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Abstract

Water oxidation (i.e., oxygen evolution) reactisrtiie most often used, green anodic pair of
carbon dioxide (Cg) electroreduction, mimicking the natural photo$wtic process. At the
same time, it requires high energy input, and garera product of little commercial value
(i.e., oxygen). Finding appropriate alternative @mq@rocesses to be coupled with LO
reduction is a major undertaking. Several fact@sdito be considered, such as (i) the value
of the product, (i) abundance and cost of the sates (iii)) necessary cell voltage (energy
input), (iv) needed catalysts, (v) cell structuned acomponents, (vi) ease/complexity of
product analysis and separation. This opinion dises all these aspects, and outlines the

main questions to be answered through future relseativity.
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1. Introduction

Electrochemically converting GOnto valuable products allows to reduce its emissd the
atmosphere and offers a possibility to store initemt renewable energy in the form of high
energy density chemicals.[1] With the simultaneewslution of the employed catalysts,
membranes and the development of continuous-floectedlyzer cells, a remarkable
advancement was witnessed in the past decade f2pugh the long-term stable operation of
CO; electrolyzers is yet to be achieved, electrolgsis A cm? partial current density for CO
or GH,4 production has already been presented on thedabgrscale[3—-5] Based on gross-
margin models, this reaction rate is already higbugh for industrial implementation.[6,7]
Efforts towards scale-up are ongoing in both acadeand industrial laboratories, and the
first multi-layer electrolyzer stack has also bedamonstrated.[8] CO can also be
electrochemically attached to larger organic mdkessuthrough either carbon-carbon or
carbon-heteroatom bond formation. High-value préslusuch as carboxylic acids, or
carbonates/carbamates, can be formed from cheaprpogs, such as furanic compounds.[9—
12] Due to the high product value, production iatef lower importance, but high selectivity
and conversion are required. Hence the two diftergplications (i.e., small vs. large
molecule products) necessitate very different asthitectures and operation conditions. In
this Opinion, we only focus on GQ@eduction (CQR) to small molecule products (e.g., CO,
CoHy).

The energy efficiency of C{electrolyzers however, is still low, which is redtin the large
cell voltages (i.e., typically around and over 3 Yurther development of GR catalysts,
cell components and electrolyzers will likely letada decrease in this value in the upcoming
years. At the same time, it is very timely to sgnae possible alternative anodic reactions,
which can substantially increase the energy efiimyeand/or the commercial value of the

products formed.

Historically, CQR has been performed in conjunction with anodicewaixidation
(i.e., the oxygen evolution reaction (OER)).[13]€eTheason behind this is threefold: (i)
continuous-flow CQ electrolyzers build on the knowledge accumulatedation- and anion
exchange membrane-based (CEM and AEM, respectivelgder electrolyzers, where
optimized solutions are available for OER; (ii)dies on the necessary overpotential and its
stability are well-documented, therefore the anocde serve as a quasi-reference electrode,

(i) no mass transport limitations occur due te thigh concentration of water.



In this opinion, we summarize the different podgibs to perform CGR with
alternative anodic processes, which in turn allelestrolyzer operation at lower cell voltage
(i.e., higher energy efficiency), and/or lead te flormation of high-value anodic products.
We note that such paired electrolysis process lg iadustrially viable, if there is a sizable
market for the products, large amount of the sabestis continuously available, and the total
value of the products exceeds the total productiostis. Several possible avenues exist to
achieve this coupling, including (i) implementatiohCO;R in already existing technologies
(e.g., chlor-alkali and chlorate electrolysis, angaelectrosynthesis (such as benzene to
benzoquinone, epoxidation of propylene to propyler&le)), (i) oxidize industrial waste
(“sacrificial agents”) (iii) produce raw chemicgls.g., HO») in large quantity, (iv) generate
fine chemicals.[14-16] In any case, the overall,G@btprint and the complexity of the

process have to be also considered.

Diverting from OER however, is associated with altitude of challenges. The
oxidation potential of the reactants, the optimgkemtion conditions (pH, temperature,
pressure etc.) might differ significantly. Moreoyer most of the cases more than one product
form, which necessitates proper product separakiocase of OER, the used anolyte is easily
recirculated (after separating the @as), which is not a trivially viable strategy éase of
other anodic reactions. Overall, pairing £R0with any alternative anodic process necessitate
the re-consideration of the electrolysis processiagle. Some scientific, technological and

economic aspects of these challenges are discussdtht follows.
2. State-of-the-art
2.1. Value-added anode processes

Several studies were published in the last decadeyhich alternative anodic oxidation
reactions were paired with the hydrogen evoluteeaction (HER). These studies investigated
the oxidation of alcohols, amines, urea, hydrazare biomass-derived intermediate
compounds, summarized in comprehensive reviewd 8] Tn Table 1. we selected some of
the most appealing anode reactions, based on tmpiledion in Ref. [18], that might be
paired with CQR. The low economic value of oxygen is striking/ngared to all other
alternatives. Notably, for some oxidation produtiiere is no established market yet, as
reflected by the large variation of reported manetes. Furthermore, the price of both the
product and the precursor might change signifigaihth reliable technology is introduced in
the future.



