide salts in a standard 1 m KOH solution improved C,H, elec-
trosynthesis in all the tests carried out (Figure 3e) under stan-
dard H-cell conditions, resulting in a percentage increase of up
to 17% apart from 3 m KI/1 m KOH, which reached a maximum
appt. FE of 59.23% at 100 mA cm™2, a 43% percentage increase
compared to plain 1 m KOH. This observed 12¢~ CO,RR perfor-
mance augmentation in our engineered KI/KOH mixture may
be attributed to enhanced *CO adsorption and population at the
surface of the mixed Cu catalyst,**34 likely stimulated by the syn-
ergistic co-adsorption of the I~ anion, resulting in ameliorated
C—C coupling.[>>3¢]

Upon identifying the optimal Cu catalyst (mixed Cu), GDL
(Vulcan-based) and electrolyte (KOH/KI) combination for en-
hanced C,H, electrosynthesis via CO,RR in an H-cell, a divided
flow reactor (Figure 4a) was assembled with a 10 cm? cathode
to evaluate the performance of the GDE under flow conditions.
First, electrolyte screening measurements were carried out at a
current range of 0.1-0.8 A cm™ (Figure S25, Supporting Infor-
mation) to determine an ideal KOH/KI molar ratio as well as the
applied current value upon which the apparent FE for C,H, was
highest. As seen in Figure 4b it was found that a molar ratio of 1 m
KOH/2 m KI reached a maximum appt. FE of 60% at 0.2 A cm™2
and maintained an appt. FE above 40% up to 0.7 A cm~2. Con-
sequently, a prolonged cumulative C,H, electrosynthesis mea-
surement was carried out at an applied current of 0.2 A cm™2
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(Figure 4c) in 1 M KOH/2 M KI for 370 h of chronopotentiome-
try under single pass flow conditions. The mixed-1 GDE exhib-
ited a remarkable stability over 370 h of electrolysis maintaining
a constant cell voltage of 4.2 V (Figure 4d) at an applied current
0f 0.2 A cm™2, corresponding to a specific electrical energy con-
sumption (EEC) of 84.8 kWh kg~',;;,, notably higher than the
7.5 kWh kg™ ,y;, required for hydrocarbon steam cracking.”]
With respect to gaseous product distribution our ECO,RR sys-
tem achieved a constant appt. FE of 60% for C,H, production,
35% and 4% for H, and CO evolution, respectively, and addition-
ally generated CH, at FEs below 1% over 370 h at 0.2 A cm™
(Figure 4f). The attained C,H, FE (60%), cell voltage (4.2 V), sta-
bility (370 h) and peak current density (800 mA cm~?) values
achieved in this electrochemical arrangement using mixed-1 are
amongst the most notable in the 12~ CO,RR literature (Table S6,
Supporting Information), particularly with respect to the larger-
than-typical area of the mixed/Vulcan GDE (10 cm? for mixed-
1 vs. 1 cm? for most GDEs), demonstrating the scalability and
versatility of the bespoke mixed Cu nanowire/nanoparticle cata-
lyst.

2.3. Electrocatalytic 2~ WOR Under Flow Conditions

The 2¢~ WOR electrocatalytic performance of BDD-a, the most
active of the BDD films developed for this research (Figures S26
and S27, Supporting Information), to generate H,O,, is evalu-
ated in a two-compartment, two-reservoir and two-electrode flow
electrolyser (Figure 5a) using several carbonate-based aqueous
electrolytes under recirculation flow conditions (400 mL min~!)
within an applied electrical current range of 100-1000 mA cm™2.
The composition and key properties of each assessed anolyte
can be found in Table S7 (Supporting Information). In 2 Km
K,CO;, 3.5 M of the “optimized (3.5 M K,CO,/0.5 M KHCO,)”
electrolyte and 4 M K,CO,, large current densities of up to
1 A cm™? were recorded at average cell voltages of 8-9.5 V
(Figure 5b), while the respective cell voltages recorded in 1 m
K,CO;, and 2 M of the “hybrid (2 M K,CO;/2 M KHCO,)” so-
lution were already quite elevated at applied currents of 700—
800 mA cm~2. The concentration of H,0, accumulated in the
evaluated solutions increased proportionally to the increase in
the applied current, with maximum values of 0.11, 0.116 and
0.12 m H,0, (0.42-0.45% w/w H,0,) attained in 2 m K,CO;,
3.5 M “optimized” and 4 M K,CO, (Figure 5c), thus accentu-
ating the notable positive (redox) catalytic role of the carbon-
ate ion (CO,;27) on anodic H,0, electrosynthesis.[?3¥4% This
notable influence of CO,2~ in H,0, accumulation is further
highlighted when quantifying the faradaic efficiency (appt. FE)
for H,0, production (Figure 5d), in which the FE peaks at
63% under an applied current of 300 mA cm~? when 4 M
K,CO; is used as an electrolyte, compared to 60.9%, 57.55%,
56.1% and 48.4% for 2 M “hybrid”, 3.5 M “optimized”, 2 M
K,CO; and 1 M K,CO;, respectively, at the same applied cur-
rent density. The gradual decay in the again appt. FE can be at-
tributed to elevated OER as the applied current increases,!*!] as
well as further electrochemical oxidation of generated H,0, un-
der recirculation flow conditions. The H,0—H,0O, partial cur-
rent density of BDD-a gradually increases as the applied cur-
rent increases, reaching a maximum value of 425 mA cm™2

geom?
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Figure 4. Prolonged C,H, electrosynthesis measurement carried out in an electrochemical flow reactor. a) Simplified 3D schematic of the key com-
ponents of the customized ElectroCell electrochemical flow reactor that can generate C,H, via the 12¢~ CO,RR using a Cu-coated GDE. A detailed
exploded-view diagram of the flow reactor can be seen in Figure S33 (Supporting Information). b) Appt. C,H, faradaic efficiency of the mixed-1 GDE in
different KOH/KI solutions as a function of the applied current (0.1-0.8 A cm~2; increments of 0.1 A cm™~2; electrolysis duration: 5 min at each applied
current). c) Applied electrical current versus time. d) Recorded total cell voltage plotted as a function of time. e) Calculated electrical energy consumption
(EEC) plotted as a function of time. f) Appt. faradaic efficiency of the gaseous products (orange circles: CO; purple triangles: H,; pink squares: C,H,)
formed during a 370-h cumulative chronopotentiometry (0.2 A cm~2) stability measurement in 1 M KOH/2 m Kl using the bespoke mixed-1 GDE, which

was replaced periodically.

corresponding to an initial (within the first 5 min of electrol-
ysis) H,0, production rate of 135 umol cm™ min~!, in 4 M
K,CO;, at a cell voltage of 9 V (Figure 5e), markedly the largest
H,0, production rate amongst the current existing 2e- WOR
electrocatalysts (Table S8, Supporting Information).[*>=#¢] The 2¢~
WOR performance of BDD-a in the 3.5 m “optimized” solution
is also quite notable (jp,, 400 MA cm™?,,,,; int. H,0, produc-
tion rate 127 pmol cm= min™?), albeit at a slightly higher cell
voltage (9.5 V) upon the application of a total electric current of
1000 mA cm™,,,..

