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High-temperature co-electrolysis of carbon dioxide and steam is a promising method to produce ‘white’ syngas by making use of
renewable energy and carbon dioxide as sustainable feedstock. The technological key advantage is the possibility to tailor syngas
compositions over a broad range. This paper presents a systematic investigation of the syngas tailoring process by establishing
relationships between feed gas compositions and flow rates to the syngas ratio. A linear dependence between the HyO:CO; ratio
in the feed gas and the H:CO ratio in the output gas was observed. Furthermore, the syngas ratio remains mostly invariant upon
variations in electrochemical potential and fluctuating gas utilizations/flow rates during operation of a co-electrolysis cell. Most
importantly, the co-electrolysis performance was demonstrated to operate at high current densities of up to 3.2 A-cm~2 over a broad
range of feed gas compositions with faradaic efficiencies of nearly 100%. The possibility to operate co-electrolysis under transient
load conditions renders this method particularly suitable in future scenarios of intermittent availability of renewables. The results
described here illustrate the versatility of co-electrolysis, which can produce all relevant syngas compositions in a single-step process
at constantly high performance.
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The industry sector worldwide is responsible for 13.14 Gt CO,/yr
of climate-wrecking CO, emissions." A highly promising CO, val-
orization technology is the co-electrolysis of (waste) water and carbon
dioxide to form hydrogen and carbon monoxide — i.e. syngas — in a
‘Power-to-Syngas’ scenario.>” This scenario relies on replacing the
currently used technologies to produce ‘gray’ syngas based on fossil
resources, by co-electrolysis to obtain ‘white’ syngas. Downstream
Syngas Chemistry is a well-established branch in chemical industry.
Syngas can be converted to a diverse range of chemical base prod-
ucts by subsequent catalytic reactions.® This diversity is obtained by
varying the H,:CO ratio, which typically ranges from 1:1 to 3:1.

The advantage of high-temperature co-electrolysis is the tailoring
of the syngas ratio in a single process step by adjusting the oper-
ating parameters. Figure 1 schematically shows the path from co-
electrolysis of different H,O:CO, ratios toward different products and
their applications based on the content of carbon, hydrogen and oxy-
gen. For synfuels, for example, which only contain carbon and hydro-
gen, H,:CO ratios between 2:1 and 3:1 are used. Aldehydes and ethers
for chemical industry include oxygen and therefore need a higher CO
content in the syngas mixture. In future energy scenarios, electrochem-
ical technologies have to meet various objectives, which include not
only highly efficient conversion and low aging rates, but also the abil-
ity to operate in transient mode as function of fluctuating availability
of renewables. From an economic perspective, CAPEX requires slow
aging rates, whereas high current densities are advantageous for both,
low OPEX and CAPEX, which is in line with the objective related to
operation in transient mode.

The solid oxide cell (SOC) technology, which was developed in
the last decades to a near-commercial state,'"! fulfills most of these
criteria. With the development of anode supported cells, high cur-
rent densities at moderate operating temperatures (< 800°C) can be
achieved.'*!> The Solid Oxide Electrolysis Cell (SOEC) technology
can be typically operated above 1 A-cm™2.'%!8 The aging rate (i.e. de-
crease in cell potential) under constant load operation and hydrogen
as fuel typically lies below 0.3% per 1000 h.'>?° The underlying pro-
cesses, responsible for degradation in solid oxide fuel cells (SOFC),
are mostly understood?'~>* or can be described by a most recently
developed quantitative model.>* For the operation in co-electrolysis
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mode and under transient mode of operation, however, the durability
has not yet been investigated sufficiently.

Co-electrolysis can be performed at either high®>=* or low**% tem-
peratures. The high-temperature co-electrolysis makes use of the avail-
able SOC technology. During high-temperature co-electrolysis three
main reactions are possible at the fuel electrode: the electrochemical
conversions of steam to hydrogen and of carbon dioxide to carbon
monoxide, as well as the reverse water gas shift (RWGS) equilibrium.
In literature, there is currently no clear consent for whether the carbon
dioxide is only converted in the RWGS equilibrium or electrochemi-
cally as well. The results of Stoots et al.>® point toward a CO conversion
by RWGS exclusively, while the results of Ebbesen et al.?® show that
the electrochemical conversion of CO, also occurs.

H,0 +2¢~ — H, + 0*~ (1) steam reduction

CO, +2¢~ — CO+ 0> (2)CO;, reduction

H, + CO, = CO + H,0 (3) (R) WGS reaction

Here, we describe a systematic investigation of co-electrolysis to pro-
duce tailor-made syngas compositions under varying current density.

