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8. Screening of various metals for electrochemical CO2RR at elevated T and P

Abstract

Traditionally, the catalysts for the electrochemical CO; reduction reaction (CO2RR)
have been categorized in 4 groups, producing mainly H;, CO, HCOOH or C2+
products. However, this categorization is based on experiments at ambient
conditions. With our high-pressure, high-temperature electrochemical cell, we are
able to perform CO; reduction at vastly different conditions. In this study we have
screened 20 metal catalysts for their ability to perform CO; reduction at conditions
up to 30 bar and 100 °C in aqueous electrolyte. We show that catalysts that have
average activity at ambient conditions, can reach near 100% efficiency for CO2RR
at 30 bar and maintain this at high temperatures. Both temperature and pressure
can increase the CO2RR activity significantly. However, if a catalyst does not
perform CO2RR at ambient conditions, increasing pressure and temperature will
only increase CO2RR selectivity to maximum 30%. Nevertheless, some of these
inferior CO2RR catalysts do show interesting products beyond CO and HCOOH, such
as long chain hydrocarbons and methanol.
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8.1 Introduction

8.1 Introduction

The electrochemical CO; reduction reaction (CO2RR) is an interesting reaction
to study as it could produce sustainable fuels and feedstocks for the chemical
industry, and in this way fits in a sustainable green society 1-4 Metals can be
excellent catalysts for this reaction and these catalysts are traditionally classified in
4 groups 56; metals as Au, Ag an Zn produce mainly CO from CO2, metals such as Pb,
Sn and In form mainly HCOOH, and Cu is the special one being able to form C-C
bonds and produce products such as ethanol and ethylene. Lastly, there are metals
such as Pt, Pd and Ni which are more active for the competing hydrogen evolution
reaction (HER). This classification is based on data at ambient conditions, but these
are probably not the typical conditions under industrial applications. Therefore, it
is important to study the effect of temperature and pressure on a wide range of
metal catalysts for CO2RR.

Temperature has been shown to increase the selectivity towards CO2RR
compared to HER on Au, Cu and Ni at ambient pressures 7-9. Often an optimal
temperature is found, as too high temperatures can lead to too low CO:
concentrations in electrolyte, or to instability of the metal catalyst. Temperature not
only influences the selectivity but also significantly enhances the activity, both of
CO2RR and HER. These trends are not only observed in H-cell configurations, but
also in GDE setups, with catalyst such as Ag10 and Sn11.

Pressure can also significantly influence the CO; reduction reaction. Hara et
al.12 showed that even catalysts which at ambient conditions mainly produce Ha,
such as Zr and Pt, could produce some CO2RR products at 30 bar. Also for catalysts
of the other categories, pressure can improve the activity and selectivity towards
CO or HCOOH13.14, Moreover, elevated pressures could even lead to new products,
for example hydrocarbons on Nil3, oxygenates on Aglé and 2-propanol on Cu?’.

Recentlyy, we have developed a high-pressure, high-temperature
electrochemical cell, which can be used to study the CO2ZRR at both high
temperature and high pressure simultaneously!8. This combination gives us the
opportunity to study this reaction under new experimental conditions and perform
experiments at or above 100 °C in aqueous electrolyte. The combination of elevated
pressure and temperature can improve both selectivity and activity, as has been
shown for CO on Au!® and for ethylene on Cu. Moreover, at high temperatures and
pressures new reaction pathways can be open up, such as the chain growth
mechanism for C-C coupling on Cu as shown in the previous chapter.

In this study, we use our high-pressure high-temperature electrochemical cell
to screen 20 metal catalysts for CO2RR. The effect of pressure and the combined
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8. Screening of various metals for electrochemical CO2RR at elevated T and P

effect of high temperature and pressure on these metals is studied to establish if
poor COZ2RR catalysts can become decent, and if decent catalysts can become
excellent. We study how selectivity and activity changes with experimental
conditions and if new products are produced. We show that elevated pressures can
inhibit HER significantly and COZRR can reach almost 100% FE, even at 100 °C.
Although traditional HER catalysts do not reach very high FEs for CO2RR, even at
high pressures, some of them do produce interesting products such as long chain
hydrocarbons and methanol. This study shows what is possible and which
interesting directions exist to further understand electrochemical CO; reduction at
high temperatures and pressures in aqueous systems.

