Molecular Inhibition for Selective CO2 Conversion
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Abstract

Electrochemical CO: reduction presents a sustainable route to the production of chemicals
and fuels. Achieving a narrow product distribution with heterogeneous Cu catalysts is
challenging and conventional material modifications offer limited control over
selectivity. Here, we show that surface-immobilised molecular species can act as

inhibitors for specific carbon products to provide rational control over product



distributions. Combined experimental and computational results showed that
anchoring of a thiolfunctionalised pyridine on Cu destabilises a surfacebound reaction
intermediate to energetically block a COproducing pathway, thereby favouring formate
production. The nitrogen atom was shown to be essential to the inhibition mechanism.
The ability of molecules to control selectivity through inhibition of specific reaction
pathways offers a unique approach to rationally modify heterogeneous catalysts.

Introduction

Electrochemical CO:2 reduction (CO2R) demands selective high-rate product generation with
low electrical input, which can be facilitated using heterogeneous electrocatalysts.['4]
Cubased CO2R catalysts typically generate a wide range of products, 561 as selectivity
is limited by similar thermodynamic potentials and competing kinetic pathways.[’-9I
Catalyst properties such as size, morphology, facet exposure, and density of grain
boundaries can be altered to improve product distributions,[19-141 but such
modifications often modify multiple properties simultaneously and are convoluted by
dynamic changes that can occur under working conditions.l'>-171 A proposed
alternative route to control selectivity is through the immobilisation of organic
molecules that can interact with surfacebound reaction intermediates to promote or
obstruct specific reaction pathways.['8-211 These systems would enable the derivation
of structureselectivity relationships, providing opportunities for rational design of
modified heterogeneous catalysts. However, examples where organic small
molecules are directly anchored on Cu catalysts have been precluded by their

propensity for desorption under CO2R conditions.

For CO2R, Cu surfaces have been functionalised with molecular catalysts,[22]
electrodeposited films,[23-251 amino acids,[26] and polymer-based layers,[27.28]1 but
covalent immobilisation of distinct small molecules has proven more difficult. Thiols
are capable of forming covalent bonds with Cu surfaces but are susceptible to
reductive desorption at the high cathodic potentials generally required for CO2R.[29.30]

This has restricted molecule choice to exclusively long alkyl chains that are retained



close to the surface after desorption due to their high hydrophobicity.[31.321 However,
recent developments have shown that alkaline gasfed flow cells are capable of
reaching high current densities with low overpotentials.33.34 We pursued this
beneficial characteristic to understand if the mild potentials required to reach high
reaction rates could limit reductive desorption of a thiol and provide molecular control
over CO2R selectivity. Here, 4mercaptopyridine (SPy) was immobilised on a Cu
catalyst and incorporated in a gas-fed flow cell for high-current density operation
(Figure 1a, Figure S1).
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Figure 1. (a) Schematic of the gas fed flow cell setup and components, in which AEM
is an anion exchange membrane and GDE is the gas diffusion electrode. The COs: is
fed through the back of the PTFE layer via the gas channel. (b) and (c) XPS spectra
of CuSPy powder showing N1s and Sz, environments (background and envelope
represented by black lines). (d) Schematic representation of the most stable
configuration of 4-mercaptopyridine (SPy) on Cu as determined using DFT
calculations. (e) SEM images of the Cu-SPy electrodes.

Results and Discussion

We immobilised SPy on the surface of Cu nanoparticles (NPs) through selfassembly from
organic solution. Successful anchoring was initially confirmed using Fourier-transform
infrared (FTIR) spectroscopy, which showed signals corresponding to the
surfacebound ligand (Figure S2). X-ray photoelectron spectroscopy (XPS) was used
to further verify SPy attachment (Figures 1b and 1c, Table S1). The N1s XPS spectrum

showed three distinct environments corresponding to protonated and deprotonated



forms of SPy,[3%1 and the S2p spectrum showed signals arising from physisorbed thiol
(164.3 eV) and covalentlybound thiolate (163.1 eV) sulfur environments, alongside
small amounts of residual oxidised sulfur (168.2 & 169.4 eV), as expected for this type
of immobilisation procedure.i36371 DFT calculations to determine the optimised
conformation of SPy showed that the S preferentially binds two Cu atoms with the ring
slightly tilted away from the Cu surface (Figure 1d). Although higher loadings could
alter the orientation of SPy, this would simultaneously prevent CO. access and
therefore limit activity (Figure S3). We observed no obvious differences in morphology
or size between bare Cu and Cu-SPy, showing that the modification does not result in
surface restructuration (Figure S4).1381 Gas diffusion electrodes (GDEs) were prepared
by airbrushing a methanolic solution of ionomer (Nafion) and functionalised CuNPs
onto PTFE membranes to form a porous network approximately 10 um thick (Figure
1e). A geometrical molecular loading of 15 nmol cm=2 was determined by UVVis
spectroscopy after reductive desorption of SPy at -2.2 V vs. Ag/AgCI/KCls.am
(Supplementary Note 1).

