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Electrochemical CO, conversion to fuel molecules is an attractive strategy towards atmospheric carbon
attenuation. In the fuel conversion catalysis of carbon dioxide, surface adsorbed CO was often identified
as a key intermediate, and the inherently low concentration of which has recently been highlighted as an
important factor in the low yields of C,, fuels. Here a bipotentiostatic tandem catalysis system was
designed such that the loads for electrosynthesis of CO from CO, and the subsequent C-C coupling
reaction were split to two separate working electrodes with independent potential programming.
Coulometric tracking of the reaction indicated efficient turnover of the electrosynthetic CO to fuel mole-
cules at the second working electrode, achieving a high C,, yield of 67.3% and a 6.5% faradaic efficiency
towards 1-propanol. Importantly, the unique capability of the tandem catalysis system allowed control of
the CO flux to the second working electrode, which enabled the direct quantification of the C-C coup-
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ling turnover frequency on a surface copper atom (0.43 + 0.06 s7%), when the reaction current was elec-
trode-kinetics controlled with sufficient CO mass transport. Furthermore, the bipotentiostatic reaction
platform developed here exhibits modular tunability, such that the expansion of the platform to other
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Introduction

Controlled emission of CO, into the atmosphere is an inter-
national campaign due to the routine observation of the grim
environmental impacts of anthropogenic greenhouse gas
accumulation.'” Furthermore, front line research is taking the
next step in the development of technologies for the reduction
of atmospheric carbon by capture and utilization of CO,.> A
promising strategy in carbon attenuation is the electrochemi-
cally driven CO, reduction reaction (CO2RR) to form value-
added chemicals.*>*® Although electrochemical CO2RR is in
its early stages of research, rapid progress in the understand-
ing of the reaction has occurred in the last two decades.
Regarding the CO2RR, the majority of research aims to
produce fuel molecules containing more than two carbons in
series. Thus far the only catalyst proven to facilitate C-C coup-
ling from CO, feedstock is copper.°® Numerous research
studies strived to engineer copper (using thermal or redox
stimuli and by alloying) to maximize C,, selectivity,” "¢ yet
in most cases, other competing pathways leading to carbon
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sequential electrocatalyses is imaginable.

monoxide and dihydrogen occupy significant portions of the
reducing equivalents.

Recent in situ and operando spectroscopic investigations
revealed meaningful hints towards the mechanism behind the
C-C coupling reaction on a catalytic surface;'>'>*” however, a
firm understanding of the structural requirements for catalytic
sites where C,, products form and the key surface intermedi-
ates involved in the reaction remains elusive. The majority of
reports in the literature concur on the importance of surface
bound CO,qs as a key intermediate in the C-C formation
process (whether it is involved in homocoupling to another
CO.4s'®*®> or reacts with a protonated COH,us type
species’” %), and a recent literature suggested that the C-C
coupling efficiency remains low due to the inherently low
surface concentration of CO,qs.2°>® A collection of investi-
gations on direct reduction of CO to C-C coupled fuel
molecules®®™° further suggests the involvement of CO,qs as an
intermediate in the surface C-C formation. Electrochemical
conversion of CO to fuels is an attractive vein of research;
however, it has much less impact on CO, attenuation.

Collectively taking into consideration the importance of
CO,q4s and its low surface concentration, a handful of research-
ers strived to design a bipotentiostatic system in which the
first working electrode initiates selective conversion of CO, to
CO, and the second working electrode placed nearby attempts
to proceed with the C-C coupling reaction of the electrosyn-
thetic CO.*°* silver or gold electrodes were typically employed

This journal is © The Royal Society of Chemistry 2023
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for CO production, with copper as the second electrode.
Despite several reports on microfabrication of reactors,*>7*
limited success in fuel formation compared to that with
copper-only operation was achieved due to the challenges in
fine independent control of the potentials on the two electro-
des and their inefficient interplay.

In this work we designed a bipotentiostatic flow reactor for
sequential conversion of CO, to C-C coupled fuels, including
C; products such as 1-propanol. Coulometric tracking of the
reaction suggested efficient fuel conversion of the CO pro-
duced from the first electrode. Although the reactor design
prohibited direct spectroscopic identification of the COaqs
surface intermediate, Multiphysics simulations revealed unpre-
cedentedly high local concentration of CO near the second
working electrode, approaching saturation concentration in
the employed buffer. Fine control of the independent potential
program on Ag-Cu electrodes allowed for their efficient
tandem catalysis, resulting in overall 67.3% C,, products from
a CO, feed, including 6.5% faradaic production of 1-propanol.