8.2 Experimental
8.2.1 Chemicals

The 0.1 M electrolyte was made from KHCO3 (99.95%, Sigma-Aldrich) with
Milli-Q water (218.2 MQcm, TOC < 5 ppb) and stored with Chelex (100 sodium form,
Sigma-Aldrich) to clean the electrolyte from any metal impurities.1® H,S04 (95-98%,
Sigma-Aldrich), H202 (35%, Merck) and KMnO4 (99%, Sigma-Aldrich) were utilized
to clean the cells. CO; (4.5 purity, Linde) was used for purging the electrolyte.

8.2.2 HP cell setup

An adapted high pressure, high temperature cell from Parr instruments with
an Ag/AgCl reference from Corr instruments was used in this study. More details on
the cell have been described before in a recent paperl8. The cell was designed to
work up to 140 bar and 200 °C and was used in semi-continuous mode where CO>
was constantly purged through the cell with a flow rate of 150 ml/min. After going
through a condenser coupled to a cooler (Cool-Care, Van der Heijden Labortechnik
GMDbH) to keep all volatile products in the liquid phase in the setup, the outlet gas
was analyzed every 6 min with a Micro-GC from Agilent with two TCD detectors. A
combination of a MS6A and CP-PORABOND Q column was used to detect Hz, CO and
CHs and a Al;03 column was used to detect the C2 and C3 hydrocarbons. The
pressure in the cell was maintained by controlling both the inlet and outlet flow
with flow controllers (SLA5850, Brooks Instruments). The temperature was
controlled with an electric heating mantle. A homemade two-compartment PEEK
cup was used inside the stainless steel chamber and all metal parts from the
thermocouple and reference electrode were covered by Teflon tape. Moreover, the
lid of the vessel was covered with Viton rubber to prevent any contamination from
the stainless steel.
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8.2 Experimental

8.2.3 Electrochemical experiments

The homemade PEEK cup was cleaned prior to experiments by storing in
permanganate solution overnight (0.5 M H2S04, 1g/L KMnO4). Afterwards, the cell
was washed, cleaned in diluted mixture of H2SO4 and H20; to remove any traces of
MnO4 and MnO2, washed again and boiled three times with Milli-Q water. As
working electrodes, 1mm thick wires were used. Table G.1 gives an overview of the
supplier and the purity of the wires. The wires were used as received, except for the
Cu, which was electropolished in 85% H3PO4 (Suprapure, Merck) by applying +3 V
versus a graphite counter electrode for 20 s before the experiment. The working
electrode was separated from a DSA counter electrode (Magneto) with a PiperION
membrane (Versogen)202l, The experiments were performed with a Gamry
Interface 1010B potentiostat and current interrupt?2 was used to correct for the
Ohmic drop. Experiments were performed for 60 minutes at constant potential, in
principle -1.5 V vs SHE. Gaseous products were determined every 6 min with GC as
described above, while liquid products were determined afterwards by sampling
the 65 ml catholyte and analyzing this using high performance liquid
chromatography (HPLC, Shimadzu) with an Aminex HPX-87H column (Bio-rad).
Methanol was not detected with HPLC but using a liquid GC with a SH-I-MS column
(Nexis GC 2030 with AOC-30i autosampler, Shimadzu). During experiments the
pressure was maintained within an error of 0.1 bar, while temperature was
maintained within an error of 2 °C. Before reaching the conditions used for the
experiment (which could take up to an hour), the working electrode was always
under potential control at a potential of -0.8 V vs Ag/AgCl. Due to time restraints,
individual experiments have not been repeated and no error bars are plotted.