The long-term H,O, electrosynthesis capability of BDD-a is
further evaluated at a constant applied current of 300 mA cm™
(Figure 6a), where the maximum appt. FE of 63% was attained,
in plain 4 M K, CO,, as well as different 4 M K,CO, solutions con-
taining 4 and 8 g L™! of sodium metasilicate (Na,SiO;), respec-
tively, a known peroxy-species stabilizer,[*’! for 10 h under contin-
uous recirculation flow conditions. The BDD-a anode exhibited

Adv. Energy Mater. 2024, 14, 2304247 2304247 (7 of 20)

an impressive stability maintaining a fairly constant cell voltage
of ~6 V in all three electrolytes (Figure 6b), though fewer oxy-
gen bubbles were observed in the mixtures containing Na, SiO;,
likely due to its ability to slightly curtail H,O, electrooxidation
toward O,. This phenomenon is further evident when observ-
ing the accumulation of H,O, over time in the three solutions;
within 6 h of electrolysis the concentration of H,0, plateaus at
~120 mm (0.45% w/w) in 4 M K,CO;, 175 mm (0.66% w/w)
in 4 M K,CO; containing 4 g L™' Na,SiO;, and an unprece-
dented, for the 2~ WOR, 250 mm (0.94% w/w) in 4 M K,CO,
containing 8 g L~! Na,SiO, (Figure 6c¢). Contrastingly, the appt.
FE for H,0, accumulation gradually decreases over time un-
der recirculation galvanostatic flow due to the predominance of
the OER, competitive H,O, electrooxidation to O, and natural
H,0, disproportionation,/*! though this FE decay is markedly
hindered in 4 M K,CO, containing 8 g L~ Na,SiO, (Figure 6d)
compared to the other two mixtures.

© 2024 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH
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Figure 5. Electrolyte screening for the 2¢~ WOR using BDD-a in a custom-made flow reactor with an electrolyte flow rate of 400 mL min~". a) Schematic
diagram of the experimental setup used to electrochemically produce H,O, via water oxidation, using BDD-a, under recirculation and galvanostatic
flow conditions. b) Average cell voltage plotted as a function of the applied current density (range: 0~1000 mA cm~2; increments of 100 mA cm™2;
electrolysis duration: 5 min for each current; fresh solution used for each individual experiment) using BDD-a in five different potassium carbonate and
bicarbonate-based solutions (as reported in the 2¢~ WOR literature — see Table S8, Supporting Information). c) Concentration of electrochemically
generated H, O, versus the applied current. d) Appt. H,0, faradaic efficiency of BDD-a in different K,CO3; /KHCO; solutions plotted as a function of the
applied current. e) Partial current density (left Y axis) and initial (int.) H,O, generation rate (right Y axis) of BDD-a in different K,CO3;/KHCO; solutions
under the average cell voltage.
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Figure 6. Prolonged electrosynthesis of H,0, via the 26~ WOR using BDD-a in a custom-made flow reactor with an electrolyte flow rate of 400 mL min~".

]

a) Applied electrical current versus time. b) Total cell voltage of BDD-a recorded in 4 m K,CO; (purple trend), 4 m K,CO; mixed with 4 g L™! Na,SiO;
(vellow trend), and 4 m K, CO5 mixed with 8 g L=! Na,SiO; (pink trend) plotted as a function of time. c) Accumulation (recirculation) of electrochemically
generated H,0, over time using BDD-a in different 4 m K,COj5 solutions. d) Appt. H,0O, faradaic efficiency as a function of time. e) Absorbance of two
different concentrations of basic fuchsine dye (15.4 and 154.4 mm) plotted versus time, as electrochemically generated H,O, (from BDD-a) decolorises
the dye. Inset photograph: degradation of concentrated dye over 3 h. f) Electrochemically accumulated H,O, (left Y axis) and H,O, faradaic efficiency
(right Y axis) plotted as a function of the concentration of tert-butanol added to the anolyte. g) Photoluminescence spectra collected for BDD-a in 2 m
K,CO;3 with 5 mm of coumarin following a 30 min period of electrolysis. Inset photograph: formation of 7-hydroxycoumarin (yellow-colored solution)

during electrolysis.

The electrochemical production of the unrivaled H,O, concen-
trations (0.94% w/w) for the 2¢e~ WOR attained in this work is
further confirmed via the complete decolorisation and degrada-
tion of organic dye contaminants (ex. Basic Fuchsine)[3# in deion-
ized water using H,0O, samples derived from the 10 h continu-
ous recirculation flow stability test (Figure 6¢). The degradation
of the dye was quantified by measuring the UV-vis absorbance
of the solution as a function of time (Figure 6e). The dye was pre-
pared in two concentrations, 15.4 mm (pink trend) and 154.4 mm
(maroon trend) of aqueous Basic Fuchsine. Both dye solutions
were promptly degraded upon the addition of H,0,. As seen in
the inset digital photograph within Figure 6e, the 154.4 mm Ba-
sic Fuchsine dye solution turns completely colorless within just
140 min (~2.3 h), a notably faster decolorization rate compared
to the literature,[*) showcasing the impressive oxidizing strength
of the electrochemically generated H,O, in this work, under re-
circulation flow conditions.

Adv. Energy Mater. 2024, 14, 2304247 2304247 (9 of 20)

The impressive and superior electrocatalytic activity of BDD-a,
compared to the other two prepared anodes, BDD-b and BDD-
¢, can likely be attributed to its larger sp®/sp? carbon ratio, and
its rough surface where direct electron transfer can occur due to
the formation of a large concentration of hydroxyl radicals (HO*).
The HO" radicals, formed via the 1e~ WOR, may react with the
dissolved inorganic carbon (DIC) species within the carbonate
system (CO,2~/HCO,") of the aqueous supporting electrolyte,
resulting in intermediate species (like CO,;°~ and HCO,™) that
upon further oxidation and hydrolysis steps, respectively, pro-
mote selective H,0, electrogeneration.['’] The effect of adding
tert-butanol, an HO® radical quenching agent,®" during the elec-
trochemical production of H,O,, via water oxidation, in 4 M
K,CO;, under recirculation flow conditions at an applied current
of 300 mA cm~2, is shown in Figure 6f.

The H, 0, concentration and appt. FE for H,O, production, af-
ter 5 min of electrolysis without the presence of the tert-butanol
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HO* radical quencher, both reach ~52 mwm and 63%, respec-
tively. Upon the addition of 0.5 M tert-butanol, following 5 min
of electrolysis in a fresh solution (4 m K,CO; and 0.5 M tert-
butanol), a notable drop in H, 0, accumulation and production is
observed, with a concentration of just 30 mm determined, along-
side an appt. FE for H,O, electrosynthesis of 37% (Figure 6f).
Consequently, the addition of 0.5 M tert-butanol in the aque-
ous supporting electrolyte for the 2e~ WOR can lead to a 42.3%,
for the output H,0, concentration, and 41.3% for the appt. FE
for H,0, production, drop, respectively, of a BDD-based sys-
tem, suggesting that electrochemical H,O, generation occurs in-
directly via the precursory one-electron formation of the HO®
radical.

