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Abstract: The reactivity of three ruthenium electrocatalysts is shown
to be modulated through the addition of anions for more selective and
faster electrocatalysis. Controlled potential electrolysis studies
confirm the generation of CO from CO.. The Faradaic efficiency
increased for the three ruthenium catalysts studied through the
introduction of CI™ to the reaction solution. Interestingly, a neutral
ruthenium coordination complex with an associated chloride also gave
equal or faster rates of catalysis upon CI~ addition. In this report, a
systematic study on the effects of added halides (I7, Br-, CI, and F~)
with varied counter cations (K* and TBA*) with and without water is
examined. Computational analysis provides insights into this
interesting increase in FE based on anion addition. These results
show anion addition to electrocatalysis reaction mixtures add an
additional parameter to increase both rate and selectivity of catalysis
with one example improving from 19% FE to 91% FE for CO
production.

1. Introduction

There is an urgent need to develop methods for the
synthesis of renewable carbon-based fuels or fuel precursors
(CHs4, CO, HCOOH, etc.) from the reduction of CO.["
Electrocatalysis using heterogeneous or homogeneous catalysts
provides a means for generating desirable fuels and fuel
precursors. Homogeneous catalysts are attractive because a
relatively rapid structure-function analysis is possible, which
enables the rational design of catalysts for increased reactivity.?!
Changes to reaction conditions such as addition of cations and
varying proton strength can have profound effects on catalyst
kinetics, selectivities, and durabilities.”®! Additionally, anion
selection could play a key role in modulating catalytic reactivity.

An increased understanding of catalyst behavior based on
environmental changes to electrocatalytic reactions is needed to

rationally design practical catalytic systems. Catalysts are often
inherently exposed to water for systems that couple water
oxidation to CO2 reduction.” Thus, catalysts selective for the CO2
reduction reaction (CRR) over the H* reduction reaction (HRR)
are important.?® 3¢ 3 This work seeks to compare the catalytic
behavior of benchmark 2,2'-bipyridine (bpy)-ligated Ru-catalyst
(Ru-1) and two bis(N-heterocyclic carbene) pyridinol-derived
CNC-ligated Ru complexes (Ru-2 and Ru-3) in the
electrocatalytic CRR to understand the effect of added anions and
water on the catalytic CRR (Figure 1).

The study of ruthenium-based molecular catalysts driving
the CRR reaction remains an intense and attractive area of
research.’! Recent studies on the photocatalytc CRR with
[Ru"(bpy)2(CO)2][PFe]2 (Ru-1) and a pyridinol-derived pincer
ligated ruthenium chloride complex (Ru-2) have revealed higher
rates of reactivity and a higher durability of the pincer complex.
8l Additionally, electrocatalysis appeared to be faster with Ru-2
and halide-free Ru-3 (vs. Ru-1) via preliminary cyclic
voltammetry (CV) analysis.[fl Access to the active catalyst via
ligand dissociation is an important step for coordinateively
saturated metal centers. This step is often presumed to be rapid
halide dissociation for halide ligated complexes.[! However, the
same active catalyst as Ru-3 may form if Ru-2 undergoes rapid
halide dissociation. Interestingly, a significant difference in the
CRR with Ru-2 and Ru-3 is observed. This study seeks to probe
halide effects further via electrocatalysis with two pincer
complexes. A classic benchmarking catalyst is also studied to
understand the generality of added anion effects.

Ru-1, Ru-2, and Ru-3 have multiple monodentate, neutral,
labile ligands which can dissociate. Ru-2 has an additional halide
ligand which may dissociate upon electrochemical reduction.
Different active catalysts species could be formed from Ru-2 and
Ru-3 depending on the group dissociated. Halides preferentially
dissociate over neutral CO ligands with the widely studied
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Figure 1. Structures of electrocatalysts Ru-1, Ru-2, and Ru-3.
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Re(bpy)(CO)sCl.”® & Notably, cases are known where a significant
difference in the reactivity of varied halide complexes exists.” Thus,
addition of halides to the reaction medium could have a significant
effect on the composition of the active catalyst depending on the
binding strength of the halide. In this study, the two possible cases are
probed computationally and experimentally: (1) Ru-3 is a more active
electrocatalyst than Ru-2 due to lack of an anionic ligand dissociation
step, and (2) different active catalysts are formed when staring with
complexes Ru-2 and Ru-3 (Figure 2). Interesting findings based on
similar hypotheses in other electrocatalysis manifolds have been
reported in the literature.l"”!

