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Manganese carbonyl complexes have been studied extensively in solution as low cost, selective
electrocatalysts with a low overpotential for CO, reduction but experiments are typically at low current
densities. In this work, we examined their application in a gas diffusion electrode (GDE) flow cell and
achieved partial current densities for CO, jco of ~14 mA cm™2 (—=0.98 Vgye) with a Faradaic efficiency of
>50%. Although we did observe a gradual decrease in activity for the [Mn(2,2’-bipyridine)(CO)sBrl/
MWCNT (Mnbpy) GDE with a near neutral electrolyte over a 5 h experiment, it still achieves a higher
initial partial current density for CO at a lower overpotential than a Ag nanoparticle benchmark
electrode. Promisingly, initial studies of the Mnbpy GDE in a zero-gap electrolyser using a reverse biased
bipolar membrane (BPM) achieved FE for CO of 70% at 50 mA cm™2, despite the acidic environment
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Introduction

The electrocatalytic reduction of CO, to useful products has
been investigated extensively within the scientific community
using heterogeneous metal catalysts such as Ag, Au and Cu.
Molecular catalysts provide an opportunity to alter product
selectivity due to the ability to tune electron density at the metal
centre by altering ligands and functionality.”® One particular
catalyst of note is a Re carbonyl complex ([Re(bpy)(CO);Cl], bpy
= 2,2"-bipyridine) which displayed good selectivity for CO.® The
related Mn derivative (Mnbpy = [Mn(bpy)(CO);Br]) has since
been shown to operate as a low-cost, low overpotential alter-
native when a suitable Bregnsted acid is present,” with selectivity
equivalent to those achieved with Re (FEgo = 85% at —1.32 Vg
AgCl)-

CO, reduction using Mnbpy molecular catalysts has mainly
been performed homogeneously in aprotic solvents with a low
concentration of acid added. A small number of studies have
shown that the Mn class of catalysts can operate in aqueous
solvents either in solution or immobilised.*** Unfortunately,
one of the major limitations of aqueous CO, reduction is the
low current densities achieved due to mass transport limita-
tions of CO, in aqueous electrolytes ([CO,]aq at 298 K, 1 atm =
33 mM)." GDE architectures provide an opportunity to increase
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current densities and have been reported extensively,'® partic-
ularly with heterogeneous metal catalysts. The GDE allows
a high concentration of CO, to be maintained at the catalyst,
even at high current densities."”** Recently a number of exam-
ples of molecular catalysts immobilised on GDEs for CO,
reduction have been reported.**°

The only example of a Mnbpy derivative being used in a GDE
cell structure that we are aware of used a modified bipyridine
ligand with an aminophenyl functional group to enable cova-
lent binding onto the carbon GDE.” In these experiments the
GDE was used with a flowed, near neutral pH, catholyte (0.2 M
KHCO; (aq)) at a range of potentials with good FE (FEco ~60%)
and a maximum jco ~0.7 mA cm 2 in variable potential
experiments, although up to ~6 mA cm > was reported when
the same electrode was used for longer term electrolysis under
apparently identical conditions.”® An alternative approach to
covalent immobilisation that has been demonstrated is the
simple co-deposition of Mnbpy on multi-walled carbon nano-
tubes (MWCNT) in a Nafion solution on a planar carbon elec-
trode. In these studies, good partial current densities could be
achieved (jco ~0.6 mA cm™?) even in an H-cell configuration.®
Building on these initial studies we report here the behaviour of
Mnbpy/MWCNT GDEs prepared by a simple deposition
method, and the behaviour of these electrodes in both a flow
electrolyser (at near neutral pH) and in zero-gap configurations
(both with high and low local pH at the cathode, Fig. 1).

