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Abstract

Inindustrial electrochemical processes it is of paramount importance to achieve efficient, selective processes to produce valuable chemicals while
minimizing the energy input. Although the electrochemical reduction of CO; has received a lot of attention in the last decades, an economically
feasible process has not yet been developed. Typically, the electrochemical reduction of CO; is paired to water oxidation, forming oxygen, but an
alternative strategy would be coupling the CO; reduction reaction to an oxidation in which a higher-value product is co-produced, significantly
improving the economic feasibility for CO. reduction as a whole. Importantly, both reactions need to be chosen wisely, to ensure their

compatibility and to minimize the voltage requirements for the redox system. In this study, as an example of this approach, we demonstrate such
a match - the electroreduction of CO. to CO, paired with the electrooxidation of 1,2-propanediol to lactic acid. Combining these reactions
decreases energy consumption by ca. 35%, increases of product value of the system, and results in combined faradaic efficiencies of up to 160%
when compared to the CO; reduction reaction in which oxygen is formed in the anode.

Introduction

Electrochemical CO; conversion offers an attractive strategy for the
conversion of a greenhouse gas into valuable chemicals and fuels?.
However, the high overpotentials required? to drive the conversion
of a highly thermodynamically and kinetically stable molecule such
as CO;, together with the low selectivity>* of the process, has
stalled the upscaling of this reaction®. Electrochemical methods are
potentially interesting from an industrial point of view due to the
low temperatures and pressures required. That said, physical
restrictions, such as mass transport limitations, make the processes
commercially unfavorable. However, these limitations can be
minimized by the utilization of continuous flow electrochemical
set-ups®. Such reactor concepts yield several further advantages
when compared to batch reactors, such as improved mixing
between phases and control of heat transfer.

Numerous studies have focused on improving the electrochemical
performance and steering the selectivity and efficiency of CO:
reduction by studying the effect of several parameters such as the
nature and/or structure of the catalyst’®, the nature and/or pH of
the electrolyte® and the potential distribution'®, among others'!-3,
Despite these efforts, the conversion of CO. in an aqueous
electrolyte appears to be economically unfeasible®. In aqueous
systems, the reduction of water to* competes with that of CO,,
decreasing electron efficiency and making the process less
economically attractive. Additionally, the counter reaction in these
systems is usually the oxidation of water to oxygen, a product with
limited value when produced on a large scale. A strategy to make
electrochemical processes more economically viable is the
combination of two different reactions which both produce high
added value products in one reactor, such as the well-known
chloralkali process?®®, where the formation of chlorine gas occurs on

the anode, and sodium hydroxide is formed on the cathode. The
combination of two different reactions allows for the production of
two different value-added chemicals, which can be efficiently
separated since they are formed in different compartments. More
importantly the energy demand of the system is decreased with
this approach.

The aim of this study was to demonstrate an economically feasible,
paired electrochemical process which maximizes energy efficiency
by utilizing the energy input for the formation of valuable products
on both sides of the electrochemical cell. Specifically, this study is
focused on the continuous electrochemical reduction of CO, to CO
in the cathodic compartment, and the oxidation of 1,2-propanediol
(PDO) to lactic acid mediated by 4-acetamido-(2,2,6,6-
tetramethylpiperidin-1-yl)oxidanyl (ACT-TEMPO), in the anodic
compartment. The selection of these two redox processes is driven
by the interest in our labs for biomass valorization as well as CO2
utilization®. Lactic acid is the key building block for polylactic acid®’,
a promising bio-based polymer that is replacing existing oil-based
polymers in a new generation of sustainable and eco-friendly
plastics. In our study, 1,2-propanediol, is used as a starting
material, and can be easily produced via hydrogenolysis of
glycerol'8. Glycerol is the main side product of biodiesel production,
and is therefore abundant and cheap®?°.

From the perspective of electrochemical lactic acid production, the
carbon footprint of the process can be reduced in comparison to
the formation of lactic acid via the thermochemical processes. The
sustainability of the system can be further improved if the source
of energy is renewable.

The principle of paired electrosynthesis has been demonstrated for
a limited set of reactions such as the oxidative condensation of



syringaldehyde with the reduction of CO, to CO?* or the reduction
of nitrate with the oxidation of ammonia??. This study serves as an
example of further possibilities of paired systems and their
potential to improve the electrochemical processes in terms of
productivity and efficiency.

Experimental

The electrochemical measurements were carried out with a
Autolab potentiostat (PGSTAT20) connected to a micro-flow cell
purchased at ElectroCell. The cathode was a gold plate (Alfa Aesar,
99.9%) with a surface area of 10 cm?. The working electrode was
electropolished before each experiment by cyclic voltammetry
(100 cycles) between -2 and +2 V vs Ag/AgCl in a 0.5 M KHCO;
(Sigma Aldrich, 99.7%) solution. The anode electrode was a carbon
felt (Fuel cell store) with a surface area of 10 cm? . Two leak free
Ag/AgCl electrodes (Innovative Instruments LF-1-100) were used as
reference electrode (RE), one situated in the cathodic
compartment and the second one in the anodic compartment. All
potentials in this work are reported against Ag/AgCl. The currents
reported were normalized per geometric area.