Results and Discussion

Cyclic voltammograms (CVs) under argon and CO2 with Ru-
1, Ru-2, and Ru-3 were collected in the dark. A glassy carbon
working electrode, silver wire, and platinum wire were used as the
working, reference, and counter electrodes with a 0.1 M
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tetrabutylammonium hexafluorophosphate solution in acetonitrile.
A scan rate of 100 mV/s is used in all the studies. Ferrocene was
added as an internal reference at the end of each experiment. A
5% reaction solvent volume 2 M KClgq) solution was added when
indicated. KCI was selected as the initial salt since the halide
matches the Ru-2 halide ligand. This avoids a potential mixed
halide species from forming.

All three complexes show an electrochemically irreversible
CV at the first reduction wave under argon or CO2 (Figures S1-
S2). Addition of KCliag) did not lead to reversible behavior and a
current increase could be observed for Ru-2 at the first reduction
wave. The lack of reversiblity of the reduction waves suggests a
chemical transfromation may take place following electron
transfer to these complexes. Computational results indicate that
this reduction event results in the loss of a mondentate ligand for
each complex as either a CI- or MeCN ligand from Ru-2 red. and
Ru-3 red. resulting in a significantly different potential to return to
the Ru(ll) oxidation state (Figures 2 and S20). Extending the CV
window to more negative potentials reveals additional reduction
waves for each complex (Figure 3).

The complexes have reduction onsets beginning at —2.0 to
-2.4 V versus ferrocenium/ferrocene (Fc*/Fc) under argon
according to the following order: Ru-1 < Ru-3 < Ru-2 (Figure 3).
The onset of reduction is less negative by 0.2 V-0.7 V under CO2
(Figure 3, Table 1). All catalysts show an increase in current when
a CO2 atmosphere (icat) replaces an argon atmosphere (ip) with
icat/ip values ranging from 3.4-19.7 in the absence of KClag)
additive (Figure 3). Catalysts Ru-1 and Ru-2 have relatively
modest increases in current under COz at 3.9 and 3.4 times,
respectively. Ru-3 shows a dramatic increase in catalytic current
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Figure 2. Initial steps for the electrocatalytic CRR beginning with Ru-2 and Ru-3. Values are relative free energies in kcal/mol to Ru-2 red. with calculations at the

SMD-PBEO0-D3BJ/BS1 level of theory (see Experimental Section). Reported voltages are the half-cell reduction potentials of each species versus Fc*/Fc.
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Figure 3. CV curves of Ru-1, Ru-2, and Ru-3 in acetonitrile under Ar (gray without KCI; light green with KCI) and COz (black without KCI and green with KClI).

Table 1. CV and CPE data with varied catalysts and additives.

L. - Erepco2  ERrepco2 CPE rate o
entry catalyst additive icat/ip onset (V) peak (V) (Clh) TON FE (%)
H2 CO H2
1 Ru-1 none 3.9 -2.0 -2.3 4.9 0.8 0 19 0
2 Ru-2 none 34 2 -2.6 1.1 0.4 0 1 0
3 Ru-3 none 19.7 -2.2 -2.9 1.7 0.7 03 17 5
4 Ru-1 +5% 2M KCl(ag) 9.2 -1.7 2.2 11.9 3.6 0.1 91 1
5 Ru-2 +5% 2M KCl(ag) 1.8 -2.3 2.7 21.1 1.5 2.6 38 65
6 Ru-3 +5% 2M KCl(ag) 34 -1.9 -2.9 28.5 2.5 0 64 0

aAll reactions were run until 3.8 C had passed with catalysts at a 1 mM concentration with a maximum TON value of 4 possible. Ru-1 was electrolyzed at -2.2 V vs.

Fc*/Fc (ferrocenium/ferrocene) under anhydrous conditions and at-1.9 V with added 2 M KCl(aq). Ru-2 and Ru-3 were electrolyzed at—2.5V and —2.7 V, respectively.