For the detection of HO® radicals in water, generated at the
surface of BDD-a, coumarin, a probe molecule that selectively
reacts with HO®, was added to the carbonate supporting elec-
trolyte. Coumarin will react with HO® to form the fluorescent
compound 7-hydroxycoumarin that possesses an excitation peak
at 477 nm.>Y Thus, in a 2 M K,CO, aqueous supporting elec-
trolyte containing 5 mm of the probe molecule coumarin (100 mL
per reservoir; recirculation flow conditions at 400 mL min™!), a
constant current density of 300 mA c¢cm~? was applied contin-
uously for 30 min, during which samples were collected at 5,
10, 20 and 30 min, to determine whether the HO® is produced
by BDD-a during the 2¢e~ WOR, and detected via coumarin (or
specifically, 7-hydroxycoumarin formation), thereby confirming
the hypothesis formulated by this research group that the HO® is
a key intermediate species for the electrosynthesis of H, 0, at the
anode. As noted in Figure 6g, after just 5 min of electrolysis in
K,CO;, BDD-a generated a sufficient amount of HO® detectable
at the excitation wavelength of 477 nm (blue line). As electroly-
sis progresses, the corresponding peaks associated with samples
taken at 10 min (green line), 20 min (yellow line) and 30 min
(pink line) become larger, thus indicating that a larger concen-
tration of HO® radicals is produced over time, which is directly
correlated with the notable increase in the concentration of H, 0,
(Figure 6c¢) as a function of the duration of chronopotentiometry
under recirculation and galvanostatic flow. This observation pro-
vides further support to the theory that, in the BDD/carbonate
system assembled within this work for the electrochemical pro-
duction of H, 0, via water oxidation, the formation of H,O, oc-
curs indirectly, likely via the initial electro-generation of HO® rad-
icals from the 1e- WOR.

A more appropriate arrangement for the evaluation of the sta-
bility of BDD-a to electrochemically produce H,O, via the 2e~
WOR over a prolonged period of time was thus assembled and
can be seen in Figure 7a. Under single-pass, galvanostatic flow
conditions,®] whereby, for the working electrode (BDD-a) com-
partment, one reservoir is used to accommodate the anolyte (4 m
K,CO;) and one reservoir is utilized to collect electro-generated
H,0,, a constant current density of 300 mA cm~2 is applied for
350 h (Figure 7b) at an electrolyte flow rate of 5 mL min~'. Within
this setup, BDD-a can maintain a constant cell voltage of 5.5 V at
300 mA cm~2 for the entirety of the continuous electrolysis pro-
cess (Figure 7c), thus exhibiting excellent stability. In contrast to
the recirculation flow conditions implemented previously, BDD-
a can maintain a constant H, O, output concentration of 90 mm
(Figure 7d), as well as a stable appt. FE of 60% (Figure 7e), for a
record 350 h of chronopotentiometry at 300 mA cm™2, accentuat-
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ing the exceptional capability of BDD-a, the most durable anode
for the 2¢~ WOR designed and investigated to date (Table S8, Sup-
porting Information), to accumulate H,O, at a stable rate over
multiple weeks.

2.4. Paired C,H, and H,0, Electro-Synthetic Reactor

The durable and high-performance 12¢- CO,RR cathode and
catholyte combination is coupled with the highly active 2~ WOR
anode/carbonate system, thus resulting in the assembly of an ef-
ficient electrochemical reactor, where the unprecedented parallel
paired electrosynthesis of C,H, via CO, reduction, and H,0, via
water oxidation, at industrially-relevant applied current densities,
is realized for the first time. In the separated electrochemical flow
cell depicted in Figure 8a, our state-of-the-art mixed Cu/Vulcan
GDE is employed for CO, conversion to C,H, using a 1 M
KOH/2 M KI aqueous catholyte, while BDD-a is utilized for H,0,
electro-generation via water oxidation in a 4 M K,CO, anolyte.
Operated under single pass, galvanostatic continuous flow (elec-
trolyte flow rate: 5 mL min~!; CO, flow rate: 0.1-0.2 L min~!) at
an optimized applied current density of 200 mA cm~2 (Figure 8b),
our unique paired 12¢~ CO,RR/2e~ WOR cell maintained a sta-
ble total cell voltage of 5 V for 50 h of constant electrolysis
(Figure 8c), exhibiting the excellent compatibility of the two reac-
tions, and stability of the developed anodic, and in particular, ca-
thodic electrocatalysts (Figure S28, Supporting Information). At
200 mA cm™2, our parallel paired electrolysis system achieved an
unprecedented combined faradaic efficiency of 120% (FE~60%
for the separated 12¢- CO,RR and 2e~ WOR, respectively) over
50 h of chronopotentiometry (Figure 8d), which agrees well
with the individual half-cell investigations previously carried out
in the flow cell and H-type cell (the remaining ~80% elec-
tron migration is attributed to the observed thermodynamically-
favorable competing O,, H, and CO evolution reactions). The
paired 12e~ CO,RR/2¢e~ WOR reactor also possesses an energy
efficiency (EE) of 69%, and a specific energy consumption of
11.77 kWh kg™, quas (mole ratio of 1:6, C,H,:H,0,), a 50% de-
crease compared to operating the flow cell using one working
electrode (for either C,H,, or H,0,, production, individually), in-
stead of two as in this instance (Figure S29 and Table S9, Sup-
porting Information). A rudimentary technoeconomic analysis
of our new paired 12¢- CO,RR/2¢” WOR electrochemical sys-
tem further reveals the irrefutable advantage of paired electroly-
sis, that being a 42% increase in the added value (AV) of the paired
electrosynthesis products (1 kg C,H, and 7.05 kg H,0,) com-
pared to the non-paired process (Tables S10-S12, Supporting In-
formation). For the most optimistic technoeconomic estimation,
where a purchase cost reduction of @ = 5% is utilized (see Exper-
imental Section) for laboratory-scale purchase prices, a positive
AV of €0.18 kg™!}, quass 1S calculated for the C,H,/H,0, electro-
synthetic flow reactor compared to a loss of €3.49 kg™, e
for the non-paired electrochemical processes (Figure S30, Sup-
porting Information). Our device thus allows for the efficient
and continuous paired, in situ, electrosynthesis of C,H,, via
electrochemical CO, conversion, and H,O, from water electrol-
ysis, at large applied electrical currents, with a lower energy
cost, and a higher energy efficiency, over an extended period of
time.
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Figure 7. Prolonged H,0O, electrosynthesis via the 26~ WOR carried out in an electrochemical flow reactor. a) Schematic diagram of the experimental
setup used to electrochemically produce H,0, via water oxidation, using BDD-a, under single pass and galvanostatic flow conditions. b) Applied
electrical current versus time. c) Total cell voltage of BDD-a recorded in 4 m K,COj5 plotted as a function of time. d) Accumulation (single-pass) of
electrochemically generated H, 0O, over time using BDD-a in 4 m K,CO3. e) Appt. H,0, faradaic efficiency as a function of time.
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Figure 8. Electrosynthetic reactor for the parallel paired electrosynthesis of C,H, and H, 0O, via CO, reduction and water oxidation. a) Schematic diagram
of the experimental setup used to electrochemically produce C,H,, via CO, reduction using the bespoke mixed-1 GDE, and H,0,, via water oxidation

using BDD-a, simultaneously in a three-compartment flow reactor, under sin

gle pass electrolyte flow conditions, using a single pass of charge. b) Applied

electrical current versus time. c) Total cell voltage of the paired C,H4-H,0, electrosynthetic reactor plotted as a function of time. d) Appt. H,0O, (blue
squares), C,H, (yellow circles) and H,0, + C,H, (pink stars) faradaic efficiency as a function of time.
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Amongst the most recent paired electrolysis cells assembled
within the electrochemical CO,RR or 2e- WOR/ORR literature,
the electro-generation of CO or HCOOH, as well as the con-
vergent paired electrosynthesis of H,0,, respectively, have re-
currently been reported.5>** Our parallel paired C,H,/H,0,
electro-synthetic reactor is the first, and hitherto only, to cou-
ple the 12¢- CO,RR with the 2¢e- WOR, a combination pre-
viously considered to be unfeasible due to perceived limita-
tions associated with the electrocatalytic performance of 2e~
WOR catalysts.>] The results from the measurement depicted
in Figure 8 confute this view, as C,H, and H,0, were simul-
taneously, and uniquely, produced at the largest applied current
(200 mA cm~2) using some of the most sizeable (10 cm?), and the
most durable (50 h), electrodes, whilst also delivering the most
noteworthy EEC decrease (50%) of the paired electrolysis systems
described to date (Table 1).

