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Abstract

Electrochemical conversion of CO; to useful products at temperatures below 100 °C are
nearing the commercial scale. Pilot units for CO2 conversion to CO are already in testing. Units
to convert CO> to formic acid are projected to reach pilot scale in the next year. Further, several
investigators are starting to observe industrially relevant rates of the electrochemical conversion
of COz conversion to ethanol and ethylene with the needed hydrogen coming from water. In each
case, Faradaic efficiencies of 80% or more and currents above 200 mA/cm? can be reproducibly
achieved.

In this paper we describe the key advances in nano catalysts that lead to the impressive
performance, indicate where additional work is needed and provide benchmarks that others can
use to compare their results.

Main

The conversion of CO via electrolysis is a growing field. In 2019, there were over 600 papers
describing catalyst improvements. There have been many recent reviews®3"#2, The growth of the
field is being driven by three main influences: i) the falling price of renewable energy, ii) the need
to decarbonize the economy, and iii) that the processes are starting to become commercially
relevant.

This paper will focus on a few key developments in the field with an emphasis on advances
from 2018-2020. Major advances from 2018 to the present include:

Electrolyzers for the conversion of CO; into CO are reaching pilot scale®™®.

One can now directly form formic acid from CO; and not a formate®1°,

Production of C2 products is now beginning to show industrially significant rates!*-’.

Two-step electrolysis, where CO is produced in one electrolyzer, and converted in a second

electrolyzer is now showing renewed interest'8-2,

e Supported organometallic®®, MOF?>?® and single atom catalysts?’? are starting to show
promising rates.

e Ligands to direct surface reactions playing a key role in improving selectivity

29-36

We do not include a review of the findings from theory. Christensen et al.*® found that
conventional density functional calculations have systematic errors when applied to CO:
conversion, with activation energy changes as large as 50 kJ/mol with small changes in the
functional***. Also, we have been asked to limit the number of papers we cite, so there were
many wonderful papers that could not be included in this review.

Electrochemical Conversion of CO2to CO

We will start by describing the electrochemical conversion of CO, to CO, since this
application is closest to commercialization. Dioxide Materials*¢, Opus 12 and Siemens' are each



developing pilot scale low temperature electrolyzers. Smaller systems are being developed at other
companies. (High temperature systems being developed by Haldor Topsoe are not featured here.)
Generally, one feeds humidified CO- to the cathode of an electrolyzer and circulates water with
some electrolyte into the anode as indicated in Figure 1. CO. reacts with water on the cathode via
the reaction:

CO2+HxO+2e — CO +20H"

the OH™ crosses through the membrane to the anode where it reacts via the reaction
20H > H0+% 02+2¢

The net reaction is:
CO,—»CO+ %02

At one point there were issues with catalyst stability, but at this point stable long-term performance
has been achieved. The catalyst stability is highly related to the cell configuration and the testing
conditions. For example, Haas et al. 3 reported that cell voltage varied by 0.5 V during 1200 hr run
at 300 mA/cm? and 30 °C with catholyte flowing between cathode and diaphragm membrane. Liu
et al. “® found that they could run a CO; electrolyzer at 200 mA/cm? for 3800 hours at room
temperature using zero-gap cell configuration. The voltage needed to maintain a current density of
200 mA/cmz increased by only 11 mV in 3800 hours (~3u V/hr). The average Faradaic efficiency
for CO formation averaged 97% during this run. The equilibrium voltage for CO formation is 1.44
V. One is able to detect onset of CO formation at an applied voltage of 1.5 V, but the currents are
tiny. The CO current reaches about 10 mA/cm? at a cell potential of 2.0 V and then rises
exponentially as the voltage is increased. The current per unit area reaches 100 mA/cm? at about
2.6 V and 500 mA/cm? at 3-3.1 V. Stable on-off performance has also been achieved.® Higher
currents are possible. For example, currents of ~0.5 A/cmz2 have been demonstrated in pilot scale
electrolyzers running at 50 °C°. That corresponds to a current of 250 A/gm of silver. Edwards et
al.*”, report a strikingly high 1.5 A/cm2 at similar voltages by pressuring the electrolyzer to 50 bar,
circulating KOH through the anode. Clearly industrially relevant currents are possible for CO>
electrolysis to CO.

Table 1 shows some other industrial benchmarks  Table 1 Industrial benchmarks
for electrolyzer performance. Currents between 200  for electrolyzers to convert CO; to CO
and 500 mA/cm? and greater than 95% faradaic ~Electrolyzer current 200-500 mA/cm?
efficiency are routine.  Higher currents can be Catalyst activity >100 A/gm
obtained but industrial CO; electrolyzers are difficult ~ Faradaic Efficiency >95%
to operate at currents above 500 mA/cm? due to Voltage increase at <10 uV/h
overheating in the stack and issues with water constant current HVInr
management at the higher voltages required. We do  Turnovers 5
not know lifetimes yet because experiments that run  demonstrated SHUIEIY
long enough to show failures have not yet been done.  Turnovers target >500,000,000
But the voltage rise at constant current is a measure
of system life. A voltage rise of 10 uV/hr suggests a system life between 2 and 3 years. A voltage
rise of 3p V/hr implies a lifetime of about 7 years.

