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Monomers from CO,: Superbases as Catalysts for Formate-

to-Oxalate Coupling

Eric Schuler,*® Pavel A. Ermolich,” N. Raveendran Shiju,” and Gert-Jan M. Gruter*® "’

An interesting contribution to solving the climate crisis involves
the use of CO, as a feedstock for monomers to produce
sustainable plastics. In the European Horizon 2020 project
“OCEAN" a continuous multistep process from CO, to oxalic
acid and derivatives is developed, starting with the electro-
chemical reduction of CO, to potassium formate. The subse-
quent formate-to-oxalate coupling is a reaction that has been
studied and commercially used for over 150 years. With the
introduction of superbases as catalysts under moisture-free

Introduction

Formate coupling to oxalate is an old reaction first discovered
in 1852 and was the main commercial way to produce oxalic
acid before the advent of petrochemical routes.'™ With the
ambition of the society to decrease atmospheric CO, levels, the
Carbon Capture and Utilization (CCU) approach to produce
chemicals from CO, is receiving significant interest "
Although considerable progress has been made towards
converting CO, to formate through direct hydrogenation or
hydrothermal-chemical reduction in water, in the “OCEAN"
project we focus on the electrochemical reduction of CO, to
formate and CO, which does not require hydrogen and elevated
temperature."'? As formate and CO can both be obtained via a
2-electron electrochemical reduction of CO,, the electrochem-
ical production of formate from CO, aligns well with the
ambition to use CO, as a renewable C, feedstock.*™ In
addition, CO, can have a low or even negative cost and high
abundance.™™™” In the “OCEAN" project we use the CO,-to-
formate reaction and the formate product tree as a stepping
stone towards large scale electrochemical conversion of CO,
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conditions unprecedented improvements were shown for the
formate coupling reaction. With isotopic labelling experiments
the presence of carbonite as an intermediate was proven during
the reaction, and with a unique operando set-up the kinetics
were studied. Ultimately, the required reaction temperature
could be dropped from 400 to below 200°C, and the reaction
time could be reduced from 10 to 1 min whilst achieving 99 %
oxalate yield.

and H,O to syngas, the starting point for many downstream
products, including chemicals, polymers, and fuels.”'*' Poly-
mers can be especially interesting as they allow for long-term
storage of sequestered CO, in materials.">'® CO,-based chem-
icals such as oxalic acid will become new platform chemicals for
a wide range of downstream products such as mono-ethylene
glycol (MEG) as well as glycolic and glyoxylic acid that all can
be obtained from oxalic acid.”

Once formate is made from CO,, a high-performing process
for the coupling of formate to oxalate will bridge the gap
between CO, reduction and the large-scale utilization of this
CO,-derived carbon in new chemical products with negative
CO, footprints. This work is part of the European Horizon 2020
project “OCEAN” in which we develop a continuous process
from CO, to polymers.?" The first step in the “OCEAN” process
involves the electrochemical reduction of CO, to potassium
formate. Potassium was selected as the counter ion because it
gives by far the best reduction efficiency.”*® The potassium
formate can be effectively recovered from the solution by a
combination of evaporation and cooling crystallization. We
then take this potassium formate and subject it to a coupling
reaction to form oxalate. We report here our results of this
second step from the CO, conversion chain to polymers as
shown in Figure 1.

Commercially, the formate coupling reaction (FCR) is
performed at high temperatures of 380-420 °C using hydroxides
as catalysts.”*?” With these hydroxide bases, the reaction takes

CO, Formate Oxalic acid

Oxalate

Polymers

Figure 1. “OCEAN" process for CO, utilization via electrochemical reduction
to formate, thermal formate coupling to oxalate, electrochemical oxalate
acidification, and polymer production from oxalic acid and its derivates.
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more than 30 min to proceed, but reaction temperatures are
high and oxalate yields are not optimal. Especially the
production of carbonate as a side product is problematic as it
requires the introduction of a downstream separation step. The
reaction kinetics as a function of process conditions was
extensively studied in the 1930s in Russia by Freidlin et al.?**"
In the 1970-80s Shishido and Masuda™'*? as well as Gérski and
Krasnicka™*“® investigated the coupling reaction focusing on
the decomposition products and the reaction mechanism.
Recently, the FCR as part of CCU pathways gained new interest,
and several new patents and studies were published in
China.*’=*® A recent publication on the topic was from Lakkaraju
et al. who introduced hydrides as catalyst and presented a new
mechanism.” Our work was initially sparked by the many
questions still open after reading the previous publications. We
explored alternative catalysts, mainly the superbases (SB) such
as lithium, sodium, and potassium hydride as well as sodium
amide (NaH, KH, LiH, and NaNH,), optimized the reaction
conditions, studied kinetics and mechanisms, and found an
optimal alternative process for the FCR.

