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ABSTRACT: Iron-sulfur clusters play essential roles in biological systems and thus synthetic [FesS4] clusters have been an
area of active research. Recent studies have demonstrated that soluble [FesS4] clusters can serve as net H-atom transfer me-
diators, improving the activity and selectivity of a homogeneous Mn COz reduction catalyst. Here, we demonstrate that incor-
porating these [Fe4S4] clusters into a coordination polymer enables heterogeneous H-atom transfer from an electrode surface
to a Mn complex dissolved in solution. A previously reported solution-processable Fes4Ss-based coordination polymer was
successfully deposited on the surfaces of different electrodes. The coated electrodes serve as H-atom transfer mediators to a
soluble Mn CO: reduction catalyst displaying good product selectivity for formic acid. Furthermore, these electrodes are re-
cyclable with a minimal decrease in activity after multiple catalytic cycles. The heterogenization of the mediator also enables
the characterization of solution-phase and electrode surface species separately. Surface enhanced infrared absorption spec-
troscopy (SEIRAS) reveals spectroscopic signatures for an in-situ generated active Mn-H species, providing a more complete
mechanistic picture for this system. The active species, reaction mechanism, and the protonation sites on the [FesS4] clusters
were further confirmed by density functional theory calculations. The observed H-atom transfer reactivity of these coordina-
tion polymer-coated electrodes motivates additional applications of this composite material in reductive H-atom transfer
electrocatalysis.

Introduction CO:z reduction and both biogenic and synthetic [Fe4S4] clus-
ters catalyze the reduction of COz to hydrocarbons although
the speciation and mechanism of these systems is still an
area of active investigation.!>18 CPET reactivity is invoked
in these reactions and reduced/protonated [FesS4] interme-
diates have been proposed as an essential part of catalytic
cycles. However, experimental results suggest that the pro-
tonation of [Fe4S4(SR)4]%~ may lead to the dissociation of thi-
olate ligands to form oxidized [FesS4(SR)sL]- clusters (L =an

Fe-S clusters are ubiquitous in nature due to their im-
portant functional roles, including electron transport, catal-
ysis, sensing, and sulfur donation.?> These clusters have
prototypical reversible redox-chemistry which underpins
many of these biological functions. In addition to this redox-
chemistry, several studies suggest that Fe-S clusters can en-
gage in H-atom or coupled proton-electron transfer (CPET)
processes.®7 This broad range of useful reactivity in Fe-S

clusters, in addition to their fundamentally interesting elec-
tronic structures, has motivated substantial efforts to de-
velop synthetic analogues.* 812 In particular, cuboidal
[FeaSa] clusters are one of the most abundant types of these
compounds and are one of the most studied examples since
the preparation of the first synthetic [FesS4] cluster in the
1970s.13-14 Most [FesSs4]-based clusters share similar
[FeaS4(SR)4]% (SR = thiolate ligands) core structures, which
mimic cysteine ligation in biology.

While the canonical reactivity of [FesS4] clusters involves
electron transfer, there are also some examples of these
moieties serving as catalytic sites. For instance, synthetic
[FeaS4] clusters were found to be active in electrocatalytic

external ligand such as acetonitrile).!® Reduced protonated
[FeaS4] species are not well characterized experimentally.*
Akey question is the protonation site on the [FeS4] clusters,
which could be on the Fe, a bridging sulfur in the cluster, or
the sulfur in the thiolate ligands.

Recently, a soluble [FeaSa(SR)4]?- cluster,
[Fe4S4(SPh)4][EtaN]2 (Fesol, EtsN = tetraethylammonium),
was employed as a CPET mediator in electrocatalytic CO2
reduction with a Mn!(bpy)(CO)sBr (1, bpy = 2,2’-bipyridine)
co-catalyst.! In contrast to the production of CO with 1 as
the sole catalyst,2? HCOOH was identified as the main prod-
uct with Fesor acting as a CPET mediator. This dramatic se-
lectivity change was attributed to CPET processes with
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Figure 1. Schematic demonstration of Fe4Ss-mediated CO2 re-
duction in the (A) previous! and (B) current work.

reduced/protonated [FesS4] clusters as key intermediates
(Fig. 1A). This finding adds to exciting recent reports of new
reactivity enabled by other soluble CPET mediators.?1-30 In-
spired by this work, we reasoned that developing solid-
state CPET mediators for electrocatalytic processes would
aid in recyclability, separation of desired solution-phase
products, and potentially enhanced compatibility with dif-
ferent electrolytes or co-catalysts.

Several [FesS4] clusters have been embedded in poly-
meric supports such as polystyrene and cyclodextrins.31-32
Graphene also supports [FeS4] clusters and the resultant
composite materials show electrocatalytic hydrogen evolu-
tion activity.33 Chalcogels composed of metal-sulfur clusters
including [FesS4] clusters also serve as catalysts for several
reductive processes.3*3¢ Combining [FesS4] clusters and di-
topic N-heterocyclic carbene linkers leads to amorphous
conductive materials.3” Our laboratory has also used [FeS4]
clusters to design well-defined crystalline coordination pol-
ymers (CPs) with [FesS4] clusters and 1,4-benzenedithiolate
(BDT).383% Importantly, this 1D coordination polymer,
[(FesS4)(BDT)2][TMA]2. (Fec,, TMA = tetramethylammo-
nium), is soluble in dimethylformamide (DMF) which sug-
gests that solution processing should be possible, for in-
stance with drop-casting onto an electrode. As such, we tar-
geted new heterogeneous CPET mediators with this mate-
rial.