Keys to meeting the benchmark performance include:

e Mounting the cathode catalyst in a gas diffusion layer“®° with appropriate ionomers to create
a three-phase interface between the CO. gas, the catalyst and the ionomer. This strategy



reduces mass transfer limitations to obtain high currents.

e Using a zero-gap design®°° with the anode and cathode catalysts pushed against a highly
conductive polymer. This eliminates the ionic resistance, and thereby lowers the cell voltage.
Dioxide Materials uses their own Sustainion® anion exchange membranes®*°. Siemens uses
a PFSA (i.e. PEM) membrane that has been coated with anionic ionomer®"8,

e Circulating a dilute electrolyte through the anode to keep the membrane hydrated and the cell
cooled. Dioxide Materials circulates a 0.01 M KHCOs3 solution. KOH solutions have also
been used*”>?, but the KOH solutions absorb CO>, so they are not useful in commercial CO;
electrolyzers.

e Optimizing the particle size. Years ago, Salehi-Khojin et al.%%! showed that the activity of a
CO: catalyst is the highest if the particle size is 5-10 nm. This work was expanded by Kim et
al. % and Zhang et al.%%. The optimum particle size seems to be about 5 nm for silver®-52
although any silver particles in the range of 5-20 nm show similar activity. Gold particles have
an optimum of about 8 nm®* although gold nanowires have a smaller optimum diameter® and
there is some contradictory data®®. Presently, commercial silver nanoparticles with a size
between 5 nm and 20 nm is optimum.

e Controlling the humidity in the CO- feed to prevent flooding® in the cathode catalyst layer and
membrane dehydration.

e Running the experiments for thousands of hours to accurately measure catalyst stability.

Many other procedures have been used in the literature as summarized in the supplemental
material. Still, one can maximize the industrial relevance of ones’ work by:

e Mounting the catalyst on a gas diffusion layer
e Testing in a zero-gap cell
e Reporting the actual cell voltage, not an IR corrected voltage

e Measuring and reporting the voltage increase at constant current - preferably at a current
>200 mA/cm?

At this point there have been many valiant efforts to improve silver catalysts for the conversion
of CO2 to CO by changing the catalyst morphology or adding alloying elements as reviewed
elsewhere®5°, Structures include porous films™, and hollow spheres’™. Ag/Cu’>", Ag/Zn,™
Ag/Pd’""® and Ag/In alloys’® have also been tried. Unfortunately, most of the newly developed
silver catalysts have not approached the 250 A/gm with 95%+ faradaic efficiency and thousand+
hour stability seen with commercially available silver nanoparticle catalysts. There are two
exceptions. Recently, Abeyweera et al.8! reported that porous Ag nanostructures showed currents
of 500 A/gm. A coral structure also shows high activity®2. Further work is needed to determine
whether these catalysts are stable enough to be useful industrially.

In contrast, gold catalysts have the potential of exceeding the performance of silver catalysts
in several commercial applications such as those where impurities are present in the CO. feed. So
far, the published work has only used pure CO. Early efforts by Jhong et al. 8 Verma et al.®* and
Zhu et al.%* showed currents in the order of 500 A/gm of gold, albeit at modest selectivity.
Improvements have been made to enable selectivities over 90% on gold nanoparticles®®° or
nanowires®>%, These are commercially relevant currents and selectivities.



As with silver, there have been many attempts to improve gold catalysts for CO> electrolysis.
Changes in morphology have been considered®:%, but the resulting catalysts showed modest
activity on a per gold atom basis. Alloying with silver had modest effects®3%. At this point no one
has reported tests of gold catalysts under conditions where one might expect gold to be
advantageous (e.g., impure CO2 streams), so it is unclear whether gold nanoparticle catalysts will
be superior to silver under any conditions given that gold is 50-70 times more expensive than silver
at current 2020 market pricing. Clearly, more work is needed.

Many other metals have been tested for CO, conversion to CO. Copper-indium core-shell
structures show reasonable currents®® but lifetime still needs to be demonstrated. Other copper
alloys show lower activity®®. Other metals have been tried but so far none of the other metals or
alloys show the combination of activity and stability that is needed for industrial applications of
CO. conversion to CO.