The oxidation potential of any of these, typicallipmass-derived, organic compounds is
significantly less positive. This can save over dbf\tell voltage (and therefore over 35% of
the necessary energy input), compared to OER. ©ottrer hand, despite the thermodynamic
ease of these reactions, often high overpotentads associated to these processes[18].
Furthermore, depending on the reaction conditieng.,(pH, temperature, potential) various
products can be made from these typically biomass«ld compounds. As a specific
example, dihydroxyacetone, glyceraldehyde, glyeeratr tartronate may form the
electrooxidation of glycerol, just to mention sowiethe possible high-value products[19].
These facts together highlight the need for motev@@nd selective catalysts, tailored for

each reaction.

Table 1 Possible anode reactions that can be paired@@gRR, mostly based on Ref. [18]

Price Price E%(V) vs. .
Reactant ($/kg) Product ($/kg) SHE Production (Mt/yr)
Oxygen 0.024-0.04 1.23 2
o o
Deionized water| - 0.02-0-3 1 4rogen peroxidd  0.56-0.98  1.78 2.8 [20]
Acetaldehyde 1.0 0.193 1.7 [20]
Ethanol 0.4 [21] Acetic acid 0.68-0.92 -0.334 10 [20]
Ethyl acetate 1.21-1.8 -0.208 2.7
1,3-propanediol 2.20 Acrylic acid 2.25-2.88 0.248 5.2 [20]
1,2-propanediol | 1.50-2.05 Lactic acid 158-1.81 _00634314 0.45
Glycerol ?21]6&2]0 Glyceraldehyde | 2.11[22]| 0.35[23]
' Dihydroxyacetone| 2.0[24] | 0.33[25] 0.004 [26]
Benzaldehyde 1.18-2.11 0.193 0.09 [27]
_ vd
Benzyl alcohol | 1.92-3.4F 5 7oic acid 1.85 ~0.334 0.130
Hydroxymethyl- |- 54 _25Furan- - a) geg | —0.780 05
furfural dicarboxylic acid
Isopropanol 1.26-1.6 Acetone 0.9-1.28 0.054 6.4
Methanol 0.3 [21] Formaldehyde 0.37-0.[74 0.465 18
Methanol 0.34-0.49 Formic acid 0.97-1.08 -0.258 0.95
Ethylene glycol 0.83-1 Glycolic acid 1.84 -0.334 040[28]
Ethylene glycol 0.83-1 Oxalic acid 1.4 —0.455 0.19
Brine 0.05 Chlorine 0.25[29] 1.36[30 63 [20]

'depending on the scale of purification
2.2. What has been achieved so far?

Fifteen reactions other than OER were investigatethe anodic counterpart of gRin the
recent years (Table 2.). While low current densiperation is dominant, in some cases
(where chlorine evolution or glycerol or urea oxida was performed at the anode)
100 mA cm? current density was approached.[13,29,31,32] Itaptly, when both OER and

glycerol oxidation was studied as the anodic reactioupled with CER at a similar current



density (~100 mA cnif), the cell voltage was only 1.5V in the latteseacompared to the
2.3V, necessary with OER.[13]

Table 2 Alternative anode reactions paired with 8O

CER: Chlorine Evolution Reaction; DSA: Dimensiogalbtable Anode; CEM: Cation Exchange

Membrane; CuPc: Cu-phthalocyanine; AEM: Anion Exu@ Membrane; Re(bipy-tBu)(CLD):
(2,2,6,6-tetramethylpiperidin-1-yl)oxiuld,
Fe-SAs/N-C: single Fe atoms on N-doped C; Ru-comgRu(bis-Mebimpy(4,4((OH),OPCH,),-

Re(4,4-ditert-butyl-2,2-bipyridine)(CO)CI;

bpy)(OH)]™;

TEMPO:

ACT-TEMPO: 4-acetamido-(2,2,6,6-tetramethylpipéril-yl)oxidanyl;

HMF:

5-

Hydroxymethylfurfural; FDCA: 2,5-furandicarboxyliacid; FFCA: 5-formylfurancarboxylic acid;

DFF:

2,5-diformylfuran;

TPPNiI:

Nickel

Tetraphenyhpiyrin;

CoPPc:

Polymeric Cobalt

Phthalocyanine; STEMPO: Silatrane-anchor modifiz&,6,6-tetramethylpiperidin-1-yl)oxidanyl

Ucen j Cathode Cathode Anode Anode Ancde Cell type Longest
[Eetectroe (mAcm™® | catalyst product(s), reaction catalyst | Product(s). and | (h) Ref.
V) Y FE (%) y FE (%) separator P
CEM
3.5 75 Ag CO (83) CER DSA Cl,(76) | membrane| 3 |[31]
electrolyzer
CH,(8), AEM
1.64 125 CuPc CoH,4 (1), Ethanol Pd Acetate | membrane| 6 [33]
HCOO™ (3) electrolyzer
E..~138, Syringaldehyds
E 245 Re(bipy- o-phenylene- |Ce(lll)/Ce(l|Benzimidazo
an ~ -
Vs. 1 tBu)(COXCI CO (100) diamine V) e-derivative H-cell 2 [34]
Ag/AgCI condensation
CEM
Eca—0.7 Pt+ |Acetophenon
vs. RHE 3.7 Cu-In CO (>70) | 1-phenyl ethamol]_EMpO (95-70-36) Membrane| 3 [35]
electrolyzer
- Boron- . CEM
18 Sn HCOC (85), Acid orange 7| doped Carb9xyllc Membrane| 4 |[36]
(60) . acids
diamond electrolyzer
Ecat —1.7 HCOO" . CEM
VS. 40-45 Sn Methyl orange| Ti/Sn®Sb Membrane| 5 [37]
Ag/AgCI (72-52) electrolyzer
IO CEM
3 10 Sn HCOO(35) sQ* z ok Membrane| 5 |[[38]
Ta,04/Ti
electrolyzer
CEM
2 4.5 Fe-SAs/N-C| CO (100) NaCl Ru@ CIO™(99) | Membrane| 24 |[39]
electrolyzer
[(tpy)(Mebim
- Benzaldehyd AEM
1.8 0.06 py)Rd'(OHz) CO (26) Benzyl alcoho| Ru-complex (75) separated ct 1.5 ([40]
1
CO (1), Bromoethang
CH, (7), (40)
E.—1.0 4\ - One com-
Br->Br
vs. RHE a1 Cu HCOO" (2), 2 Pt partment [41]
EtOH (10),
Acetaldehyd