We observed that higher concentrations of KOH required lower overpotentials for CO2R at
high current density (Figure S5), therefore highly alkaline conditions (5 M KOH) were
used to limit SPy desorption. GDEs could reach —500 mA cm~2 at applied potentials of
approximately —0.5 V vs. RHE with no major differences between the current-voltage
responses for Cu and CuSPy samples, showing that the immobilised molecule does
not significantly block active sites (Figure 2a, Table S2). Controlled current electrolysis
(CCE) experiments conducted at different current densities using Cu and CuSPy
showed that the molecular species significantly altered the selectivity. CuSPy GDEs
displayed remarkably high faradaic efficiency (FE) values for HCOO- of (81 + 4)% at
=100 mA cm=2 and (72 £ 2)% at -=300 mA cm-2 with a maximal partial current density

for formate of 217 £ 5 mA cm~2 and a corresponding cathodic energy efficiency for
HCOO- (EEw Hcoo ™) of (55 + 3)% (Figure 2b, Table S2). Interestingly, the only other

products at =100 mA cm-2 were Hz and CO (Table S2). In contrast, Cu GDEs showed
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low FEHcoo values and generated a wide range of different products (Figure 2b,
Figure S6, Table S2). At -100 mA cm-2, C2+ products were observed for the bare Cu

catalyst. The FEn, values were similar for both the bare and modified electrodes,

however CuSPy displayed significantly lower yields of CO and C2Ha, which is formed
through CO dimerisation, suggesting that the increase in HCOO- generation comes at

the expense of CO (Figure 2c¢).l3% The addition of more SPy in the deposition solution
did not result in higher FEncoo™ but also did not decrease activity suggesting that CO2

access is not limited at these loadings (Figure S7).
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Figure 2. (a) Current-voltage response (iR-corrected) of Cu and Cu-SPy GDEs obtained

from chronopotentiometric steps with a 3 min hold time. (b) FEHcoo™ values obtained

from controlled current electrolysis (CCE) over 1 h with varying current densities for
Cu and Cu-SPy electrodes. (c) FEco+coHy Vvalues for Cu and Cu-SPy electrodes at

different current densities. (d) CCE at —300 mA cm2 in a full cell arrangement using a
Cu-SPy GDE cathode and a Ni foam anode (no iR correction); the electrolyte solution
was replenished after 6 h (shaded blue region represents fresh solution). Error bars
represent standard deviation from the mean for triplicate data recorded with fresh
electrodes.



At higher current density (-500 mA cm=2) the high formate selectivity was partially lost

(FEHcoo™ = (41 = 4)% after 1h) and the FEco and FEcyny values increased along with

other Co+ products (Figures 2b and S5, Table S2). We observed no clear
morphological changes following electrolysis that could be responsible for the
alteration (Figures S4 and S8). Additionally, the same selectivity trends were observed
for metallic nanoparticles (Cu25SPy) that were not exposed to air and therefore did
not form an oxide shell prior to catalysis — this suggested that preferential oxide
retention was not a factor in selectivity alterations (Table S3). To determine if SPy
desorption was responsible for the alteration, we tracked its presence in the
electrolyte solution using UVVis spectroscopy (Supplementary Note 1). At —300 mA
cm~2 (= -0.40 V vs. RHE) < 4% desorption was observed after 1 h, and the presence
of SPy was confirmed using XPS (Figure S9, Table S4). However, at =500 mA cm~2 (=
-0.45 V vs. RHE) the amount of SPy desorbed from the GDE increased over the
course of electrolysis, which correlated well with a drop in HCOO- selectivity and
reached roughly 100% desorption after 2h, confirming that any desorbed species do

not remain trapped in the GDE (Figure S10, Table S4). At full molecular desorption,
the FEncoo  was comparable to that of bare Cu, demonstrating that more cathodic

potentials give rise to reductive desorption but also verifying the essential role SPy

plays in altering selectivity.

By altering the flow rate of CO2, we showed that although higher single-pass conversion
efficiency (SPCE) values could be obtained, the highest HCOO- selectivity was
observed with a minimum flow rate of 15 mL min-' (SPCE = 14%) (Figure S11). We
paired the CuSPy GDE with a Ni foam anode for water oxidation to drive full-cell

CO2R over the course of 6 h. At -=300 mA cm~2, a low and stable fullcell potential
(Ecen) of =2.7 V was obtained with a steady average FEncoo™ value of approximately

67%, giving a full-cell energy efficiency for HCOO- of 31% and a SPCE of 14%

(Figure 2d). No additional SPy was found in solution throughout electrolysis showing



that the molecule was stable on the surface (Table S4), and replacement of the
electrolyte solution after 6 h showed that the high FExcoo™ was retained (Figure 2d),

thereby ruling out contributions from solution-dissolved species.