8.2.4 Reference electrode corrections

In this study, all potentials are reported vs SHE(T). During experiments, a high
pressure Ag/AgCl electrode (Ultradeg, 0.1 M KCl, Corr Instruments) was used as a
reference electrode. However, with changing temperature, one should make several
corrections to convert the potential from Ag/AgCl to SHE as we described
previously (REF to HP Cu paper). The Nernst equation is used to determine the shift
of the Ag/AgCl reference electrode against SHE:

«log(ag-(T)) (8.1)

In(10) * RT
Esgraget = Engrager(T) — —F

with EY the standard potential, R the gas constant, T the temperature, n the number
of electrons, F Faradays constant and ag the activity of the chloride anion. The
standard potential of Ag/AgCl is a function of temperature and can be calculated
using the following formulaZ23:
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Ef(l)g/AgCl(T) = —0.111658 + 0.011134 * T — 0.001757268 * T * In(T) (8.2)

The temperature dependence of the activity of the chloride ions can be determined
from a formula from Bogaerts et al.24:

NI o
ac-(T) = exp |log(ac,-(25 °C)) — 1+—Cll * (AT — A25°C) (8.3)
c-

where ag. is the activity of the chloride at room temperature?s Ig is the ionic
strength and 4, is the Debye-Huckel parameter?4

With these formulas, the shift between an Ag/AgCl reference and SHE could be
determined at different temperatures, as shown in Table G.2. The potential could
not be reported in RHE as the pH should be known to convert SHE to RHE. However,
itis impossible to measure the exact pH of the electrolyte at elevated CO; pressures
and temperatures.

8.3 Results
8.3.1 Selective screening

We have performed experiments on a selection of metal catalysts for CO2RR at
elevated pressures and temperatures. Because our setup opens up the parameter
space for both pressure and temperature, many combinations of conditions are
possible, especially when electrolyte composition and potential are also taken into
account. Therefore, in this study we have limited the parameter space and all
experiments are in principle performed in 0.1 M KHCO3 at -1.5 V vs SHE, which is
equivalent to -1.1 V vs RHE at ambient conditions. Moreover, we study six
temperature and pressure combinations for seven main metal catalysts. Ambient
conditions are studied as reference point, room temperature and 30 bar to study
the effect of pressure, and to be able to compare with known literature. The effect
of temperature is studied at 50 and 100 °C, at 30 bar, and to observe the effect of
pressure at these temperatures also experiments at 5 bar were performed. Figure
8.1 shows part of the periodic table and the main CO2RR products of these metals
at ambient conditions >6. We have chosen to study Cu, as it is the only one making
products beyond CO. Zn and Ag are studied as typical CO producing catalysts, while
Cd and Sn typically make HCOOH. Ni and Pd are studied to complete the set with
catalysts that at ambient conditions produce mainly Hz. With the exception of Sn,
the studied metals all surround Cu as we expect this gives the highest chance to
observe products beyond CO when the temperature and pressure are altered.
Besides these 7 metals, 16 other metal catalysts such as Au, Pb, Pt and Fe are studied
as well, although in less detail, in Figure 8.4.
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Figure 8.1 Faradaic efficiency at six different conditions for Cu, Ag, Zn, Ni, Pd, Cd and Sn
at -1.5 V vs SHE in 0.1 M KHCOs. These metals were studied as they represent the
different groups of metals as shown in the Periodic Table in the middle(REF); hydrogen
as main product, CO or HCOOH and Cu as catalyst able to make C2+ products.