Here, we show that Fecp can serve as a highly active het-
erogeneous electrochemical CPET mediator (Fig. 1B). An
ink of Fece with polyvinylidene fluoride (PVDF) in DMF can
be drop-cast onto glassy carbon (GC) electrodes. When com-
bined with 1 as a co-catalyst, the resulting electrodes show
high turnover numbers for CO2 reduction with good selec-
tivity for HCOOH. The Fecp coated electrodes also show
good recyclability with no measurable drop in activity for
HCOOH production over multiple catalytic trials. The heter-
ogeneous nature of Fecp films enables surface-enhanced in-
frared absorption spectroscopy (SEIRAS) studies for in-situ
analysis of interfacial structure during COz reduction. Den-
sity functional theory (DFT) calculations elucidate the ob-
served features from the SEIRAS experiments and provide
insight into the mechanism of COz reduction catalysis. These

results demonstrate an important proof-of-concept for the
heterogenization of soluble electrochemical CPET media-
tors, using [FeaS4] clusters as a specific example, and moti-
vate applications of these functionalized electrodes in a va-
riety of reductive processes.

Results and Discussion
Deposition and Electrochemistry of Fecp

The structure and electrochemical properties of Fece
have been previously reported.3® This compound possesses
a 1D structure and exhibits discrete redox events on the
FesSs clusters. Most importantly, Fec is soluble in DMF, re-
sulting in homogenous black solution, and hence Fecp was
deposited on the surface of GC electrodes via drop-casting
(see SI). The ink was a homogenous DMF solution of Fecp
and PVDF. The use of PVDF as a binder is essential as films
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Figure 2. (A) Cyclic voltammogram traces of 1 in the absence
(black curve) and in the presence (red curve) of Fecp on the sur-
face of GC electrodes collected at 100 mV / s. (B) Reaction prod-
ucts (left axis) and total passed charge (Q, right axis) after 90
minutes of controlled potential electrolysis at -1.85 V versus
Fc/Fc* for three sequential catalytic cycles conducted using the
same Fecp coated GC electrode. In all experiments, the solution
phase shares the same composition: 1mM 1, 0.2 M TFE, 0.1 M
TBAPF¢ in MeCN.
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Figure 3. (A) Cyclic voltammogram traces after each con-
trolled potential electrolysis (CPE) experiment on the same
glassy carbon electrode. The solution phase composition:
1mM 1, 0.2 M TFE, 0.1 M TBAPFs in MeCN. (B) UV-vis spec-
troscopy of the Fecp before and after CPE. The sample solu-
tion before CPE was prepared by dissolving fresh Fecp in DMF
with ultrasonication. The sample solution after CPE was pre-
pared by ultrasonicating the Fecp coated glassy carbon plate
in DMF for 15 minutes. (C) One-dimensional scattering pro-
files obtained from the two-dimensional GIWAXS data on
Fecp coated glassy carbon plate before and after CPE. Note
that the broad peak at 25° can be assigned to glassy carbon.

of pure Fecp result in film flaking after electrochemical ex-
periments. Pure PVDF was found to have minimal electro-
catalytic activity (see Table S1). PVDF was ultimately the
best binder for these studies as we observed that Nafion, as
an alternative binder, dissolves during the electrochemical
process. A grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurement on the film suggests that the de-
posited compounds are amorphous after the dissolution
and deposition (Fig. S8). Finally, a mixture of Fecp and PVDF
was deposited on the surface of the optical element of an at-
tenuated total reflectance infrared spectrometer (ATR-IR).
The recorded IR spectrum confirms the presence of both
Fecr and PVDF (Fig. S9).

We then performed cyclic voltammetry (CV) to study the
redox behavior of Fecp coated GC electrodes (Fig. S3). A
broad reversible redox process can be observed at -1.4 V
(all potentials quoted versus Fc/Fc*) which can be assigned
to a [Fe4S4]?*/1* redox process based on comparison to the
literature.® 38 This redox process remains intact after sev-
eral CV scans, indicating effective binding of the prepared
films to the electrodes and good electrochemical reversibil-
ity (Fig. S3). The CV of an acetonitrile (MeCN) solution with
1, 0.1 M TBAPFs electrolyte, Fecp coated GC as a working
electrode, trifluoroethanol (TFE) as a proton donor, and CO2
is shown in Fig. 2A. Three redox processes at -1.4, -1.69,
and -1.89 V versus Fc/Fc* are observed. These features
match well with the features observed for Feso in the solu-
tion phase.! The two features at —1.69 and —1.89 V versus
Fc/Fc* can be assigned to the reduction of 1 to
[Mn°(bpy)(CO)sL] (L = exogenous ligand such as MeCN) and
[Mn°(bpy(CO)s), respectively. A controlled CV experiment
was also conducted on the same system with a bare un-
coated GC electrode. The -1.4 V redox process from Fecp is
absent, and the feature at -1.89 V also shows comparatively
higher intensity demonstrating a different electrochemical
process. Furthermore, a small feature at —0.6 V can also be
observed, which is assigned to the oxidation to form
[Mn!(bpy)(CO)3]* from [Mn°(bpy)(CO)3]2 (2) which is
formed from the one-electron reduction of 1.40 These re-
sults suggest that Fecp coated GC electrodes might be serv-
ing as CPET mediators in a similar fashion to the previously
reported homogenous systems. To confirm that no soluble
[FesS4] species dissolve off the electrode, surface leaching
tests were conducted (see SI). No features corresponding to
[FesS4] clusters can be observed in the CV and UV-vis spec-
trum after electrolysis at -1.85 V versus Fc/Fc* with Fecp
coated glassy carbon electrodes (see below, and Fig. S7).