Experimental

The experiments were performed using commercially available
cathode-supported full cells from CeramTec. These cells have a di-
ameter of 2 cm and an active area of 0.79 cm?. The cells consist
of a Ni/YSZ (yttria-stabilized zirconia) cathode, an YSZ electrolyte,
a CGO (cerium gadolinium oxide) barrier layer and an LSCF (lan-
thanum strontium cobalt ferrite) anode. The cells were placed in a
Probostat sample holder (Norwegian Electro Ceramics AS, NorECs)
as described previously.?? The cell is contacted on the air side with
a platinum current collector and on the fuel side with a nickel mesh.
The cathode and anode gas chambers are separated by ceramic tubes
to which the cell is sealed with a gold ring. The gases on the fuel side
(CO, H,, CO,, Ny) are led through a water bath to adjust the water
content based on the temperature dependence of the vapor pressure.
The NiO in the cathode of the as-bought cells was reduced with H,
at 900°C during the first heating of the cells. To prevent reoxidation
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Figure 1. Schematic representation of Power-to-X applying co-electrolysis to produce syngas as reaction intermediate.

of the Nickel, hydrogen is constantly fed to the cathode. The elec-
trochemical tests were performed only up to a maximum voltage of
1.4V to keep the degradation effects that might occur at high voltages
as low as possible. To ensure comparability among different cells the
current density data was normalized to fit the real contacted area (see
supporting info).

For the tailoring experiments a current-voltage curve (i/V curve)
with a scan rate of 1 mA-s~! from OCV to 1.4 V was performed and
the output gas composition was measured with a mass spectrome-
ter which collects data every 1.7 s. For the investigation of feed gas
compositions, these experiments were conducted at 900°C and 6 1-h~!
comparing feed gas compositions of 40% H,0O + 20% H, and varied
CO, content (40%, 20%, 13%; balanced with N;). For the investiga-
tion of the influence of flow rate, rates of 6, 3, 2 and 1 I'h™! were
compared at 900°C for the feed gas composition of 40% H,0 + 40%
CO, + 20% Hs,.

The theoretical model for calculating the output gas composition
is based on thermodynamics. The composition is calculated in a three-
step process. Firstly, the equilibrium composition is determined itera-
tively by a self-written equilibrium solver in python using the package
“chempy””?7 with cross-checked results. The thermodynamic data was
taken from the Ivtanthermo database. For the following electrolysis
step, the change of composition for each respective current density
was calculated according to Faraday’s law. Lastly, a second equilib-
rium step is performed with the modified composition after electrolysis
as explained above.

The performance was tested by measuring i/V curves in electrol-
ysis mode from open cell voltage (OCV) to 1.4 V with a scan rate
of 10 mA-s~'. These experiments were performed using the Potentio-
stat Vertex.5A by Ivium Technologies. Various fuel gas compositions
were compared: Co-electrolysis was tested with gas mixtures of 80%
fuel and 20% hydrogen, where the fuel consisted of water and carbon
dioxide in the ratios ranging from 3:1 to 1:3. The performance was
also tested for mixtures of 50% CO, + 50% CO (pure carbon dioxide
electrolysis), 50% H,O + 50% H, (pure steam electrolysis), 50% CO,
+ 50% H, and 25% H,0 + 25% CO, + 50% H, (co-electrolysis).
From the i/V curves the area specific resistances were obtained by
numerical derivation with Origin by OriginLab.

Results and Discussion

To demonstrate the viability of co-electrolysis to generate tailored
‘white’ syngas compositions of H,:CO in the range necessary for
following-up syngas chemistry,”™ several H,0:CO, feed gas com-

positions and flow rates at varying current densities have been moni-
tored by mass spectrometry. The obtained data do not show any other
products than hydrogen and carbon monoxide leading to a faradaic ef-
ficiency (ratio of measured to theoretically possible amount of syngas)
of around 100%.

To compare H,0:CO; ratios in the feed gas, compositions of 40%
H,0, 20% H, and varied CO, content (40%, 20%, 13% balanced with
N,), i.e. H,O:CO, ratios of 1:1, 2:1 and 3:1, were fed to the fuel
electrode with a flow rate of 6 1'h~!. A constant flow of 6 I-h™! of
air was fed to the air electrode. The hydrogen in the fuel feed gas is
necessary to prevent oxidation of the Nickel cathode.

The obtained volume fractions of the fuel gases as a function of
the current density are shown in Figures 2a—2c. The initial measured
gas composition at open cell voltage (OCV, i = 0 A-cm™2) already
differed from the input composition regulated by mass flow controllers
(MFCs). The difference is explained by the RWGS taking place at the
operating temperature of 900°C in the presence of a catalyst (Ni). The
equilibrium compositions are shown in Table 1.