Results and Discussion

In the quest of finding new catalysts that can decrease the
reaction temperature and time, we first tried to understand the
FCR reaction better by looking at the probable mechanism.
Many reaction mechanisms have been proposed, and most
recently Lakkaraju et al. suggested carbonite (COO?") as the key
intermediate species as shown in Scheme 1.5

This is an interesting study from the mechanistic point of
view; however, no significant improvements in terms of
selectivity, reaction time, and reaction temperature were
reported. We first tried to follow the reaction with Raman
spectroscopy (see Figure 2A). However, we were not able to see
the carbonite peak at any given configuration. We then used
isotope labelling studies. With excess catalyst, the carbonite
lifetime increases due to a reduced formate (reaction partner)
concentration, as shown with Raman studies by Lakkaraju
etal®” We first produced carbonite by adding an excess
amount of hydride. The carbonite prevails as it does not find a
reaction partner. We then introduced D,O as a reaction partner,
which reacted with carbonite to form deuterated formate

0~*" \_ Hcoo O__- O 0 0
BRI S =
0 N O H2 0 ‘-0 o

Scheme 1. FCR promoted by base catalysts with carbonite as intermediate
as suggested by Lakkaraju et al.*®

O"H',\H' O\), + 0. —» o\,\._D
N 0.
?H-H o ‘oD 3

Scheme 2. Reaction pathway for isotope labelling of carbonite intermediate
with D,0.
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(DCOO~; see Scheme 2). The reaction was quenched after
completion. The only species observed in a GC-MS (with
electrospray ionization) of the quenched sample had a m/z of
46 corresponding to deuterated formate (DCOO™). We also did
two control reactions: (1) quenching the reaction with water,
and (2) adding D,0 to formate without performing the coupling
reaction. In both cases, we observed m/z of 45 corresponding
to formate (HCOO").

The formation of the carbonite being the rate-limiting step
explains the need for a strong base to extract the proton from
the formate (HCOO™) anion. Their catalytic activity relies on
their intrinsic property of strong basicity and not on complex
molecular or surface structures such as in homogeneous or
heterogeneous catalysts, respectively. Based on this insight, we
tested compounds well known for their basic properties and
compared them to hydroxides, the state-of-the-art catalyst since
1882.%°¢" We did these tests under inert conditions using
home-build high-speed kinetic measurement equipment based
on the work of Slot etal. connected with operando Raman
spectroscopy and gas analysis capabilities.*?

Our results shown in Table 1 indicate that four catalysts, LiH,
NaH, KH, and NaNH,, show excellent activity due to their
superbase properties. These catalysts are superior in oxalate
yield and allow the reaction to proceed 10 times faster at
temperatures 200 °C lower than that used with hydroxides. The
catalysts gave yields of up to 97 %, with reaction occurring soon
after melting of the substrate (169°C) and going to completion
in 1-3 min.

For all catalysts, the reactions were performed at varying
temperatures and the achieved oxalate yields, as measured by
both LC and IR spectroscopy, are shown in Figure 2B. Without
catalyst, the reaction starts at 360 °C, reaching yields of up to
21% at 420°C; however, the required reaction time as shown in
Figure 2D exceeds 3 h.

Hydroxide catalyst speeds up the reaction to 30 min and
lowers the required reaction temperature to 410-430°C. Early
patents for batch processes report even longer times of up to
6 h.* When reacting potassium formate with hydroxide
bases, only 63% oxalate yield could be achieved. The reduced

Table 1. Performance indicators of catalysts for coupling of potassium
formate.