In addition, an electrode consisting of 15 nm Au/C nanoparticles
deposited on a carbon cloth (10 cm?) was also used as working
electrode. Gold nanoparticles were synthesized by the citrate
reduction method?3. Briefly, the reduction of tetrachloroauric acid
(HAuCls) was initiated by trisodium citrate (NasCsHsO7) by injecting
a specified amount of trisodium citrate solution into a heated
tetrachloroauric acid solution which was vigorously stirred with a
Teflon coated magnetic bar. The color of the solution changed
gradually from transparent light yellow, to colorless, to dark black,
and finally to the characteristic wine red which indicates the
formation of gold nanoparticles. The heating was stopped after 30
minutes, then the gold nanoparticle dispersion was kept at room
temperature under stirring. The electrodes were prepared by
deposition of the catalyst material on carbon cloth coated with a
microporous layer. Catalyst were prepared by sonicating Au/C
nanoparticles in MilliQ water (30 ml), Nafion solution (1 uL/mg Au),
carbon black (Vulcan XC 72) (3 Au:2 Carbon) and isopropylalcohol
(30ml) for 15 min. The resultant solution was sprayed onto the gas
diffusion layer (Carbon cloth) with a loading of 1mg/cm?. The
characterization of the Au nanoparticles used in this study can be
found in figure SI.1 in the supporting information, section 1.

The experiments were conducted in galvanostatic mode, applying
a certain current to the working electrode (cathode) and
monitoring the potential obtained at the cathode (Ecathode) USiNg an
Autolab potentiostat (PGSTAT20). The anode potential (Eanode) and
the cell voltage (Eci) were also monitored by the use of two
multimeters.

The experiments were carried out in a flow cell (ElectroCell) with
two compartments separated by a anionic exchange membrane
(Fumasep FAA-3-PK-130)). The catholyte consisted of a 0.5 M
KHCOs solution where pure CO; (Linde 2.7) was bubbled through
with a flow rate of 9 I/h, while the anolyte consisted of a 0.5 M
KHCOs/ 0.5 M K,COs buffer solution which contained 20 mM ACT-
TEMPO (abcr, 98%) as a mediator and 20 mM 1,2-propanediol
(PDO) (Sigma Aldrich, >99.5%) as a reactant. The anolyte and the
catholyte (200 mL each) were both recirculated through the
electrochemical cell with a flow rate of 25 I/h. The selection of the
catholyte was motivated by the extensive use of bicarbonates

solutions during electrochemical reduction of CO.. The anolyte
buffer solution was chosen due to the higher alcohol oxidation
performance of ACT-TEMPO redox pair at pH 10.

The gaseous products produced at the cathode during the
reduction of CO2 were sampled every 15 minutes and analyzed
using an Interscience (Trace GC, Supelco carboxen 1010 PLOT
column, FID detector) gas chromatographer (GC). The liquid
products obtained during the reduction of COzand the oxidation of
1,2-propanediol were collected every 15 minutes and analyzed by
an Agilent (1260-Infinity, Amminex HPX-87H column, RID
detector)) High Performance Liquid Chromatograph (HPLC) system.

Results and Discussion

Figure 1 shows an overview of the electrochemical process for the
reduction of CO2to CO paired with the oxidation of 1,2-propanediol
to lactic acid (LA) and pyruvic acid (PA), mediated by ACT-TEMPO.
A detailed image of all the components of the micro flow cell
employed and the complete set-up used for this study can be found
in figure S.2 in the supporting information, section 2.
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Figure 1: Schematic representation of the electrochemical
reactions involved in the process.

Figure 1 shows a schematic representation of the reactions
involved in the electrochemical system. The cathodic reaction is the
reduction of CO; to CO on a Au electrode in a 0.5 M KHCOs solution
saturated with COz. The anodic reaction consists of the reversible
redox reaction of ACT-TEMPO which serves as a mediator for the
oxidation of 1,2-propanediol to lactic acid and further oxidation to
pyruvic acid. This reaction is similar to the method described in the
literature for 5-(hydroxymethyl)furfural to furandicarboxylic acid.?*
The anodic reaction took place on a carbon felt electrode in a 0.5
M KHCOs/ 0.5 M K2COs buffer. The use of an anolyte solution of pH
10 was motivated by the maximum oxidation rate of alcohols
obtained in previous studies for ACT-TEMPQO%%, The oxidation of
1,2-propanediol mediated by ACT-TEMPO is reported for first time
in this study. A discussion about the advantages of ACT-TEMPO
mediated oxidation of 1,2-propanediol in comparison to the direct



oxidation of 1,2-propanediol on noble metal electrodes can be
found in section 3 of the supporting information.

The studied reactions listed below:

CO2 + 2H* +2e" > CO + H.0 (1)
C3HgO2 + H20 > C3HeOs3 + 4 H* + de- (2)
C3Hs03 > C3HaO3+ 2 H + 2¢° (3)

The molecular structures for the redox pair of the mediator used
for the anodic reaction (ACT-TEMPO) are shown in scheme 1.

Scheme 1. Molecular structures of 4-Acetamido TEMPO in the
oxidized and the reduced state.