In Figure 2 the feed gas composition is shown on the y-axis. Starting
at 0 A-cm™2, the measured composition is plotted. Decreasing the
CO, content decreases the total fuel content. The resulting higher
fuel utilization at the same current density causes supply limitations.

Table 1. Equilibrium compositions at 900°C of the investigated
inlet gas streams (balanced with N;).

Feed gas composition
H,0 + CO; + H, + CO [%]

Equilibrium gas composition
H,0 + CO, + H; + CO [%]

50+0+50+0 50+0+50+0
0+50+50+0 26.5+23.5 +23.5+26.5
0+50+0+50 0+50+0+50

254+254+50+0
60 +20+20+0
5342742040
40+40+20+0
2745342040
20+60+20+0
404+204+20+0
40+ 13.3+20+0

38.6+11.4 +36.4 4 13.6
64.6 4+ 154+ 154 +4.6
59.4 +20.6 4+ 13.9 +6.1
489 +31.1 +11.1+89
3834+41.7+84411.6
329 +471+71+129
457 + 143 4+ 143 +5.7
441+92+159+4.1

54754+20+0 20.7+59.3 +4.3 4+ 15.7
0+80+20+0 16.6 + 63.4 + 3.4+ 16.6
04+80+5+0 48+754402+48
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Figure 2. Experimental (a-c) and theoretical (d-f) product gas composition as function of the current density. Compared are the initial compositions of 40% H,O
+ 40% CO; + 20% H; (left), 40% H,0 + 20% CO;, + 20% Hy + 20% N; (middle) and 40% H>O + 13% CO, + 20% Hy + 27% N; (right) at 900°C and
61-h~!. The experiments were conducted up to a potential of 1.4 V causing the differing current density limits. Displayed on the y-axis is the feed gas composition.
Starting at 0 A-cm™2, the equilibrium composition is shown, which differs from the feed gas composition due to RWGS at operating temperature.

Hence, the current density that is reached at our chosen maximum
of 1.4 V (see experimental section) decreases. Therefore, the curves
in Figures 2b and 2c end at lower current densities than the one in
Figure 2a.

With no applied current, only the RWGS converts the CO, to CO.
For the gas mixture with 40% H,0 + 40% CO, + 20% H,, the equilib-
rium composition is 48.9% H,0 + 31.1% CO, + 11.1% H, + 8.9%
CO. Thus, 22% of CO, is already converted by RWGS. Increasing
the current density to 2.5 A-cm~2, the conversion of CO, increases
to 36%. Thus, increasing the current and performing co-electrolysis
increases the syngas yield compared to the sole RWGS equilibrium.

The obtained syngas composition slightly changes with current
density. For the compared feed gas compositions at 6 1-h~! the H,:CO
ratio slightly increases with increasing current density. This increase
is stronger for the compositions with reduced CO, content. Overall
the syngas ratio is in alignment with the H,O:CO, ratio in the feed
gas stream.

For the investigation of the influence of flow rates (i.e. fuel utiliza-
tion), a gas mixture of 40% H,0 + 40% CO, + 20% H, was fed to the
fuel electrode with 6, 3,2 or 1 1-h~! (Figure S1 in supporting info). The
air side was supplied with air with the same respective flow rate. The
flow rates correspond to gas velocities of 7.6-10°, 3.8-10%, 2.5-10° and
1.3-10% cm-h™!, respectively, by dividing by the active surface area of
the cell.

The decrease of the flow rate causes an increase in (maximum) gas
utilization at 1.4 V from 15% for 6 1'h™! to 45% for 1 I-h~'. At any
given current density the absolute amount of converted molecules per
second is determined by Faraday’s law. Since this is only dependent

on the applied current density, decreasing the flow rate means that
a higher percentage of that feed gas is converted (more feed gas is
utilized). Decreased flow rates also lead to a reduced current density
at 1.4 V. The syngas ratio, however, is not significantly affected by the
flow rate in the experimentally obtained gas output. Only a slight shift
toward CO is observed for lower flow rates.

To further analyze the experimental observations, thermodynamic
calculations of the product gas compositions were conducted. These
calculations are based on the assumption of infinitely fast kinetics
and follow the below-mentioned procedure for each selected current
density. Firstly, an equilibrium composition of the feed is determined.
Secondly, the applied current density determines the amount of elec-
trolyzed H,O or CO, according to ideal Faraday’s law. Thirdly, the
equilibrium composition after electrolysis is calculated again.