The next question is whether likely improvements in the cathode catalyst activity will have a
significant effect on the economics of the industrial process. Figure 2A shows how the projected
cost of producing CO varies with the applied voltage. Generally, the cost of the process is largely
determined by three factors: the cost of electricity, the cost of periodic membrane electrode
assembly (MEA) replacement, and the cost of the balance of plant (BOP). Notice that the cost to
replace the MEA drops substantially as one increases the cell voltage from 2 to 3 VV while the
electricity cost increases more slowly. The rapid drop in the cost to replace the MEA occurs
because the cell current increases from 10 mA/cm? to 380 mA/cm? as one raises the voltage from
2 to 3 V. Consequently, one needs a much smaller MEA, less expensive, at 3 V than at 2 V to
produce the same amount of product.

Figure 2A shows that there is a minimum in the curve at 3.0 V. The minimum occurs when
the decrease in the cost of MEA replacement with increasing voltage balances the increase in the
cost of electricity with increasing voltage.

Now consider the effect of a 200 mV reduction in the overpotential for CO formation. The
current at 3 V doubles but the optimum voltage drops from 3.0 V to 2.8 V so the optimum current
is still about 400 mA/cm2. There is a reduction in the electricity cost of (3.0-2.8)/3.0 = 6.7%. In
such a case, one could pay $0.053/kWh rather than $0.050/kWh for electricity and still have an
economic process assuming that the catalyst lifetime does not decrease. But that is not significant
industrially. Instead, one would need to reduce the overpotential by at least 500 mV to have a
significant effect on the process economics.

Reductions in the catalyst lifetime can be significant though. Most industrial users will not
buy an electrolyzer whose MEA needs to be replaced every year. Further, a reduction in the time
between membrane replacement from five years to one year raises the cost by 15%.

One might also ask how the cost of the cathode catalyst affects the economics. Figure 2B
shows the breakdown of the cost of the MEA. Notice that cost of the silver catalyst is only 3.7%
of the cost of the MEA.

Next we will discuss immobilized molecular catalysts and single atom catalyst (SAC) for
electrochemical CO> conversion to CO. Molecular CO2RR catalysts are discrete complexes with
well-defined structure. The ligand about the metal can be designed to control the electron density
of the reactive metal site, steric effects, and the secondary coordination sphere.®” Such platforms
are therefore particularly valuable for studying specific details of reaction mechanisms. A major



challenge in studying homogeneous molecular CO2RR catalysts is that they tend not to survive a
high number of catalytic turnovers. Notwithstanding, the lifetimes of these catalysts can be
extended by fixing them to a solid support.

The method of immobilization and the support material has a large effect on catalytic
performance®-1%, Strategies for immobilizing molecular catalysts include utilizing non-covalent
interactions of porous conductive surfaces, polymer encapsulation, covalently grafting, and
integration into metal organic frameworks (MOFs) or covalent organic frameworks (COFs). Solid
supports that have been tested include graphenel®, carbon nanotubes'®?, carbon cloth®, carbon
black!%4, and nanowires!®. To illustrate the positive effects of immobilizing a catalyst, consider
that a homogeneous cobalt phthalocyanine catalyst yields a FE for CO production of 13% at 0.062
mA/cm? for a turnover number of 41%. Immobilizing this same catalyst to carbon nanotubes
increases the FE to 90% at 10 mA/cm2 197, This reaction enhancement arises from the high surface
area and high conductivity of the support, along with the close proximity of the catalyst to the
support, providing more efficient delivery of electrons to each catalyst and to more catalysts. This
configuration also reduces aggregation and bypasses undesired side reactions to suppress catalyst
deactivation!%,

Other means of immobilizing molecular catalysts include the use of polymer
encapsulation!®, This technique can also enhance CO2RR activity by modifying the coordination
spheres and controlling for proton inventory; e.g., the turnover frequency for CoPc was improved
from 0.6 s™ to 4.8 s upon encapsulation in poly(4-vinylpyridine) (P4VP). The means by which
the polymer binds to the metal can also affect the CO2RR reaction pathways*®. Incorporating
molecular building blocks in porous reticular frameworks presents the opportunity to create
discrete active sites with acute control of the surrounding chemical environment*'%!, The current
density of these frameworks can be enhanced by supporting with carbon black and using more
conductive linkages**?. Two dimensional porphyrin based COF materials are also of particular
interest due to the facilitated charge carrier mobility by intralayer n-conjugation and interlayer =-
7 stackingt311d,

Covalent grafting also enhances catalyst stability. This technique provides for a stronger
interaction with the surface than the van der Waals forces used for physisorbed systems. Covalent
grafting can be done chemically*®!” or electrochemically!'®!9 Grafting CoPc to carbon
nanotubes through covalent Co—O bonds has been shown to increase catalyst loading relative to
physisorption!'’. Molecular catalysts can also be incorporated into the edges of graphene sheets.
These graphite-conjugated catalysts (GCCs) are unique in that they place the catalyst in intimate
electronic contact with the support. The electronic coupling between the catalyst and graphene
sheets provides for a situation where they act as a single coherent system®?°. This situation
fundamentally affects the redox demands of a single molecular catalysts and alters the reaction
mechanism*?,