Oxidized ACT-TEMPO Reduced ACT-TEMPO

Cyclic voltammetry was carried out, to characterize the electrode
surface (in the absence of the reactant) and to characterize the
electrochemical reaction (in the presence of the reactant). Figure
2a shows the cyclic voltammetry of a gold plate electrode in the
absence (black line) and in the presence (orange line) of CO,. The
onset potential for the reduction reaction occurs at slightly less
negative potentials in the presence of CO2, and higher current
densities were measured when compared to the reaction in the
absence of CO,. However, these slight potential changes might be
associated with a small change in pH when CO: is present in the
solution. Both CO: reduction and hydrogen evolution reaction
(HER) occur in the same potential range. Thereby, the current
associated with CO: reduction can be hindered by HER, which
occurs at a faster rate. Figure 2b shows the cyclic voltammetry of a
carbon felt electrode in the presence of ACT-TEMPO and absence
of 1,2-propanediol (black line), and in the presence of both ACT-
TEMPO and 1,2-propanediol (orange line). When 20 mM of 1,2-
propanediol is present in the solution, the oxidation peak observed
between 0.5 and 1.5 V has a higher current density than in the
presence of only 20 mM of ACT-TEMPO while the reduction peak is
diminished. The increase of the oxidation peak in the presence of
PDO can be explained by the direct oxidation of PDO on the surface
of the electrode and by the fact that oxidized ACT-TEMPO is
regenerated faster when reacting with PDO. When PDO is present,
the amount of reduced ACT-TEMPO in the vicinity of the electrode
increases due to the fact that PDO favors the reduction of oxidized
ACT-TEMPO. On the other hand, the reduction peak shows a lower
current when PDO is present in solution. This behavior can be
explained due to the lower concentration of oxidized ACT-TEMPO
which is being consumed by PDO.

In order to achieve an efficient paired process, it is of paramount
importance to select a current which is favorable for the reactions
in both compartments of the electrochemical cell. For instance, in
the current example, a current density of 80 mA/cm? would
efficiently convert PDO into lactic acid at the anode, but at such a
high current density the hydrogen evolution reaction would
dominate at the cathode, and CO selectivity would be poor. To
investigate the influence of applied current and find an optimum, a

range of matching current densities of the anodic and cathodic
reactions (2, 7, 15, 30 and 50 mA/cm?) was selected to perform the
galvanostatic electrolysis This was based on the results obtained
when performing cyclic voltammetry at the cathode in the
presence of CO; and at the anode in the presence of PDO and ACT-
TEMPO. For every experiment, the cathode was selected as a
working electrode
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Figure 2: a) Cyclic voltammetry of Au plate electrode in a 0.5 M
KHCO:s solution in the absence (black line) and in the presence
(orange line) of CO,. The insert displays the potential range where
the onset potential for CO; reduction and HER is located. b) Cyclic
voltammetry of carbon felt electrode in the presence of 20 mM
ACT-TEMPO (black line) and in the presence of 20 mM ACT-
TEMPO and 20 mM 1,2-propanediol (orange line). Scan rate=0.05
V/s

When electrolysis experiments were performed at -2 and -7
mA/cm? (data not shown) no CO was detected at the cathode by
gas chromatography. Detectable amounts of CO were measured
when higher current densities were applied.

Figure 3 shows the faradaic efficiency of CO obtained on a gold
plate electrode when different current densities (-15, -30 and -50
mA/cm?) where applied to the cathode. The highest selectivity for
CO formation was achieved when -15 mA/cm? was applied to the
cathode. Importantly, the faradaic efficiency for CO decreases over
time, being half of the initial value after one hour of electrolysis.
However, it is possible to completely recover the activity of the gold
electrode for CO formation if cyclic voltammetry is carried out prior
to performing further electrolysis. The recovery procedure consist
of cycling between -2 and +2 V vs Ag/AgCl at a scan rate of 1 V/s.
After 100 cycles, the performance of gold plate returns to the initial
values of ca. 76% faradaic efficiency for CO formation (see Figure
S.4 in the supporting information, section 3). Surendranath et al.?
attributed the deactivation of gold electrodes to the adsorption of
metal impurities (from even high purity reactants) on the surface
of the electrode.



The faradaic efficiencies of all the reduction and oxidation products
obtained when -15 mA/cm? was applied are shown in Figure 4. The
formation rate of CO in mol/min/cm? can be found in the
supporting information (see Figure S.4).

Since the current applied to the electrochemical cell served for the
oxidation and for the reduction reactions, a summation of the total
faradaic efficiency, based on all the targeted products obtained in
the cathode (CO and formic acid) and in the anode (lactic acid and
pyruvic acid), was calculated and also plotted in figure 4 (yellow
bars). In this manner, a total of 200% faradaic efficiency can
theoretically be obtained if the efficiencies of the reduction and the
oxidation products are combined. A more detailed explanation of
how the faradaic efficiency was calculated can be found in the
supporting information, section 8.
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Figure 3: Faradaic efficiencies for CO production on Au electrode in
a 0.5 M KHCO3 solution during electrolysis at -15 mA/cm? (blue
squares), -30 mA/cm? (orange circles) and -50 mA/cm? (green
triangles).