The dual C,H,/H,0, electro-synthetic reactor proposed
herein can thus effectuate substantial advancements to CO, flow
electrolyzers apropos of their overall electrical energy consump-
tion and commercial value.

3. Conclusion

In this work, we sought to address a key bottleneck of contem-
porary CO, flow electrolyzers associated with the wasteful op-
eration of the counter electrode by pairing the electrochemical
reduction of CO, toward C,H,, with the oxidation of water to
H,0, in an integrated electrochemical flow reactor. By synthe-
sizing a bespoke mixed Cu nanowire/nanoparticle electrocatalyst
loaded onto a Vulcan carbon-based GDL, we first optimized the
cathodic reaction, separately, achieving a stable electrocatalytic
performance up to 700 mA cm~2 and a peak FE of 60% for C,H,
production, alongside an average cell voltage of 4.2 V, in an en-
gineered KOH/KI catholyte over 370 h of chronopotentiometry
at 200 mA cm~2. For water oxidation, our tailored BDD-a coat-
ing, grown on niobium, generated H,O, at a maximal concen-
tration of ~#1% w/w in 4 M K,CO,/8 g L' Na, SiO; after 10 h of

continuous electrolysis at an industrially relevant 300 mA cm~2,

attained a peak H,O, production rate of 135 umol cm~2 min~1,
and delivered a stable FE of 60% for 350 h of chronopotentiom-
etry at 200 mA cm~2 under single pass flow conditions. Con-
sequently, we assembled a unique C,H,-H,0, electrosynthetic
flow reactor operated under single pass galvanostatic flow con-
ditions to generate the two nexus chemicals at both the anode
and cathode, simultaneously, thus maximizing the atom econ-
omy and electron utilization of the system and lowering the over-
all electrical energy consumption of the process. Upon applying
200 mA cm~2, we obtained a stable total cell voltage of 4.99 V
over 50 h of continuous dual electrosynthesis and a combined
FE of 120% for a 1:6 mole ratio of C,H, and H,0,, respec-
tively, corresponding to an EE of 69%, and a specific EEC of
11.77 kWh kg™ o qucis> @ 50% decrease compared to the EEC of
the setup for the individual production of either C,H, or H,0,,
separately. Additional and advanced research into the functional-
isation or modification of the mixed Cu nanowire/nanoparticle
catalyst with organic molecules or elements like cerium and io-
dide may enhance CO-intermediate adsorption on Cu atoms at
the surface of the 12¢~ CO,RR catalyst, thereby improving selec-
tivity toward C,H,, and thus augmenting the current and energy
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efficiency of our paired electrolysis system. Likewise, for the 2e~
WOR, an enriched insight into the precise properties (sp*/sp?
ratio, B-doping, crystallite facets) of BDD coatings, loaded on
highly-conductive yet cost-effective substrates, that influence su-
perficial HO* radical generation in carbonate-based aqueous me-
dia, will stimulate increased H,0, accumulation over time, thus
effectuating improved FEy , values and minimizing the EEC
of the dual C,H,/H,0, electrosynthetic reactor. The advance-
ments presented herewithin unlock new research avenues for the
large scale, efficient and synchronous electrosynthesis of valuable
commodities at both the anode and cathode, with a significantly
diminished energy cost, that with further indagation and opti-
mization, may soon compete with mainstream industrial behe-
moths, such as steam cracking or anthraquinone autooxidation,
and render them obsolete.

4. Experimental Section

Chemicals and Materials: ~ All chemicals and reagents utilized in this re-
search were of analytical grade, were used without further purification and
were purchased from Merck (Sigma-Aldrich), unless specified. All aque-
ous electrolytes were prepared daily by dissolving solid powder or pellet
precursors (weighed using a Fisherbrand 0.0001 g Analytical Balance) in
deionized water (HPLC grade purchased from Sigma-Aldrich or Milli-Q
Direct 8 Water Purification System, 18.2 MQ cm at 25° C). The aqueous
electrolytes were stirred for at least 30 min, using a borosilicate-coated
magnetic stirring bar, on a hotplate/magnetic stirrer (RCT basic S002 mag-
netic stirrer) and sealed in Schott glass containers (volume 0.5-1 L) to
equilibrate to room temperature. The pH of all the prepared electrolytes
was determined using a Jenway 3510 pH meter (pH accuracy + 0.003 be-
tween —2.000 and +19.999), while the specific conductance (or electrolytic
conductivity, k) of the aqueous solutions was measured using a Metrohm
912 Conductometer (+ 1% accuracy between 1and 500 mS cm™'). The
primary properties (concentration, pH and conductivity) of the aqueous
electrolytes used in the experiments further detailed in this work can be
found in Tables S5 and S7 (Supporting Information). All carbon-based gas
diffusion layers (GDLs) were purchased from Fuel Cell Store. The niobium
(Nb) plates upon which the bespoke boron-doped diamond (BDD) coat-
ings were grown (via hot-filament chemical vapour deposition, HF-CVD)
were purchased from Metakem and have a thickness of 1 mm. The Nafion
115 membranes utilized in the electrochemical measurements reported in
this research were purchased from Chemours (DuPont).

Electrocatalyst ~ Synthesis: The bespoke mixed copper (Cu)
nanowire/nanoparticle catalyst, for the twelve-electron carbon diox-
ide reduction reaction (12e~ CO,RR), was synthesized via chemical reflux
in which a 500 mL three-necked round bottom flask connected to a water
column was supported in a metallic heat jacket (IKA H 135.30 Flask
carrier 500 mL without handle), filled with glass wool (Thermo Scientific
Chemicals), and placed on top of a hotplate (IKA RCT basic S002). One
neck was sealed airtight using sealing grease with a glass stopper, while
the remaining neck was used to constantly feed nitrogen (N,) gas into the
system, eliminating any oxygen present that would oxidise the solution
and prevent the formation of Cu nanowires/nanoparticles. The water
column possessed a glass trap and bubbler on the top vertical outlet
(also sealed with grease), which contained oleylamine (technical grade,
70%), thus ensuring a single direction of N, flow and further preventing
O, contamination. A volume of 63 mL of oleylamine was added to the
round bottom flask, after which 5.21 g of tri-n-octylphosphine oxide
(TOPO, 99%, Thermo Scientific Chemicals) and 0.7754 g of copper (I)
bromide (CuBr, 98%, extra pure, Thermo Scientific Chemicals) in a mass
ratio of 0.87:0.13, respectively, were immediately added to the solution.
The system was flushed continuously with N, and was quickly heated to
80° C, where it was constantly stirred for 15 min. Water was then flown
through the glass condenser, and the mixture was heated to 260° C and
left for 2 h (during this time, the mixture color turns a reddish-brown
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Ref.