While the immobilization of molecular catalysts can impact on activity and selectivity,
many of these investigations are performed in a batch setting and at very low current densities. It
has therefore remained an open question as to how relevant these molecular systems are to
commercial operation where higher current densities and a high pH range is required. These
reasons have prompted research groups to start to investigate ~ molecular catalysts in flow cell
architectures®9122123 Ren et al. found that immobilized CoPc in a flow cell operating at a current
density of 150 mA/cm? could achieve a FE of 95%'22. Zhuang and coworkers have since reported
similar results at 200 mA/cm? with CoPc®. Both reports use a commercially relevant electrolyzer



architecture: gaseous COx is supplied to the cathodic GDE in a zero-gap flow cell with an AEM.

While it is unlikely that molecular CO2RR catalysts will reach the stability needed for
commercial viability, the number of variables available for tuning such catalysts are expected to
advance the field. Molecular catalysts will undoubtedly provide insights into reaction mechanisms
in the flow cell that would otherwise be difficult to resolve, but improvements in electrolyzer
performance are also expected. For example, appending tetramethyl ammonium moieties on the
macrocycle have already been shown to generate improvements in activity®124,

Although the activity of heterogeneous molecular CO2RR catalysts are much lower (< 100
A/gm) than solid-state catalysts (< 500 A/gm), the ligand environment enables the use of earth-
abundant metals. Moreover, the mechanistic insights elucidated by well-defined molecular
catalysts in turn can facilitate the rational design of the catalyst itself and the supporting material
that improve both activity and stability. These strategies together with additional testing
in the flow cell environment creates new opportunities to close the gap between molecular and
solid-state catalysts'?>

Highly dispersed single atom catalysts, especially those with metal-nitrogen sites in carbon
substrates are also particularly attractive to the CO,RR community because of their high
conductivities, surface areas, maximum atom efficiencies and stabilities. The Wang, Strasser and
Nam groups tested a Ni SAC-deposited GDE in flow cells?®126127 They were able to obtain a
current density of 380 mA/cm? with >90% selectivity in a three-compartment cell with flowing
KHCO3 electrolyte. No cell voltages were reported. This performance was reached with a
strikingly high activity of >200 A/g. The system could be sustained at 200 mA/cm? for 20 h with
a FE of 85%. The He group successfully synthesized a GDE with Ni SAC distributed throughout
the carbon fiber support, maintaining 350 mA/cm? with 88% Faradaic efficiency for 120 h'?® Bao
and coworkers also reported the beneficial effects of combining a molecular catalyst (CoPc) and
an iron-based SAC catalyst'?® At this point we do not know whether SACs will be viable
candidates for commercial CO; electrolyzers. A better assessment can be made after long term
stability studies in zero gap cells are performed.

In summary then, the electrochemical conversion of CO> to CO is now reaching industrial
performance. Industrially relevant currents and Faradaic efficiencies have already been achieved.
Still, there are some areas that could use further improvement.

e Iridium free anode catalysts. Presently, all of the commercial CO- electrolysis cells use
IrO2 or IrkRuyO> anode catalysts. Metal oxide and metal phosphide catalysts also show
some activity'®, but when tested in commercial electrolyzers, the currents are much lower
than those with the iridium based catalysts. MOF based catalysts'®! show high activity, but
long term performance has not been achieved. Changing the ionomer to raise the pH to
where iron and nickel are stable, has been tried. Unfortunately, CO> crossing through the
membrane slowly lowers the pH, so the iron and nickel corrode in long term experiments.
The worldwide supply of iridium is limited, and so alternatives to iridium are needed to
allow CO:z electrolysis to grow to the multi GW scale.

e Systems that convert CO; to CO at currents of >400 mA/cm? at cell potentials <2.5 V
without KOH or other additives that need to be replaced. Present day catalysts start to
produce CO at cell voltages as low as 1.5 V, but cell voltages of about 3 V are needed to
obtain currents of 400 mA/cm?2. Lowering the voltage to below 2.5 V would open segments
of the market that are uneconomic now.



e The use of bicarbonate feedstocks presents the opportunity to perform electrolysis where
the reagent is regenerated by the CO, capture process*2. This type of electrolysis bypasses
the energy-intensive thermal regeneration steps to release CO, from the capture solution.
This reactor, however, has a high cell voltage of ~3.5 V at 100 mA/cm? due to use of a
bipolar membrane that dissociates water into H* and OH". More e ffort to lower cell
voltages through membrane and reactor design are needed.