During electrolysis experiments performed in a paired manner at -
15 mA/cm?, CO and formic acid were detected in the catholyte as
reduction products. The faradaic efficiency of formic acid (ca. 3%)
was stable during the 2h of electrolysis. However, the faradaic
efficiency of CO decreased over time, being ca. 75% after 15
minutes of electrolysis and ca. 22% after 2 hours. Accordingly, the
faradaic efficiency of hydrogen formation due to the competitive
hydrogen evolution reaction increased over time. Interestingly,
when the electrolysis was performed using 15 nm Au/C
nanoparticles deposited on carbon felt as a cathode, a lower
electrode deactivation for CO formation was observed (See
Supporting information, Figure S.6, section 6), with the faradaic
efficiency for CO being ca. 76% after 15 minutes of electrolysis, and
ca. 46% after 2 hours. Numerous studies have shown the different
performance of Au nanoparticles?’3° compared to Au plate
electrodes highlighting the importance of the structure and
geometry of the electrode surface. The performance of CO;
reduction can be improved by the use of different Au nanoparticles
in terms of size, loading and/or by the use of oxide-derived Au
electrodes. Zhu et al. studied the size effect of monodispersed Au
nanoparticles®?, finding that the edge sites are active for CO
evolution and the corner sites are more active for the competitive
HER. Thereby, by changing the size of the gold nanoparticles it is
possible to tune the amount of edge sites and hence increase the
selectivity for CO. Chen et al. showed that the formation of gold
nanoparticles resulting from the reduction of a gold oxide film

yields high selectivity for CO at low overpotentials and more
importantly, perseverance of activity for 8 hours3*.
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Figure 4: Faradaic efficiencies obtained during the electrochemical
reduction of carbon dioxide (COz) to carbon monoxide (CO) and
formic acid (FA) on a gold plate cathode in a 0.5 M KHCOjs solution,
and faradaic efficiencies obtained during the electrooxidation of 20
mM of 1,2-propanediol (PDO) to lactic acid (LA) and pyruvic acid (PA)
with 20 mM of ACT-TEMPO as a mediator on a carbon felt anode in
a 0.5 M KHCOs/0.5 M K>COs buffer solution. The electrolysis was
carried out for 2 hours at 15 mA/cm?. Electrolyte flow rate= 25 I/h.
CO:; flow rate=9 I/h. The total faradaic efficiency (yellow bars)
indicates the summation of the faradaic efficiency of CO, HCOOH, LA
and PA.

The oxidation products (lactic acid and pyruvic acid) produced in
the anolyte during electrolysis at -15 mA/cm? when the reaction
was carried out in a paired fashion, were analyzed by HPLC and
their faradaic efficiencies are summarized in Figure 4. It should be
noted that 1,2-propanediol is oxidized to lactic acid, which is
consequently oxidized to pyruvic acid3. Lactic acid was formed
with a relatively constant faradaic efficiency over time, oscillating
between 77% and 80%, while the faradaic efficiency for pyruvic acid
slightly increased over time, from ca. 14% after 15 minutes of
electrolysis and ca. 23% after 2 hours. The conversion degree of
1,2-propanediol toward lactic acid and further oxidation to pyruvic
acid was calculated and plotted in figure S.7 in the supporting
information, section 7.

The combined faradaic efficiency of the anodic and cathodic
processes, which is based on the summation of the faradaic
efficiencies obtained for CO and formic acid formation (cathodic
process) and lactic acid and pyruvic acid formation (anodic process)
during the paired electrolysis, was calculated to be ca. 160% after
15 minutes of electrolysis, and ca. 130% after 2 hours (see figure 4,
yellow bars).

Importantly, crossover of species from the anolyte to the catholyte
and vice versa were not detected.

Figure 5 shows the potentials measured during the
electroreduction of CO; and during the electrooxidation of 1,2-
propanediol mediated by ACT-TEMPO when -15 mA/cm? was
applied. In general terms, all the potentials measured were
relatively constant during the 2 hours of electrolysis. The cathode
potential oscillated between -1.75 and -1.85 V vs Ag/AgCl. The
anode potential was stable during the whole measurement at 0.55
V vs Ag/AgCl. The cell voltage slightly oscillated between 2.53 and
2.63 V. The theoretical cell voltage was calculated according to Ecen
= Eanode + Ecathode, With Eanode being the potential measured between



the anode and a reference electrode situated close to the anode,
and Ecathode being the potential measured between the cathode and
areference electrode situated close to the cathode. The theoretical
cell voltage for this system, excluding the losses, was calculated to
be between 2.3 and 2.43 V. A multimeter was connected between
the anode and the cathode to measure the real cell voltage.
Therefore, by subtracting the cell voltage calculated for the system
from the cell voltage measured by the multimeter, a resistive loss
in the membrane and in the solution of ca. 0.2 V was detected. It is
important to note that the employed electrochemical cell has two
extra compartments for the two reference electrodes required for
this study, making the distance between electrodes relatively large.
The losses in the cell can be further optimized by designing an
electrochemical reactor with an optimized geometry and a shorter
distance between electrodes.

Importantly, when the electrochemical reduction of CO: is carried
out with the optimal conditions to form oxygen as the counter
reaction, and thereby using a platinum anode, a much higher cell
voltage is measured (ca. 4V) (See Figure 6). While the cathode
potential showed a slightly higher value (ca. -1.95 V vs Ag/AgCl)
than in the paired process (ca. -1.85 V vs Ag/AgCl), the anodic
potential was considerably higher (ca. 1.7 V vs Ag/AgCl). An
increase of ca. 1.2 V is observed when comparing the anodic
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Figure 5: Potentials measured during the electroreduction of CO; at
-15 mA/cm? on Au plate cathode in a 0.5 M KHCOs solution and
electrooxidation of 1,2-propanediol mediated by ACT-TEMPO on a
carbon felt electrode in a 0.5 M KHCO./ 0.5M K2COs buffer solution.
The line joining the data points is intended as a guide.

potential measured on a platinum electrode for the oxidation of
water (ca. 1.7 V) with the anodic potential measured on a carbon
felt electrode for the oxidation of 1,2-propanediol (ca. 0.5 V). The
increase in anode potential is the main cause of a higher cell
voltage, since resistive loss in the non-paired process is comparable
to the resistive loss in the paired process (ca. 0.2 V), and the
cathode potential in the non-paired electrosynthesis is only 0.1 V
higher than in the paired process. In summary, in the paired
process, a 1.4V lower cell voltage was measured, resulting in a 35%
reduction in electrical energy requirements.