e (2),
Acetate (1),
Propion-
aldehyde (1),
1-PrOH (4)
CO (76-22) Carbon felf L?;;I?Sg():ld AEM
2.5 15 Au _ " |1,2-propanedio] + ACT- 7| membrane| 2 |[42]
HCOO™ (3) TEMPO Pyruvic acid electrolyzer
(14-23) Y
Ecot—1.7 ) HCOO CEM [4
vs. 40 Bi 91) Methyl orange, 1i/sno,-Sb Membrane| 5 | 3
Ag/AgCl electrolyzer
CO (93),
15 95 _ Glycerol
Ag HCOO (9) Pt
15 13 CO (95) Glucose
CO (10),
15 73 Sn HCOO (85) Glycerol Pt AEM
membrane| 1.5 |[13]
CO (43), electrolyzer
HCOO (11),
CH, (24)
15 929 Cu C,H.OH Glycerol Pt
(11), 1-PrOH
(7), CH,
_ HCOO . FDCA, CEM
2.5 2 BiO, HMF NiO FFCA, DFF| membrane| 3.3 |[44]
(81)
(36) electrolyzer
CO (96) CEM
3.8 100 TPPNiI-C CER DSA Cl,(80) | membrane| 5 |[29]
electrolyzer
CO (46) AEM
2 2 CoPPCc/CNT] Glycerol STEMPO GIy(;:sr(z-;lg)eh) membrane| 3 [45]
electrolyzer
CO (90) AEM 3
25 100 Ag Urea Ni membrane| 4 2]
electrolyzer

As shown in Table 2., a wide variety of producta éarm on both electrodes depending on
the cell voltage. For example, upon the oxidatidnfuranic compounds, such as 5-
hydroxymethylfurfural (HMF)[46] 2,5-diformylfurarh-formly-furan, 2,5-furan dicarboxylic

acid (FDCA, an important raw chemical for sustalaaplastic production [47]) can be

formed.

This significantly increases the complexity of thedectrocatalytic systems and anticipates
that beyond the electrocatalysts, electrodes atiddesign, the system construction and

operation will require major development effortg@ach an industry-relevant performance.



3. Challenges to be solved
3.1. Catalyst design and development

There is no preferred anodic reaction coupled to,FCQet. Consequently, general
electrocatalysts (such as platinum) are often usetiead of reaction-specific catalysts. As
one exception, for the chlorine production stud@sjensionally stable anodes (DSAs) were
employed.[29,31] Interestingly, homogeneous eleetialysts were also investigated in a few
studies.[31,33,38]These trends reflect the prematurity of the fiedahd therefore using
tailored catalysts will bring further advancemeimsachieving both high activity and constant

product selectivity.

Long-term stability and durability under operaticwnditions is of crucial importance. In the
studies collected in Table 2, the longest elecsislyexperiments were pursued for a few
hours. The stability of these processes, togethtr the possible fading mechanisms will
have to be addressed on an even longer timescalkekéwmonths). This includes studying
catalyst poisoning (e.g., deposition of differengamic species), catalyst leaching, electrode
support degradation, etc. In case of,RQ@oupled with OER, the cathode deactivation leads
to cell voltage increase, which affects the cathpieluct composition. When pairing R
with anode processes where different products fdepending on the anode potential, such
catalyst degradation can simultaneously alter theda and cathode product composition.
This necessitates a strict operational control leé tvhole electrolysis process, which

manifests in a complex operating environment, asutised later.
3.2. Electrode design

In flow CO,R cells, mostly titanium is used on the anode sigestructural material (e.g.,
current collector, gas diffusion layer) to withadathe demanding oxidative conditions. It is,
however, expensive and difficult to process, esdlgcin comparison with stainless steel or
mainly carbon. Since many of the alternative anadiactions occur at lower potentials
compared to OER (and carbon corrosion), high sarfaea carbon might be employed as
catalyst support.[48] Carbon-based electrodes offasily adjustable electrode porosity,
thickness, hydrophilicity etc., which parametera b& optimized for the given reaction and
reactant type (gas phase vs. dissolved reactahtgjde variety of carbon papers, clothes,
meshes are available from different suppliers, @it the continuous development of fuel-
cells[49] and gas phase electrolyzers (e.g.; €l@ctrolyzers) it is expected that this market
expands further. As other alternatives, porousctires (e.g., meshes, foams) made of less



corrosion tolerant metals (e.g., steel, copperkatietc.) might be applicable as catalyst

supports in this case.