All values are the average of at least 2 experiments.

by 19.7 times under CO2. A current increase at the second
reduction wave under COz: is observed for Ru-1. Ru-2 and Ru-3
have current increases at the first reduction wave, which is
commonly observed for NHC ligated CRR catalysts.’d 1
Catalysis at the first reduction wave is possible if the initial
complex reduction (first electron) is significantly more negative on
the normal hydrogen electrode (NHE) scale than the CO2 bound
complex formed after the first reduction. This is substantiated by
computational data showing the reduction of the CO2 bound
complexes being >1.0 V more positive for Ru-2 and Ru-3 (Figure
2). The icatlip ratio for Ru-1 increased from 3.9 to 9.2 with a 300
mV shift to more positive potentials upon addition 2M KCl(q). Ru-
2 and Ru-3 show significant curve shape changes with added
KCliaq) resulting in more positive peak potentials and a slight
lowering of icat/ip values. Repeated CV cycling for 5 scans under
CO2 shows small changes in peak current amounts (Figure S3-
S8). The changes are small which suggests the catalyst
decomposition rate is slow on the CV time scale.

Controlled potential electrolysis (CPE) studies were used to
verify the product composition (Figure 4, Table 1). A type 2 glassy
carbon rod working electrode, an Ag reference electrode, and
platinum foil counter electrode were used in these experiments
(Figure S16). In each case electrolysis was run at a reduction
potential corresponding to a catalyst wave peak in the CV with the
CPE setup and until 3.8 C had passed. Only H2 and CO were
observed in these studies. Ru-1 shows a modest amount of CO
production under a CO2 atmosphere at 0.8 turnover numbers
(TONs) for CO with no additive, where TON = (moles of
product)/(moles of catalyst) (Figure 4, Table 1). No Hz was
observed, and a Faradaic efficiency (FE) of 19% was found
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Figure 4. Charge versus time plots with and without 2 M KCl(aq) solution added.

ligand
— dissociated
Ru-2 red.\‘ (blue = CI)
“ (red = MeCN)
-17.2%
— “\
Ru-3red. Y
a W -15.5
\ AN I—
A AN 7 1
- B\ ’
Ay \\\ 7 ,—1
117\ '\ +8.7,°
L +7+4.8
o LY

W\ s
o
\\'6 4 ’

1 electron T’

reduced CO, associated

Figure 5. Thermodynamic diagram with the values listed in kcal/mol relative to
the prior step.



where FE = [(moles of product)/(moles of electrons/2)]*100%. The
location of the missing elecrons in this reaction is not apparent
whereas HCOz~, CH4, and MeOH were not observed. Additionally,
catalyst deactivation via CO binding was probed after electrolysis
via infrared spectroscopy studies (Figure S18).1 12 No evidence
of a Ru bound CO is apparent from these studies based on the
lack of a signal at ~2000 cm™. Only trace MeCN s visible near
this range at >2200 cm'. The TON value for CO increased to 3.6
with the observation of trace Hz (0.1 TONs) upon addition of
KCl(ag). The percent FE increased dramatically to 91% for CO with
a rate change to 11.9 C/h from 4.9 C/h. The pincer ligated
catalysts Ru-2 and Ru-3 passed charge slowly (1.1 C/h and 1.7
C/h, respectively) under anhydrous conditions with low TON and
percent FE values (see Figure S17 for a current versus time plot).
However, rate of charge passing during CPE increased
substantially to 21.1 C/h for Ru-2 and 28.5 C/h for Ru-3 upon
addition of 2 M KCl@g). This increase in charge passage rate is
accompanied by a significant increase in percent FE for the
production of CO (Ru-2 = 11% FEco without KClq) and 38% FEco

with KCl(aq); Ru-3 = 17% FEco without KCl(aq) and 64% with KCl(ag)).