Having established enhanced HCOO- production with CuSPy, we used two thiols with
different structural features to help understand the mechanism. We first immobilised
thiophenol (SPh), which is structurally similar to SPy but lacks the nitrogen
functionality, and conducted CCE experiments under the same conditions as for Cu-
SPy. We observed that CuSPh GDEs showed comparable HCOO- selectivity to
unmodified Cu electrodes (Table S3) — this suggested that the nitrogen plays a key
role in favouring formate production. We next studied the nitrogen contribution by
looking into the possibility that reduced pyridine could act as a hydride donor. In highly
alkaline conditions at cathodic potentials, dihydropyridine formation is only possible at
the 2 or 6 positions of the pyridine.l40] Therefore we synthesised 2,6-
dimethyl-4mercaptopyridine (DMSPYy), for which these sites are blocked, to see if the
selectivity was altered. At —300 mA cm~2 we observed similar HCOO- yields to Cu-
SPy, and consequently showed that a pyridine-based hydride mechanism was not
possible, in line with previous works (Table S3).41.421 These experiments showed that
the nitrogen plays an important role but its exact function was unclear. We used DFT
calculations to identify possible alterations that could account for the selectivity

enhancement.

DFT calculations identified three main pathways involving different reaction intermediates in
the formation of CO and HCOOH in agreement with previous studies (Figure 3a,
Figure S14).1943441 The first proton-coupled electron transfer produces two surface-
adsorbed intermediates that generate CO, which are labelled *OCOH and *OCOH’, as
well as one intermediate that produces HCOOH, labelled *COOH (Figure S15). We
performed calculations on each CO2 reduction and hydrogen evolution pathways in

the presence and absence of SPy (Figures S16-S22). There was no alteration to the



free energy profile for *H, the surface-adsorbed hydrogen intermediate, showing that
the molecule does not stabilise hydrogen on the surface; this also supports the

experimental results which showed an unaltered FEn, with Cu-SPy (Figure S23).

Interestingly, the formate pathway showed only minimal free energy changes, as did
one of the CO-generating pathways (involving *OCOH’) (Figures S24-S25). However,
the CO pathway involving *OCOH showed significant increases in the free energies of
both the *CO2~ and *OCOH intermediates in the presence of SPy - this
thermodynamically prevents CO formation through the *OCOH pathway (Figures 3a
and 3b, Figure S26). Electron density difference plots identified a destabilising
interaction that would occur between the N atom of the SPy and the surface-bound
intermediate (Figure 3c). This accounts for the increase in free energy, which prevents
the formation of *OCOH when SPy is immobilised on the surface. As a consequence,
the *OCOH-SPy interaction cannot be observed using spectroscopic techniques. The
molecular inhibition mechanism agrees with the described experimental observations
that formate production comes at the expense of CO and Coz+ products, which are
derived from CO-CO dimerisation.®39 Thus, by preventing CO generation, the

surface-bound SPy directs selectivity towards formate.

Conclusion

The system presented herein shows that modification of a Cu catalyst with a distinct
molecular species enhances high-rate CO2R selectivity by inhibiting production of a
specific carbon product. The immobilisation of 4-mercaptopyridine on the surface of
Cu energetically blocks the formation of intermediates involved in the generation of
CO, thereby facilitating selective formate production. We highlighted an advantage of
molecular modification by the incorporation of different structures to identify that
nitrogen was key to the mechanism, allowing DFT calculations to explore the

interactions responsible for inhibition, which supported experimentally observed
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Figure 3. (a) Reaction pathways towards CO and C2+ products (red, Cu) or HCOOH

(blue, CuSPy) showing the inhibited intermediates. The *OCOH’ intermediate has
been omitted for clarity as SPy does not alter this pathway. (b) Reaction free energy
profiles for 002 reduction to CO on Cu and CuSPy surfaces at -0.4 V vs. RHE. (c¢)

charge density difference plots showing that the presence of SPy energetically blocks
the formation of *OCOH, where blue lobes correspond to depletion and yellow lobes

The drastic change in selectivity due to the immobilisation of a simple molecule incentivises
the exploration of more complex functional groups to block or promote intermediates
involved in the generation of multicarbon products in future work. Molecular inhibition

therefore offers an adaptable route to direct selectivity in catalytic reactions.
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