Itis important to highlight that the conditions reported in this study
can be further optimized for a continuous paired reaction. It is
necessary to perform a more detailed study of all the possible
parameters that can influence the performance of the
electrochemical reactions in a continuous flow, such as the
influence of the flow rate, the temperature and the use of gas
diffusion electrodes among others. Moreover, the anodic reaction

was not performed in a continuous flow system, since PDO was not
constantly fed into the reactor. Thereby, the conditions for the
anodic reactor can also be further optimized. In addition, further
optimization of the electrochemical reactor can be achieved by
selecting an optimal cell geometry and the optimal area of the
electrodes employed to ensure a more efficient performance of the
reactions.

Nevertheless, using the current conditions, the paired
electroreduction of CO; and electrooxidation of 1,2-propanediol
presents several advantages when compared to the
electroreduction of CO; with electrooxidation oxidation of water.
One of these is the formation of two products with an added value,
namely CO and lactic acid. In addition, the oxidation of 1,2-
propanediol occurs efficiently on cheap carbon felt electrodes,
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Figure 6: Potentials measured during the paired electrolysis
(electroreduction of CO; at -15 mA/cm? on a Au plate cathode in
0.5 M KHCO:s solution paired with the electrooxidation of 1,2-
propanediol mediated by ACT-TEMPO on a carbon felt electrode
in 0.5 M KHCOz / 0.5M K:COs buffer solution) (squares) and
during the non-paired electrolysis (electroreduction of CO; at -15
mA/cm? on a Au plate cathode in 0.5 M KHCOs solution paired
with the electrooxidation water on a Pt electrode in 0.5 M H2SOa
solution) (circles). The line joining the data points is intended as
a guide.

whereas the oxygen evolution reaction requires expensive anode
materials, such as platinum or iridium oxide. In addition, the lower
cell voltage required to drive the reactions when COz reduction is
paired with 1,2-propanediol oxidation (paired) compared to water
oxidation (non-paired) makes the process more economically
attractive, as the higher overpotential that is required is one of the
main barriers to commercialization of the technology.

Techno-economical evaluation

In order to get more insight into the economic viability of the paired
reaction compared to the non-paired reaction, a rudimentary
technoeconomic evaluation has been carried out. The results are
summarized in Figure 7. The techno-economic comparison is
limited in scope, covering only the key cost indicators which are
expected to be significantly different for the paired and non-paired
reaction. This includes cost of stack (anode, cathode, membranes
and cell) and cost of energy (KWhr/kg product). Oher costs which
are expected to have a limited impact for both the paired and non-
paired reaction are considered out of scope for this study. These
include capital cost components such as power electronics, feed
and product management systems, building infrastructure,



instrumentation, and operating cost components such as mediator,
energy for separation and purification of products (downstream
processing). A detailed explanation of all the equations and
assumptions used for the economic model can be found in the
supporting information, section 9.

For the preliminary economic evaluation of the process, two cost
indicators were used in this study: the operational expenditure
(OPEX) and the capital expenditure (CAPEX).

Figure 7a-b shows the OPEX costs of the reaction. These have been
estimated in accordance with the performance parameters
obtained during experimentation, such as cell voltage, faradaic
efficiency and current density. An 80% Faradaic efficiency was
assumed for both reactions, CO: reduction to CO and 1,2-
propanediol oxidation to lactic acid.

The energy consumption for the amount of CO produced (see
Figure 7a) was calculated for the paired and non-paired processes.
A price of 0.04 €/kWh3* was assumed as the energy price for the
energy consumption calculation. When CO is formed during the
non-paired electrolysis, the energy consumption per kilogram of
CO produced is 1.5 times higher than the energy consumption per
kilogram of CO during the paired process. This difference is
primarily a result of the fact that the cell voltage needed to drive
the reaction is higher than the one measured for the paired
process, being 1.4 V lower.

An additional parameter to evaluate the OPEX of the process is the
product value, which is illustrated in Figure 7b. This was estimated
assuming a price for racemic lactic acid of 1500 €/ton3*, a price for
CO of 500 €/ton** and a price for oxygen of 0 €/ton (as the
electrolysis is carried out at ambient conditions, the oxygen formed
is not pressurized, thus is of little value). The cost of PDO (900
€/ton) was subtracted from the product value of lactic acid. In the
non-paired reaction, low oxygen is formed on the anode, therefore
COis the only valuable product. This give the system a total product
value of only 0.06 €/kWh. However, when the reduction of CO; is
paired with the oxidation of 1,2-propanediol, a total product value
of ca. 0.22 €/kWh was calculated, a fourfold increase over the non-
paired system.