Electrocatalysis

We then performed controlled potential electrolyses
(CPE) at —1.85 V for 90 minutes to test the activity of 1 for
electrocatalytic COz reduction with and without Fece coated
GC electrodes (Table S1) under conditions similar to the
previous report (1 mM 1, 0.2 M TFE and 0,1 M TBAPFs in
MeCN with COz purged for 30 minutes prior to CPE). With
Fecr, HCOOH was the dominant product with a Faradaic
Yield (FYncoon) of 61(4)%, and a FYco of 37(6)%. In contrast,
GC electrodes without Fecp provide a FYco of 84(2)% with
minimal HCOOH. These results confirm that the
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heterogeneous Fecp coated electrodes play a similar role as
homogeneous Fesol.

We note that the FYncoon for Fecp coated electrodes is
lower than the 90% reported for Feso.. This motivated us to
perform several control experiments to elucidate the reac-
tion parameters governing FYucoon (Table S3). TFE concen-
tration was initially varied. At a lower TFE concentration
(0.1 M), a similar FYnucoon of 61.5% was observed, albeit with
aslight reduction in the passed charge (from 2.83 to 2.32 C).
At a higher TFE concentration (0.4 M), FYncoon decreased to
52.3%, while the passed charge increased (to 3.34 C). Given
that TFE is in excess in the reaction, a minimal change in
FYucoon might be expected with lower TFE concentrations.
The decrease in FYucoon at higher TFE concentrations is at-
tributed to increased hydrogen evolution, as supported by
previous studies.!

We also investigated the impact of varying the concentra-
tion of 1. At a concentration of 0.5 mM, which is lower than
the standard condition of 1 mM, we observe significantly re-
duced Faradaic yields for formic acid (FYncoon, 39.0%) and
carbon monoxide (FYco, 24.3%). Conversely, increasing the
concentration of 1 to 2 mM resulted in enhanced FYucoon
(66.6%) and passed charge (3.68 C), indicating that higher
concentrations of 1 are favorable for formic acid formation.
This outcome was somewhat unexpected, since the amount
of drop-cast Fece contains many fewer [FeS4] clusters than
comparable conditions with soluble Fesol due to the limited
surface area of the GC electrode. The ratio of [FesS4]:1 is
1:12 in the current systems, which is much lower than the
value of 2 from the optimized catalytic conditions with Fesol.
Previous reports have shown that decreasing the ratio of
[FesS4]:1 leads to lower FYucoon due to reduced mediator
concentration relative to the Mn catalyst. The increase in
FYnucoon with higher concentrations of 1 in our system sug-
gests that FYncoon is influenced by the diffusion rate of 1 to
the electrode surface. The diffusion of 1 to the Fecp/PVDF
layer is confirmed by X-ray photoelectron spectroscopy
(XPS). Mn signals were detected after CPE and significantly
less Mn was observed after etching of the surface of the elec-
trodes post CPE (Fig. S10 and S11, Table S4). The higher
concentration of 1 likely leads to higher local concentra-
tions of 1 at the electrode surface which results in better se-
lectivity and activity. It is also noticeable that the turnover
number (TON) for 1 with Fecp is 0.7, lower than the re-
ported value of 2~4 with Fesa in solution. However, the
TON per [FesS4] cluster is 9 with Fecp, higher than the value
of ~2 with Fesa in solution. This observation may suggest
that the heterogenization of the [FesS4] clusters on an elec-
trode increases per-cluster activity. Similar activity en-
hancement has been observed in other heterogenized mo-
lecular electrocatalysts.4!

To further investigate the influence of the ratio of
[Fe4S4]:1 on FYucoon, we also modified the loading of Fece.
With 3 mg loading of Fece (versus 6 mg in the standard con-
ditions), a lower FYncoon (42.4%) and a higher FYco (36.5%)
were observed. This unsurprisingly suggests that the load-
ing of Fecp significantly impacts the FYncoon. A higher 10 mg
loading of Fecp also results in a diminished FYncoon (48%).
Notably, more wrinkles can be observed on the surface of

the electrode with 10 mg loading which suggests that the
binder struggles to effectively adhere to the electrode sur-
face at higher Fecp loadings and thus decreases FYncoon
(48%) due to background CO generation by the GC elec-
trode. Thus, optimizing the Fecp:PVDF ratio is crucial to
achieving a balance between high reaction activity and the
mechanical stability of the films for recycling purposes.