The pH dependence of the Mnbpy GDE is of particular
interest as carbonate formation and cross-over to the anode is
a major loss pathway in the majority of GDE systems where
anion exchange membranes (AEM) and a high local pH at the
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Fig.1 Schematic of the flow cell using an AEM and neutral electrolyte (a) and zero-gap electrolyser where either a reverse biased BPM or an AEM
provide a low or high pH environment for the GDE cathode (b). The GDE structure with the catalyst/ MWCNT coating shown in orange and

expanded in the inset.

cathode are used. Carbonate cross-over leads to low CO, uti-
lisation yields which has been suggested to limit the commer-
cial viability of many commonly studied low-temperature device
architectures.” The use of a reverse biased bipolar membrane
(BPM) or cation exchange membrane (CEM) in a zero-gap
architecture provides a low local pH, reducing HCO; /CO;>~
formation and minimising cross-over of these species to the
anode.?® However, an acidic environment can lead to high levels
of H, evolution and low FE for carbon products using conven-
tional metal electrocatalysts which poses challenges for related
systems.>*® Molecular catalysts are of interest due to several
demonstrating good tolerances to low pH, in particular, Mnbpy
derivatives have been reported to operate in solution at pH
~3.5.° Here we find that the Mnbpy GDE is largely inactive for
CO, reduction at a high pH (in a zero-gap AEM cell) but at
neutral (KHCO; flow cell), and significantly at low pH (reverse
biased BPM zero-gap cell), high FEs for CO production can be
reached. Although device stabilities are limited at this point,
this initial study shows that molecular catalysts based on earth
abundant elements are of potential interest for use in CO,
electrolysers.

Experimental

Materials

Milli-Q water (18.2 MQ) was used throughout. CO, (1% CH,)
and CO, (CP grade) was purchased from BOC, potassium
bicarbonate and potassium hydroxide from Sigma Aldrich
(=99.5%), Nafion 117 solution (~5% in a mixture of water and
aliphatic alcohols) from Sigma Aldrich, the Selemion anion
exchange membrane (AEM) from Bellex International and Sus-
tainion and Fumasep FBM from FuelCellStore. ELAT LT1400
(FuelCellStore) with a thickness 454 um and a 5 wt% PTFE
treatment was used as the GDE. RuO, nanoparticles of size 5-
10 nm were used as received (FuelCellStore) as were Ag
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nanoparticles with size < 150 nm (Sigma Aldrich). Mnbpy was
synthesised according to a reported procedure.®

Electrode preparation

Cathodes were prepared on ELAT LT1400 gas diffusion elec-
trodes which were sprayed (back-side) with an additional 5 wt%
PTFE (1 mL) layer and dried for 1 hour at 100 °C. Multi-walled
carbon nanotubes (MWCNT, >98% carbon basis) were cleaned
by sonication in 5% HCI for 30 min, filtered and dried in an
oven. Catalyst inks were prepared by sonicating the cleaned
MWCNT (2 mg cm ) in ethanol (400 uL) and water (400 uL) for
1 hour, followed by the addition of Nafion 117 (2 pL), 60 wt%
PTFE (9 puL) and Mnbpy (0.1, 1 or 4 mg cm ?) or Ag nano-
particles (4 mg cm?). This solution was sonicated for 15
minutes and painted onto 1 cm” active area (front-side) in 40 pL
portions and dried overnight at 35 °C in the dark. Anodes were
prepared using RuO, (42 mg) in isopropyl alcohol (2.6 mL) and
water (2.6 mL) which was sonicated for 1 hour, followed by the
addition of Nafion 117 (420 pL) and further sonication for 1
hour. For flow cell experiments the titanium electrode surface of
10.5 cm”® was sprayed with the anode catalyst ink and dried at
100 °C for 1 hour prior to use. In the zero-gap structure the RuO,
was sprayed onto the carbon gas diffusion electrode held at

100 °C at a loading of 4 mg cm 2.

Electrochemical measurements

All electrochemical measurements were performed using an
Ivium Vertex potentiostat. Cyclic voltammograms (CVs) of the
GDE were obtained by using the GDE as the working electrode,
a platinum wire as the counter and a Ag/AgCl leak-free reference
electrode. In flow cell experiments the electrolyte was 0.5 M
KHCO; (aq) and was pre-electrolysed (—0.1 mA) overnight with
a titanium plate (working) and platinum wire (counter).”” The
electrolyte was purged with either Ar or CO, for 1 hour prior to
each experiment. An ElectroCell Micro Flow Cell was used for all