Theoretically, the final composition is independent on the type of
electrolysis, H,O or CO,, if only thermodynamics is considered. Cal-
culations with steam electrolysis led to the same output compositions
as with carbon dioxide electrolysis. The output composition therefore
depends on the total conversion and RWGS equilibrium. The compo-
sition of the input gas also influences the equilibrium.

The theoretically determined compositions are plotted in Fig-
ures 2d-2f and are well in line with the experimental data. Here as
well an increase in H,:CO ratio with increasing current density is ob-
served. This effect is therefore caused by the input gas composition
and the influence on the RWGS equilibrium. Calculations with lower
hydrogen content for example show areduced increase of H,:CO ratio.
Only for the water content the agreement is rather weak. In the exper-
iment it decreases significantly stronger than in theory. This might be
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Table IL. Area specific resistance at 0.5 A-cm~2 and current density at maximum potential of 1.4 V for various feed gas compositions (balanced

with N).

Composition

H,0 + CO; + Hz + CO [%] ASR5 Acm2[Q-cm?] 14 v[A-cm™2] OCVxp[ V] OCVineol V]
504+0+4+50+0 0.16 2.20 0.92 0.91
0+4+50+4+50+0 0.18 2.04 0.92 0.90
045040+ 50 0.21 1.71 0.90 0.90
254+254+50+0 0.16 222 0.92 0.91
60+4+204+20+0 0.14 3.32 0.87 0.84
534+274+20+0 0.14 3.23 0.86 0.84
404404+20+0 0.14 3.30 0.85 0.83
274+534+20+0 0.15 3.06 0.85 0.83
20460+20+0 0.14 3.17 0.85 0.83
54+754+20+0 0.18 1.93 0.87 0.83
04+80+20+0 0.19 2.06 0.85 0.83
04+80+5+4+0 0.29 1.65 0.79 0.75

due to the missing kinetics, side reactions or adsorption effects in the
theoretical model.

Significant deviations are observed in the H, content for lower flow
rates (< 3 I'h~!). While the experiment shows a H,-fraction of 18% at
i =1 A-cm~2, thermodynamics predicts a value of 27%. Tentatively,
this deviation may be explained by kinetic effects, such as the resi-
dence time of molecules on electrode surfaces, as well as their ad- and
desorption. If the CO, content is lowered and product gas composi-
tions are compared, at higher flow rates (> 6 1-h~!) the experimental
values are consistent to the thermodynamic calculations.

The electrochemical performance of co-electrolysis — i.e. the effi-
ciency at which renewables are fed into the electrochemical conversion
process — was investigated by direct current (dc) measurements at dif-
ferent gas compositions. From the obtained i/V curves the open circuit
voltage (OCV), the area specific resistance (ASR) at 0.5 A-cm™2 and
the current density at the chosen maximum voltage of 1.4 V were de-
termined. The experimentally measured OCVs for the compared com-
positions deviate from the theoretically calculated values (Table II) by
about 4 -40 mV (0.4 — 5%). For the H,O/H, mixture, for example, an
OCYV of 0.92 V was observed, while the calculated Nernst-Potential
is 0.91 V. This is a deviation of 1.2%. These small deviations are due
to nearly unavoidable leakages from the cell setup. However, since
all measurements on the same cell are affected in the same way, the
observed trends should not be falsified.

High-temperature ‘pure’ steam and carbon dioxide electrolysis
with fuel compositions of 50% H,O + 50% H, and 50% CO, +
50% CO, respectively, were used as reference. The corresponding
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Figure 3. i/V curves of different compositions. Compared are 50% H,O +
50% Ha, 50% CO;z + 50% CO, 50% CO> + 50% Hy and 25% H,0 + 25%
CO; + 50% H, at 900°C and 6 'h~".

comparison of electrochemical performance for co-electrolysis with a
fuel composition of 25% H,0 + 25% CO, + 50% H, is depicted in
Figure 3. The RWGS causes this composition to equilibrate to 38.6%
H,O0 + 11.4% CO, + 36.4% H, + 13.6% CO. This means that the
RWGS already converts more than half of the CO, already at0 A-cm™2.
The equilibrium mixture therefore contains almost four times more
H,O0 than CO,. For this fuel composition, the co-electrolysis perfor-
mance (ASR and current density at 1.4 V, Table II) is comparable to the
electrochemical performance of steam electrolysis, allowing operation
at current densities above 1 A-cm™2.