Figure 8.1 shows the Faradaic efficiency towards the main products at the
different pressure and temperature combinations for Cu, Ag, Zn, Ni, Pd, Cd and Sn.
The competing hydrogen evolution reaction can be significantly suppressed on
most of these metals at elevated pressures. Ag, Zn, Cd and even Pd show hardly any
H at 30 bar at room temperature, while Cu and Sn only produce up to 10%. Only Ni
still produces significantly amounts of H; at these conditions, although with 70%
also significantly less than the almost 100% at ambient conditions. With increasing
temperature up to 50 °C, the HER efficiency remains low. At 100 °C, H selectivity
rises slightly for most metals, although only very significantly for Cu and Ni. At
elevated temperatures, high pressures are needed to keep HER suppressed as at 5
bar the H: selectivity increases again, especially at 100 °C, where it starts to
dominate not only on Ni, but also on Cu, Sn and Zn. The dominance of hydrogen at
100 °C and 5 bar is not simply due to low CO2 solubility, as at this condition the CO>
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solubility is higher than at ambient conditions but CO; reduction performance is
worse.

Low efficiency towards H, means that most current is used to make CO2RR
products. While Pd and Ag are very selective and produce almost 100% CO at
elevated pressures, Cd, Sn and Zn produce both CO and HCOOH. While at ambient
conditions Zn and Sn produce mainly the product they are expected to produce (CO
and HCOOH respectively)>6, Cd already produces a mixture of CO and HCOOH at
these conditions even though it is expected to produce mainly HCOOH. How the
ratio between CO and HCOOH changes in general with pressure and temperature,
will be discussed in more detail in section 8.3.3. It is interesting to notice that when
almost 100% efficiency towards CO2RR is reached, it is either towards CO (for Pd
and Ag) or towards a mixture of CO and HCOOH (for Cd, Sn and Zn), but never only
towards HCOOH. In the literature, HCOOH has been observed as the dominating
CO2RR product at elevated pressures, even reaching efficiencies above 90% 26.
However, the FE towards HCOOH strongly depends on potential?6, so it might be
that we are not at the optimal potential for the formation of HCOOH.

Athigh pressure and low to medium temperatures, Ni is able to perform CO2RR
in significant amounts and it produces a mixture of products; not only CO and
HCOOH, but also hydrocarbons. These hydrocarbons are mainly methane, but also
ethane, ethylene, propene and trace amounts of C4 products are observed. The
formation of ethane and propene indicates that a chain growth mechanism is active,
as has been shown before for Ni 927, Interestingly, not only Ni produces these longer
chain hydrocarbons but also Cu and Pd produce some longer chain hydrocarbons at
elevated temperatures. Cu produces a mixture of products, as expected. At ambient
conditions, mainly hydrocarbons are produced on Cu, but the selectivity towards
these decrease with both temperature and pressure and at 50 °C and 30 bar there
is a relatively equal mixture of all product categories. These trends fit with the
trends observed before in a more detailed study to the combined effect of pressure
and temperature on Cu in Chapter 7. The only metals that are able to produce
oxygenates in detectable amounts besides Cu are again Ni and Pd. Both metals can
produce methanol, but only under very specific conditions. On Pd, a trace of acetate
has been detected at 100 °C and 30 bar. From literature it is known that Ag can
produce oxygenates at elevated CO pressures 16, but we did not observe any during
CO2RR. Besides that we use CO; and not CO, these rates are also so small that it
would not lead to any significant amount of FE for these oxygenates. Moreover, Kuhl
et al.28 have shown that several metals can produce methane and methanol, even at
ambient conditions, such as Zn, Ag and Au. However, this was only observed at very
specific potentials and with very low activity.
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Figure 8.2 Faradaic efficiency for a) hydrogen b) carbon monoxide and c) formic acid
at six different conditions for Cu, Ag, Zn, Ni, Pd, Cd and Sn at-1.5 Vvs SHE in 0.1 M KHCO3
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Figure 8.2 shows the same data of Figure 8.1, but plotted in a different way, to
gain further insights in the trends. It shows how the selectivity towards the main
products CO, HCOOH and H; changes with the different conditions on the different
metal catalysts. Figure 8.2a gives an even more pronounced illustration than Figure
8.1 how H; selectivity is influenced by pressure and temperature. H, can be almost
completely suppressed with increasing pressure except on Ni. This suppressing
effect can be maintained with increasing temperature. However at high
temperatures, elevated pressures are needed to maintain high CO2RR selectivity
because high FE towards H; are mainly observed at 100 °C and 5 bar.