A special challenge for the electrode design ispgsmeability for reactant and product
streams. Notably, some potential reactants/prodpossess viscosity orders of magnitude
larger than that of water. Both fluid dynamics mlotdg and careful experimental studies are

necessary to find viable cell- and electrode gedeeet
3.3. Cell architectures

As only a few articles were published on ROpaired with non-OER anode reaction, no
optimized cell design emerged yet. When pairing tmdti-electron and multi-proton transfer
processes, a compromise has to be made betweaptiheal conditions for the anodic and
cathodic half-reactions. As for GR, microfluidic reactors Kigure 1A), having a
continuously flowing liquid electrolyte between tlwathode and the anode, are widely
employed.[1,50-52] These devices allow high curdeisity operation, but due to product
mixing, some of the anodic products might be reduoa the cathode (and vice versa),
causing significant efficiency losses.[13] Thisaighallenge even in case of OER, where the
product is in the gas phase, hence most of it Bdveugh the porous anode and only a minor
amount ends up in the liquid electrolyte. In cabéiquid (or dissolved) product formation,

this effect is much more pronounced.

Introducing a membrane in a microfluidic cdfigure 1B) circumvents this issue, and
therefore it is more suitable for paired electr@ydn this case two separate electrolyte
solutions, a catholyte and an anolyte are applidds allows to use solutions of different
composition, pH, ionic strength, etc. in the twanpartments, hence optimizing the reaction
conditions for the two reactions separately. Thasddit however, comes at a price: the two
electrolyte solutions plus the membrane add exsetance to the cell, decreasing the energy
efficiency of the process. Furthermore, the systammplexity also becomes significantly
higher. It is generally true for all configuratiotisat inserting a reference electrode in the cell
is important to monitor the anode potential. In opimion, such cells might be useful tools to
scrutinize the effects of reaction conditions foairpd electrolysis. The industrial
implementation of such processes, however, esphecal high current densities, will

necessitate the development of more energy efficeard simpler setups.
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Y: H*, Na*, charged products etc.
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Figure 1. Typical cell configurations (A-C) and separat¢®) which can be applied for paired
electrolysis. (A) microfluidic electrolyzer cell thi one liquid electrolyte and no further separaBy,
microfluidic electrolyzer cell with separated liguanolyte and catholyte, (C) zero-gap electrolyzer
cell with separator, without electrolyte.

Zero-gap cells offer the least complicated desi .the electrodes are sandwiched
directly together Kigure 1C), the highest energy efficiency can be expectethis case.
However, as no separate anolyte and catholyteed, ike local chemical environment of the
catalysts is determined only by the membrane amalysés chemistries, together with the
operation conditions. Parameters such as the @zimgtry, gas flow-rate, temperature,

humidity, etc. are therefore critical in this case.

As a simple solution, a porous frit (e.g., glass) be applied to divide the anode and
cathode compartment, but the use of membrane gegaralls is more appealing due to the
better product separation and lower additionaktasce. The use of CEMs, AEMs, or bipolar
membranes (BPMs) can be envisionétyre 1D, from top to bottom, respectively). The
chemical nature of the membrane is less importanmicrofluidic devices as the liquid
electrolyte dictates the surface pH, ionic strenpgth., but in zero-gap cells it determines the

local chemical environment of the catalyst layers.

Applying a CEM to separate the cell results in ghhy acidic pH on both electrodes.
H* ions form on the anode, and as they are the cleagiers across the membrane, they are
also present on the cathode side of membrane inlbazl concentration (especially in a zero-
gap design). This favors HER over @Oon the cathode, requiring the development of

selective catalysts for the latter process funatignn acidic media, which has not been
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achieved yet. Using AEMs, on the other hand resaoliecally alkaline environment as the
ion movement is the opposite in this case. Thaptemal for CQR, but might be problematic
for anode reactants which are sensitive to alkgdide

BPMs emerged in the recent years for,RQo avoid product crossing.[53-55] The
typical operation of BPMs is based on water dissomn at the interface between the AEM
and the CEM, and consequent O&hd H migration to the anode and cathode, respectively.
This results in acidic cathode and alkaline anddeThe alkaline anodic pH can be useful for
certain processes, but the acidic pH of the catimoid@t necessitate the inclusion of a buffer
layer between the cathode catalyst and the BPM wuoidaexcessive K formation,
complicating the cell design and operation. A reedrcombination of an AEM and a CEM
would lead to alkaline cathode and acidic anode IpHhis case OH(or CQ*/HCO;) and
H" ions would move towards the interface of the twenmbranes and recombine there. The
formed product must be removed from the space letwihe two membranes, again
necessitating the inclusion of a buffer layer. Apgtion of BPMs therefore seems
challenging, but on the other hand offers the [oilgsi to separately adjust the local pH
around the electrodes. We therefore expect thaboony two (or more) different membranes

will play an important role in the evolution of padl electrolysis processes.
3.4. Integration and ensuring long-term operation

In the case of C&R coupled with OER the analysis of the anode prbdomposition is
typically neglected (see some exception in refsqBf, assuming the formation of pure
oxygen. Because of the complex nature of pairectrelgsis, online analytics becomes even
more important, which necessitates the use of msophisticated test/operational
environmentsKigure 2). The cathode part of this setup is identical tatis used for CER
studies with anodic OER. This constitutes of a wmmled gas inlet (with optional
humidification), and a product stream processing, pacluding water separation (or liquid
product collection) units, pressure and temperatansors and controllers, a gas-flow meter a
complex gas analysis system, typically comprisinj @ gas chromatograph, mass

spectrometer, etc.
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Figure 2. Exemplary operational framework for gRpaired with a value-added anode process in a
zero-gap design. The setup can be extended tousitig liquid catholyte, by adding an extra pump to
the cathode circuit.