This journal is © The Royal Society of Chemistry 2023
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flow experiments (non-zero gap). The flow cell was composed of
a titanium anode plate, a stainless-steel cathode plate, sepa-
rated by PTFE electrolyte flow plates and rubber gaskets. The
membrane (Selemion) was sandwiched between these plates to
provide an assembly in which gas was flowed through the back-
side of the cathode and electrolyte was flowed over the surface
of the cathode and anode (separated by the membrane). CO,
(containing 1% CH, as an internal calibrant) or pure CO, was
flowed at 20 mL min~" through an Alicat mass flow controller.
The catholyte and anolyte were pumped at 12 mL min~* and 22
mL min ' respectively and electrolysis begun once electrolyte
had circulated through the tubing and dripped into the
catholyte/anolyte beaker. The same supporting electrolyte
concentrations were used for both the anolyte and catholyte.
Data from the flow cell is reported with iR compensation (80%).
The zero-gap electrolyser cell (Dioxide Materials) was composed
of a serpentine anolyte chamber, a serpentine chamber for gas
flow over the back of the cathode and two PTFE gaskets to
separate the anode, membrane and cathode. Either Sustainion
X37-50 (AEM, Dioxide Materials) or Fumasep (BPM, FuelCell-
Store) were sandwiched between the PTFE gaskets and pressed
directly onto the cathode to provide an assembly where
humidified CO, was flowed over the backside of the cathode (20
mL min~") and anolyte (1 M KOH (aq)) was flowed over the
anode and chronopotentiometry was run in a two-electrode set-
up. Gas chromatography was performed on an Agilent 6890N
with a pulsed discharge detector using a N6 helium carrier gas,
or using a Varian CP-4900 MicroGC with a Molsieve 5 A column
(10 m) with Ar carrier gas for H, and CO detection by a thermal
conductivity detector.

Results and discussion

GDEs for CO, reduction were prepared by deposition of
a Mnbpy/MWCNT/Nafion mixture in ethanol/water onto the
microporous layer of a commercial GDE. Scanning electron
microscopy (SEM) and EDX-mapping show the structure of the
electrode surface (Fig. S11) and FTIR and XPS show the presence
of Mnbpy on the electrode surface on the micron scale (Fig. S2-
S47). XPS analysis shows that the Mnbpy coated GDE has N 1s
and Mn 2p peaks that are at 400.2 eV, 641.5 eV and 647.1 eV
respectively. The binding energies of the immobilised Mnbpy
are similar to Mnbpy powder (399.5 eV, 642.1 eV and 646.2 eV,
Fig. S41). We can conclude that the catalyst structure remains
intact following deposition onto the GDE and that the interac-
tion with the MWCNT has not substantially modified the elec-
tronic properties of the catalyst. Past studies of Mnbpy on
carbon supports have shown that the catalyst loading can have
a profound impact on operating potential and selectivity to
carbon products.”® Therefore, electrodes were initially tested
with variable Mnbpy loadings (0.1, 1, 4 mg cm™?) in a flow
electrolyser with liquid catholyte at neutral pH (0.5 M KHCOs3,
pH ~7.1 start, pH ~8.6 end, Fig. S5f), Fig. 2. Chro-
nopotentiometry experiments were recorded at 20 mA cm ™ for
90 minutes. A loading of 4 mg cm ™2 resulted in the highest FE¢o
(63%) and lowest cell potential (—0.95 Vgyg). Hy (29% FE) and
formate (6% FE) were also formed at lower levels, Fig. 2.

This journal is © The Royal Society of Chemistry 2023
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The FEs for formate and CO both decrease as the Mnbpy
loading decreases and an increase in H, evolution occurs. At the
lower Mnbpy loadings we also found that a significant fraction
of charge remains unaccounted for (total FE accounted for is
81.5% and 83.4% with 0.1 and 1 mg cm ™ ?). One possible cause
of the lower FE in these experiments is formate/formic acid
transport across the AEM. We repeated the experiment using
a Nafion membrane which minimises this crossover and it
shows a constant 5% increase in the formate FE over the course
of the reaction, indicating that some formate/formic acid
crosses through the AEM to be oxidised at the anode and this
may account for the lower FE when an AEM is used. The
formation of formate from CO, has been reported in several
past studies, including on a Mnbpy catalyst derivatized with
pyrene groups, which was immobilised on MWCNT in water.?®
However, formate production has also been previously reported
on MWCNT in the absence of a catalyst.”® Therefore we also
prepared GDEs with only MWCNT and no Mnbpy. In experi-
ments at 20 mA cm > the MWCNT electrodes generate appre-
ciable levels of formate (~10% FE) with H, being the only other
product detected, Fig. S6.1 These control experiments indicate
that the formate measured here is at least in part derived from
the MWCNT and that CO is the primary CO, reduction product
produced by the Mnbpy catalyst.