We also varied the applied potential to assess this varia-
ble’s effect on selectivity. At a more positive potential of
—1.75 V versus Fc/Fc* we observed a decrease in FYucoon.
This decrease could be attributed to a slower generation of
hydride species, which are crucial intermediates for formic
acid generation. In contrast, when the potential is decreased
to—1.95 Vversus Fc/Fc*, there is a slight decrease in FYncoon
to 60.6%. This observation aligns with studies involving
molecular FesSs clusters, suggesting that the increased hy-
drogen evolution at more negative potentials competes
with the formation of formic acid, thus lowering the yield.
These results underscore the delicate balance between op-
timizing electrochemical conditions and managing the com-
petition between desired and undesired reactions.

Despite these control experiments, the origin of the lower
FYucoon with Fecp vs Fesa is still unclear. We propose that
this may be primarily attributed to imperfect electrode cov-
erage by films of FeCP. The drop-casting technique em-
ployed allows for the coating of only the two largest sur-
faces of the electrode, while the surface of the four small
sides cannot be covered (Fig. S6). The bare GC surfaces are
active only towards CO formation, which lowers the ob-
served FYucoon. Based on control experiments with and
without a Fecp coating, the FYncoon for Fecp coated elec-
trodes can be estimated as ~80% (see Section 2.2 in the SI).

The heterogenization of homogeneous catalysts has pre-
viously enabled catalyst recyclability.*?2 We hypothesized
that this advantage should also apply to heterogenized
CPET mediators, so we tested the recyclability of Fece
coated electrodes. The same Fecp coated GC electrodes were
used for electrocatalytic CO2 reduction three times. Despite
a slight swelling of the coated film after each experiment,
only a slight drop in catalytic activity is observed (Fig. 2B,
Table S2). The recyclability of Fece is also supported by only
slight changes in the CV post-electrolysis (Fig. 3A). Further-
more, the UV-vis spectra of re-dissolved Fecp films show an
identical spectrum to as-synthesized Fecp (Fig. 3B). The GI-
WAXS analysis of the film before and after electrolysis also
confirms only minimal changes (Fig. 3C). Ex-situ XPS and
scanning electron microscopy-energy dispersive X-ray
analysis (SEM-EDX) results support a maintained 1:2 Fe:S
after electrolysis (Table S4). The SEM results also show that
the film remains smooth after CPE despite the formation of
small wrinkles which are visible by eye (Fig. S5, S13). All of
these data support the recyclability of the Fecp films over at
least three cycles, and furthermore that the structure and
composition of Fecp are preserved during and after electro-
catalysis. As a final note, optical microscopy measurements
suggest that the film thickness increases from 4 pm to 6 um
after electrolysis (Fig. S14). We tentatively assign this to ion
exchange for larger TBA cations.



Mechanistic Studies
Previous research has studied the reaction mechanism of
the [FesS4] mediated electrocatalytic reduction of COz with
infrared spectro-electrochemistry and nuclear magnet res-
onance (NMR) spectroscopy.! We have employed NMR and
infrared (IR) spectroscopy to study soluble intermediates
or products in the current study. An ex-situ NMR spectrum
of the reaction solution after 90 minutes of CPE is shown in
Fig S1. Besides HCOOH, distinct resonances which can be as-
signed to the reduced Mn(0) dimer [Mn°(bpy)(CO)s]2 (2)
were observed as a major species, in addition to minor res-
onances for 1 and free bipyridine. Complex 2 arises from
the reduction and dimerization of 1.20 The presence of 2 is
also confirmed by ex-situ solution phase infrared spectros-
copy, as shown in Fig. 4A.
With longer reaction times, the intensities of the IR fea-
tures for 1 at 2028, 1932, and 1923 cm™! decrease while the
intensities for 2 at 1975, 1934, 1878, and 1853 cm™!
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increase.! A feature for [Mn°(bpy)(CO)sL] (3, L = exogenous
ligand such as MeCN) at 2012 cm™! can also be observed
with a longer reaction time.*3 In the previous molecular
study, the major Mn-based species observed in solution are
[Mn!(bpy)(CO)sH] (4) and 3.! Interestingly, the features as-
sociated with 4 were not observed with Fecp, which might
be due to the instability of this species with ex-situ charac-
terization techniques. However, the absence of 4 in both ex-
situ NMR and IR spectroscopy measurements still suggests
that heterogenization of the [Fe4S4] clusters results in some
mechanistic differences.

SEIRAS measurements were then conducted to probe
how surface species differ from these bulk solution com-
pounds under electrocatalytic conditions. This technique
utilizes nanostructured electrode surfaces to amplify the
signal of IR-active modes perpendicular to and within ~8
nm of the electrode/solution interface.** In contrast to
glassy carbon, nanostructured Au is a common SEIRAS-ac-
tive substrate,®-%6 but Au can also catalyze the
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Figure 4. (A) Ex-situ solution phase IR spectra of reaction solution before CPE, after 10 minutes and 40 minutes of CPE. Surface-
enhanced infrared absorption spectra of Fecp on Au surfaces (B) before COz purge, and (D) after CO2 purge after subtraction of
background collected at -0.9 V under each condition. (C) Surface-enhanced infrared absorption spectra of Fecp on Au surfaces
under CPE at-1.85 V versus Fc/Fc* from 100 s to 700 s after the subtraction of background collected after 30 s of electrolysis. In
all SEIRAS experiments, 1 mM 1, 0.2 M TFE, 0.1 M TBAPFs in MeCN were used. The Fecp was coated on the gold-coated Si prism.