EEC
drop/%

EEC/

t/h
kWh kg_]products

Combined

Jj/mA cm~2

Products Ecat/V

SA/ cm? Cell Type

Electrodes

Reactions

Table 1. (Continued)

Electrolysis Type
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FE/%

This

50 11.77 50

200 120

(C) CuH, and (A) 4.99

Divided flow cell

10

(C) Mixed Cu/GDE

(C) 12~ CO,RR and

Parallel paired

work

202

H

and (A) BDD/Nb

(A) 26 WOR

(C): cathode; (A): anode; CO,RR: carbon dioxide reduction reaction; OR: oxidation reaction; ORR: oxygen reduction reaction; WOR: water oxidation reaction; AOR: alcohol oxidation reaction; GOR: glycerol oxidation reaction;

FOR: formaldehyde oxidation reaction; SOR: sulphide oxidation reaction. Data included in this table derived from literature (excl. this work).
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copper color). After exactly 2 h of heating, the system was allowed
to naturally cool to room temperature conditions, upon which excess
n-hexane (99+9%, for analysis, Thermo Scientific Chemicals) was slowly
added to the copper-colored mixture. The mixture was then divided into
two centrifugal tubes and centrifuged at 4000 rpm for 5 min to remove
any unreacted remnants. The resulting Cu precipitate was subsequently
washed and centrifuged several times with a 1:1 volume mixture of
n-hexane and acetone until the supernate was completely colorless and
transparent. A detailed description of the other Cu-based 12¢~ CO,RR
catalysts evaluated for ethylene (C,H,) electrosynthesis can be found in
Figure S31 (Supporting Information). The tailored boron-doped diamond
(BDD) coatings for hydrogen peroxide (H,0,) electrosynthesis via
the two-electron water oxidation reaction (2~ WOR) were grown on a
metallic niobium substrate (Metakem, 1T mm) via hot-filament chemical
vapour deposition (HF-CVD) as described in previous studies.[?”48] The
primary characteristics of the three BDD anodes utilized in this research
have been summarized in Table S1 (Supporting Information).

Gas Diffusion Electrode Preparation: The mixed Cu/Vulcan gas diffu-
sion electrodes (GDEs) used for C,H, electrosynthesis in both the H-cell
and flow cell systems presented in this research were prepared via spray
deposition of a homogeneous Cu-based catalyst ink onto a Sigracet SGL
28 BC (modified with Vulcan carbon and 40% FEPD 121 filler) gas diffu-
sion layer (GDL, purchased from Fuel Cell Store), denoted in this work as
“Vulcan”. The homogeneous Cu-based catalyst ink was prepared by mix-
ing the isolated Cu mixed nanowire/nanoparticle solid nanopowder with
toluene (99+%, Extra Pure, SLR, Fisher Chemical) in a 1:5 Cu-to-toluene
mass ratio, and subsequently sonicating the resulting mixture in an ul-
trasonic bath (XUBA3, Grant) for 45 min to form a uniform Cu-colored
suspension. A suction feed ANCLLO airbrush with a 0.8 mm nozzle was
used to deposit the Cu catalyst ink onto the Vulcan GDL via an air com-
pressor (WIZ, Clarke Air) on the 240-250 pum microporous active side.
A Vulcan GDL (geometric area of 1.2 x 1.2 cm? was used for the H-cell
measurements, and an area of 5 X 5 cm? was cut for the bulk electroly-
sis measurements carried out in the flow cell. The airbrush was cleaned
prior to, and following deposition, first with deionized water to remove
any possible contaminants, and then with isopropanol (IPA, HPLC grade,
Fisher Chemical) and n-hexane to sterilise the ink container and the air-
brush itself, thus preventing long-term Cu-ink build-up, and possible GDE
contamination. The ink was loaded into the cartridge and the airbrush was
tested (first with IPA, then will a small amount of the Cu ink) to adjust the
level of ink deposition. Upon satisfactory function of the airbrush, the GDL
was coated in a circular motion for ~2 s intervals at a distance of 15 cm.
Layer overlap was carefully monitored to avoid excessive catalyst deposi-
tion, accumulation, and hence potential surface agglomerations, as well as
non-uniform (at an eye-level) properties. The GDL sample piece was also
rotated by 90° each cycle to ensure the catalyst properly impregnates into
the pores within the microporous carbon layer. Spray deposition continued
slowly until a catalyst loading of 1 mg cm~2 was achieved, with surplus Cu
ink prepared to compensate for possible Cu losses during the spraying
procedure. After spraying, the resulting Cu-coated GDE was briefly left to
dry at room temperature for a minimum of 45 min and was weighed using
a precision balance (0.0001 g, Fisherbrand Analytical Balances) to ensure
that a catalyst loading of 1 mg cm~2 was obtained, prior to electrocatalytic
performance testing. A step-by-step illustration of the Cu catalyst synthesis
and GDE preparation procedures is presented in Figure S32 (Supporting
Information). A graphical illustration of the multiple layers of the mixed
Cu/Vulcan GDE for C,H, electrosynthesis from CO, reduction is depicted
in Figure S33 (Supporting Information).

Materials Characterization: Scanning electron microscopy (SEM)
imaging was performed using a FEI Quanta 450 scanning electron mi-
croscope and a FEI Helios NanoLab 600i FI DualBeam workstation. High
resolution micrographs were obtained via the “immersion mode” setting
of the latter device. A Leica EM TIC 3X ion beam milling system was uti-
lized (for 7.5 h at 6 kV) to cut cross-sections of the mixed Cu/GDE cathode
and BDD-c anode, thus attaining a sample surface with no detrimental
mechanical influences. Transmission electron microscopy (TEM) imaging
was performed via a Talos F200i (S)TEM from Thermo Fisher Scientific
operated at a primary electron energy of 200 keV and equipped with a
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Schottky emitter (X-FEG) alongside a Dual Bruker XFlash 6 | 100 EDS de-
tector. For high-angle annular dark field scanning TEM (HAADF-STEM)
and energy dispersive X-ray spectroscopy (STEM-EDXS), a beam current
of 40 pA and a convergence angle of 10.5 mrad were both employed. For
selected area electron diffraction (SAED), two different selected area aper-
tures of 40 and 200 um, and a camera length of 840 mm, were used.
Laser scanning microscopy (LSM) imaging was achieved using an Olym-
pus LEXT OLS4000 3D laser measuring microscope and the surface rough-
ness of the Cu/GDE and BDD electrode(s) was quantified from line mea-
surements based on 1SO 4287-1:1984. X-ray photoelectron spectroscopy
(XPS) spectra were recorded using a Physical Electronics 5600 X-ray sys-
tem equipped with an Al Ka monochromatic X-ray source, where the cor-
rection was shifted on the carbon peak at 248.8 eV, the take-off angle was
45°, the energy step size was 0.2 eV, and the spot diameter was 800 um. X-
ray diffraction (XRD) analysis of the mixed Cu nanowire/nanoparticle cat-
alyst was carried out using a Malvern Panalytical Empyrean multipurpose
diffractometer in Bragg-Brentano (BB) parafocusing geometry alongside
a Cu Ka; X-ray source. XRD analysis of the three BDD coatings was com-
pleted on a Siemens/Bruker D5000 X-ray powder diffraction system also
in Bragg-Brentano (BB) parafocusing geometry alongside a Cu Ka; X-ray
source. The peak area for the BDD XRD measurement was assessed by
a curve fit on OriginPro. Glow discharge optical emission spectroscopy
(GDOES) analysis of the three BDD anodes was implemented to deter-
mine the concentration of their respective boron doping using a HORIBA
Scientific GD-Profiler 1 calibrated by mass spectrometry standards. Elec-
tron Backscatter Diffraction (EBSD) analysis of BDD-c was carried out on
the FEI Helios NanoLab 600i FI DualBeam workstation. The Raman spec-
tra of BDD were recorded using a WITec alpha300 R confocal microscope
with a 532 nm, 15 mW laser and a grating of 1800 grooves mm~". Further
characterization information of the electrocatalytic materials and support-
ing substrates utilized in this research can be found in Figures S1-S12,
S15, S31, and S33 (Supporting Information).