Following an initial increase in FE for both CO production
and H, production over the first 25 minutes we find that the
catalytic activity of the Mnbpy is relatively stable during 90
minutes of operation (Fig. 2b). Over 90 minutes we achieve
a turnover number (TON) of 33 on the basis of the total Mnbpy
deposited. (Note that this TON is a lower limit as the actual
concentration of electrochemically active Mnbpy will be lower
than the total deposited.) Control experiments in the absence of
CO, (with a N, flow to the GDE) showed no significant CO
formation demonstrating that the CO is produced as a result of
the reduction of CO, and not due to the breakdown of the
Mnbpy catalyst (Fig. S7t). The increase in FE for H, and CO
production over the first 25 minutes correlates with an increase
in overpotential, Fig. 2b. Although the electrolyser is flushed
with CO, for 15 minutes prior to experiments we believe that
this initial onset is due to the reduction of trace O, that is
present within the porous GDEs.

As our initial studies identified that a 4 mg cm ™2 loading of
catalyst gave the highest activity, all further experiments
described in the manuscript use GDEs prepared in this way. To
examine the potential dependence of the electrochemical
response of the GDE, four different potentials have been
studied, Fig. 3. At —0.58 Vryg there is only a very low total
current density (2.6 mA cm?) and negligible CO production.
CVs of the Mnbpy GDE immersed in a 0.5 M KHCOj electrolyte,
(Fig. S81) show that at —0.58 Vyyg there is a relatively small
increase in current density under CO, vs. under Ar. Fig. S8t
indicates that the catalytically active species, [Mn(bpy)(CO)s],
is not formed until approximately —0.8 Vryg, in-line with past
reports.”® Supporting the conclusion that [Mn(bpy)(CO);]™ is
the catalytically active species, jco increases to ~0.5 mA cm ™2 at
—0.78 Vgryg in the flow cell and at —0.98 Vgrug jco reaches
a maximum of 13.7 + 2.0 mA cm * (56 = 8% FE). H, (FE 30 &

Sustainable Energy Fuels, 2023, 7, 2301-2307 | 2303
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Fig.2 FE and cathode potential for a Mnbpy CO, reduction GDE in a flow cell with a 0.5 M KHCO5 catholyte with different catalyst loadings at 20
mA cm~2 (a) time-course FE data for 4 mg cm™2 Mnbpy GDE at 20 mA cm ™2 (b).

1%, 7.3 £ 0.2 mA cm?) and formate (FE ~11%, 2.7 mA cm™?)
are also formed at —0.98 Viyr. We believe that this is amongst
the highest CO partial current density to date for a Mn based
CO, reduction catalyst either in aqueous solution or on a GDE
(see Table S1T). At more negative potentials (—1.18 Vgyg) the
hydrogen evolution reaction dominates and jco actually
decreases (7.7 + 1.6 mA cm ™). Under operating conditions, we
anticipated a local pH increase at the GDE due to the effects of
CO, reduction and hydrogen evolution. Reaction-diffusion
simulations (see ESI for full details, Fig. S91) of the local pH
at the catalyst layer for varying current densities confirm that by
30 mA cm 2 there is a marked increase in local pH to 9.8. The
pH behaviour of the Mnbpy GDE is discussed in more detail in
the following section. Previous experimental and DFT
studies”***** have shown that CO, binding to [Mn(bpy)(CO);]
is proton assisted, therefore the predicted rise in pH rational-
ises the decrease in jco at —1.18 Vryg.

Fig. 4 shows the extended stability test of the Mnbpy GDE
and the Ag GDE in the flow cell using a 0.5 M KHCO; electrolyte
(5 hours at —0.98 Vgyg). The Mnbpy GDE initially shows a very
high level of activity for CO, reduction with FE¢o of 64% and jco
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of 26 mA cm 2 within the first 30 minutes, but at >100 minutes
we see activity slowly dropping and after 5 hours the FE¢o has
decreased to <20% and the jco ~5 mA cm 2. One possible cause
of the instability of the Mnbpy GDE is that it is operating at
higher current densities which is known to accelerate GDE
flooding,***® thought to be due to local pH changes and
increased formation of KHCO3/K,COj3, but we rule this out here.
Measurements of capacitance of a GDE before and after elec-
trolysis have been shown to be an effective probe of flooding.*”
Fig. S101 shows negligible differences in capacitance pre- and
post-electrolysis (5 hours), furthermore there are no visible
water droplets collecting in the cathode gas flow channels.
Therefore, for the Mnbpy GDE we do not believe that electrode
flooding is the cause of the decrease in activity.