Notably, a sigifnicant portion of the charge balance could be
accounted for as Hz production at 65% FE in the presence of 2 M
KClq) with Ru-2. This indicates a low preference for CO2 versus
H* with Ru-2. Interestingly, Ru-3 shows no H2 production
indicating a strong preference for the reduction of CO2 over H*
under identical conditions. These results suggest that Ru-2 and
Ru-3 may opperate via two different mechanisms. One
hypothesis for the difference in reactivity is a CI~ ligand may be
retained and a MeCN ligand dissociates from Ru-2 to give a ClI-
associated active catalyst. A second hypothesis is a different
active site location could be opening on Ru-2 and Ru-3. The
active site could be trans to a MeCN ligand in the case of Ru-2
upon reduction of the complex and loss of CI~. The active site
could be trans to the pyridine ring in the case of Ru-3.
Computational data indicates that the dissociation of a CI~
ligand from singly-reduced Ru-2 is slightly favored over loss of a
cis-to-pyridine MeCN ligand (by less than 2 kcal/mol; Figure 2).
The transition state is approximately 5 kcal/mol higher in energy
to access the chloride associated complex 4 relative to MeCN
associated complex 1. Similarly, dissociation of MeCN from
singly-reduced Ru-3 is thermodynamically preferential trans to an
MeCN rather than trans to a pyridine group by more than 9
kcal/mol. Identical coordinatively-unsaturated active species (1)
can be produced from either starting complex (Figure 2 and
Figure 5). However, association of CO2 is thermodynamically
uphill from the coordinatively desaturated complexes 4 and 1 by
4.8 kcal/mol and 8.7 kcal/mol, respectively (Figure 5). This
indicates CO2 adduct formation is thermodynamically favored
trans to a chloride rather than a MeCN group. It is possible that a
significant number of complexes will still bear a CI~ ligand during
catalysis given that loss of MeCN or CI~ from singly-reduced Ru-
2 are similar energetically.The transition state energies for binding
CO2to 4 or 1 (6.5 and 8.5 kcal mol™, respectively) are only slightly
above the energy required to remove the CI- or MeCN ligand
(Figure 2 and Figure 5), but still positioned to be easily accessible,
thus both 4 and 1 are expected to have appreciable populations
at room temperature. Increasing the CI~ concentration could favor
a Cl-bound complex in solution resulting in changes in the CRR
rates and product formation efficiencies if CI~ is associating to an
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active catalyst species. Alternatively, a dissolved ion effect near
the active catalyts site could alter reactivity.

Ru-3 was used for additional electrolysis studies to better
understand if K*, CI-, or H20 is promoting faster catalysis. First, a
series of potassium halide salts (KF, KCI, KBr, and Kl) were
added (Figures 6 and S9-S15, Table 2). The icat/ip values follow
the order: CI- > Br- > I > F~ with a range of 3.4 to 1.3 being
observed relative to the respective background reaction under
argon for each KX salt. The observed halide trend does not follow
the halogen periodic table group order. Interestingly, the free
energy of dissociating each halide from a singly-reduced Ru
complex correlates nicely with experimental data (Figure S19).
These data suggest that the F~ counterion produces low catalytic
activity because dissociation from the singly-reduced complex is
quite endergonic (24.3 kcal/mol). Exergonic binding of additional
F~ ligands to the complex could become irreversible, thus
poisoning the catalyst. The I, Br, and CI~ ions are each
increasingly exergonic (ranging from —-2.5 to —17.2 kcal/mol) to
dissociate from the singly-reduced complex. It should be noted
that the computed energies reported in Figure S19 will be affected
by the ionic strength of the solution. Thus, the trend in these
values could be fortuitous. Experimental results show clearly that
when the K* and H20 concentrations are held constant the value
of icat/ip can change by a factor of three based upon which halide
is present. This demonstrates a clear dependence of the catalytic
current increase on the halide present.

A series of CV scans under CO2 were collected with added
H20, tetrabutylammonium chloride (TBACI), and potassium
hexafluorophosphate (KPFs) to separate the effects of water, the
cation, and the halide. First, H20 was found to give no change in
icat relative to ip giving a non-catalytic icat/ip value of 1.0. TBACI
shows an iat/ip value of 1.8 indicating the CI” likely has a
significant effect on catalysis since the TBA ion is non-
coordinating. Notably, KPFs (aq) leads to a higher icat/ip value of 3.7
while KPFs (vecn) gives a value of 1.0. These results indicate that:
(1) the presence of CI~ significantly effects current passing rates,
and (2) the presence of both K* and H20 leads to more current
passage but neither component alone promotes current increases.
To better understand this reactivity, CPE experiments were
conducted to observed the products formed with these additives.

CPE experiments with H20, KPFs (aq), and KPFe (vecn), pass
significant amounts of charge but lead to low FEco values of £11%
(Figure 7, Table 2). The product being formed as a result of the
charge passing is not obvious in these cases with the maximum
amount of Hz being 27% FEn2. However, addition of TBAClaq) to
the reaction gave a dramatically higher FEco at 70%. These
results clearly show a uniquely strong influence of the CI~ ion on
catalytic reactivity and Faradaic efficiency. A possible origin of the
CI~ effect on the reaction may be due to formation of an active
catalyst with a CI~ associated from a complex with no halide
associated before the CRR reaction began. Alternatively, a
dissolved ion effect changing the environment near the active
catalyst is possible. The approach of adding CI~ to the CRR is a
uniquely effective way to tune catalyst reactivity post synthesis
with reaction conditions that could be generally applicable to CRR
catalysis. In the case of Ru-3, a low FE catalyst (17%) could be
significantly improved to 70% FE with respect to CO formation
based on the addition of CI.
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Figure 6. CV curves for catalyst Ru-3, measured in acetonitrile with 0.1 M n-BusNPFs electrolyte under argon (gray) and CO2 atmosphere (where the trace color

corresponds to an additive).