Results and discussion

A handful of literature precedents on bipotentiostatic CO, con-
version typically exhibit ill-controlled potentials and flawed
geometry to support the interplay of the two electrodes.**** In
order for the design to prevail, relative placement of the two
electrodes for the optimized transport of the evolved CO along
with careful independent potential control must be
implemented for the minimization of side reactions and maxi-
mization of CO utilization for C-C coupling on the second
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working electrode. Ager and coworkers meticulously designed
a CO mass transport model with micro-patterned Ag—Cu elec-
trode arrays;** however, due to the small spatial separation
between the two electrodes, independent potential program-
ming was difficult, resulting in minor improvements in C,.
yields. The flow reactor design employed in this work (Fig. 1
and see also Fig. S1-S57) involved a typical planar Ag electrode
as the first working electrode (WE1) and a mesh-type Cu elec-
trode as the second (WE2) (see S11-S13). WE2 integrated a
central opening to maximize solution flux through the inter-
electrode volume while encompassing the peripheries of WE1,
where the rate of diffusion of the detaching CO species was at
its maximum (see Fig. 1 and also Fig. S6, S6-S9, S16, S17 and
S31%). This type of reactor and electrode geometry design were
implemented to ensure efficient influx of the WE1 produced
CO species into WE2, without interfering in the independent
potential programming of both electrodes (see Fig. S13 and
S517). Additionally, inter-electrode spacing was considered as
a control variable (see Fig. S28%). As a result, Multiphysics
simulated CO concentration at Cu WE2 reached 0.63 mM (see
Fig. 1 and also Fig. S6, S8, S9, and S31;f simulation details are
given in the ESIf), approaching saturation concentration in
buffered water.”®** This type of efficient CO delivery allowed
the operation of the bipotentiostatic system at inter-electrode
distances of a few mm, much greater than the diffusion layer
thickness (in the pm range),® ensuring a negligible mutual
field effect on the two electrodes. In our investigation of the
correlation between the area of the WE2 central opening and
the efficacy of CO mass transport from WE1 to WE2 (see
Fig. S9 and S317), the best results were obtained when the size
of the central opening was equivalent to the area of WE1, in
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Fig. 1 (a) Schematic representation of the Cu—Ag tandem CO, reduction flow reactor, (b) SEM image of the Cu mesh WE2, and (c) COMSOL simu-

lated map of the CO concentration at varying Ag—Cu distances. At inter-electrode distances smaller than 2 mm, efficient CO delivery to the Cu WE2
is visible. (d) Detailed scheme of the electrode configuration and the whole flow reactor used for the CO2RR. Compartments numbered (1), (2), and
(3) represent the reference electrode (equipped with double junction), proton exchange membrane, and counter electrode part. Rather than using
the synthesized Cu catalysts, we used the commercial Cu mesh as an electrocatalyst and a modulated potential application method (see S197). The
pulsed potential program we adopted here is a well-known method that possibly suppresses the HER through periodic anodic potential application
with a small amount of charge.'®*” This experimental design provided better reproducibility in the CO2RR and excluded the biased comprehension
of the specific catalysts.
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accordance with electrode mass transport theory.>>?”3%%8 All
subsequent discussions hereon regarding the bipotentiostatic
CO2RR are on experiments performed with electrode configur-
ations employing WE2 with a rectangular central opening mir-
roring WE1 dimensions.

In the bipotentiostatic configuration shown in Fig. 1a, each
electrode was operated independently to probe CO2RR product
selectivity. Silver is well-known to selectively produce CO from
CO, (see Fig. S71).%*° Similarly, silver WE1 demonstrated selec-
tive CO production in our flow reactor at typical CO2RR poten-
tials (—1.1 V vs. RHE, all potentials hereon are referenced to
RHE; Fig. 2c). Copper WE2 yielded predominantly hydrogen
with minor production of hydrocarbons when operated inde-
pendently at —0.65 V (see Fig. S7 and S18%).