H-Type Cell Components: Electrochemical screening measurements
for the 12¢~ CO,RR to produce C,H, were carried out in a custom-
made, three-compartment and three-electrode borosilicate H-type glass
cell, whereby the cell aperture exposed a 1cm? (geometric) area of the Cu-
coated GDE to the aqueous supporting electrolyte. The cell was connected
to Metrohm Autolab PGSTAT204 potentiostat equipped with a Booster 10A
module to increase the maximum current to 10 A. A round PTFE gasket
was placed between the working electrode (WE) and the glass flange of
the WE compartment to prevent electrolyte leakage. A round and stainless-
steel spiral flow field was attached in place behind the WE to introduce CO,
to the surface of the Cu catalyst, and additionally acted as a current collec-
tor. Several layers of parafilm were wrapped around the flow field and glass
flange of the WE compartment and secured in place to ensure an air-tight
seal. The WE compartment can be filled with ~75 mL of the aqueous sup-
porting electrolyte. A 25 cm? Pt mesh counter electrode (CE) was placed
in the CE compartment, (electrolyte volume: 20 mL), which was sepa-
rated from the WE compartment by a Nafion 115 cation exchange mem-
brane (CEM) previously pre-treated in H,SO,. An Hg|HgO (1 m NaOH,
RE-61AP, BioLogic) reference electrode (RE) was introduced via a glass
Luggin capillary to reduce the distance between the WE and RE and thus
minimize the cell resistance. Before any electrolyte was added to either
compartment, CO, (99.995%, BOC) was allowed to flow through the flow
field at a flow rate of 0.1-0.2 L min~" for several minutes ensuring there
was suitable pressure behind the GDE. Upon assembling the cell, the CE
compartment was filled with electrolyte first, followed by the Luggin capil-
lary and WE compartment in tandem. Upon filling the latter, the cell was
tilted at a 30° angle to prevent any possible gaseous bubble accumulation
at the surface of the Cu catalyst. A 3D render of the H-type glass cell can
be seen in Figure S34 (Supporting Information).

Flow Cell Components and Setup(s): Bulk electrochemical production
of C,H, via the 12e~ CO,RR was carried out in a customized three-
compartment electrochemical flow cell (Micro Flow Cell, ElectroCell A/S,
Denmark), where the working electrode (WE) and counter electrode (CE)
compartments were separated by a Nafion 115 cation exchange mem-
brane (CEM), previously pre-treated in 1 m H,SO, and stored in deion-
ized water. A detailed exploded-view diagram of the flow cell and all its
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components can be seen in Figure S35 (Supporting Information). For
the 12e~ CO,RR research reported in this research, the bespoke mixed
Cu/Vulcan GDE (Figure S36, Supporting Information) was used as the WE
(~3 x 3.5 cm? exposed area; supported on a stainless-steel current collec-
tor), while a platinized titanium (Pt/Ti) cathode (%3 x 3.5 cm?, Good-
fellow Cambridge Ltd) was used as a CE. The flow frames were com-
prised of PTFE, while the gaskets, used to ensure that the cell was leak-
proof, were made of ethylene propylene diene monomer (EPDM). The
two endplates were acrylic based. The gas compartment (between Gas-
kets A and B in Figure S35, Supporting Information) was used to introduce
CO, (99.995%, BOC) into the system at a flow rate of 0.1-0.2 L min~,
controlled by a precision-machined, acrylic flow meter (FR2000, 0.1-
1.0 L min~", Key Instruments).

A single-pass flow and galvanostatic mode of operation was imple-
mented for C,H, electrochemical generation (Figure S37, Supporting In-
formation). A Metrohm Autolab PGSTAT302N potentiostat, coupled with
a Booster20 A, to extend the current range to 20 A, was used to apply elec-
trical current to the cell. A Cole-Palmer Masterflex L/S digital peristaltic
pump, equipped with two EASYLOAD pump heads, was used to flow
electrolyte (KOH/KI for the 370-h bulk electrosynthesis measurement)
through the WE and CE compartments at a flow rate value of precisely
5mLmin~". The flow cell tubes (Thermo Scientific Nalgene Non-Phthalate
Clear Plastic PVC) have an inner diameter (ID) of 3/16 in. and an outer di-
ameter (OD) of 5/16 in. Four thermoregulated borosilicate glass reservoirs
(maximum electrolyte volume: 250 mL) were used for single pass flow
of the anolyte and catholye (two reservoirs per electrode). The gaseous
CO,RR products electrochemically produced were collected in a 1 L gas
sampling bag with a push/pull lock valve (Tedlar, with Thermogreen LB-2
Septa, Merck) for ex situ gas chromatography (GC) analysis.

The two-electron water oxidation reaction (2e~ WOR) screening and
bulk electrolysis measurements to electrochemically produce H,0, were
carried out in the same ElectroCell flow cell, though it should be noted that
the in this instance, the gas compartment is not utilized, and the flow cell
is thus operated as a two-compartment reactor. Here, the WE is a boron-
doped diamond (supported on niobium, BDD/Nb) anode (~3 x 3.5 cm?,
custom-made), while the CE in this case is a Pt/Ti cathode (~3 x 3.5 cm?).
For the recirculation flow measurements, two thermoregulated borosili-
cate glass reservoirs were used; one for each electrode (Figure S38, Sup-
porting Information). Electrolyte is flown through the system at an average
flow rate of 400 mL min~", following the optimal flow rate identification
measurements presented in Figure S26 (Supporting Information). For the
single pass flow measurements, two reservoirs were used for the WE (one
reservoir to provide the electrolyte to the BDD anode, and one to collect
the electrochemically produced H,0,), while one reservoir was needed for
the CE (where hydrogen evolution is expected to occur) as seen in Figure
S39 (Supporting Information). Here, the flow rate of the carbonate-based
electrolyte (4 M K,CO3) is 5 mL min~.

Parallel paired electrosynthesis of C,H, via the 12e~ CO,RR and H,0,
via the 2~ WOR was also carried out in the customized ElectroCell flow
cell in a similar single pass flow setup to the 370-h bulk C,H, electrosyn-
thesis flow cell measurement. The gas compartment was once again uti-
lized for the introduction of CO, into the GDE at a flow rate of 0.1-
0.2 Lmin~", so the cell was operated as a three-compartment flow reactor,
essentially comprised of two WEs: the Mixed Cu/Vulcan GDE for C,H,
electrosynthesis and BDD-a (coated on Nb) for H,0, electrosynthesis.
Single pass and galvanostatic flow conditions were implemented for the
dual electrosynthesis experiments in which the electrolyte flow rate was
maintained at precisely 10 mL min~". The anolyte selected is 4 m K,CO;,
while the catholyte is 1 M KOH/2 m KI. Gaseous CO,RR products electro-
chemically produced were once again collected in 1L gas sampling bags
for ex situ GC analysis. The paired C,H,-H, O, electrosynthetic flow reac-
tor setup is illustrated in Figure S40 (Supporting Information).