Pd and Ag produces CO with almost 100% FE under most conditions. Cu, Zn,
Cd and Sn show more variation in the CO selectivity with temperature and pressure.
On Zn, the selectivity towards CO remains fairly constant at low temperatures and
only slightly decreases at 100 °C, or at the combination of elevated temperatures
and low pressures. For Cu, Cd and Sn, the FE towards CO seems to increase with
increasing temperature, although mainly at 30 bar. For the selectivity towards
HCOOH, itis apparent that the highest efficiencies are reached at room temperature,
especially for the metals known for producing formic acid. With increasing
temperatures, these catalysts are becoming less selective towards HCOOH, which is
similar to what has been observed before on Cu under ambient pressures 8 and on
Sn and In at elevated pressures2?. Although in general higher pressures increase the
selectivity towards formic acid (for example at room temperature on Cu, Zn and Cd),
in some cases higher pressure actually decreases the selectivity towards formic acid
(50 °C on Zn and Sn).

Figure 8.3 shows the partial current densities which accompany the selectivities of
Figure 8.1 and 8.2. Note the breaks in the y-axis. These breaks are necessary to be
able to spot the details at low current densities, while also showing the few extreme
cases. Especially for Hy, the partial current densities can go to very high values at
high temperatures, mainly in combination with low pressure. In these conditions,
some metals are not very stable and produce large amounts of H». To illustrate this,
the current vs time for Cu and Ni at high temperature and low pressure have been
plotted in Figure G.3. For all products, the highest current densities are observed at
100 °C. For the CO2RR products, the effect of pressure on the partial current
densities is also apparent as the highest current densities are reached at elevated
pressures. Even though the FE towards HCOOH decreases often with temperature
as discussed above, the partial current density still increases significantly. When the
metal catalyst is stable, increasing either pressure or temperature is an effective
strategy to increase the activity of CO2 reduction, as is illustrated for Ag, Zn and Cd
in Figure G.3 and as shown before in the same setup for Auls.
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Figure 8.3 Partial current densities for a) hydrogen b) all CO2RR products c) carbon
monoxide and d) formic acid at six different conditions for Cu, Ag, Zn, Ni, Pd, Cd and Sn
at-1.5Vvs SHE in 0.1 M KHCOs.

8.3.2 Broader screening

In the above discussion, we have studied a small selection of possible metal
catalysts. However, many more metals could be studied, of which some are known
to be good COZRR catalysts at ambient conditions. However, it is also interesting to
investigate the catalysts that produce mainly H; at ambient conditions to study if a
poor COZRR catalyst can turn into a good catalyst when the conditions, such as
pressure and temperature, are optimal. Ni and Pd are examples of the this, where
both significantly improve their CO2RR activity and selectivity under the right
conditions. Therefore, we decided to study a larger range of metals and see what
the effect of pressure and temperature is on the CO2RR. To limit the parameter
space, we only study these catalysts under three conditions, namely ambient
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conditions as reference point, room temperature and 30 bar to study the effect of
pressure, and 100 °C and 30 bar to observe the effect of temperature. These
conditions have been chosen as Figures 8.1 and 8.2 show that elevated temperature
with low pressure is not a good combination for CO2RR. Moreover, the difference
between 50 and 100 °C is in most cases not that significant at 30 bar, but at 100 °C
some other products have been observed on Pd and Cu. Ni does show that for a poor
CO2RR catalyst, 100 °C might be too high and leads to mainly H», but in that case
the 50 °C does not provide much more insight than the case at 25 °C and 30 bar.
Therefore, it was decided to study 100 °C and not 50 °C for this broader screening.