Catalyst Reaction Ideal Oxalate Reaction
onset T reaction 7% yield® time'
rd [°c [%] [min]

NaH¢ 350 380-420 29 10

NaH 153 180-200 95 0.5-2

KH 153 180-200 97 1-2

LiH 153 180-200 95 1-2

NaNH, 154 180-200 95 <1

NaBH, 320 335-360 88 5-15

KOH 327 410-430 63 10-30

- 360 420-440 21 150-200

[a] Temperature at which highest yields were achieved. [b] Highest yield
achieved with 2.5 wt% catalyst loading. [c] Time at which 90% conversion
was achieved. [d] Reference from Lakkaraju et al. using sodium formate
and NaH as catalyst.®® The reaction was observed at 350 °C. No observation
of reaction start at melting point of formate.
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Figure 2. A) Time-resolved Raman spectrum from formate coupling reaction using 10 wt% NaH at 200°C in a pre-heated reactor. The first 10 s are not shown
as they represent the heat-up time of the reactor. The peaks at 770, 1084, 1342, 1364, and 1532 cm ™' can be attributed to formate. These disappear within
25 s, after which peaks of oxalate appear at 467, 881, 1437, and 1617 cm™'. The peak indicative of carbonite at 1076 cm™' did not appear during or after the
reaction. B) Oxalate yields at different reaction temperatures for the potassium formate coupling reaction are plotted for all tested catalysts accompanied by
two literature values. Each datapoint represents a single experiment at the given temperature in a pre-heated reactor and not temperature profiles. At the
end, the oxalate yield was determined by IR spectroscopy and LC measurements. SB-catalyzed reactions showed great improvements in yield at low
temperatures. [a] Sodium formate with sodium hydroxide values from Freidlin.*¥ [b] Non-catalyzed potassium values from Freidlin.*" C) Oxalate yields
obtained with instantaneous heating in pre-heated reactor, each datapoint represents an individual reaction quenched after the given time. Higher oxalate
yields in FCR with SBs are obtained faster at 200 °C compared to reactions at 170 °C (melting of reactant). However, hydroxide-catalyzed FCR is much slower

even at 400°C. D) Dependency of reaction times on the reaction temperature. All reaction times correspond to the point when >90% conversion was
reached. Higher temperatures and stronger bases reduce the reaction times drastically by up to 200 times compared to non-catalyzed reactions and 30 times
compared to the conventional KOH catalyst. [a] Values reported by Lakkaraju et al.*”

yield can partly be explained by side reaction [Eq.(1)] and
product decomposition reaction [Eq. (2)] towards carbonate.

HCOOK + KOH — K,CO, + H, 1)

K,C,0, + 2 KOH — 2 K,CO; + H, 2)

The yields with our superbase catalysts are very high at 99%
but not higher than the literature values reported with sodium
formate as reactant; however, the rate of the reaction is higher,
and the reaction temperature is much lower.*>** Moreover, no
formation of carbonate as a side-product was observed with
our superbase catalysts, and the reaction follows a zero-order
regime throughout. The confirmed presence of carbonite when
SBs were used supports the Lakkaraju mechanism, but our
observation that the reactions proceed at 200 °C lower temper-

ChemSusChem 2021, 14, 1517-1523 www.chemsuschem.org
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atures emphasizes the importance of an absolutely moisture-
and oxygen-free reaction environment. In the presence of (small
amounts) of water, the hydrides (present at low concentrations)
are converted to hydroxides, requiring conventional reaction
temperatures (300-400°C). We also noticed dependency of
oxalate yields on counter-ions as well as reactor designs. We
currently investigate this dependency and will report mecha-
nistic reasons as well as solutions in upcoming publications.

When using a temperature profile starting at 25°C and
heating at 1°C min~', the reaction starts from a low temper-
ature (= 153°C) for the superbases and reaches maximum rate
around the melting of formate (169 °C). The fast reaction upon
melting and similar behaviour of all SBs, despite their difference
in basicity, suggest the possibility of even lower reaction
temperatures, if the melting temperature could be lowered.
This would be one of the future directions to study.

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Strong foaming through the hydrogen evolution during the  reached at 335°C. Above this temperature the reaction

vigorous start of the reaction causes solidification of the
product as a foamed-up structure (shown in Figure S4). This fast
reaction does not give enough time for efficient mass transfer
and mixing and thereby encapsulates some unreacted formate.
Therefore, adequate mixing of the reactant and catalyst for
example by milling is important as the reaction proceeds
quickly upon melting. In our set-up, temperatures of 200°C
were required to achieve the maximum yield.