Typical onset potentials of the CO2RR on copper are
reported in the range from —0.8 to —0.9 V,*"** and therefore,
dominant hydrogen production at less reducing potentials was
expected (see Fig. S187). Also, owing to the small overpoten-
tials, current densities in copper-only operation were low, in
the order of ca. 1 mA cm™ (see Fig. 2b). In the bipotentiostatic
mode (at an optimized inter-electrode distance of 2 mm and a
flow rate of 100 cc min™") (see Fig. $11 and S307), WE2 current
density was boosted to values exceeding 6 mA cm?,
suggesting that the CO molecules evolved from WE1 were
efficiently being transported to WE2 and reduced (see Fig. 2b,
S15 and S18%). Silver WE1 current density suffered ca. 20%
decrease due to some competitive CO2RR at WE2 (despite the
low potential at —0.65 V); however, it maintained a reasonable
level at 4 to 5 mA cm 2 (see Fig. S157). Significantly increased
faradaic efficiencies toward fuel molecules such as ethylene,
ethanol, and 1-propanol (Fig. 2c¢, d and S18%) indicated that
the WE1 produced CO molecules were reductively and catalyti-
cally converted at WE2, yielding C-C bond formation. Notably,
the C,, faradaic yield reached 67.3% while that for hydrogen
was suppressed to ca. 16%. Also, an impressively high yield of
1-propanol of 6.5% was recorded, comparable to the highest
literature reported yields from a CO, feed (Tables S55 and
S561). Inter-electrode distance was probed as a variable under
set conditions (WE1 poised at —1.1 V and WE2 at —0.65 V),
which revealed that the optimal fuel production efficiency is at
2 mm (see Fig. 2e and S8t). According to our Multiphysics cal-
culations (see Fig. S8t), local CO concentration at WE2 was
predicted to be the highest at an inter-electrode distance of
1 mm; however, it seems that beyond a certain flux of CO to
copper, further improvement in C-C coupling efficiency was
not feasible (also vide infra), presumably due to the limited
catalytic rate at the copper electrode surface. All subsequently
described experiments were performed at 2 mm distance
between WE1 and WE2.

A handful of researchers attempted CO, conversion via two
sequential (albeit spatially separated) steps through the CO
intermediate;*®*" however, the major difference and break-
through in this work is that the tandem electrolyses are con-
tained within the same reaction compartment and a short
time of flight is allowed for the CO intermediate species

between the two electrodes. An interesting observation
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occurred when we attempted direct reduction of CO (by satur-
ating the buffered solution with CO gas purge) on copper, to
compare the product distribution to that from the reduction of
electrosynthetic CO (see Fig. S12, S14 and S29%). At copper
potentials identical to those of the bipotentiostatic experi-
ments (—0.65 V), a significantly lower C,, yield was observed,
along with pronounced selectivities towards hydrogen
(Fig. S12%). The clear difference in the C,. product selectivities
between reductions of electrosynthetic and dissolved CO mole-
cules further stresses that the bipotentiostatic tandem catalysis
demonstrated here is a promising route for efficient fuel con-
version of CO,.

Product selectivity distributions at increased overpotentials
at WE1, and subsequently higher CO flux to WE2, were studied
(see Fig. 3a and S191). At WE1 potentials more anodic than
—1.1 V, negatively biasing the potential systematically
increased current densities at both WE1 and WE2, suggesting
that increased CO production at WE1 translated into efficient
conversion of the products at WE2 (see Fig. S15, S17 and
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Fig. 2 (a) A scheme of the potential space in the employed buffer
system, and those applied at the two electrodes (Cu and Ag). Application
of small overpotentials on Cu WE2 allowed for the selective reduction of
the electrosynthetic CO with suppressed hydrogen evolution. (b)
Average current densities, (c) total faradaic efficiencies, and (d) faradaic
efficiencies for CO and C;, in Ag-independent, Cu-independent, and
Cu-Ag tandem catalytic operations. (e) Faradaic efficiencies toward CO
and C,, products at varying inter-electrode distances. Unless otherwise
stated, the applied potentials on Ag and Cu were —-1.1 V vs. RHE and
—0.65 V/+0.45 V; 350 ms/350 ms, respectively. Reaction conditions for
Cu-Ag tandem catalysis in (b—d) represent the most C,, producing
reaction conditions in the research, corresponding to constant CO,
supply with Cs* cation incorporation. A CO, saturated 0.05 M KHCO3
solution including 34 pM K,EDTA-2H,O was used as the electrolyte for
(e). Products depicted as C, and C,, include C,H,4, EtOH, acetate, and
acetaldehyde in common, and 1-PrOH for C,, (see S14-S257%).
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S18t). However, at potentials of —1.2 and —1.3 V, WE2 current
densities remained constant despite increased CO faradaic
current at WE1 (see Fig. S16 and S177). The excess CO pro-
duced was not further reduced at WE2 and was collected as
products (see Fig. 3b and S15%). The overall amount of C, pro-
ducts remained similar at WE1 potentials of —1.1 to —1.3 V;
however, C, faradaic yields diminished due to the dilution of
products by unreacted CO at —1.2 and —1.3 V. From the trend
displayed in Fig. 3a, we can deduce that the electrode reaction
at WE2 transitioned from the CO mass-transfer-controlled
mode at WE1 potentials more anodic than —1.1 V to electrode-
kinetics-controlled mode at WE1 potentials from —1.1 to —1.3
V (see S511).43**

This clear transition was observable due to the unique
capability of the bipotentiostatic system, where CO production
and delivery were systematically tunable by the control of WE1
potentials. The set of data with WE1 potentials more cathodic
than —1.1 V (sufficient CO flux to WE2 and reaction current
limited by electrode kinetics) allowed for the direct evaluation
of the C-C coupling reaction kinetics at the copper surface
(vide infra). Holding the WE1 potential constant at —1.1 V, the
effect of WE2 potentials on bipotentiostatic tandem catalysis
was observed (see Fig. 3d-f and S187). Potentials from —0.3 V
to —0.65 V clearly exhibited a systematic increase in faradaic
efficiencies for C, products while that for CO decreased pro-
portionally. Potentials more cathodic than —0.65 V resulted in
decreased C-C coupling and increased hydrogen evolution.