Table 2. CV and CPE data for Ru-3 catalyzed reactions with varying additives.

entry additive icatlip f;EsDet ) 57; o peak fcljﬁ)rate TON FE (%)
CO H2 CcO H2
1 none 19.7 -2.2 -2.9 1.7 0.7 0.3 17 5
2 +5% 2M Kl (aq) 1.8 -2.0 -2.2 13.7 1.6 0 42 0
3 +5% 2M KBr (aq) 2.5 -1.7 -2.6 18.1 2.3 0 58 0
4 +5% 2M KCI (aq) 34 -1.9 -2.9 28.5 2.5 0 64 0
5 +5% 2M KF (aq) 1.3 -1.7 -2.1 6.2 1.5 0.3 38 8
6 +5% H20 1.0 -1.7 -1.8 5.3 0.2 1.1 5 27
7 +5% 2M TBACI (aq) 1.8 -1.7 -2.7 211 2.7 0 70 0
8 +5% 2M KPFe (aq) 3.7 -1.5 -1.7 114.0 0.5 0.6 11 16
9 +5% 2M KPFs (MeCN) 1.0 -1.6 -1.7 1.2 0.1 0.3 2 6
environmental - change is favorable for CO production.
Computational analysis reveals the formation of an active CI~
L’ bound catalyst is energetically plausible. Interestingly, either
35 L7 starting Ru-2 or Ru-3 complex could lead to similar active
3 /" catalysts. However, the differences in reactivity in the
It electrocatalytic CRR suggest different active catalyst species may
25 be present in solution. Additionally, the incorporation of a high
% 2 concentration of dissolved CI~ ions could be impacting the
:i: catalytic solvation environment favorably for increased reaction
515 rates and increased selectivity for CO production.
1 —none H20
—KI (aq) —KBr (aq)
05 Tt ke ecn) Experimental Section
- =KPF6 (aq)
0 ' All computations were carried out using Revision B.01 of the
0 SOOt?me (s) 10000 Gaussian 16!"3 suite of programs with default (107%) SCF

Figure 7. Charge versus time plot from CPE studies with varying additives with
Ru-3.

Conclusion

Through electrochemical analysis the impact of various salt
additives on the CRR with a ruthenium benchmark catalysts and
two ruthenium pincer catalysts has been evaluated. Cationic,
anionic, and H20 effects were systematically tested. The
composition of the halide anion was surprisingly found to play the
dominate role in Faradaic efficiency values with improvements
from as low as 19% without KClaq) additive to 91% with the
additive. The chloride anion shows the greatest impact potentially
due to encouraging active catalytic pathways where a halide
bound intermediate is involved and a dissolved halide induced

convergence criteria. The PBEQ functional' was used in
conjunction with Grimme’s D3 empirical dispersion['®! and Becke-
Johnson damping!'®! [EMP=GD3BJ] for all computations. The
basis set combination (BS1) is defined as follows: for Ru and Fe
the Couty and Hall modification'” (mod-LANL2DZ) to the valence
basis set of LANL2DZ+ECP combination;!"® for Cl, Br, and |, when
present, the LANL2DZ(d,p)+ECP combination;'"® and for C, H, N,
0, and F, when present, the 6-31G(d")?% basis sets (the 6-31G(d")
basis sets have the d polarization functions taken from the 6-
311G(d)?" basis sets rather than the default value of 0.81? for C,
N, O, and F). Spherical harmonic d functions were used
throughout; i.e. there are 5 angular basis functions per d function.
All geometries were fully optimized employing the SMD?¥! implicit
solvation model with parameters consistent with acetonitrile as
the solvent. All stationary points were confirmed to be minima by
an analytical frequency computation at the same level of theory.
Reduction potentials for Ru complexes were determined by



calculating the absolute reduction potential of the Ru complex and
subtracting the absolute reduction potential of the Fc*© couple at
the same level of theory using the relationship between free
energy and electric potential.