electrochemical reduction of CO: in the aqueous phase.*’
Thus, we initially tested the CO2 reduction activity of a pris-
tine gold foil under our catalytic conditions as a control. For-
tunately, only poor activity was observed (Table S1). With
this control data, we then deposited a film of Fecp and PVDF
on this gold electrode. The coated electrodes show good se-
lectivity for HCOOH with FYucoon= 72% under the same con-
ditions as the coated GC electrodes. Good recyclability can
also be observed with gold electrodes (Fig. S4). No film
swelling was observed on gold, which could arise from bet-
ter binding between gold and sulfur in Fece (Fig. S5b). These
control experiments suggest that gold can be used as a good
surrogate for the previously measured GC electrodes. We
therefore acquired SEIRAS data on films of Fecp deposited
on a Au-coated silicon prism.

Background spectra were recorded at -0.9 V versus
Fc/Fc* with and without a CO2z purge. The background-sub-
tracted SEIRA spectra are shown in Figs. 4B, 4D, and S15 -
S18. Several features between 1800 cm~ and 2100 cm™!
change with different applied potentials between -1.2 V to
-1.9 V versus Fc/Fc* before and after CO2 purge (Figs. 4B
and 4D). These peaks can be assigned to CO vibrational
modes from different Mn species by comparing experi-
mental IR spectra with published results or DFT predictions
(Table S5).1 4849 It is notable that the vibrational frequen-
cies from SEIRAS were measured under negative electric
field and shifts of vibrational frequencies can be observed
with changed applied potentials due to Stark effects. The
shift of vibrational frequencies was also observed in recent
SEIRA studies on related manganese carbonyl com-
pounds.#® All the following vibrational frequencies, if not
specifically mentioned, refer to frequencies observed in
spectra collected at —1.8 V versus Fc/Fc*. The features at
2021,1972,1962 and 1926 cm™! decrease with more nega-
tive potentials. The features at 2021, and 1926 cm™! are as-
signed to 1, while the 1972 and 1962 cm-! features are as-
signed to 2. In contrast, features at 2004, 1987, 1890, 1943
and 1851 cm™! increase with more negative potentials sug-
gesting a more reduced complex. Based on previous re-
ports, the 2004 cm™! feature can be assigned to mononu-
clear Mn(0) compound 3, while the 1987 and 1890 cm~! fea-
tures are assigned to the Mn(I) hydride 4.5° Calculations
support that the feature at 1943, and 1851 cm~! can be as-
signed to an even more reduced [Mn°(bpy)(CO)sH] - (5)
species (see Fig. S30). DFT calculations predict that the fea-
tures of 5 should be located at 1972, 1880 and 1875 cm™™.
However, the features at 1943 and 1851 cm~! (at -1.8 V ver-
sus Fc/Fc*) show a distinctly larger shift at different applied
potentials, suggesting that this species may be affected by a
large Stark effect. Notably, the intensities of the features of
4 and 5 decreased after purging with CO: suggesting these
hydride species are consumed under catalytic conditions.
Finally, we also observe lower energy features at 1904 and
1832 cm-! at potentials lower than -1.5 V (versus Fc/Fc*).
These features can be assigned to another negatively
charged species, [Mn°(bpy)(CO)s]", 7, since the reported
carbonyl stretching frequencies for this species are 1911,
1837 and 1811 cm 152

To further study the change of active species under elec-
trocatalytic conditions, in-situ SEIRAS was also performed
as shown in Fig. 4C and Fig. S19. These spectra were col-
lected while a —1.85 V potential versus Fc/Fc* was applied
to the same reaction solution (1 mM 1, 0.1 M TBAPFs and
0.2 M TFE (non-deuterated trifluoroethanol) in MeCN solu-
tion) with a Fecp/PVDF coated gold prism as working elec-
trode after 30 minutes of CO2 purge. As shown in Fig. 4C,
features assigned to 2 and 3 decrease in intensity while fea-
tures assigned to 4, 5, and 7 increase in intensity over 100-
800s in the presence of TFE. These features are consistent
with the conversion and accumulation of Mn-H species.

To further test the formation of Mn-H species, TFED
(deuterated trifluoroethanol) was also used instead of TFE
in in-situ SEIRAS experiments (Fig. S19). DFT calculations
suggest that little to no change is expected in the vco stretch-
ing frequencies upon deuteration (Fig. S27 to S32). This
matches our observations as the features assigned to 4 and
5 are both observed in TFED experiments. Calculations also
suggest the observation of a Mn-H feature at 1598 cm ! for
4 and 1499 cm™ for 5, and a corresponding Mn-D feature
at 1140 cm ! for deuterated 4 and 1071 cm ! for deuterated
5. Several overlapping features between 1000-1200 cm™!
prevent the observation of any Mn-D signals, however the
higher energy Mn-H region is more tractable (Fig. S19). Pre-
vious studies report TBA(HCOO) shows vco features at 1608
cm' !, and our data also show a signal at this energy with
TFE.! With TFED, this feature shifts to 1590 cm™* which we
assign to the formation of DCOO™. This result indicates that
formate is initially formed at the electrode surface during
electrocatalysis instead of formic acid which should appear
at 1700 cm 1. More interestingly, an apparent shoulder near
the TBA(HCOO) feature and a more pronounced peak at
1500 cm ! are observed for the TFE spectrum but not for
the TFED spectrum. The diminishment of these features
with deuteration suggests that they may be reasonably as-
signed as vwmnu features arising from 4 and 5 respectively
based on the abovementioned DFT predictions.