Production of formic acid

Next, we will discuss the electrochemical conversion of CO2 + H20 into formic acid via the
reactions:

CO2+ H20+2e — HCOO™ + OH™

HO > %0y + 2H  +2 ¢~ Table 2 Performance of state of
R the art electrolyzers for the conversion
HCOO™+H" - HCOOH of CO; and water to HCOOH
OH +H" > H0 Electrolyzer current >200
mA/cm?

Giving a net reaction: Catalyst activity >50 Algm
CO2 + H2O — HCOOH + % O3 Initial Faradaic
efficiency in an
electrolyzer producing
2M formic acid
Faradaic efficiency loss
at a constant current of
200 mA/cm® in an ~10%hr
At present, production of formic acid via electrolyzer producing
electrolysis is not as close to commercialization as  2M formic acid
CO production because of issues with catalyst Initial Faradaic
stability’33134 and selectivity’®®.  The DMV/OCO efficiency in an
group®3137 found that they needed to reverse the electrolyzer producing
potential to their cell every 2-10 hours to restore <0.5 M formic acid
catalyst activity’®”. Dioxide Materials regenerates Turnovers demonstrated >15,000,000
every 7-20 days. Unfortunately, the regeneration Single pass HCOOH 2-5 mol/l
process is only partially successful; instead, the concentration
Faradaic efficiency drops with time. In a typical run
producing 2-5 M formic acid in a Dioxide Materials CO- electrolyzer with a bismuth oxide catalyst
shows an average Faradaic efficiency of about 80% for the first 100 hours but that might drop to
about 75% in 500 hours, and to 65-70% in 1000 hours. XRD shows that bismuth oxide is being
slowly converted to bismuth metal during the run. One can reverse the potential to partially oxidize
bismuth metal back to bismuth oxide, but sufficient stability has not yet been achieved

CO: electrolysis to produce formic acid has an >80%
equilibrium potential of 1.41 V, but as with the
formation of CO, the optimum voltage is above 3 V.
Dioxide Materials formic acid systems use a three

compartment cell®® which adds another 0.5-0.7 V.

>90%

Argawal et al.**® found that their tin catalyst had a Faradaic efficiency of about 80% initially,
but the selectivity dropped to about 70% after 120 hours. That can be improved by running at
constant voltage. In that case the Faradaic efficiency was constant at about 70% through a 500
hour run, but the cell current dropped by 10% in 300 hours.

One can also achieve efficiencies above 90% by lowering the formic acid concentration
produced by the electrolyzer to below 0.2 M. This eliminates the efficiency loss due to oxidation



of the formic acid on the anode®®. Unfortunately, such low concentrations are not practical
commercially. Clearly, more work is needed to understand and eliminate the loss of efficiency.

Another issue is that formic acid is the preferred commercial product, but most papers on the
electrochemical conversion of CO2 to “formic acid” focus on the formation of formate salt and not
formic acid. In 2017 Yang et al.%® showed that in a 3-compartment cell design, one can do in situ
acidification of the formate to yield a pure formic acid/water solution. The use of a Nafion cation
exchange membrane significantly blocked the transport and oxidation of formic acid/formate ions
at the anode. Xia et al.1% extended the work to also include other oxygenates. The cathode pH is
slightly acidic in the electrolyzers that produce formic acid directly, while the cathode pH is usually
alkaline in the electrolyzers used to make formate salts. Care must be taken when trying to
extrapolate results from alkaline conditions to the industrial situation.

Next, we wish to review what is known about bismuth oxide catalysts for the electrochemical
conversion of CO. and water into formic acid. Bismuth oxide or oxyhalide nanocatalysts are the
leading catalysts for electrochemical conversion of CO and water to formic acid because they
provide greater stability than the alternatives. Dioxide Materials commercial electrolyzers to
convert CO; and water to formic acid use commercial bismuth oxide nanoparticles, but many other
formulations seem to have promise.

So far, the highest currents are observed with bismuth oxyhalide catalysts. In 2018, He et
al.*® reported that pressured (5.6 Bar) electrolyzer with a strained bismuth catalyst made by
electroreduction of bismuth oxychloride could produce formate with over 95% Faradaic efficiency
at a current of 500 mA/cm?2. Garcia et at.**® found similar results with bismuth prepared by
electroreduction of bismuth oxybromide, while Liu et al.**! reported similar results via bismuth
catalysts produced from bismuth oxyiodide. All the published work using these catalysts was done
under alkaline conditions, and no long term (>1000 hr) tests of these catalysts have yet been
published. Dioxide Materials’ unpublished preliminary work indicates that bismuth oxyhalide
catalysts have improved stability compared to bismuth oxide. So more work is needed. These
results show that bismuth oxyhalide catalysts are very promising as catalysts for electrochemical
formation of formic acid.