The capital investment was also evaluated in terms of the material
of the electrodes and the type of membrane used for the two
systems. This includes the cost of stacks containing anode, cathode,
membrane and cell structure. A breakdown of these costs is
explained in the supporting information, section 9. Other costs3
such as the cost of feed and product management system, and the
power electronics, which contribute towards to total capital
investment for building an overall production unit, were assumed
to make a similar contribution towards the CAPEX for the two cases
and were not included in the comparison. An important parameter
that can considerably influence the CAPEX is the price of the anode
material. Figure 7c illustrates the cost per kg of CO produced
depending on the anode material as a function of the current
density of the system. For the studied paired electrolysis, carbon
felt was used as anode, while for the non-paired process, a
platinum electrode was used, as this is common for oxygen
production. The price of carbon felt ranges from 27 and 180 €/m?
(based on supplier quotes), while the price of platinum varies
between 1000 and 1200 €/m? (based on a supplier quote for Pt gas
diffusion electrode with 0.2 mg/cm? loading). The CAPEX was

calculated assuming anode, cathode and membrane life
expectancy of 5 years, and electrochemical cell life expectancy of
10 years, in both cases.

From figure 7c it can be concluded that the use of a platinum
electrode nearly doubles the CAPEX per kg of CO formed in
comparison to the use of carbon felt in the paired process. For
instance, at the current density at which these investigations were
performed (15 mA/cm?), the capital cost per kg of CO produced is
1.81 €/kg for platinum, and 0.93 €/kg for carbon felt.

a) b) Product value
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Figure 7: Techno-economical comparison of paired and non-
paired electrolysis. a) Energy consumption per kg of CO
produced. b) Product value per kWh of CO (green) and lactic
acid minus the cost of the reactant 1,2-propanediol (blue) c)
CAPEX cost per kg of CO depending on the anode material used
(platinum in green and carbon felt in red) as a function of the
current density. d) CAPEX cost per kg of CO depending on the
exchange membrane used (cation exchange membrane in
green and anion exchange membrane in red) as a function of
the current density. CAPEX cost shows stack costs including
anode, cathode, membrane and cell.

In addition, the type of the membrane used also plays a role in the
capital cost estimation. In the paired process, an anion exchange
membrane can be used since the electrolytes in both
compartments are alkaline in nature. Contrarily, in the non-paired
process the optimal conditions to produce oxygen is at acidic
conditions. Thereby, the use of a cation exchange membrane is
required. Figure 7d shows the cost associated per kg of CO formed,
depending on the membrane used as a function of the current
density of the system. The price of an anionic exchange membrane
is ca. 320 €/m? (quote from supplier Fumatech), while the price of
a cation exchange membrane is around double that at 650 €/m?
(quote from supplier FuelCellStore). This results in a CAPEX per kg
of CO formed 1.25 times higher for the non-paired system.

Based on this preliminary cost evaluation, it can be reasoned that a
pairing strategy can significantly improve the overall business case
for COz reduction. To maximize this, it is of paramount importance
to select the optimal pairing reaction, as this study demonstrates.



Conclusion

The electrochemical reduction of carbon dioxide to carbon
monoxide paired with the electrochemical oxidation of 1,2-
propanediol to lactic acid mediated by ACT-TEMPO has been
experimentally investigated and the economics of the coupled
reactions has been assessed. This work showcases a novel
approach towards cost effective electrochemical CO: reduction.
Faradaic efficiencies of ca. 80% for CO and lactic acid formation
have been observed, leading to a combined faradaic efficiency for
the paired process of ca. 160%. The reaction has been compared to
a benchmark case in which cathodic CO; reduction is coupled to
anodic oxygen evolution. This non-paired electrolysis leads to a cell
voltage 1.4 V higher than the cell voltage measured during the
paired electrolysis. This higher cell voltage is mainly due to the
higher anodic potential required for oxidation of water compared
to the potential required to oxidize 1,2-propanediol. A preliminary
economic viability study has shown the economic feasibility of the
paired electrolysis. It showed a significant cost reduction for CO
production when CO: reduction is coupled to 1,2-propanediol
oxidation in comparison to the non-paired process. Several
parameters can have a significant effect the total cost of the
reaction. Firstly, the utilization of the electrons in both reactions,
allowing the formation of two added value products with the same
energy use, results in almost a 4 fold increase in product value per
kWh. In addition, the lower cell voltage required to drive the paired
reaction, leads to a decrease of 35% in energy consumption. In
terms of the CAPEX cost, the biggest influences arises from the use
of a cheaper anode material and membrane for the paired
electrolysis. This makes the paired process economically more
attractive. The preliminary economic assessment performed in this
study already indicates the economic attractiveness, of the paired
process, in terms of cost reduction, even bearing in mind that the
has been data obtained at a low stage of process development.

In summary, by pairing two redox reactions which both produce
value added chemicals, and which give an overall system which
requires lower potential, a substantial reduction in energy
consumption can be achieved. With this approach, the
electrochemical reduction of CO, might ultimately become an
economically feasible system.

Supporting Information

Characterization of Au/C nanoparticles, experimental set-up,
oxidation of 1,2-propanediol to lactic acid mediated by ACT-
TEMPO, recovery of the gold electrode, formation rate of CO on Au
plate and Au nanoparticulated electrodes, Faradaic efficiencies
obtained on nanoparticulated gold electrode, conversion of 1,2-
propanediol and formation of lactic acid and pyruvic acid, Faradaic
efficiency calculation, techno-economic evaluation.
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http://pubs.acs.org/.