As a final note from the SEIRAS analysis, the observation
of features for various Mn(bpy)(CO)3 complexes implicates
surface adsorption or association, as purely diffusive mole-
cules at 1 mM concentration are not expected to show sig-
nals. 52 In addition, the observation of Stark effects further
supports an interfacial structure in which the Mn species is
adsorbed or associated with the electrified surface. Similar
CVs between GC and Au SEIRAS experiments support simi-
lar adsorption or association between these two setups,
however we cannot rule out the possibility of mechanistic
differences arising from close association of the Mn co-cat-
alysts between the two substrates.

The SEIRAS results were also used for examining possible
[FesSs]-based active species, especially possible proto-
nated/reduced intermediates. We initially performed DFT
calculations to test possible protonation sites. These calcu-
lations suggest that the thiolate sites (i.e., the sulfur atoms
on the BDT ligands) are the most basic sites in Fecp. Proto-
nation on either sulfide or Fe in the [FesS4] core leads to less
stable isomers. We observe a small feature at 1640 cm-!
which, based on calculations, can be assigned to an aryl
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Figure 5. Free energy pathways calculated at TPSSh-
D3B]/Def2QZVP: Fe; Def2TZVP: all; SMD: ACN level of theory
at T = 298 K. AG°values are in kcal/mol.

breathing mode of a [FesS4BDT2]H?- species on the surface
of the Fecp coated electrode (Fig. S18). Adding 1 depletes
this feature, putatively via consumption of [FesSsBDT2]H?-
and formation of 4. Theory demonstrates that the 1640
cm~! mode is IR inactive in as-deposited Fecp, but it gains
intensity as the symmetry decreases in the benzene substit-
uents (see Section 5.2 in the SI), consistent with experi-
ments. The observation of the 1640 cm~! band in the exper-
imental spectra after hydrogenation points towards a de-
creased symmetry of the phenyl substituents, as would be
expected with protonation of one of the sulfur’s of BDT. This
supports the DFT results that indicate that the BDT linkers
are the most stable protonation site in Fecp (Fig. S20). Alt-
hough water has a possible convoluting active mode at
~1650 cm?, the infrared spectrum of the TFE used in the
experiment as well as the electrolyte rules out the possibil-
ity of trace water (Fig. S9, S16, and S18). Clear features be-
tween 2400 cm-~! to 2700 cm~! that might correspond to vsu
were not observed in the SEIRAS experiments. The lack of
S-H features can likely be attributed to the weak intensity
of vsn as predicted by DFT. Still, the weak feature at 1640
cm-1, only observed in the absence of 1, may report on the
spectroscopic data on a protonated/reduced cluster.

The sum of the NMR, solution phase IR, SEIRAS, and DFT
data, combined with data from previous reports, allows us
to propose the reaction mechanism shown in Fig. 5. We note
that the electronic structures of iron-sulfur clusters are
known to be very complicated. We used broken-symmetry
DFT (BS-DFT) to accurately predict the protonation sites
and electronic structure on [FesS4], and our obtained results
match closely with previous literature treatments of these
fragments.53-56 We also calculated the free energies of the
proposed reaction mechanism with DFT using molecular
[Fe4S4]?* clusters (“FeS”) as proxies for Fecp (Fig. 5). The re-
action starts with the Mn'Br species 1 as the pre-catalyst of
the reaction which is electrochemically reduced to 3 in a
slightly endergonic step of 2.1 kcal/mol. In a parallel reac-
tion, FeS-H is also formed by cluster reduction and protona-
tion of one of the bound thiophenolate moieties.