To assess the stability of the Mn catalyst SEM, EDX, FTIR and
XPS studies were performed post-electrolysis (Fig. S1, S3 and
S41). These all show the presence of Mnbpy on the cathode
surface with no evidence of catalyst degradation. However,
analysis of post-electrolysis catholyte via UV/vis spectroscopy
shows the presence of d-d transitions and the broad MLCT
excited state of the Mnbpy complex® (Fig. S111), suggesting that
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Fig. 3 Mnbpy (blue) GDE and Ag (red) GDE FEs (a) and partial CO current densities (b) recorded over 60 min period when the GDE is used as the

cathode in the 0.5 M KHCOz flow cell for CO, reduction.
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this time point.

Mn loss into the catholyte is the major activity loss mechanism.
To assess whether the activity of the GDE could be recovered we
performed experiments where the system was paused (30
minutes) to potentially re-adsorb the catalyst onto the surface of
the GDE, however no recovery in jco was achieved (Fig. S127). As
the Mnbpy is entering the liquid electrolyte of the flow cell it is
important to test whether the activity is actually arising from the
catalyst suspended in the electrolyte or from the catalyst sup-
ported on the GDE. When electrolysis was carried out with
a GDE with only the MWCNT/polymer coating presentina 0.5 M
KHCOj; catholyte containing deliberately added Mnbpy (~0.1
mM), there was no CO detected during electrolysis, confirming
that the activity only arises from catalyst immobilised on the
GDE, Fig. S13.1%

To benchmark the activity of the Mnbpy GDE against a well-
studied catalyst, we have prepared a conventional Ag nano-
particle (<150 nm) GDE and tested it in the same device archi-
tecture (0.5 M KHCO; electrolyte), Fig. 3a and b. The Ag
electrode shows similar behaviour to previous literature reports
where jco continues to increase significantly as the over-
potential is increased with values of 5.8 4 0.41 mA cm 2 and
12.9 + 1.6 mA cm 2 at —0.98 Vgur and —1.18 Vgyp.3** It is
notable that at —0.98 Vgyg the CO current density is signifi-
cantly greater for the Mnbpy GDE (13.7 & 2.0 mA cm ™) than the
benchmark Ag catalyst at this potential (5.8 + 0.41 mA cm ™ 2).
The achieved partial current densities using the Ag GDE are
relatively low when compared to those reported in alkali elec-
trolytes** but they are in-line with past studies in KHCO; elec-
trolytes at low applied overpotentials*>** and we anticipate that
future optimisation of the formulation of the GDE may increase
the activity of both the Mnbpy and the Ag electrodes.

Experiments in a flow cell using a near neutral electrolyte
(KHCO3) showed that the Mnbpy GDE showed a good selectivity
for CO, reduction to CO, but that at higher current densities,
which correlates to a higher local pH (Fig. S9f) there is
a decrease in jco. To further explore the pH dependence of the
Mnbpy GDE we have also carried out a study of the Mnbpy GDE
using zero-gap configurations. There is a high level of interest in

This journal is © The Royal Society of Chemistry 2023

the zero-gap architecture as a means to achieving higher current
densities,** making their development of particular interest.
Furthermore, by directly contacting the GDE to the cation
exchange layer of a BPM or to an AEM we are able to generate
acidic or alkali environments for the Mnbpy catalyst.