Bismuth nanosheets#?-14° also show promise. Xia et al.’%, tested a bismuth nanosheet catalyst
in a 3-compartment cell producing formic acid. They reported an activity in the order of 500 A/gm
of bismuth, and 100 hour stability at low currents (30 mA/cm?).

There has also been work on formate formation on bismuth nanowires'®, bismuth
nanotubes®* and alloys of bismuth!®2153, So far, none of the published work on these materials
has been done using a cell design that can support high current. Consequently, the observed
activity was an order of magnitude lower than those reported with commercially available bismuth
oxide catalysts. It would be interesting to test these catalysts using a modern electrolyzer design’.

In summary then, bismuth-based catalysts are presently the leading candidates as cathode
catalysts for CO2 conversion to formic acid. Commercially relevant catalyst activity has already
been demonstrated but catalyst stability needs to be improved. In particular, a reduction in the rate
of Faradaic efficiency loss to about 10%/hr at commercially relevant currents would greatly
improve the prospects of the technology.

Tin based catalysts®®138.14-1%8 are viable alternatives to the bismuth-based ones but so far they
have shown lower stability and lower activity than the bismuth based catalysts. Commercially



available tin oxide nanoparticles have been studied the most. Typical are the results of Lei et al.**
who found that they could maintain Faradaic efficiencies over 70% for 3 hours if they ran at
currents of 10 mA/cm?. But the Faradaic efficiency dropped to about 20% at a cell current of 100
mA/cm?. Argawal et al.**® found that their tin catalyst had a Faradaic efficiency of about 80% at a
current of 60 mA/cm? initially, but the Faradaic efficiency dropped to about 70% after 120 hours.
Yang et. al®® found that they could maintain over 80% Faradaic efficiency for 142 hours at a
current of 140 mA/cm?. Still, we are not aware of any examples where electrolyzers with tin nano-
particle catalysts have exceeded the performance of bismuth catalysts under the same operating
conditions.

There have been many attempts to improve the performance of tin by applying tin nanofibers®,
tin nanosheets'®%16! and tin alloys'®?. So far, the performance and stability of the tin catalysts has
been lower than that of the bismuth based catalysts.

Many other metals have been tested for CO. conversion to formic acid. Lead, mercury,
thallium, and cadmium are active, but they are not interesting commercially because of toxicity.
The results on indium alloys are mixed'®%163-166  Metal carbides®’, phosphides and transition
metal oxides!®® have shown modest activity and stability, but so far the activity has been much less
than that of the bismuth oxyhalides.

Various molecular and single atom catalysts have been used to produce formate from CO>
at the bench scale. At this stage, there are no reports that can produce formic acid or formate at
industrially relevant current densities (i.e., all reports are below 20 mA/cm?). Meyer and Brookhart
reported a modified Ir-pincer complex functionalized with a pyrene group immobilized on carbon
nanotube through pi-pi interactions that can produce formate up to 15.6 mA/cm? with 83%
selectivity'®®. Saveant and Robert reported that formate production was favored over CO when
switching the metal center of metal-Ns complex from Co to Fe in a homogeneous system.’
Berben explored an Fe carbonyl cluster, [FesN(CO)12] that can convert CO> to formate in an
aqueous solution at 4 mA/cm? and selectivity of 96% for more than 24 hours.!™ It was found by
the same group that the size of the secondary coordination sphere has an effect on the selectivity
between HER and formate production'’t. Koper investigated the solvent effect for formate
production using P4VP polymer encapsulated in protoporphyrins complexes with FE up to
70%172173 Copper based MOF materials are also reported to serve as a precatalyst for CO,-to-
formate conversion with current density of ~5 mA/cm? and FEformate 68.4% 7. Positively charged
single-atom Sn® on N-doped graphene is able to conduct CO,-to-formate conversion at the current
of 11.7 mA/cm? and 74.3% selectivity with an outstanding stability of 200 h'". The authors
attribute this performance to the positively charged Sn®* sites stabilizing the reaction intermediates
such as CO2"~. These performances suggest achievement of industrial relevant current for CO; to
formate with single atom and organometallic catalysts in a flow cell is potentially viable.



Processes for the Production of C> products

The results above show that CO. can be Table3 A comparison of the one-
readily converted to CO or HCOOH in an  step and two-step process for coz
electrolyzer. In the last several years, there has = conversion to C, products

also been interest in converting CO2 to C; products One Step Two Step
electrochemically. There are three approaches: Process
e A one step approach, where all the Preferred IoacSEREComMatity
chemistry occurs in a single electrolyzer, application scale Cz scale Ca
and production  production
~ Key Simpler Lower
e A two-step approach where CO> is advantage process energy use
converted to CO (+Oz) in the first Base metal
electrolyzer and then CO is hydrogenated anode
to Cz products in a second electrolyzer. catalysts
e A hybrid approach 2176177 where a silver =~ Key Higher More
or gold catalyst active for CO2 conversion ~ disadvantage  energy use ~ complex
to CO and copper catalyst active for the process

production of C, products were placed in a single electrolyzer.