Below this temperature the conversion was not complete
and proceeded slower as shown in Figure 2C. Moreover, the
heating rate is also of great importance as it can significantly
influence the oxalate yield.”? Slower heating rates of 0.25-2°C
min~" ensure better gas escape through the reactant particles
and prevent the puffing, leading to a tightly packed product at
the bottom of a reaction vial with a high yield at 170°C
(Figure S4). However, this comes with the consequence of
longer residence times for reaction completion.

Although inert conditions in the absence of oxygen are
important to prevent oxidative side reactions to carbonates for
FCR in general, the absolute absence of water is crucial for SBs.
The presence of water leads to decomposition reactions as in
Scheme 3, losing the advantage of superbase.

The minimum catalyst required for the reaction is hence
heavily influenced by the dryness of the reactor and reactants.
At our small scale (290-310 mg of substrate per experiment) we
needed a minimum catalyst loading between 0.05 and 0.2 wt%,
which can be attributed to varying amounts of moisture still
remaining in the substrate. With loadings above 1 wt%, the
reaction proceeded at its maximum speed for all SBs. Unlike
hydroxides, there are no side reactions when using SBs, and
consequently no carbonate or any other side-product was
observed for temperatures up to 450°C. Above 450°C oxalate
decomposes to carbonate and CO. However, these temper-
atures are never required for the reactions with SBs.

Metal hydrides such as TiH, MgH, and NaBH, are
commonly used for hydrogen storage. We tested them as
catalysts for the FCR but did not observe catalytic activity for
TiH, and MgH, and slightly higher activity for NaBH, compared
with KOH. Metal hydrides with two hydrogen atoms attached
are more stable (less basic) and more importantly do not
release hydride ions, which are crucial for the reaction.
Consequently, they do not catalyze the reaction. The fast
liberation of hydrogen seen in Figure S6 does not reflect
formate conversion as it originates form the metal hydrides.
Borohydrides are also widely used in organic chemistry as a
reducing agent. Their thermal stability and high basicity make
them a promising candidate for the reaction. We indeed see
catalytic activity starting at 285°C with the highest yields

p
R

H —— OH_+ Hz

/N
NH,' + O — OH + NH

Scheme 3. Hydride and amide ion reaction with water leading to catalyst
transformation to hydroxide (and deactivation).

ChemSusChem 2021, 14, 15171523 www.chemsuschem.org

proceeds faster but the yield drops with increasing temper-
ature. We attribute this to the decomposition of the borohy-
dride which also causes destruction of the formed oxalate by
reactive borohydride or boron species. During the decomposi-
tion of NaBH, a lot of hydrogen is also released, which explains
the surplus production as shown in Figure 3C compared to the
expected value obtained from FCR alone.

The suitability of caesium carbonate as a base capable of
proton abstraction was proposed by Banerjee and Kanan.”
Using it in our FCR experiments, however, showed no activity
beyond the self-catalyzed reaction as shown in Figure Sé.
Caesium carbonate is a weaker base compared to hydroxides,
and thus its proton abstraction qualities are expected to be
worse.

Our kinetic experiments are based on high-resolution
bubble counting (example reactions shown in Figure 3A,B, set-
up shown in Figure S3) connected with operando Raman
measurements. For calculations of rate, reaction order, and
activation energies we used the hydrogen volumetric data due
to its high resolution (2000 bubbles min~") with a total number
of 5000 gas bubbles for each experiment. With non-isothermal
kinetic experiments in the range of 25-450°C, Figure 3C shows
the respective reaction rates, and Figure 3D shows the turnover
frequencies (TOF) as calculated using Equation (S11) (low-
performing catalysts are shown in Figure S6). The reaction rates
for SBs exceed non-catalyzed and hydroxide-catalyzed reactions
by a factor of 5 and borohydride-catalyzed reactions by a factor
of 2. Sodium amide shows the highest TOF followed by sodium
and potassium hydrides. Lithium hydride had a low TOF, which
was caused by the fast reaction combined with a relatively
higher catalyst loading. Caesium carbonate and MgO only show
minor improvements on the reaction rate relative to the
uncatalyzed reaction. For TiH, the hydrogen release coincides
with the reaction start and causes a falsely high measured
reaction rate.