Depending on the cell configuration, one or twarigialtic) pumps are used to deliver
the liquid electrolytes (Fig. 1A-C). Optionally, §phase reactants can also be fed to the
anode of the cell, similarly to the cathodic £@ed. These fluids are tempered before
entering the cell to maintain constant operati@oaditions. Subsequently, the anode product
stream leaves the cell through a pressure regglative to be processed further. First, the
gas products are removed, then the dissolved/ligh@se products are separated from the
anolyte. The composition of the anode product strehall be analyzed continuously to
ensure proper operation. This should include ondind offline methods both for the liquid
and gas phases. These generally encompass gak#giguamatography (coupled with mass-
spectrometry), NMR, FTIR and Raman spectroscoplypther product specific spectroscopic
methods can also be applied. Another engineerirdjesige will be to isolate the valuable
products from the anolyte, which can be subsequesatirculated in the process.

4. Conclusions

Electrochemical CgR is a promising technology to simultaneously prealimportant raw
chemicals and decrease the atmospheric emissiarggenhouse gas. This approach could,
however, be further developed by either decreasiagnergy needs by transforming organic
waste streams on the anode, or by forming highevgtoducts. Such paired electrolytic

processes already attracted scientific attentiocoimjunction with the cathodic HER, and we
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expect that this will be the case with g0Das well. Due to the vastly different anode
reactions, the cell structure, operating conditicared even the test-benches/operation
frameworks have to be tailored for these procesBEes.system complexity is significantly
increased in most cases (compared to OER), nem@sgithe multi-step separation and the
continuous monitoring of both the anodic and caithqidoducts. This implies scientific and
engineering challenges, but a properly designed apiohized paired electrolysis process
offers the possibility of direct industrial implentation.

Conflict of interest statement
Nothing declared.
Acknowledgements

This project has received funding from the Europ&asearch Council (ERC) under the
European Union’s Horizon 2020 research and innomgbrogramme (Grant Agreement No.
899747). The research was supported by the NatResdarch, Development and Innovation
Office (NKFIH) through the FK-132564 project.

References

Papers of particular interest, published withinpleeiod of review, have been highlighted as:
* of special interest

* * of outstanding interest

[1] P. De Luna, C. Hahn, D. Higgins, S.A. JaffetFTJaramillo, E.H. Sargent, What
would it take for renewably powered electrosyntbe displace petrochemical
processes?, Science 364 (2019) eaav3506. httpsfgld0.1126/science.aav3506.

[2] B. Endidi, G. Bencsik, F. Darvas, R. Jones, K. Rajesh@arJanéky, Continuous-
flow electroreduction of carbon dioxide, Prog. EnefCombust. Sci. 62 (2017) 133—-
154. https://doi.org/10.1016/j.pecs.2017.05.005.

[8] S.S. Bhargava, F. Proietto, D. Azmoodeh, E.RBfe@l, D.A. Henckel, S. Verma, C.J.
Brooks, A.A. Gewirth, P.J.A. Kenis, System Desiguld® for Intensifying the
Electrochemical Reduction of G@o CO on Ag Nanoparticles, ChemElectroChem. 7
(2020) 2001-2011. https://doi.org/10.1002/celc. ZWEXB9.

[4] W. Ma, S. Xie, T. Liu, Q. Fan, J. Ye, F. Sun,Xang, Q. Zhang, J. Cheng, Y. Wang,
Electrocatalytic reduction of CQo ethylene and ethanol through hydrogen-assisted
C-C coupling over fluorine-modified copper, Nat. t&a (2020).
https://doi.org/10.1038/s41929-020-0450-0.

[5] F.P. Garcia de Arquer, C.T. Dinh, A. OzdenWicks, C. McCallum, A.R. Kirmani,
D.H. Nam, C. Gabardo, A. Seifitokaldani, X. WangCY Li, F. Li, J. Edwards, L.J.
Richter, S.J. Thorpe, D. Sinton, E.H. Sargent, €l@ctrolysis to multicarbon products
at activites greater than 1 A ¢Mm Science 367 (2020) 661-666.

12



https://doi.org/10.1126/science.aay4217.

[6] S. Verma, B. Kim, H.-R. “Molly” Jhong, S. Ma,.PA. Kenis, A Gross-Margin Model
for Defining Technoeconomic Benchmarks in the HEteduction of CQ
ChemSusChem. 9 (2016) 1972-1979. https://doi.or)02/cssc.201600394.

[71 M. Jouny, W. Luc, F. Jiao, General Techno-EcaiAnalysis of CQ Electrolysis
Systems, Ind. Eng. Chem. Res. 57 (2018) 2165-2177.
https://doi.org/10.1021/acs.iecr.7b03514.

[8] B. Endrédi, E. Kecsenovity, A. Samu, F. Darvls,V. Jones, V. Torok, A. Danyi, C.
Janéky, Multilayer Electrolyzer Stack Converts @artDioxide to Gas Products at
High Pressure with High Efficiency, ACS Energy Let#t (2019) 1770-1777.
https://doi.org/10.1021/acsenergylett.9001142.

[9] H. Senboku, A. Katayama, Electrochemical castatxon with carbon dioxide, Curr.
Opin. Green Sustain. Chem. 3 (2017) 50-54.
https://doi.org/10.1016/j.cogsc.2016.10.003.

[10] R. Matthessen, J. Fransaer, K. Binnemans, DeEVos, Electrocarboxylation: towards
sustainable and efficient synthesis of valuableéa@gylic acids, Beilstein J. Org. Chem.
10 (2014) 2484—2500. https://doi.org/10.3762/bjo26&0.