Each process has advantages for different applications. If one is adding a CO- electrolyzer
to a Gen | ethanol biorefinery, the one step process is of advantage, because one needs fewer
process units. On the other hand, if one wanted to produce millions of tons per year of a C product,
one would choose the two-step process because the electricity costs are lower. Further, the capital
expenditures can be lower, since one can circulate KOH through the anode, and use base metal
anode catalysts — although that does require one to remove unreacted CO; from the output of the
first electrolyzer.

The two-step process for the conversion of CO2 to C; products was first discussed by Hori et
al.1’81% in 1997. But Hori’s early papers have not been well cited, and the application seems to
have been forgotten for many years. More recently, a number of papers have been published on
the topic!8-23180-193 a5 reviewed by Jouny et al.?°. Generally, the approach is to first convert the
CO2 to CO electrochemically using a gold or silver catalyst as described in section 2. Next a
copper catalyst is used to electrochemically hydrogenate the CO to C; products such as ethylene
or ethanol®®. Zhang et al.? has reviewed the electrochemical hydrogenation of CO on copper. The
results depend strongly on the morphology of the catalyst*®28 the potential, and pH'®®. As a
result, the reproducibility from one laboratory to the next has not been wonderful. At this point,
the two-step process for CO> conversion to C2 and higher products has considerable potential, the
systems are not ready for industrial deployment. Key needs include:

e Stable, reproducible catalysts that do not change during operation. Jung et al. *** found
that the morphology of copper catalysts change the electrochemical reduction of CO2. On-
off operation or voltage cycling also changes the morphology of copper catalysts!®-1%’.
Feng et al'® and Luc et al.'® found that morphology changes lead to selectivity changes
so one would expect the effects to be significant.

e Adding adsorbates'®®1% or cages'®*?® to further control the selectivity. These approaches
are used in the one step process, but they have barely been explored for the two-step
process.



e Long term tests to verify performance for thousands of hours.

The one step process is an alternative to the two-step process described earlier. Progress has
been recently reviewed by Fan at al.?%! In this case the activation of CO2 to form a CO intermediate
and the hydrogenation of the CO to HCO, and subsequent C-C bond formation occurs on the same
catalyst. So, while the one step process has less process complexity, it does require a more
complex catalyst.

Copper is the best catalyst for CO, conversion to C. products, but suffers from two
weaknesses:

e CO: electrolysis on clean copper produces CO and C; products, but the Faradaic efficiency is
low. Instead the main product is hydrogen. One needs to reduce the rate of hydrogen formation
or the Faradaic efficiency for C, will be too small for practical applications.

e The rate of the first step in the process, CO2 conversion to CO is low on clean copper. One
needs to add a second catalyst for CO> to CO conversion process, if one wants to achieve an
industrially significant rate.

In 2002, Yano et al.?%? reported that ethylene could form during CO- electrolysis on a carbon
coated copper catalyst. In the initial work, hydrogen was the major reaction product, but by 2004,
Yano et al.2% showed that they could reduce CO- to ethylene with near 80% Faradaic efficiency
at 11 mA/cm?2 current, by running the reaction in 3 M KBr. Yano postulated that the combination
of the porous carbon layer and the adsorbed halides had suppressed hydrogen formation leading
to the high Faradaic efficiency.

There have been hundreds of papers on the one step process since 2004, as summarized by

Kuhl et al.2%* and Zhao et al.?% but most showed lower cell currents and efficiencies than Yano et
al 203,

Recently some papers have shown results that equal or exceed those in Yano’s work, however.
11-17,199,206-208 Eqor example, Zhu et al.!! found that they could produce ethanol and acetic acid on a
nanostructured copper catalyst, and their Faradaic efficiency equaled that of Yano et al. (80%) at
11 mA/cm? provided KCI was used to suppress hydrogen formation. Li et al.'? and Hoang et al.
209 \were able to raise the cell current in a cell producing ethanol to 124 and 300 mA/cm?
respectively by adding a second catalyst that was active for conversion of CO. to CO, albeit at
reduced faradaic efficiency since not hydrogen suppression was done. Wang et at al**raised the
Faradaic efficiency to 52% by using KOH to partially suppress the H, formation. Garcia de Arquer
et al.'® raised the current to 912 mA/cm? by running in a pressurized cell. Also interesting
morphology effects have been seen as summarized by De Gregorio et al.?® and carbon overlayers
and other hydrocarbons'®® can be used to improve selectivity.