We used Arrhenius plots to calculate the activation energy
and pre-exponential factor A as shown in Table 2 (also more
data shown in Table S1). A is often referred to as “frequency”
factor and indicates the rate at which molecular collisions occur
and therefore indicative of the contribution of a physical effect
on the reaction or if the calculated activation energies are
purely chemical activation values. If A is larger than 10 s™
physical diffusion limitation of the reaction is likely.®

The calculated activation energy for the FCR without
catalyst is 196 kimol™' and in agreement with literature

1520

Table 2. Performance indicators of catalysts for formate coupling reaction.
Catalyst Activation energy Als™ Error [kJ mol~]
[kJmol™]
NaH 527 3.02x10% +5.68
KH 535 4.18x10% +5.54
LiH 814 6.54x 10% +11.1
NaNH, 305 3.90%10% +255
NaBH, 266 1.09x10% -
KOH 125 1.06x10" -
HCOOK 196 1.28x10" -
© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 3. A) Kinetic graph obtained in a bubble counter experiment for 1 wt% NaH-catalyzed reaction with potassium formate. During the reaction the
temperature is increased at a constant rate of 2°C min~". As a measure of reaction progress the gas production from the reaction is measured using a bubble
counter. The gas volume expected for full conversion of all formate to oxalate is approximately 40 mL. B) Kinetic experiment similar to A) when using 2.5 wt%
NaNH, as catalyst instead. C) Reaction rates for reactions at various catalyst loadings with respect to temperature, which is increased at a constant rate of 2°C
min~'. The drop of the reaction rate at increasing temperature especially for SBs originates from the completion of reaction. We are unable to provide rate
data for higher temperatures as the reaction rate exceeds the physically possible heating rate of the mixture. Sodium borohydride marks an exception and
has other, yet unknown, side reactions happening. D) TOFs for all successful catalysts were calculated based on the reaction rate and the catalyst loading with
respect to temperature, which is increased at a constant rate of 2°C min". E) Reaction rates for different catalysts at different conversion stages. It becomes
apparent that the reaction rate drops as expected when the reaction reaches full conversion. This is only not the case for NaBH,, KOH, and the non-catalyzed
reaction, which cause gas production due to decomposition. F) Logarithm of gas production during isothermal reaction plotted against the change in formate
concentration to evaluate the reaction order. For reactions |, Il, and Il a horizontal part of the graphs corresponds to 0 reaction order (from yellow to light
blue). The slope in IV is 1 as observed also for the other reactions towards full conversion (blue to dark blue).

values.” The low pre-exponential factor of 1.28x 10" s™' points  So far, only Lakkaraju et al. estimated the activation energy for
to absence of physical effects. Lower activation energies are  a catalyzed FCR using sodium formate as reactant.”® They used
expected when catalysts are used. For KOH we calculated an  the Eyring—Polanyi equation, which gave an activation energy
activation energy of 125 kJmol™', and A equals 1.06x10"”s™".  of approximately 177 kJmol™" and a pre-exponential factor A of

ChemSusChem 2021, 14,1517-1523 www.chemsuschem.org 1521 © 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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1.3x10% s7'. This indicates that their activation energy entails
physical effects, which explains also the relatively high number,
especially as they claim to have used hydrides. However, they
required a temperature range between 330 and 420°C; a typical
range for hydroxide-catalyzed reaction, which is far above the
melting point of 253°C for the sodium formate. The increased
activation energy and reaction temperature suggests that
hydride was not the active species in their reactions.

In our experiments, hydrides and amides performed better
at lower temperatures than hydroxides, and thus even lower
activation energies were expected. However, the calculated
energies are up to 5 times higher than for the hydroxide-
catalyzed reaction (between 330-546 =45.6 kJmol™'; Table 2
and Table S1; plots in Figure S5). The values are independent
from catalyst loading and are high, from 3.90x10* to 6.54x
10% s". Together with the observed coincidence of reaction
onset and melting, this indicates the dominance of physical
processes. These include the endothermic melting of formate,
strong diffusion upon melting, mass transfer limitations from
the immediate formation of solid product, and heat loss with
the produced gas. Non-isothermal kinetic experiments in the
same set-up revealed that SB reactions follow zero-order
kinetics, which is in contrast to first order behavior observed for
hydroxide-catalyzed reactions.

Figure 3F illustrates that this zero-order reaction is observed
throughout 75% of the reaction and then slows down to first-
order behavior, except for NaH-catalyzed reactions, which
change towards second-order behavior. The zero-order reaction
indicates that a truly catalytic reaction is present, and the
maximum reaction rate is reached due to the strong excess of
reactant over the catalyst. With the reaction progress, limited
mass transfer due to the formation of solid oxalate occurs.