[11] M. Yan, Y. Kawamata, P.S. Baran, Synthetic &vig Electrochemical Methods since
2000: On the Verge of a Renaissance, Chem. Rev. (2017) 13230-13319.
https://doi.org/10.1021/acs.chemrev.7b00397.

[12] F. Boissou, S. Baranton, M. Tarighi, K. De w@ira Vigier, C. Coutanceau, The
potency of y-valerolactone as bio-sourced polar aprotic orgamiedium for the
electrocarboxlation of furfural by GOJ. Electroanal. Chem. 848 (2019) 113257.
https://doi.org/10.1016/j.jelechem.2019.113257.

[13] **S. Verma, S. Lu, P.J.A. Kenis, Co-electraly®f CQ, and glycerol as a pathway to
carbon chemicals with improved technoeconomicstduew electricity consumption,
Nat. Energy. 4 (2019) 466—474. https://doi.org/088/s41560-019-0374-6.

Detailed article about coupling electrochemical ,ROwith glycerol and glucose
oxidation. Extensive technoeconomics on,R@lectroconversion coupled with non-
OER anode reactions. Also high current densitidsvatcell voltage for CGR coupled
with glycerol oxidation on anode.

[14] M. Grotheer, R. Alkire, R. Varjian, V. Srinigan, J. Weidner, Industrial Electrolysis
and Electrochemical Engineering, Electrochem. 8derface. 15 (2006) 52-54.

[15] S. Mohle, M. Zirbes, E. Rodrigo, T. GieshoK, Wiebe, S.R. Waldvogel, Modern
Electrochemical Aspects for the Synthesis of Valgeled Organic Products, Angew.
Chemie Int. Ed. 57 (2018) 6018-6041. https://dgit®.1002/anie.201712732.

[16] M.C. Leech, A.D. Garcia, A. Petti, A.P. Doblds, Lam, Organic electrosynthesis:
from academia to industry, React. Chem. Eng. 5 @@R02977-990.
https://doi.org/10.1039/DOREO0064G.

[17] **N.P. Martinez, M. lIsaacs, K.K. Nanda, Paireglectrolysis for simultaneous
generation of synthetic fuels and chemicals, NevCldem. 44 (2020) 5617-5637.
https://doi.org/10.1039/c9nj06133a.

Summarizes the studies from the last few yearsher(fgthoto)electrochemical organic
oxidation reactions (biomass detailed separatelypled with HER and C{R.

13



[18]

[19]

[20]
[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

**J. Na, B. Seo, J. Kim, C.W. Lee, H. Lee, YHwang, B.K. Min, D.K. Lee, H.S. Oh,
U. Lee, General technoeconomic analysis for elebgmical coproduction coupling
carbon dioxide reduction with organic oxidation, tNaCommun. 10 (2019).
https://doi.org/10.1038/s41467-019-12744-y.

Detailed presentation of coupling electrochemicaD,®R with non-OER anode
reactions. Detailed technoeconomic analysis.

C. Coutanceau, S. Baranton, R.S.B. KouaméecBee electrooxidation of glycerol
into value-added chemicals: A short overview, Fro@them. 7 (2019) 1-15.
https://doi.org/10.3389/fchem.2019.00100.

Ullmann’s Encyclopedia of Industrial Chemistry Wiley, 2000.
https://doi.org/10.1002/14356007.

OPIS, Pricing, News and Analysis for BuyingdaSupplying Ethanol-Blended Fuel
and Biodiesel, Ethanol Biodiesel Inf. Serv. 17 (@p2-17.

H. J. Kim, Y. Kim, D. Lee, J.R. Kim, H.J. Cha8.Y Jeong, B.S. Kim, J. Lee, G. W.
Huber, J. Byun, S. Kim, and J. Han, Coproducinguéahdded Chemicals and
Hydrogen with Electrocatalytic Glycerol Oxidationedhnology: Experimental and
Techno-Economic Investigations, ACS SustainablenCheng. 5 (2017) 6626—6634.
https://pubs.acs.org/doi/abs/10.1021/acssuschez0@B68

M. Valter, M. Busch, B. Wickman, H. Grdnbecl, Baltrusaitis, A. Hellman,
Electrooxidation of Glycerol on Gold in Acidic Madn: A Combined Experimental
and DFT Study, J. Phys. Chem. C. 122 (2018) 1043984
https://doi.org/10.1021/acs.jpcc.8b02685.

K. E. Guima, L. M. Alencar, G. C. da Silva, M. G. Trindade, and C. A. Matrtins, 3D-
Printed Electrolyzer for the Conversion of Glyceirtlb Tartronate on Pd Nanocubes,
ACS Sustainable Chem. Eng. 6 (2018) 1202-1207.
https://pubs.acs.org/doi/10.1021/acssuschemengdBio03

Y. Kwon, T.J.P. Hersbach, M.T.M. Koper, ElectDxidation of Glycerol on Platinum
Modified by Adatoms: Activity and Selectivity Effes; Top. Catal. 57 (2014) 1272—-
1276. https://doi.org/10.1007/s11244-014-0292-6.

R. Ciriminna, A. Fidalgo, L.M. llharco, M. Pharo, Dihydroxyacetone: An Updated
Insight into an Important Bioproduct, ChemistryOpeid (2018) 233-236.
https://doi.org/10.1002/0pen.201700201.