Electrochemical Measurements: |In the H-cell, the electrochemical
CO,RR was initiated by applying an electrical current using PGSTAT204 po-
tentiostat coupled with the 10 A booster module. A typical screening exper-
iment was carried out under chronopotentiometry batch conditions at a
current density range of 50-300 mA cm~2 in 1 M KOH solution (unless oth-
erwise specified). The current was increased in increments of 50 mA cm=2.
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Chronopotentiometry was carried out for 5 min (300 s) at each respective
current density value. An Hg|HgO (1 M NaOH) reference electrode is used
to measure the electrode potential of the Cu/GDE, due to its increased sta-
bility in strong alkaline environments. The electrode potential is expressed
versus the reversible hydrogen electrode (RHE) as shown in the following
equation:

ERHE = EHglHgO + (0.059 X pH) + E°Hg|HgO m

where E° 450 is 0.140 V (T M NaOH).

The gaseous products generated during the 5 min CO,RR screening
measurements were collected in six different gas sampling bags (pre-
viously flushed with N, and subsequently degassed under vacuum) for
ex situ GC analysis. Intervals of ~10 s in which no current was applied
was programmed into the potentiostat software (Autolab NOVA) between
each 5 min chronopotentiometry to allow for the timely exchange of gas
sampling bags. In these screening measurements, the electrolyte was not
replaced throughout the entire duration of chronopotentiometry, which
lasts just over 30 min. Each 30 min screening measurement was repeated
at least three times (three independent measurements) to ensure appro-
priate reproducibility. Liquid CO,RR products were not determined as part
of this research. The same experimental conditions were utilized for all
CO,RR screening measurements though in certain cases, different GDEs
(substrate or Cu catalyst) and various aqueous supporting electrolyte com-
binations were investigated (Figure 3b—e). For the 2 h continuous CO,RR
measurement carried out in the H-cell using 1 M KOH with the mixed Cu
catalyst loaded onto different GDL combinations (Figure 3a), a constant
current density value of 150 mA cm~2 was applied for 2 h, and gaseous
samples were collected every 10 min.

For all flow cell measurements, the electrochemical CO,RR, WOR, or a
combination of both (in the case of paired C,H,-H,0, electrosynthesis)
were initiated by applying a constant current using a PGSTAT302N poten-
tiostat, coupled with a 20 A booster module. For the CO,RR screening
measurements prior to the 370 h stability test, a constant current range
of 100-800 mA cm~2 in various aqueous KOH/KI electrolytes was applied
(Figure 4b). The current was increased in increments of 100 mA cm™2.
Chronopotentiometry was carried out for 5 min (300 s) at each respec-
tive current density value. Like the H-cell screening tests, the electrolyte
was not replaced throughout the duration of chronopotentiometry. Each
screening measurement was repeated at least three times (three indepen-
dent measurements) to ensure appropriate reproducibility. For the CO,RR
stability measurement (Figure 4c—f) using the mixed Cu/Vulcan GDE in
1 M KOH/2 m KI (electrolyte flow rate: 10 mL min~'") a constant cur-
rent density of 200 mA cm™2 (0.2 A cm~2) was applied continuously for
370 h. The BDD anode screening tests were carried out under recircu-
lation flow conditions (50 mL of 4 m K,CO; per reservoir with an elec-
trolyte flow rate of 400 mL min~") within an applied current density range
of 100-500 mA cm~2 (increments of 100 mA cm~2 per individual 5 min
chronopotentiometry measurement). Fresh electrolyte was used for each
individual test at each respective current to accurately quantify the amount
of H,0, electrogenerated, which was determined following electrolysis.
Each individual measurement was repeated at least three times to ensure
appropriate reproducibility of this research. Identical operating conditions
were implemented for the electrolyte screening tests using BDD-a show-
cased in Figure 5b—e, though the applied current range was expanded to
100-1000 mA cm~2, the WE used was BDD-a, and some of the aqueous
carbonate/bicarbonate electrolytes evaluated have been inspired by the
existing 2¢~ WOR literature.[?”7172] The H, 0, recirculation stability test
(Figure 6a—d) was carried out by applying a constant current density of
300 mA cm~2 for 10 h using BDD-a as the anode. Three different aqueous
electrolytes were investigated for H,O, production over time: 4 m K,COj,
4MK,CO; +4 gL~ Na,SiO; and 4 M K,CO; + 8 g L™! Na,SiO;. In these
measurements, an electrolyte volume of 150 mL was used in each reser-
voir. To quantify the concentration of H,0, accumulated over time, 20 mL
H,0, samples were taken at regular intervals from the anolyte reservoir
which was immediately replenished with 20 mL of fresh anolyte to main-
tain the volume constant at 150 mL. For the bulk H,O, electrosynthesis
measurement carried out under single-pass flow conditions (Figure 7), a
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constant current of 300 mA cm~2 was applied continuously for 350 h us-
ing BDD-a as a WE. Two reservoirs were used for the anode: one to feed
4 m K,COj5 into the flow reactor, at an electrolyte flow rate of 5 mL min~,
and one to collect electrochemically synthesized H,O,. One reservoir was
utilized for the CE, where hydrogen evolution was expected, and ultimately
observed to take place. For the paired electrosynthesis of C,H, and H,0,,
using two WEs (mixed Cu/GDE and BDD-a), a constant current density
value of 200 mA cm~2 was applied continuously for 50 h under single pass
(flow rate: 5 mL min~") flow conditions (Figure 8). Two reservoirs were
used for each electrode compartment. The anolyte used was 4 m K,CO3
while the catholyte was 1 m KOH/2 m KI.

Dye Degradation and HOe Quenching/Detection Measurements:
Degradation of basic fuchsine (dye content >85%) was carried out in
parallel to the 2¢~ WOR recirculation (flow rate: 400 mL min~"; electrolyte
volume: 150 mL) measurement using BDD-a in 4 m K,CO; containing
8 g L™ Na,SiO; under a constant applied current of 300 mA cm~2 for
10 h. The dye was prepared in two concentrations (15.4 mm and 154.4 mm
of aqueous basic fuchsine), which were placed in two separate 10 mL glass
vials. A couple of drops collected from the H,0,-containing reservoir
(galvanostatic recirculation flow) were placed in the two dye-containing
vials at regular 15 min intervals and the decolorization of the dyes was
measured via a Jenway 7315 UV-vis single beam spectrophotometer at a
wavelength of 544 nm (Figure 6e).

Hydroxyl radical (HO®) quenching experiments were carried out by
adding 0.5 m tert-butanol (EMPLURA) to 4 m K,CO; and oxidising the
solution (50 mL) using BDD-a as an anode under recirculation and gal-
vanostatic flow conditions (applied current: 300 mA cm™2; electrolysis du-
ration: 5 min; electrolyte flow rate: 400 mL min~"). The resulting mixture
was then analyzed to quantify the amount of H,O, produced and evaluate
the influence of the radical quencher (Figure 6f). Each 5 min HO® quench-
ing measurement was repeated at least three times (three independent
measurements) to ensure appropriate reproducibility.