AGyyy, = —nFE
where AGmn is the free energy of the 1 electron reduction reaction
AGyp, kcal mol™?!

Timol)

o,comp __
soln

n(23.06

All commercially obtained reagents were used as received
except MeCN which was freshly distilled before use over calcium
hydride. Unless, otherwise noted, all electrolysis reactions were
conducted under a CO2 atmosphere and in the dark. Cyclic
voltammetry was performed using a CH Instruments potentiostat
(CHI-600E) with a glassy carbon electrode as the working
electrode, platinum as the counter electrode, and Ag-wire as the
pseudo-reference electrode with ferrocene as an internal
reference. 0.1 M n-BusNPFe is used as the supporting electrolyte
and all the measurements were taken in acetonitrile. 3.0 ml of
electrolyte solution at 1.0 mM catalyst concentration was used in
each experiment. Before each measurement, the electrolyte
solution was degassed with argon or CO2 (~15 min). To avoid
changes in concentration during degassing, pure acetonitrile (~5
mL) was first added to the electrolyte solution (3 mL) and the
solution was degassed until the final total volume was reduced to
3.0 ml. CV measurements were taken at a scan rate 100 mV/s™
and the sweep width window was set to ~100 mV past the second
reduction potential for each catalyst. Utilization of distilled MeCN,
analytically pure catalyst, and collection of CV data in the dark
allows for reproducible CV traces as confirmed by multiple
authors on this manuscript.

For CPE, all the measurements were performed with a CH
Instruments electrochemical analyzer (CHI600E) and using a
three-neck flask (50 mL) as the cell with rubber septum sealed
electrode ports (Figure S16). The electrodes used are a platinum
foil electrode as the counter electrode inside of a fine fritted
isolation chamber, Ag wire as the reference electrode, and a
glassy carbon 3 mm diameter carbon type 2 rod as the working
electrode. Ferrocene (saturated in acetonitrile with 0.1 M
tetrabutylammonium hexafluorophosphate in MeCN) was used as
an electron source in the isolation chamber to avoid complete
consumption of electrolyte during electrolysis. The height of
solution in the isolation chamber (~2 mL) was even with the larger
glassy carbon chamber solution level when the isolation chamber
was fully submerged to avoid gravity assisted diffusion. To the
glassy carbon chamber was added 6 mL of 0.1 M
tetrabutylammonium hexafluorophosphate in acetonitrile solution.
Pure acetonitrile (2 mL) was then added to the glassy carbon
chamber along with 6 pymol of catalyst, and then the solution was
degassed with argon or COz (~ 15 min) until 2 mL of acetonitrile
had evaporated from the glassy carbon chamber and a CV scan
was taken at 100 mV/s to find the fixed potential to be used during
CPE. During electrolysis, headspace samples (300 uL) were
taken with a VICI valved syringe. The gas in the syringe was
compressed to 250 pL, then with the tip of the syringe was
submerged in a vial of diethyl ether, and the valve was opened to
allow the pressure to equalize to atmospheric pressure. The entire
250 pL sample was then injected into a custom Agilent 7890B
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Gas Chromatograph (column, Agilent PorapakQ 6 ft, 1/8 OD) with
a dual detector system (TCD and FID), a methanizer before the
FID detector, and a backflush system. Quantitation of CO and
CH4 were made using an FID detector, while H2 was quantified
using a TCD detector. The CPE reactions were analyzed for
formate as previously described and no appreciable amount was
observed.®! In these studies, CO and H: were the only two
appreciable products detected. All GC calibration standards were
purchased from BuyCalGas.com. We note that in the CPE
experiments could be reproduced with the use of an Ag reference
electrode in an isolated aqueous KCI solution. However, the
reproducibility using a reference electrode was lower than that of
a bare wire presumably due to a trace water and KCI entering the
electrolysis chamber. It should be noted that potential drift can be
problematic during CPE using a pseudo-reference electrode in
the electrolysis chamber. For this reason, the Coulombs passed
was held constant in these studies, and a CV before and after
electrolysis reveals modest drift amounts (0.05 V) for the amount
of charge passed (Figure S17).
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The addition of halide anions to the electrocatalytic CO2 reduction reaction driven by ruthenium catalysts is found to dramatically
influence the Faradaic efficiency and reaction rate. Faradaic efficiencies were found to change from 19% to 91% in the most dramatic

case upon addition of CI". Interestingly, computational results reveal an active catalyst with an associated halide is plausible where the
halide is trans to the reactive site.
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