S. Pugh, R. McKenna, I. Halloum, D.R. Nielsdfngineering Escherichia coli for
renewable benzyl alcohol production, Metab. Eng.m@umn. 2 (2015) 39-45.
https://doi.org/10.1016/j.meten0.2015.06.002.

T. Schmidt, Encyclopedia of Microbiology, 4fdition, Academic Press, 2019.

**J.H. Guo, W.Y. Sun, Integrating Nickel-Nitgen Doped Carbon Catalyzed £0O
Electroreduction with Chlor-Alkali Process for COl, and KHCQ Production with

Enhanced Techno-Economics, Appl. Catal. B Envirod75 (2020) 1-37.

https://doi.org/10.1016/j.apcatb.2020.119154.

Demonstration of long experiment, high current dgnsreaction specific anode
catalyst (DSA) for the CER.

D.R. Lide, G. Baysinger, CRC handbook of ch&nyi and physics: a ready-reference
book of chemical and physical data, Choice Revir@nl (2004) 41-4368-41-4368.

14



[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

https://doi.org/10.5860/choice.41-4368.

T.E. Lister, E.J. Dufek, Chlor-syngas: Coupliof electrochemical technologies for
production of commodity chemicals, Energy and Fuél (2013) 4244-4249.
https://doi.org/10.1021/ef302033;.

*X. V. Medvedeva, J.J. Medvedev, S.W. Tatatch®.M. Choueiri, A. Klinkova,
Sustainable at both ends: electrochemical Gtization paired with electrochemical
treatment of nitrogenous waste, Green Chem. 22 0j202456—4462.
https://doi.org/10.1039/D0GC01754J.

High current densities for GB coupled with urea oxidation on non noble metal
anode.

*M. Bevilacqua, J. Filippi, A. Lavacchi, A. Mehionni, H.A. Miller, W. Oberhauser,
E. Vesselli, F. Vizza, Energy Savings in the Cosimr of CQ to Fuels using an
Electrolytic Device, Energy Technol. 2 (2014) 52255
https://doi.org/10.1002/ente.201402014.

Demonstration of a long experiment and low celtagé for paired electrolysis.

M.J. Llorente, B.H. Nguyen, C.P. Kubiak, K.Moeller, Paired Electrolysis in the
Simultaneous Production of Synthetic Intermediates Substrates, J. Am. Chem. Soc.
138 (2016) 15110-15113. https://doi.org/10.102%/Rw08667.

T. Li, Y. Cao, J. He, C.P. Berlinguette, Eletytic CO, Reduction in Tandem with
Oxidative  Organic Chemistry, ACS Cent. Sci. 3 (2017778-783.
https://doi.org/10.1021/acscentsci.7b00207.

S. Sabatino, A. Galia, G. Saracco, O. Sciaédddevelopment of an Electrochemical
Process for the Simultaneous Treatment of Wastevaaid the Conversion of Carbon
Dioxide to Higher Value Products, ChemElectroCherh. (2017) 150-159.
https://doi.org/10.1002/celc.201600475.

Q. Wang, X. Wang, C. Wu, Y. Cheng, Q. Sun,Ydi, Enhanced electroreduction of
CO2 and simultaneous degradation of organic paitstaising a Sn-based carbon
nanotubes/carbon black hybrid gas diffusion cathdd€Q Util. 26 (2018) 425-433.
https://doi.org/10.1016/j.jcou.2018.05.027.

Y. Kong, L. Wang, H. Jiang, F. Li, T. Zhao, Mhuo, Q. Chen, M. Mao, Y. Xu,
Design of counter oxidation vs. G@lectroreduction for efficient formate production
on a tn cathode, J. Electroanal. Chem. 847 (2019)13264.
https://doi.org/10.1016/j.jelechem.2019.113264.

*F. Quan, G. Zhan, H. Shang, Y. Huang, F. liaZhang, Z. Ai, Highly efficient
electrochemical conversion of G@nd NaCl to CO and NaClO, Green Chem. 21
(2019) 3256-3262. https://doi.org/10.1039/c9gc01099

Demonstration of a long experiment for paired etdgsis.

Y. Wang, S. Gonell, U.R. Mathiyazhagan, Y. Lilh Wang, A.J.M. Miller, T.J. Meyer,
Simultaneous electrosynthesis of syngas and amydéefrom CQ and an alcohol by
molecular electrocatalysis, ACS Appl. Energy Mate2 (2019) 97-101.
https://doi.org/10.1021/acsaem.8b01616.

S. Zhong, Z. Cao, X. Yang, S.M. Kozlov, K.Wuéhg, V. Tung, L. Cavallo, L.J. Li,
Y. Han, Electrochemical Conversion of €@ 2-Bromoethanol in a Membraneless
Cell, ACS Energy Lett. 4 (2019) 600-605.

15



[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

https://doi.org/10.1021/acsenergylett.9b00004.

E. Pérez-Gallent, S. Turk, R. Latsuzbaia, Ramlwaj, A. Anastasopol, F. Sastre-
Calabuig, A.C. Garcia, E. Giling, E. Goetheer, Heeduction of C@Qto CO Paired
with 1,2-Propanediol Oxidation to Lactic Acid. Towlaan Economically Feasible
System, Ind. Eng. Chem. Res. 58 (2019) 6195-6202.
https://doi.org/10.1021/acs.iecr.8b06340.

Q. Wang, C. Zhu, C. Wu, H. Yu, Direct syntresif bismuth nanosheets on a gas
diffusion layer as a high-performance cathode faroapled electrochemical system
capable of electroreduction of GQo formate with simultaneous degradation of
organic pollutants, Electrochim. Acta. 319 (2019) 384147.
https://doi.org/10.1016/j.electacta.2019.06.167.