After the formation of 3 and FeS-H, the reaction trifur-
cates following three separate pathways: (i) dimerization of
3 to 2; (ii) electrochemical reduction of 3 to form 7; (iii)
CPET from FeS-H to 3 to generate 4 and productive reactiv-
ity. The dimerization to generate 2 is exergonic at -23.5
kcal/mol; this step is most likely to take place with a com-
paratively high concentration of 3 or low concentration of
FeS-H. Similarly, the reduction of species 3 to form 7 likely
occurs through contact with the bare electrode which is un-
covered by the FeS-H substrate. Finally, FeS-H can react
with 3 to access the productive pathway where a hydrogen
atom is transferred to 3 to generate 4 in an exergonic step
of =12.2 kcal/mol. This latter step is comparatively favored
over dimerization or further reduction due to the high local
concentration of FeS-H, and the slightly endergonic for-
mation of species 3 that keeps this intermediate in low con-
centration. We calculate that the Mn-H bond dissociation
free energy (BDFE) of 4 is 52.1 kcal/mol, which therefore
implies a computed FeS-H BDFE in FeS-H of 47.5 kcal/mol.
This weak predicted BDFE of the protonated [FeS4] cluster
supports its proposed activity as a CPET mediator. We also
calculate that 4 can then be further electrochemically re-
duced to 5. This step is exergonic with a free energy change
of -8.2 kcal/mol. Complex 5 can then react with CO2, leading
to the formation of TBA(HCOO) and 3 in solution. This final
step is irreversible with -50.0 kcal/mol in free energy
change. TBA(HCOO) then putatively diffuses to the solution
phase and gets protonated to form HCOOH. This proposed
mechanism matches well with the previous report on the
Fesa system, although we see additional intermediates due
to the ancillary spectroscopic methods utilized here.! The
formation of 2 and 7 might be responsible for the observa-
tion of a large amount of CO and a lower per Mn TON in the
heterogeneous system compared to the homogeneous sys-
tem since 7 has been proposed to be responsible for the
generation of CO during CO2 reduction reactions.>” As men-
tioned, we hypothesize that the reduction from 2 to 7 likely
takes place on uncoated GC.

Conclusion

We report how a solution-processable [FesS4]-based CP
can be successfully deposited on the surface of GC and Au
electrodes. These coated electrodes have high Faradaic
Yields for HCOOH generation from COz with a soluble Mn co-
catalyst, in line with recent studies on a homogeneous sys-
tem. Electrocatalytic activity and selectivity were main-
tained over multiple cycles which suggests good recyclabil-
ity of the Fecp coated electrodes. The major equilibrium cat-
alyst speciation was probed by both ex-situ solution-phase
IR and in-situ SEIRAS methods. The data are consistent with
an active Mn-H species that is produced on the electrode
surface by a CPET process with a [FesS4] cluster as a media-
tor, followed by diffusion and HCOOH formation in the bulk
solution. While no direct S-H features for the active CPET
mediating intermediate were observed in the SEIRAS data,
DFT calculations suggest that a weak feature at 1640 cm™?
may be a spectroscopic signature of protonated/reduced
[FesSa4] clusters.



The results presented here support that [FesS4] clusters
embedded in CPs can still serve as heterogeneous CPET me-
diators. In contrast to previous reports that have used
[FeaS4] clusters as direct catalysts, where the speciation and
stability of the cluster catalyst can be unclear or challenging
to characterize, this work demonstrates how heterogenized
Fe-S based materials can serve as robust, recyclable, and
highly active co-catalysts with molecular species. This sug-
gests exciting applications of these coated electrodes with a
wide range of molecular catalysts for reductive transfor-
mations.

Experimental Section

General Methods. All manipulations were performed
under dry N2 using MBraun UNIlab glovebox unless other-
wise noted. Glassware was dried at 180 °C for overnight and
cooled under vacuum prior to use. The acetonitrile (MeCN)
and dimethylformamide (DMF) were initially dried and
purged with N2 on a solvent purification system from Pure
Process Technology. MeCN and DMF were then passed
through activated alumina and stored over 4 A molecular
sieves. [(FesS4)(BDT)z][TMA]2 (Fecr) and bpyMn(CO)sBr
(1) (BDT = 1,4-benzenedithiolate, TMA = tetrame-
thylammonium and bpy = bipyridine) were synthesized as
previously described.?% 38 All other chemicals were pur-
chased from commercial sources and used as received un-
less noted. The trifluoroethanol (TFE) was purged with N:
for 30 minutes before being transferred into the glovebox.

Preparation of working electrode. 1 cm * 1 cm * 0.15
cm glassy carbon plates and a piece of thin gold foil (a 0.8
cm * 1.0 cm area was coated with Fecp) were used as work-
ing electrodes in the experiment. The glassy carbon and the
gold electrode were ultrasonicated in DMF for 5 minutes to
remove any residual impurities. Then, the glassy carbon
electrodes were polished on a cloth polishing pad in a wa-
ter-alumina slurry. The gold electrode was cleaned by ap-
plying a potential from 0.2 V to 1.5 V versus Ag/AgNOs ref-
erence electrode (0.01 M) for five cycles with 50 mV/s scan
rates in 0.1 M H2SO4 solutions. Both electrodes were ultra-
sonicated in isopropanol for 15 minutes and dried in air.

A mixture of polyvinylidene fluoride (PVDF) and DMF
was heated at 60 °C overnight with constant stirring. The
complete dissolution of PVDF results in a DMF solution with
a PVDF concentration of 10 mg/mL. Once cooled to room-
temperature, 6 mg of Fecr was added to 1 mL of PVDF solu-
tion in a 23 mL glass vial. This vial was sealed with electrical
tabe and was transferred outside the glovebox and ultra-
sonicated for 30 minutes, which allowed the dissolution of
Fecp in the PVDF solutions. This as-prepared Fecp solution
was transferred back into the glovebox as a stock solution.
For glassy carbon plates, 50 pL of the stock Fecp solution
was drop cast on each side of the glassy carbon plate and
dried in the glovebox at room temperature for 4 hours. For
the gold foil, 20 pL of Fecp stock solution was drop cast on
each side of the foil and dried in the glovebox at room tem-
perature for 6 hours. For one coated glassy carbon plate, 0.6
mg of Fecr was deposited on the surface of the electrode.
The images of coated glassy carbon and gold electrodes can
be found in Fig. S5.