Optimal CO utilization (88 + 9%; see the ESI for calculation
details; S22 and S237}) was achieved with WE1 current densities
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of ca. 4 mA ecm™?, corresponding to a CO flux of 9.9 mol s
em™2. From the CO flux into WE2 and the amount of C-C
coupled products formed, we can calculate the C-C coupling
reaction turnover frequency of a copper surface atom to be
0.43 + 0.06 s™', under electrode-kinetics-controlled current
conditions (see Fig. 3a and the ESI for detailed calculations;
S32%). This information is particularly valuable because an
electrocatalytic environment with a controlled flux of CO is
difficult to achieve. To the best of our knowledge, this work
marks the first quantification of the rate at which C-C coup-
ling occurs at the copper surface when provided a sufficient
influx of CO, and the current is limited by the electrode kine-
tics. Discussions on catalytic efficiency in the CO2RR typically
revolve around product selectivity; however, as the field
matures, defining lower-bound turnover frequencies as shown
here towards a certain product is important in further design-
ing and engineering catalysts.

In order to evaluate the stability of the bipotentiostatic
flow reactor, continuous operation with real-time product
monitoring was performed as shown in Fig. 4 (see also
Fig. S25-S307). For up to 4 hours, the C,. product yield and
CO utilization at copper remained stable, while methane and
hydrogen selectivities were suppressed to low levels. The test
system demonstrated good reproducibility and reasonable
longevity for the systematic evaluation of Ag-Cu tandem
electrocatalytic reduction of CO,. The flow reactor setup devel-
oped and optimized in this work can be modularly modified
and applied to the study of other types of tandem electro-
catalytic systems.
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Fig. 3 (a) Average current densities, (b) faradaic efficiencies for CO and C,, and (c) CO conversion efficiencies at varying applied potentials on Ag
WEL1 in Cu—Ag tandem catalysis. The applied potential on Cu was fixed to —0.65 V/+0.45 V (350 ms pulses). (d) Average current densities, (e) faradaic
efficiencies for CO and C,, and (f) CO conversion efficiencies at varying applied potentials on Cu WE2. The applied potential on Ag was fixed at —1.1
V. All of the experiments were performed in a recirculating (100 cc min~?) 0.05 M KHCO3 buffer solution saturated with CO,. Details of the CO con-

version efficiency calculation are provided in the ESI (Fig. S22 and S23+).
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Fig. 4 (a) Schematic diagram of the CO2RR experimental configuration
with online-GC product quantification. (b) Faradaic efficiencies for CH4
and C,, and (c) faradaic efficiencies towards each of the C,, chemicals,
namely C,H,4, EtOH, acetate, acetaldehyde, and 1-PrOH, are plotted as a
function of time. (d) CO conversion efficiencies of the Cu—Ag tandem
electrocatalysis in various reactions. All experiments were performed in
a recirculating (100 cc min™) 0.05 M CsHCOs buffer solution saturated
with CO,. Except for the Cs cation, all other reaction parameters were
fixed to those shown in Fig. 2 and 3. captions (see Fig. S20—S257).

Conclusion

In this work we demonstrated bipotentiostatic tandem electro-
catalysis of the CO, reduction reaction, leading to successful
production of C,. fuel molecules with high yields. Efficient
sequential catalysis was feasible owing to the elaborate inde-
pendent control of the potentials (subsequently rates) on the
two electrodes without mutual interference. Coulometric track-
ing of the products indicated high utility of the electrosyn-
thetic CO towards C-C coupled products. Notably, by separ-
ation of the electrosynthesis of CO and the subsequent reac-
tions, electrode kinetics on the copper electrode during the C-
C bond formation was evaluated. At a high enough CO flux
into the second copper electrode where the current density
was limited by the reaction kinetics, C-C coupling turnover fre-
quency was found to be 0.43 + 0.06 s~ per surface copper
atom. This type of evaluation was possible due to the unique
capability of the tandem catalysis cell where the delivery of CO
to the copper electrode was easily controllable by current
density modulation on the silver electrode. The bipotentio-
static reaction platform developed here exhibits modular tun-
ability over electrode materials, potential programming, and
reactor geometry, such that the expansion of the platform to
other sequential electrocatalyses is imaginable.
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