Author information
Corresponding authors

*Earl.goetheer@tno.nl

*Elena.perezgallent@tno.nl

Notes

The authors declare no competing financial interest.
Acknowledgments

The authors acknowledge Marc Crockatt for reviewing the article.
References

(1) Yoshio, H.; Katsuhei, K.; Shin, S. Production of CO and
CHa in Electrochemical Reduction of CO2 at Metal Electrodes in
Aqueous Hydrogencarbonate Solution. Chem. Lett. 1985, 14, 1695-
1698.

(2) Seh, Z. W.; Kibsgaard, J.; Dickens, C. F.; Chorkendorff, I.;
Ngrskov, J. K.; Jaramillo, T. F. Combining Theory and Experiment in
Electrocatalysis: Insights into Materials Design. Science 2017, 355
6321.

(3) Wouttig, A.; Surendranath, Y. Impurity lon Complexation
Enhances Carbon Dioxide Reduction Catalysis. ACS Catal. 2015, 5,
4479-4484.

(4) Hori, Y. Electrochemical CO. Reduction on Metal
Electrodes. In Modern Aspects of Electrochemistry, Vayenas, C. G.;
White, R. E.; Gamboa-Aldeco, M. E., Eds. Springer New York: New
York, NY, 2008, 89-189.

(5) Durst, J.; Rudnev, A.; Dutta, A.; Fu, Y.; Herranz, J;
Kaliginedi, V.; Kuzume, A.; Permyakova, A. A.; Paratcha, Y.;
Broekmann, P.; Schmidt, T. J. Electrochemical CO, Reduction; A
Critical View on Fundamentals, Materials and Applications. Chimia
2015, 69, 769-776.

(6) Endrédi, B.; Bencsik, G.; Darvas, F.; Jones, R.; Rajeshwar,
K.; Janaky, C. Continuous-flow Electroreduction of Carbon Dioxide.
PECS 2017, 62, 133-154.

(7) Hori, Y., Wakebe, H.; Tsukamoto, T.; Koga, O.
Electrocatalytic Process of CO Selectivity in Electrochemical
Reduction of CO, at Metal Electrodes in Aqueous Media.
Electrochim. Acta 1994, 39, 1833-1839.

(8) Hidetomo, N.; Shoichiro, I.; Yoshiyuki, O.; Kazumoto, I.;
Masunobu, M.; Kaname, I. Electrochemical Reduction of Carbon
Dioxide at Various Metal Electrodes in Aqueous Potassium
Hydrogen Carbonate Solution. Bull. Chem. Soc. Jpn 1990, 63, 2459-
2462.

(9) Schouten, K. J. P.; Pérez Gallent, E.; Koper, M. T. M. The
Influence of pH on the Reduction of CO and CO; to Hydrocarbons
on Copper Electrodes. J. Electroanal. Chem. 2014, 716, 53-57.

(10) Ren, D.; Fong, J.; Yeo, B. S. The Effects of Currents and
Potentials on the Selectivities of Copper Toward Carbon Dioxide
Electroreduction. Nature 2018, 9, 925.

(11) Chen, L. D.; Urushihara, M.; Chan, K.; Ngrskov, J. K.
Electric Field Effects in Electrochemical CO2 Reduction. ACS Catal.
2016, 6, 7133-7139.

(12) Chen, Y.; Li, C. W.; Kanan, M. W. Aqueous CO2
Reduction at Very Low Overpotential on Oxide-Derived Au
Nanoparticles. J. Am. Chem. Soc. 2012, 134, 19969-19972.

(13) Zhu, W.; Michalsky, R.; Metin, O.; Lv, H.; Guo, S.; Wright,
C. J; Sun, X. Peterson, A. A, Sun, S. Monodisperse Au
Nanoparticles for Selective Electrocatalytic Reduction of CO, to CO.
J. Am. Chem. Soc. 2013, 135, 16833-16836.

(14) Ooka, H.; Figueiredo, M. C.; Koper, M. T. M. Competition
between Hydrogen Evolution and Carbon Dioxide Reduction on
Copper Electrodes in Mildly Acidic Media. Langmuir 2017, 33,9307-
9313.

(15) Du, F.; Warsinger, D. M.; Urmi, T. I.; Thiel, G. P.; Kumar,
A.; Lienhard V, J. H. Sodium Hydroxide Production from Seawater
Desalination Brine: Process Design and Energy Efficiency. Environ.
Sci. Technol. 2018, 52, 5949-5958.



(16) Latsuzbaia, R.; Bisselink, R.; Anastasopol, A.; van der
Meer, H.; van Heck, R.; Yagle, M. S.; Zijlstra, M.; Roelands, M.;
Crockatt, M.; Goetheer, E.; Giling, E. Continuous Electrochemical
Oxidation of Biomass Derived 5-(hydroxymethyl)furfural into 2,5-
furandicarboxylic acid. J. of Appl. Electrochem. 2018, 48, 611-626.
(17) Es, I.; Mousavi Khaneghah, A.; Barba, F. J.; Saraiva, J. A,;
Sant'Ana, A. S.; Hashemi, S. M. B. Recent Advancements in Lactic
Acid Production - a Review. Food Res. Int. 2018, 107, 763-770.