Electrochemical studies. Electrochemical measure-
ments were performed using a BAS Epsilon potentiostat
and BAS Epsilon software version 1.40.67NT.

All the electrochemical experiments were performed in a
custom-made airtight two-chamber H-cell with a pressure-
equalizing arm separated by a fine glass frit. A platinum
mesh was used as the counter electrode and placed in the
anodic compartment. A glassy carbon plate or gold elec-
trode (described in the previous section) was used as the
working electrode in the cathodic compartment. The carbon
or gold electrode was clamped by a steel toothless alligator
clip with smooth jaws, and the clip was attached to a piece
of copper wire connected to the potentiostat. When a glassy
carbon plate was used as a working electrode, 80% of the
electrode was submerged into the solution to avoid direct
contact between the steel clip and the solution. An Ag*/Ag
(0.01 M AgNOs + 0.1 M ["BusN]PFs in MeCN) was used as a
reference electrode in the cathodic compartment. In all elec-
trochemical studies, 0.1 M ["BusN|PFs (TBAPF¢) was used as
a supporting electrolyte. The acetonitrile was used as sol-
vent for all experiments. The H-cell was covered by alumi-
num foil to protect the active species (the Mn carbonyl spe-
cies) from degradation.

Cyclic voltammetry. The cyclic voltammetry experi-
ments were performed in a custom-made H-cell. The assem-
bly of the H-cell was described in the previous section. A 1
mM concentration of 1 and 0.2 M of TFE in the cathodic
chamber were used for CV measurements. All potentials
were referenced to an internal Fc/Fc* standard added in the
last step of each experiment. For irreversible processes, the
potential at which half of the peak current (Ic/2) is reached
has been considered the half-wave potential (E1/2). The
scan rate was 100 mV/s unless otherwise noted.

Controlled potential electrolysis. After assembling the
H-cell in the glovebox, the cell was transferred outside the
box. The cell was purged with CO: for at least 30 minutes
before the CPE. Constant magnetic stirring of 400 rpm with
a small stir bar was applied during the electrolysis. A 1 mM
concentration of 1 and 0.2 M of TFE in the cathodic chamber
were used for all CPEs. Product detection was specified in
detail in the SI. Previously, the charge required to reduce to
Mn(0) was subtracted from the total charge passed. In our
experiment this subtraction should be 0.87 C as the ratio of
1: Fecp is 12:1 which is significantly higher than the re-
ported homogeneous conditions (1:3 ~ 1:1).

Computational methods

Periodic density functional theory (DFT) calculations
were performed on a single unit cell of each considered spe-
cies using the Vienna Ab Initio Simulation Package (VASP
6.4.0).58 The Perdew-Burke-Ernzerhof (PBE) exchange-cor-
relation density functional was used along with Grimme’s
D3 dispersion correction with Becke-Johnson damping
(D3B]J).5%-60 As a correction to the PBE functional, the Cou-
lomb and exchange interactions of the localized d-orbitals
in Fe centers were treated within the framework using the
DFT + U method. ¢! The effective Coulomb (U) and exchange
(J) parameters were set at U =4 eV and ] = 0 eV. A plane-
wave basis set with a kinetic energy cut-off of 520 eV was
used for the geometry optimizations, and normal
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pseudopotential for all atoms. Energy and force conver-
gence criteria of 10-¢ eV and 0.01 eV A1, respectively, were
employed for all optimizations. Due to the modestly large
size of the unitcell,a3 x3 x1anda2 x 2 x 1, a'-centered
k-point grid was used for the Brillouin zone sampling for the
polymer with *Li and *NMes counterion, respectively. Sin-
gle-point calculations were performed using the functionals
SCAN,¢2 including D3B]J dispersion correction. A plane-wave
basis set with a kinetic energy cut-off of 910 eV was used
and a hard pseudopotential for all atoms, and energy con-
vergence criterion of 10-8 eV.

Molecular calculations were performed using Kohn Sham
density functional theory (KS-DFT) with Gaussian 16 rev
B01.%3 Geometry optimization was performed employing
the hybrid functional TPSSh including the empirical disper-
sion correction with Becke and Johnson damping function
D3B]J.63 The Ahlrichs basis set def2-SVP%* was used for ge-
ometry optimization for all atoms. The electronic energies
were calculated by single point calculations, including the
dispersion correction (D3B]J), at the B3LYP,65-66 TPSSh,59-60
and MN15¢7 functionals, the latter without including the dis-
persion correction. As basis set def2-QZVP¢* for Fe and Mn,
def2-TZVPé* (BBS). Vibrational frequency calculation at
298 K was done at the optimization level of theory and used
to define the nature of the stationary points involved in the
reaction mechanism. The free energy correction applied to
the electronic energy was calculated based on the frequency
calculation setting a cut-off for small vibration to 100 cm1.68
In addition, we used the solution phase standard state of 1
mol/] instead of the gas phase 1 atm used by default in
Gaussian. The presence of the MeCN solvent has also been
considered implicitly with the continuum solvent model
SMD.6?

ASSOCIATED CONTENT
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