Table 4 summarizes key results in this area. Generally, the highest currents and selectivities
are seen when KOH is used as an electrolyte, but KOH is not a preferred electrolyte for commercial
cells. There are two issues: i) KOH readily reacts with CO. to form stable carbonates, so the KOH
would need to be continuously replaced. ii) the copper catalysts have limited stability in alkaline
solutions?!®, While the copper is stable at the applied potential in the cell, the copper quickly
oxidizes when the potential is removed?°. The oxidation makes practical operation difficult.

KCI and KBr have similar issues in that CI' and Br will react on the anode to produce Cl,
Br; respectively and OH . Again, continuous replacement will be needed. KHCOs is better in



that it is relatively stable under the conditions in the electrolyzer, and copper corrosion is
reduced®, but the performance is lower.

At this point no one has demonstrated both industrially relevant currents (i.e. >200 mA/cm?)
and Faradaic efficiencies (>60%) without using KOH or a potassium halide.

Table 4 Performance of state of the art electrolyzers for the conversion of CO2 and
water to Cz products.

Electrolyt

e
Total Faradaic efficiency to all C, products at currents <20 mA/cm2  80%*2%®  KBr, KCI
Total Faradaic efficiency to all Cz products at currents >100 mA/cm? 83% KOH
Faradaic efficiency to ethanol at currents <20 mA/cm? 63%?!? KCI
Faradaic efficiency to ethanol at currents >100 mA/cm? 52064 KOH
41% KHCOs3
Faradaic efficiency to ethylene at currents <20 mA/cm? 8096°%3 KBr
Faradaic efficiency to ethylene at currents >100 mA/cm? 80%% KOH
Highest cell current observed 1 Alcm? KOH
13

Ligands to improve reaction selectivity

Before we close, we also wanted to note that there is a significant opportunity to use ligands
to improve the selectivity and activity of CO, reduction catalysts*6°481211-220  Yyears ago, Rosen
et al.?'8219 found that the addition of an imidazole based ion liquid lowered the overpotential for
the reaction and raised the faradaic efficiency. More recently, ligands have been shown to modify
the electron density of the reactive metal site?®*?!1, change the crystal faces that are exposed in
nanoparticles®195221.222 tyne the binding strength of intermediates'>??°,  block side
reactions?6:213223.224 = aid  assembly of the nanostructures'®®, and act as a co-
catalyst?09212:213.216221222.225  Thege effects are similar to those observed with organometallic
compounds®’. So far, no one has published work on modifying the secondary coordination sphere,
but unpublished work found that such modifications can improve the reaction rate.

Still, there is much more work to be done. We do not know, for example whether the ligands
that are known to aid CO; electrolysis on organometallic compounds®’ are also useful when the
ligands are bound to metal nanoparticles. Systematic studies of the effects of ligand structure on
nanocatalyst performance has not been published. There is mechanistic work on the effects of
imidazoliums on catalyst performance??62%’ but little information about other ligands. Clearly,
further work on the effects of ligands on CO- electrolysis would make an important contribution
to the field.

Summary

In summary, in the last 5 years, the electrochemical conversion of CO- has switched from a
laboratory curiosity to a commercially viable process. Lab scale electrolyzers are already being
sold. Pilot units are moving toward commercialization. Better nanocatalysts, and better reactor
designs have been key components of the advances, but each reaction is different. In the case of
CO2 conversion to CO, controlling the particle size, and the use of gas diffusion electrodes seems
to be key to achieving state of the art performance. In the case of CO2 conversion to formic acid,
catalysts that stabilize the metal oxide are key. State of the art methods for the conversion of CO>



+ H20 to ethylene or ethanol requires cocatalysts to enhance the conversion of CO; to CO, and
additives to block hydrogen formation. Each of these processes are areas of ongoing research,
and we expect many advances in the future.
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Figure 1 An artist’s illustration of a CO> electrode. CO> reacts with water and two electrons on
the cathode to produce COand 2 OH . The OH anions travel through the membrane to the anode.
The OH anions react on the anode to regenerate the water and electrons, and release oxygen.
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Figure 2. Anillustration of how various factors A) The effect of cell voltage on the cost to produce
a metric ton (MT) of CO. normalized to the cost at 3V. The plot assumes a 5 year membrane
electrode assembly (MEA) lifetime, an electricity cost of $0.05/kWh and straight line depreciation
of the capital cost over 15 years. The plot also uses actual data for the Sept. 2020 cost of the various
components and the voltage/current of Dioxide Materials 5 cm? electrolyzers. B) A breakdown of
the cost of the MEA using the Sept 2020 cost for the gas diffusion layer (GDL), anode catalyst and
cathode catalyst, and Dioxide Materials cost target for the membrane.