Figure 8.4 shows the effect of pressure and temperature on the CO2RR on Tij,
Zr, Cr, W, Fe, Ry, Co, Rh, Ir, Pt, Ay, In and Pb. The last three metals are known to be
good catalysts at ambient conditions for CO2RR, while the others mainly produce
H; at these conditions. While Au, In and Pb can reach very high CO2RR selectivities
at high pressures both at 25 and 100 °C, the other catalysts remain producing
mostly hydrogen at all conditions. Thus, a poor CO2ZRR catalyst at ambient
conditions can not become a good catalyst by simply changing the pressure and
temperature, as further illustrated in Figure 8.5.

In Figure 8.5 we plot the Faradaic efficiency towards CO2RR at different
conditions against each other to clearly illustrate how these conditions improve the
COZ2RR selectivity (compared to HER). For example, Figure 8.5a show the effect of
pressure on the CO2RR selectivity by plotting the FE for CO2RR at 30 bar and 25 °C
vs the FE for CO2RR at 1 bar and 25 °C. This Figure shows that a poor CO2ZRR
catalyst at ambient conditions (on the far left side of the graph) cannot be turned in
a good one by increasing the pressure (on the top side of the graph). A poor catalyst
can be turned in a slightly better catalyst at best, as shown in Figure 8.5b, where
none of the catalysts reaches much more than 25% FE towards CO2RR. However, a
reasonable CO2RR catalyst with FE toward CO2RR as low as 30% at ambient
conditions (at these potentials), such as Au, In and Pd, can become a very good
catalyst with less than 10% FE for HER at elevated pressures (Figure 8.5a), even at
high temperatures (Figure 8.5c and d).

Even though the poor CO2RR catalysts do not have high CO2RR selectivity,
there are still some interesting observation to be made from Figure 8.4. For these
poor CO2RR catalysts, the main product at high T and p is HCOOH. Pt and Zr are
exceptions, as they produce also significant amounts of CO. Coincidently, from all
the poor CO2RR catalysts, Pt and Zr also produce the least hydrogen at elevated
pressures. Moreover, we observe that some of these catalysts are able to produce
long chain hydrocarbons and methanol, which we will discuss in more detail in
section 8.3.3.
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Figure 8.4 Faradaic efficiency for a) hydrogen b) carbon monoxide and c) formic acid
under the three main conditions (ambient, high pressure, high temperature and
pressure) for a variety of metal catalysts at -1.5 V vs SHE in 0.1 M KHCOs.
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Figure 8.5 The Faradaic efficiency towards CO2RR plotted against different conditions
as an illustration of the improvement (p,T) conditions can have. For example, a) shows
the effect of pressure at room temperature, where medium CO2RR catalysts at ambient
conditions can become very good at high pressure, but poor catalysts at ambient
conditions at best become mediocre. b) is a zoomed-in version of a) showing the poor
CO2RR catalysts. c) shows the effect of temperature at 30 bar and d) shows the
combined effect of pressure and temperature.

The poor CO2RR catalysts at ambient conditions do not become very active at
elevated pressures, not even at room temperature. This is different than observed
before by Hara et al.12 as they observed reasonably high FE for CO2RR on metals as
Zr (40%), Pt (57%) and Rh (80.8%). Figure G.4 compares our results with the
results of Hara et al. and Figure G.4c indeed shows that for the poor CO2RR
catalysts, we observe significantly more H, than Hara et al. However, for some of the
good CO2RR catalysts, we observe much more CO than Hara et al. There is not a
systematic difference between the studies of Hara et al. and this study for Hz and
CO, although we observed in general less HCOOH for the most active HCOOH
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producing metals as Pb and Sn. Both studies were performed in the same
electrolyte, at similar pressures and temperatures, but a key difference is that we
employ constant potential measurements while Hara et al. employ constant current
measurements. Therefore, the potential in their experiments can be very different
depending on the metal studied, and this might explain the different results
between the two studies. A comparison between the study of Hori® and this study
in Figure G.5 leads to a similar observations. However, the HCOOH efficiency in the
study of both Hara and Hori is exceptionally high and was not reached in many other
studies30-33, or only at certain conditions of potential, electrode roughness and
temperature 263435 Therefore, we expect that under (slightly) different conditions,
near 100% FE towards HCOOH should also be achievable in our setup.