S. Choi, M. Balamurugan, K.G. Lee, K.H. Cho, Bark, H. Seo, K.T. Nam,
Mechanistic Investigation of Biomass Oxidation Wsiickel Oxide Nanoparticles in
a CQ-Saturated Electrolyte for Paired ElectrolysisPhys. Chem. Lett. 11 (2020)
2941-2948. https://doi.org/10.1021/acs.jpclett.A&H

M.A. Bajada, S. Roy, J. Warnan, K. Abdiaziz, Wagner, M.M. Roessler, E. Reisner,
A Precious]Metal Free Hybrid Electrolyzer for Alcohol Oxidation Cdad to CQ [
tol1Syngas Conversion : Angew. Chemie. (2020).
https://doi.org/10.1002/ange.202002680.

*Y. Kwon, K.J.P. Schouten, J.C. van der Wa&l, de Jong, M.T.M. Koper,
Electrocatalytic Conversion of Furanic Compound§SACatal. 6 (2016) 6704—6717.
https://doi.org/10.1021/acscatal.6b01861.

Detailed description of potential anodic processes.

J.J. Bozell, G.R. Petersen, Technology devalemt for the production of biobased
products from biorefinery carbohydrates—the US Dipant of Energy’s “Top 10”
revisited, Green Chem. 12 (2010) 539. https://dgil®.1039/b922014c.

P. Trogadas, T.F. Fuller, P. Strasser, Cad®oatalyst and support for electrochemical
energy conversion, Carbon N. Y. 75 (2014) 5-42.
https://doi.org/10.1016/j.carbon.2014.04.005.

S. Park, J.W. Lee, B.N. Popov, A review of ghusion layer in PEM fuel cells:
Materials and designs, Int. J. Hydrogen Energy. 8&012) 5850-5865.
https://doi.org/10.1016/}.ijhydene.2011.12.148.

F.-Y. Gao, R.-C. Bao, M.-R. Gao, S.-H. Yu, &lechemical C@to-CO conversion
electrocatalysts, electrolytes, and electrolyzeds, Mater. Chem. A. (2020).
https://doi.org/10.1039/d0ta03525d.

H.K. Ju, G. Kaur, A.P. Kulkarni, S. Giddey, &llenges and trends in developing
technology for electrochemically reducing £@ solid polymer electrolyte membrane
reactors, J. COUtil. 32 (2019) 178-186. https://doi.org/10.10164u.2019.04.003.

L. Fan, C. Xia, F. Yang, J. Wang, H. Wang, M1, Strategies in catalysts and
electrolyzer design for electrochemical £@duction toward C2+ products, Sci. Adv.
6 (2020) 1-18. https://doi.org/10.1126/sciadv.ady31

Y.C. Li, Z. Yan, J. Hitt, R. Wycisk, P.N. Peatro, T.E. Mallouk, Bipolar Membranes
Inhibit Product Crossover in GCElectrolysis Cells, Adv. Sustain. Syst. 2 (2018)
1700187. https://doi.org/10.1002/adsu.201700187.

16



[54]

[55]

[56]

[57]

D.A. Salvatore, D.M. Weekes, J. He, K.E. Disgdeh, Y.C. Li, T.E. Mallouk, C.P.
Berlinguette, Electrolysis of Gaseous £® CO in a Flow Cell with a Bipolar
Membrane, ACS Energy Lett. 3 (2018) 149-154.
https://doi.org/10.1021/acsenergylett.7b01017.

Y. Chen, A. Vise, W.E. Klein, F.C. Cetinbas,JDMyers, W.A. Smith, T.G. Deutsch,
K.C. Neyerlin, A Robust, Scalable Platform for tBlectrochemical Conversion of GO
to Formate: Identifying Pathways to Higher Enerdficiencies, ACS Energy Lett. 5
(2020) 1825-1833. https://doi.org/10.1021/acseretigc00860.

G.O. Larrazabal, P. Strgm-Hansen, J.P. Heli, Zeiter, K.T. Therkildsen, 1.
Chorkendorff, B. Seger, Analysis of Mass Flows &nembrane Cross-over in GO
Reduction at High Current Densities in an MEA-Tglectrolyzer, ACS Appl. Mater.
Interfaces. 11 (2019) 41281-41288. https://doikdyd/021/acsami.9b13081.

M. Ma, E.L. Clark, K.T. Therkildsen, S. Dalsgd, I. Chorkendorff, B. Seger, Insights
into the carbon balance for G@lectroreduction on Cu using gas diffusion eletdro
reactor designs, Energy Environ. Sci. 13 (2020) —985.
https://doi.org/10.1039/DOEE00047G.

17



— Highlights —

Coupling electrochemical carbon dioxide conversiowith value-added anode processes: an

emerging paradigm

A. Vass,B. Endidi, C. Janéky

Department of Physical Chemistry and Materials i&m®e¢ Interdisciplinary Excellence Centre,

University of Szeged, Aradi Square 1, Szeged, HO6Hungary

*Correspondence to: janaky@chem.u-szeged.hu

» Large cell voltage is needed when £@duction (CGR) is coupled with anodic OER,
» Alternative anode reactions can lower the cellagdtand result in useful products,
* A complex system is necessary to performpR©oupled with non-OER anode reactions,

* Multi-step separation and continuous monitoringhef products is crucial.



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

[(IThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