Determination of the electrochemical generation of the HO® radical
was realized by oxidizing 100 mL of 2 m K,CO; containing 5 mm of the
probe molecule coumarin (> 99%) using BDD-a under recirculation and
galvanostatic flow conditions (applied current: 300 mA cm~2; electrolyte
flow rate: 400 mL min~") for 30 min. Samples were collected at 5, 10, 20
and 30 min, to determine whether the HO® is electrochemically produced
by BDD-a during the 2e~ WOR, and detected by coumarin via the forma-
tion of the fluorescent compound 7-hydroxycoumarin. Approximately TmL
of the post-electrolysis sample, that possessed a yellow color following wa-
ter oxidation using BDD was placed in a cuvette, and the emission spectra
was measured between 300 and 650 nm (Figure 6g) in a spectrofluorom-
eter (Shimadzu RF-6000, Model S), at a scan rate of 600 nm min~! (exci-
tation bandwidth: 5 nm; emission bandwidth: 5 nm; sensitivity: auto).

Product Quantification: The gaseous products of electrochemical CO,
reduction were analyzed ex situ via gas sampling bags using a gas chro-
matographer (Shimadzu GC 2030) equipped with a Porapak Q, 80/100
column possessing thermal conductivity (for carbon monoxide, CO) and
flame ionization (for methane, CH,, and ethylene, C,H,) detectors. The
sampling time was 5 min following electrolysis. All gaseous species were
calibrated in advance using certified-grade (SIP Analytical) standard gases
(512 ppm ethylene; 503 ppm ethane; 505 ppm methane; 520 ppm carbon
monoxide; 506 ppm hydrogen; balance: carbon dioxide). Liquid CO,RR
products were not quantified as part of this research.

Electrochemically produced H,O,, by two-electron water oxidation, was
determined by standard potassium permanganate (0.1 N KMnO,, stan-
dardised against oxalate, Titripur) titration using 10 mL of sulfuric acid
(70% w/w H,SOy, Fisher Chemical) as a proton source, diluted in a 1:4
(H,S04:H,0) ratio. A volume of 20 mL of the H,0,-containing sample is
added to a 250 mL Erlenmeyer flask, after which a volume of 10-20 mL of
diluted H,SO, is added slowly into the flask. The mixture is subsequently
titrated slowly using 0.1 N (0.02 m) KMnOy, until a color change was ob-
served at the end point (from an initial colorless state to a very light pur-
ple/pink solution). The overall reaction is described based on the following
equation:

2MnO,- + 6H* + 5H,0, — 2Mn2" + 8H,0 + 50, @
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For the 350 h H, O, stability and the paired C,H,-H,0, electrosynthe-
sis measurements, semi-quantitative Quantofix Peroxide (1- 100 mg L™
H,0,) test strips and a Quantofix Relax reflectometer were used to initially
determine the concentration of H,0,, followed by KMnO, titration.

Faradaic Efficiency Calculation: The spectra derived during GC analysis
for each injection of the gaseous CO,RR products, alongside the applied
current density (or charge), the fraction of the electrogenerated gas prod-
ucts and the total volume collected over the duration of electrolysis (typ-
ically 5 min), were all utilized to evaluate the CO,RR performance within
this research. The apparent faradaic efficiency (FE) for C,H, production
was calculated based on the following equation. The same equation is
used to calculate the FE for CO, CH, and H, production.

FE(%):( ZXFXCXV))xwo 3)

Q X(Vm x 106

where zis the number of electrons for C,H,4 production (12), Fis Faraday’s
constant (96485 C mol™"), ¢ is the concentration of C,H, in ppm, Vis the
volume of the sampling bag in L, Q is the amount of electric charge passed
over 5 min and V,, is 24.15 L mol~" for room temperature and pressure
(RTP) conditions.

Upon determining the concentration of H,0, electrochemically pro-
duced via water oxidation using BDD, the FE for H,0, electrosynthesis
using the following equation:

FE (%) = <M> X100 4

I

where ¢ is the concentration of electrochemically produced H,0, in M
(mol L7, z is the number of electrons for H,0, electrosynthesis (2), F
is Faraday’s constant (96485 C mol™"), Q is the electrolyte flow rate (con-
verted to mL s™") and i is the total applied current (converted to mA).

The FE for the paired electrosynthetic reactor is calculated by adding
the respective FEs of each electrode compartment with a maximum total
of 200%.

Electrical Energy Consumption and Energy Efficiency Calculations: The
calculation of the electrical energy consumption of the separate and paired
electrosynthesis of C,H, and H,0O, is based on the two respective chem-
ical reactions, the 12¢~ CO,RR and 2e~ WOR, expressed below:

2C0O, + 12H* + 12¢~ — C,H, + 4H,0 E° = —1.15 V vs. RHE (pH 7) (5)
2H,0 — H,0, + 2H* +2e~ E° = 1.76 V vs. RHE (6)

The number of electrons consumed to electrosynthesize 1 mole of
product (zge, ) is calculated by dividing the theoretical electron demand
(ZTheoretical) With the FE determined from the electrochemical measure-
ments:

Theoretical
Real = 2 heoretical 7
zRea F (7)

The electrical energy consumption (EEC), in kWh kg™ p,o4uct for both
the separate (non-paired) and paired electrosynthesis of C,H, and H,0,
is calculated using the following equation:

EEC = E x zReal X F ®)
FEXt
where E is the total cell voltage (V), zis the number of consumed electrons,
F is Faraday’s constant (96485 C mol™), FE is the faradaic efficiency (%)
and t is the time in h.
The energy efficiency (EE) values reported in this study are calculated
based on the equation:

o

EE (%) = (E?)XFE ©)

where E° is the thermodynamic potential for C;H, (—=1.15 V vs RHE, at
pH 7)133] and H,0, (1.76 V vs RHE) electrosynthesis, E is the poten-

Adv. Energy Mater. 2024, 14, 2304247 2304247 (18 of 20)

www.advenergymat.de

tial/voltage (V) experimentally recorded during CO,RR and/or WOR elec-
trolysis, and FE is the faradaic efficiency (%) for C,H, and/or H,0, pro-
duction.

Technoeconomic Analysis Calculations: The preliminary technoeco-
nomic evaluation of the non-paired and paired electrochemical processes
reported in this work include the utilization of two cost indicators, the
capital expenditure (CAPEX), normalised to the lifetime of each respec-
tive component, and the operational expenditure (OPEX), accounting for
the cost of electricity per kWh, described by the equations below.[¢] It is
vital to note that for the non-paired processes, all costs refer to the electro-
chemical production of 1 kg of product (either C,H, or H,0,), while the
paired process refers to the concurrent electrosynthesis of 1 kg of C,H,
and 7.05 kg of H,0, (see Figure S30 and Tables S11 and S12, Supporting
Information).

PnceAnode PnceReactor

PriceCathode

CAPEX (€kg™' =
(€ke™ producr) Lifetimeanoge  Lifetimecpode  Lifetimepe,cior

IDriceEIectronte (10)
LifetimeElectrolyte

OPEX(€ kg™ product) = EEC X CoSteiecyricity + Costeo, (1

where EEC (kWh kg1 p,04uct) is the electrical energy consumption for the
separate and paired electrosynthetic processes.

The added value (AV) of the final electrochemically generated chemical
commodity is described by the following equation:

where Pricepyoquct (€ k8 product) is the commercial or market value of the
produced chemical (C,H, and/or H,0,).

The estimated (techno)economics of scaling up these proposed elec-
trochemical systems on the CAPEX and raw material were further calcu-
lated by introducing a reduction factor, a (%), as seen below:

AV (€ kg_1 Product) = Pricep oquct — (EEC X COStElectricity +taX COStCOZ)

— (a X CAPEX) (13)
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