8.3.3 Discussion activity, stability, selectivity

Figure G.6 shows that the activity towards CO2RR increases with both
increasing temperature and pressures. This is similar to what we have shown
before in a more detailed study on Au using this setup 18. Only under conditions
where CO; availability becomes limited, or when the catalyst becomes unstable, this
relationship does not hold. In Figure G.6 this is most clearly illustrated by the data
points at 100 °C and 5 bar, which are often lower than expected based on the other
results. Moreover, Figure G.3 illustrates that not all metals are stable under the
conditions applied in this study. Especially at high temperatures and low CO;
pressures, we observe instabilities, which are illustrated by the increase of the total
current due to the increase in HER selectivity in time. This instability also influences
the product distribution, as can be seen in Figure 8.5c and d, because the
instabilities lead to more HER and relatively less CO2RR. Therefore, while all other
reasonable CO2RR catalyst cluster together in the top right corner of Figure 8.5c,
Cu is the only one significant below that. This means that for most CO2RR catalyst,
they produce very little H, when the pressure is increased to 30 bar and this
remains the case even at 100 °C because they are stable. However, Cu becomes
unstable at these temperatures and as a consequence starts producing significant
amounts of Hz, which lowers the CO2RR selectivity and makes Cu and outlier in
Figure 8.5c.

The selectivity of the reaction and especially the competition between the main
products CO and HCOOH is analyzed in more detail in Figures G.8, G.9 and G.10.
Figure G.8 shows the selectivity towards hydrogen, formic acid and CO plotted
against the H* binding energy calculated by Bagger et al.6 They argue that H*
binding energy is the key descriptor predicting the main product, although recently
it has been argued that the crystal lattice also works as descriptor3¢. In these plots,
the different classes of CO2RR catalysts can clearly be seen and seem to reasonably
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hold even at these different conditions. However, there are some exceptions of
which Pd is a clear example. Based on its *H energy, Pd is expected to produce
mainly Hy, as it was classified before by Bagger et al.6 However, we observed that
HER can be suppressed almost entirely on Pd, maybe because one should consider
a palladium hydride surface instead37-41. Also Ni and Pt move away from the cluster
on top, but only at elevated pressures. Even though the H* binding energy still
seems a reasonable descriptor even at high temperature and pressure, the
difference between the CO and HCOOH producing metals becomes less sharp and
more gradual in these conditions. Zn, which is classified as producing CO, makes
relatively less CO by increasing pressure and temperature while Cd and the HCOOH-
producing metal move in opposite direction and seem to produce more CO with
increasing pressure and temperature. Figure G.8 illustrates that with increasing
pressure the Faradaic efficiency towards HCOOH can either increase or decrease
and this seems to depend on the *H binding energy. For metals known for producing
HCOOH, the FE decreases with increasing temperature, while the metals with
stronger *H binding energies slightly increase their selectivity towards HCOOH. As
formic acid and CO are the main CO2RR products for most catalysts, it is interesting
to see how the ratio between these products changes with changing operation
conditions. Figure G.9 illustrates that both with increasing pressure and
temperature in most cases the CO selectivity increases more than the HCOOH
selectivity, at least for the potential and electrolyte used here.