Also shown in Figure 3 is the i/V curve for a fuel composition of
50% CO, + 50% H,. The ASR of the CO, — H, mixture is situated
between steam/co-electrolysis and CO, electrolysis with a tendency
toward steam electrolysis. This behavior can also be explained by the
RWGS that causes the mixture of 50% CO, + 50% H; to equilibrate
to about equal amounts of CO,, H,, H,O and CO at the operating
temperature already at OCV (see Table II).

Literature already states that the ASR of pure H,O electrolysis
(H,O/H, mixture) is lower than that of pure CO, electrolysis (CO,/CO
mixture).?®3® This is observed here as well. Moreover, the ASR of the
co-electrolysis mixture is identical to the H,O electrolysis, which sup-
ports the recent hypothesis by Stoots et al.>® that during co-electrolysis
the carbon dioxide preferably reacts in the RWGS reaction with the
hydrogen that is produced by steam electrolysis, producing steam
and carbon monoxide. To investigate whether this is the case for all
H,0:CO; ratios and thus draw conclusions about a possible mecha-
nism several feed gas compositions were compared.

1.4 4
1.3
1.2
>
=114
) —— H,0:CO, = 3:1
1.0 —a— H,0:CO, = 2:1
1 —— H,0:CO, = 1:1
0.91 H,0:CO, = 1:2
1 H,0:CO, = 1:3
0.8 F+——————t——————1—
00 05 1.0 15 20 25 3.0 35
|i]/Acm?

Figure 4. i/V curves of different compositions. Compared are compositions
containing 80% fuel with H,O:CO, ratios of 3:1 to 1:3 and 20% H; at 900°C
and 6 1-h~!.
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Figure 5. i/V curves of different compositions with low H,O content. Com-
pared are 40% H,O + 40% CO, + 20% H;, 5% H,0 + 75% CO, + 20% H,,
80% COy + 20% H; and 80% COy + 5% Hy + 15% Ny at 900°C and 6 1-h~1.

First, dc measurements of H,O:CO, ratios of 3:1 to 1:3 at a con-
stant fuel content of 80% have been investigated. The resulting syngas
compositions include the most commonly used ratios of H,:CO of 1:1,
2:1 and 3:1. The results show that the performance is not influenced
by the feed gas ratio of H,O:CO, in the investigated range (Figure 4).
This effect can be seen in the graphs, which are almost identical, as
well as in the area specific resistance (ASR) at 0.5 A-cm™2 and current
density at 1.4 V (Table II). The ASR for all ratios is about 0.14 Q-cm?
and iy 4 v is around 3.2 A-cm~2. This confirms the dominance of steam
electrolysis in the range of 64.6% H,0 + 15.4% CO, to 32.9% H,0
+ 47.1% CO, (equilibrium composition of the fuel content of the 3:1
and 1:3 H,0:CO, feed gas mixtures) as explained before.

The performance has also been investigated at low steam content to
test the boundaries of co-electrolysis and find out at which point CO,
electrolysis starts to be significant. The i/V curve results are shown in
Figure 5 with the respective parameters in Table II. The equilibrium
compositions show H,O contents from 20% down to 5%. By lowering
the steam content to 5%, the ASR starts to rise significantly from 0.18
Q-cm? to 0.29 Q-cm?. Even the values for around 20% H,O are slightly
higher than those for the mixtures with >30% H,O content. Since ac-
cording to literature?®3¢ the CO, electrolysis is slower and shows a
significantly higher ASR than the H,O electrolysis, it can be con-
cluded that for low H,O contents the CO, is not only converted in the
RWGS, but also electrolyzed. Thus, CO, electrolysis seems to become
significant for H,O contents of < 20% in the equilibrium gas mixture.

Conclusions

In summary, co-electrolysis not only provides a valorization op-
tion for the greenhouse gas CO, by making use of renewable power
sources, it can also be used to produce all relevant syngas ratios at
will and with the same power input. We were able to show that the
tailoring of specific syngas ratios is possible in one electrolysis step
by adjusting the H,O:CO; ratio in the feed gas stream. The resulting
syngas composition is in alignment with its corresponding ratio of the
feed gas with a slight surplus of H, for the investigated compositions.
The syngas composition is invariant to the applied current density,
which means that co-electrolysis is suitable for transient conditions of
renewable energy sources. Compared to low temperature electrolysis,
which shows current densities of up to 300 mA-cm~2,* we were able
to produce syngas at current densities of up to 3.2 A-cm~2 (within our
self-given potential limitation of 1.4 V) and faradaic efficiencies of
almost 100%. The stability of the co-electrolysis process is currently
under investigation. With electrochemical cells that are stable above
1.4V even higher current densities and therefore increased space time
conversion rates are possible.
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