When the Mnbpy GDE is directly contacted to an AEM the
activity for CO, reduction is very low, Fig. S14.1f Even at low
current densities (total cell current density 20 mA cm™?) jgo is
low and it also drops rapidly from its initial value of 5 mA cm >
(25% FE) after 10 minutes of electrolysis to ~1 mA cm > (~5%
FE) at >45 minutes. The lack of activity for carbon dioxide
reduction when the Mnbpy GDE is contacted directly to the
AEM is rationalised by the high local pH. Mechanistic studies
and calculations in organic solvents have shown that CO,
binding to [Mn(bpy)(CO);]” is endergonic in the absence of
a suitable Brgnsted acid but that in the presence of an acid,
[Mn(bpy)(CO);(CO,H)] formation is exergonic.'****>** Spectro-
scopic studies have also directly correlated the presence of an
intermediate on a low overpotential CO, reduction pathway,
[Mn(bpy)(CO),]", to the acid pKa.*? pH dependent studies of
Mnbpy in water are limited but one past study’ of a water-
soluble analogue of Mnbpy reported activity for CO produc-
tion between pH 3.5-9 in line with the minimal CO, reduction
that occurred here in the zero-gap AEM device.

In contrast to the AEM system the reverse biased BPM zero-
gap Mnbpy electrolyser (acidic environment for the GDE) is
active for CO production, Fig. 5a. At 20 mA cm ™ the FE for CO is
61.6 + 11.3% for CO, rising to 70.2 + 7.2% for CO at 50 mA
cm 2. At the highest current density tested (100 mA cm™?) we
did observe a decrease in FE for CO to 30.6 + 1.3% indicating
that the Mnbpy catalyst may have reached its maximum turn-
over frequency. Experiments at higher current densities are
complicated by the limited stability of the commercial BPM
(Fumasep BPM) used here which is not recommended for use at
>100 mA em ™ for prolonged periods. A stability study of the
zero-gap BPM system at 50 mA cm > (Fig. 5b), shows an initial
drop in activity for CO production over the first 30 minutes but
activity stabilises to ~50% of its maximum for the remainder of

Sustainable Energy Fuels, 2023, 7, 2301-2307 | 2305
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for 1 hour (b).

the experiment. It is clear that the Mnbpy complex is able to
operate in the acidic environment as anticipated.® This is
a significant result as it is recognised that operating the cathode
at low pH overcomes the detrimental effects of CO;> /HCO;~
formation that occurs in most reported devices® and few
studies have achieved good selectivity since H, production often
dominates in the acidic environment. The FE for CO at 50 mA
cm ™ of the Mnbpy GDE exceeds that of our previously reported
system using a Ni cyclam derived catalyst (48 & 1%) in a reverse
biased BPM cell (using the same Fumasep BPM)** and for
a benchmark Ag electrode (32 + 0.5%) also at 50 mA cm >
(Fig. S151) and compares well to the highest reported to date for
CO production using a reverse biased BPM.**>%*” Further work
is required to increase the achieved current densities and
address the stabilities of these GDEs but these preliminary
experiments indicate that Mnbpy is a promising electrocatalyst
for use in electrolysers where there is an acidic or neutral
environment at the cathode.

Conclusions

A GDE based on an earth abundant Mnbpy CO, reduction
catalyst requires a low overpotential to achieve higher partial
current densities for CO than a GDE using a benchmark Ag
catalyst in a flow electrolyser at a near neutral pH. The activity
achieved here (jco = 13.7 mA cm ™ ?) at —0.98 Vg under neutral
pH conditions significantly exceeds that achieved in past
studies with this class of catalysts but we do see a decrease in
both partial current density for CO and selectivity towards CO,
reduction over a 5 hour period. This is proposed to be due to the
loss of the catalyst from the GDE surface and future promising
approaches to increasing stability in the flow electrolyser
include optimisation of the electrode formulation and the
potential modification of the Mn catalyst to decrease solubility
and increase the strength of the interaction with the MWCNT.
In a zero-gap configuration using an AEM we find that Mnbpy
only shows low levels of activity. This observation is in-line with
its known solution electrochemistry where protonation is crit-
ical in enabling initial CO, binding. Promisingly, the Mnbpy
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GDE shows an excellent selectivity for CO when a reverse biased
BPM configuration is used in preliminary studies. Such an
approach is of particular interest as the BPM offers a way to
overcome carbonate crossover losses but typically only low FEs
for carbon products are achieved. Although operational stabil-
ities of these GDEs is relatively low and significant improve-
ments are needed, the work highlights the potential advantages
of using selective molecular electrocatalysts such as Mnbpy in
reverse biased BPM zero-gap electrolysers.
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