Figure G.10 shows that some metal catalysts (Fe, Co, Ni, Pd, Cu) have the ability
to make hydrocarbons at high pressures, sometimes only in combination with high
temperatures (Zr and Cd). Various metals show some methane production and
others show even longer hydrocarbons. These efficiencies are very low, but not
uninteresting as this shows that these metals are capable of producing C2+
products and this is not limited to Cu only. Because no other liquid C2+ products are
detected at any other metal than Cu (except for trace of acetate on Pd) and because
these metals are able to produce longer hydrocarbons, we expect that these metals
perform C-C coupling via a chain growth mechanism instead of the traditional CO
dimerization mechanism. Maybe not coincidentally, some of the metals that
perform this electrochemical chain growth mechanism are also able to do this
thermocatalytically and are active for the Fischer-Tropsch reaction*?-44, such as Fe,
Co and Ni, although Ru does not show the formation of hydrocarbons in this study.
Also interestingly, some metals are able to produce methanol as well (Figure G.11).
Fe produces methanol both at 25 and 100 °C at 30 bar, while Ni and Cu only produce
it at 25 and 50 °C and Pd only at 100 °C. Curiously, the only metals that produce
methanol also produce longer hydrocarbons, which could indicate that that these
products share a common intermediate, such as *HC0Z845, Based on this, one might
expect Co to also be able to form methanol, even though this was not observed in
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our experiments. Moreover, Ru has shown to be active in methanol production
before, but no methanol was found in these experiments. However, in the literature
often RuO; is used instead of metallic Ru and lower overpotentials are applied*é.

8.4 Conclusion

Figure 8.6 summarizes the trends and observations of this study, showing the
selectivity of all the metals studied at ambient conditions, at elevated pressure and
for the combination of elevated pressure and temperature. Section G.9 contains the
details how this figure was constructed. The top periodic table shows the selectivity
towards CO2RR compared to HER. Increasing the CO; pressure can significantly
improve COZRR and intermediate COZRR catalysts at ambient conditions can

[~— 25°C, 1 bar
—— 25 °C, 30 bar
— 100 °C, 30 bar

[~— 25°C, 1 bar
—— 25 °C, 30 bar Selectivity
— 100 °C, 30 bar

Figure 8.6 Periodic table to summarize the trends with pressure and temperature at a
big variety of metal catalysts for electrochemical COz reduction at-1.5 V vs SHE in 0.1 M
KHCOs3. The upper Periodic table shows the selectivity towards CO2RR in competition
with HER. The lower Periodic table shows the selectivity of the CO2RR products, unless
so little is produced which leads to a red color for HER. Per metal, the outer box gives
shows the results at ambient conditions, the middle box at high pressure and the inner
box at high pressure and temperature.

L
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become very good as HER is significantly suppressed by increasing pressure. The
CO producing metals can reach very high FE with increasing pressure, even at 100
°C, while for the HCOOH producing catalysts, this high efficiency is reached at high
pressures but at different temperatures depending on the catalyst. The left side of
the periodic table stays more red and only at elevated pressures Faradaic
efficiencies for CO2RR above 1% can be reached, although hardly ever exceeding
10%. The bottom periodic table shows the product distribution of the CO, reduction
reaction. It can be seen that the CO producing metals always keep producing CO,
while Cu and the HCOOH producing metals produce relatively more CO at elevated
temperatures. The poor CO2RR catalysts produce mainly HCOOH as CO2RR product
at high pressures and low temperatures. Cu is not the only metal able to produce
hydrocarbons, as also Ni and Fe can produce them in significant amounts under the
high pressures and temperatures.

This study has screened various metals as electrocatalysts for CO; reduction
and specifically looked at the effect of temperature and pressure. Potential and
electrolyte were kept constant during all experiments, because otherwise the
parameter space would be too large. However, these parameters can have
significant influence on catalyst performance 263447-50, Therefore, this screening
study gives first insights, but further in-depth studies are needed in which the effect
of potential and electrolyte are studied on selected catalysts. Moreover, we only
studied six temperature-and-pressure combinations. Medium pressures of 10-20
bar and medium temperatures of 50-75 °C may still yield deviating results. This
study therefore gives guidance in deciding future experiments. The most interesting
catalysts to study for CO2RR appear to be the known catalysts as Cu, Ag and Zn, but
also Pd, Ni, Fe, Zr and Pt, especially at elevated pressures and temperatures. Beyond
the pure metal catalysts, these metals could also be studied as carbides, nitrides and
phosphides for example 9275152, Moreover, combining these metals in metal alloys
could lead to new results and improve activity or selectivity beyond the
performance of a single metal 53-58,
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