(18) Balaraju, M.; Rekha, V.; Sai Prasad, P.S.; Prasad, R. B.N.;
Lingaiah, N. Selective Hydrogenolysis of Glycerol to 1, 2
Propanediol Over Cu-ZnO Catalysts. Catal. Lett. 2008, 126, 119-
124.

(19) Leoneti, A. B.; Aragdo-Leoneti, V.; de Oliveira, S. V. W. B.
Glycerol as a by-product of Biodiesel Production in Brazil:
Alternatives for the use of Unrefined Glycerol. Renew. Energ. 2012,
45,138-145.

(20) Karinen, R. S.; Krause, A. O. I. New Biocomponents from
Glycerol. Appl. Catal., A 2006, 306, 128-133.
(21) Llorente, M. J.; Nguyen, B. H.; Kubiak, C. P.; Moeller, K.

D. Paired Electrolysis in the Simultaneous Production of Synthetic
Intermediates and Substrates. J. Am. Chem. Soc. 2016, 138, 15110-
15113.

(22) Cheng, H.; Scott, K.; Christensen, P. A. Paired Electrolysis
in a Solid Polymer Electrolyte Reactor—Simultaneously Reduction
of Nitrate and Oxidation of Ammonia. Chem. Eng. J. 2005, 108, 257-
268.

(23) Ji, X.; Song, X.; Li, J.; Bai, Y.; Yang, W.; Peng, X. Size
Control of Gold Nanocrystals in Citrate Reduction: The Third Role
of Citrate. J. Am. Chem. Soc. 2007, 129, 13939-13948.

(24) Cha, H. G.; Choi, K.-S. Combined Biomass Valorization
and Hydrogen Production in a Photoelectrochemical Cell. Nature
Commun. 2015, 7, 328.

(25) de Nooy, A. E. J.; Besemer, A. C.; van Bekkum, H. Highly
Selective TEMPO Mediated Oxidation of Primary Alcohol Groups in
Polysaccharides. Recl. Trav. Chim. Pays-Bas 1994, 113, 165-166.
(26) Rafiee, M.; Konz, Z. M.; Graaf, M. D.; Koolman, H. F.;
Stahl, S. S. Electrochemical Oxidation of Alcohols and Aldehydes to
Carboxylic Acids Catalyzed by 4-Acetamido-TEMPO: An Alternative
to “Anelli” and “Pinnick” Oxidations. ACS Catal. 2018, 8, 6738-6744.
(27) Cao, Z.; Zacate, S. B.; Sun, X; Liu, J.; Hale, E. M.; Carson,
W. P.; Tyndall, S. B.; Xu, J.; Liu, X.; Liu, X.; Song, C.; Luo, J. H.; Cheng,
M. J.; Wen, X.; Liu, W. Tuning Gold Nanoparticles with Chelating
Ligands for Highly Efficient Electrocatalytic CO. Reduction. Angew.
Chem., Int. Ed. Engl. 2018, 57, 12675-12679.

(28) Sun, K.; Cheng, T.; Wu, L.; Hu, Y.; Zhou, J.; Maclennan,
A.; Jiang, Z.; Gao, Y.; Goddard Ill, W. A.; Wang, Z. Ultrahigh Mass
Activity for Carbon Dioxide Reduction Enabled by Gold-Iron Core-
Shell Nanoparticles. J. Am. Chem. Soc. 2017, 139, 15608-15611.
(29) Cheng, T.; Huang, Y.; Xiao, H.; Goddard, W. A. Predicted
Structures of the Active Sites Responsible for the Improved
Reduction of Carbon Dioxide by Gold Nanoparticles. J. Phys. Chem.
Lett. 2017, 8, 3317-3320.

(30) Kim, D.; Resasco, J.; Yu, Y.; Asiri, A. M.; Yang, P.
Synergistic Geometric and Electronic Effects for Electrochemical
Reduction of Carbon Dioxide Using Gold-Copper Bimetallic
Nanoparticles. Nature Commun. 2014, 5, 4948.

(31) Chen, Y.; Li, C. W.; Kanan, M. W. Aqueous CO, Reduction
at Very Low Overpotential on Oxide-derived Au Nanoparticles. J.
Am. Chem. Soc. 2012, 134, 19969-72.

(32) Chadderdon, D. J.; Xin, L.; Qi, J.; Brady, B.; Miller, J. A;
Sun, K.; Janik, M. J.; Li, W. Selective Oxidation of 1,2-Propanediol in
Alkaline Anion-Exchange Membrane Electrocatalytic Flow
Reactors: Experimental and DFT Investigations. ACS Catal. 2015, 5,
6926-6936.

(33) Hammingh, K. S. M. H. P. National Energy Outlook 2017,
PBL Netherlands Environment Assessment Agency. 2017.

(34) Zauba Technologies Pvt Ltd.
https://www.zauba.com/import-lactic-acid-hs-code.html
(accessed July 18th 2018).

(35) Colella, W. G., James, B. D., Moton, J. M., Saur, G.,
Ramsden, T. Techno-economic Analysis of PEM Electrolysis for
Hydrogen Production. Presented at the Electrolytic Hydrogen
Production Workshop NREL, Golden, Colorado, 27 February 2014.



For Table of Contents Only

COST (€ / ton CO)

Cell Voltage / V

VALUE (€ / KWh)