The first-order behavior of hydroxide-catalyzed reactions
indicates a dependency on reactant concentration. The
hydroxide reaction requires the in-situ generation of reactive
hydride and therefore has a more complex mechanism, which
we are studying now. True activation energies of the SB-
catalyzed reactions require a separation of the physical effects
from reaction start. This can be achieved when melting occurs
before the start of reaction or when operating in a solvated
system. Stirring improves mass transfer and optimal reactant
mixing whilst no energy liberated by melting obstructs the
measurement. To achieve this, we tried to create eutectic salt
mixtures with lower melting points; we determined their
melting points with differential scanning calorimetry. However,
we did not observe any significant drop in the melting
temperature (see also Figure S7).

Conclusion

In conclusion, we report significant improvements in reaction
rates of formate coupling at low temperature using superbase
(SB) catalysts. We also obtained mechanistic and kinetic insights
for the reaction with isotope labelling and operando kinetic
studies. We identified that reactant mixing, absence of H,0 and
0,, inert atmosphere, and slow heating are important for
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getting high yields with a rapid rate at low catalyst loadings.
This is the first time that a significant reduction in the reaction
temperature of formate coupling reaction (FCR) (from 380-420
to 170-200°C) is reported. Additionally, the reaction times are
reduced from 5-10 to 0.5-2 min whilst achieving oxalate yields
of 99%. Catalyst loadings as little as 0.01 wt% proved effective,
and in contrast to hydroxide-catalyzed coupling, no carbonate
was formed as side product. Among several SB catalysts tested,
alkali metal hydrides, amides, and borohydrides proved suitable
whilst alkaline and transition-metal hydrides did not work. We
detected high reaction rates for reactions catalyzed with SBs
compared to traditional hydroxide catalysts. SB-catalyzed FCRs
were shown to follow zero-order behavior in contrast to
hydroxide- and non-catalyzed FCRs. Activation energies for
non-catalyzed and hydroxide-catalyzed FCRs were measured
and found to be in agreement with literature. However, we
could not estimate the true chemical activation energies for SB-
catalyzed reactions. The kinetics of new SB-catalyzed reactions
are mainly determined by physical processes such as substrate
melting and mixing of reactants; the true chemical activation
energies could not be determined, as illustrated by the very
high pre-exponential factors obtained. However, the results are
very reproducible, also for the physical effects, and are
independent of the catalyst concentration. Open questions will
be addressed in an upcoming publication using experimental
and computational techniques (molecular dynamics).

With respect to commercial application of our SB-based
system, the lower reaction temperature, shorter residence time,
and elimination of downstream separation are beneficial. Yet,
the handling of superbases is more critical compared to
hydroxides as the requirement of oxygen- and moisture-free
conditions adds an energy-intensive formate pre-drying. Similar
to the case of hydroxide catalyst, the hydride catalyst recovery
is not essential. At 1% catalyst loading, the hydride catalyst cost
is only a marginal part of the overall oxalic acid production
cost. At larger scales we also expect a further reduction of the
hydride catalyst amount. Overall, our results significantly deep-
en the mechanistic understanding of the FCR and potentially
allow for a better and more sustainable process. Moreover, our
work will help accelerate the development of new processes
starting from CO,-derived formates as carbon source.

Experimental Section

All reactions were performed in a purpose-built reactor, which can
be operated using variable temperature gradients or pre-heated
and reaches 700 °C. Glass vials with a volume of 15 mL were used
as reactors at temperatures from 25-450°C. The reactions were
performed in argon atmosphere without purging but pressure relief
via a vent port. The experimental series included reaction time,
temperature, heating-rate, catalyst type, and catalyst loading as
variables to understand mechanistic differences and find the
catalysts delivering the highest yield at the lowest temperature in
the shortest time possible. All chemicals were reagent grade and
obtained from Sigma-Aldrich. Sample preparation included a drying
of all reagents in a vacuum oven and introduction to an argon-filled
glovebox at oxygen and water levels below 0.1 ppm. All catalyst
and formate mixtures were prepared in 5g batch sizes by
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meticulous mixing using a mortar and pestle. Kinetic measurements
were performed using an operando Raman spectrometer coupled
with purpose-built bubble counting device for high-resolution gas
quantification.®? Quantitative analysis of solid products was
performed by liquid-cell IR spectroscopy and LC measurements.
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