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Very Important Paper
Controlled Potential Electrolysis: Transition from Fast to

Slow Regimes in Homogeneous Molecular Catalysis.
Application to the Electroreduction of CO, Catalyzed by

Iron Porphyrin

Rana Deeba,”® Alexandra Collard,™ Camille Rollin,” Florian Molton,

[a]

Sylvie Chardon-Noblat,” and Cyrille Costentin*®

Dedicated to Prof. Flavio Maran for his 70" birthday

Molecular catalysis of electrochemical reactions is a field of
intense activity because of the current interest in electrifying
chemical transformations, including both electrosynthesis of
organic molecules and production of fuels via small molecule
activation. Controlled potential electrolysis (CPE) is often
coupled with in situ in operando spectroscopic methods with
the aim to gather mechanistic information regarding the
catalytic species involved. Herein, considering a simple mecha-
nism for a homogeneous molecular catalysis of an electro-
chemical reaction, we establish the concentration profile of the
catalyst in the electrolysis cell enabling to envision the
information that can be obtained from the coupling of this CPE

Introduction

Molecular catalysis of electrochemical reactions is a field of
intense activity because of the current interest in electrifying
chemical transformations, including both electrosynthesis of
organic molecules'™ and production of fuels via small molecule
activation.”™ Rational design of molecular catalysts for a given
reaction implies to decipher the mechanism,” including
degradation pathways.”” Non-destructive analytical techniques
such as cyclic voltammetry (CV) are very useful for mechanistic
analysis.® However, controlled potential electrolysis (CPE) is
often required for product identification and quantification as
well as for catalyst durability evaluation.”” To that end, CPE can
be coupled with insitu / in operando spectroscopic methods,
entering here the realm of spectroelectrochemistry (SEC). The
goal might be to identify the product formed during electrolysis
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with a spectroscopic probe in the cell compartment. We show
how the characteristic parameters of the system (catalytic rate
constant, cell dimensions and stirring rate) affect the response
with particular emphasis on the transition between two limiting
cases, namely a ‘fast’ catalysis regime where catalysis only takes
place in a small layer adjacent to the electrode surface and a
‘slow’ catalysis regime where catalysis takes place in the bulk of
the solution. These formal concepts are then illustrated with an
experimental example, the electroreduction of CO, in dimeth-
ylformamide homogeneously catalyzed by iron tetraphenylpor-
phyrin and followed by UV-vis spectroscopy.

or/and to follow the time evolution of the various catalyst forms
with the aim to detect intermediates or transformation or
degradation of the catalyst. SEC has thus been used as a tool to
investigate molecular catalytic processes for a long time"® and
many developments have been made" including recent ones
regarding the use of XAS spectroscopy.'”” Even considering
only CPE, the outcome of a SEC experience is sensitive to the
experimental conditions for molecular catalysis in solution due
to inherent inhomogeneous concentrations in an electrolysis
cell. Despite several formal descriptions of SEC experiments for
molecular catalytic systems considering various configurations
(light beam normal or parallel to the electrode surface; thin-
layer or larger cells) being available," reports on experimental
SEC do not always pay attention to it in the data analysis and
interpretation. Herein, we propose a simple modelling of CPE
for a homogeneous catalytic reaction in a three electrode
electrochemical cell configuration corresponding to typical
laboratory-scale experiments as sketched in scheme 1. The
main purpose is to establish the concentrations profiles in the
cell enabling to envision the information that can be obtained
from the coupling of this CPE with spectra recorded with a
spectroscopic probe. Importantly, we wish to establish how the
characteristic parameters of the system (catalytic rate constant,
cell dimensions and stirring rate) affect the response with
particular emphasis on the transition between two limiting
cases, namely a ‘fast’ catalysis regime where catalysis only takes
place in a small layer adjacent to the electrode surface and a

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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electrode diffision Tayer bl the timescale of the homogeneous reaction. As illustrated in
Figure 1, for small values of A, the CV trace corresponds to a
P =«--- P B simple reversible nernstian wave indicating that no catalysis
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Scheme 1. Schematic view of the CPE of a homogeneous catalytic reaction
with a spectroscopic probe in the electrochemical cell bulk solution. x is the
distance from the electrode and ¢ is the size of the diffusion layer.

‘slow’ catalysis regime where catalysis takes place in the bulk of
the solution.

For the sake of simplicity, we restrict our approach to an
ideal catalytic system as depicted in scheme 1 in which the
catalytic reaction is a simple one-electron/one-step process
with a fast P/Q redox couple (the catalyst). Q reacts with a
substrate A in solution yielding the product B and regenerating
P with a rate constant k. The system is ideal in the sense that
there is no degradation of P or Q over the course of the
electrolysis and only one product is formed. We first analyze the
case of CPE with a constant concentration of substrate. Then,
we discuss the situation of consumption of the substrate, hence
exhaustive controlled potential electrolysis. In both cases, we
will focus our attention on the evolution of the catalytic species
concentration in the bulk of the solution. The concepts
formalized in this study are finally illustrated with an exper-
imental example, namely the electroreduction reaction of CO,
(CO,ERR) in dimethylformamide (DMF) homogeneously cata-
lyzed by iron tetraphenylporphyrin (FeTPP) and followed by
in situ UV-vis spectroscopy.

Results and Discussion
Cyclic Voltammetry

As a preliminary to our discussion, we first recall the cyclic
voltammetry (CV) response of the system considered in
scheme 1. With excess of substrate, the CV response is given by

the following analytical expression (equation 1):'*

3
1 [ yexp[-Aa(E—n)] 1
a T e iy

with the dimensionless current and potential being respectively

Y

response is governed by a single dimensionless parameter

; and &= F(ES/Q - E) /RT. Importantly, the CV

" Fsc2/DFv/RT

Aov = #C,%T measuring the ratio of the timescale of the CV and
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takes place in the timescale of the CV. In other words, CV is not
a useful technique to investigate slow catalytic processes,
keeping in mind that scan rates smaller than 20 mV/s should be
avoided to prevent interference of natural convection perturb-
ing the semi-infinite planar diffusion regime. As 1., is increased
the CV loses its reversibility and reaches a canonical S-shape at
large value of A, (Figure 1). This last behavior corresponds to
pure-kinetics conditions resulting from a mutual compensation
of diffusion of Q and its reaction with A so that the catalytic
reaction only takes place within a thin diffusion-reaction layer
close to the electrode surface. The CV plateau current is thus
given by i, = Fscg\/m giving a direct access to the
evaluation of the rate constant, hence showing that CV is a
convenient technique to investigate fast catalytic processes.

Controlled Potential Electrolysis

We now consider controlled potential electrolysis. We assume
that the diffusion is linear and can be treated in the context of
the Nernst layer approximation. The size of the diffusion layer,
9, is set by the values of the diffusion coefficient (assumed to
be identical for all species), the kinematic viscosity and the rate
of stirring or circulation of the solution."™ As shown in the
supporting information (SI), the system is governed by two

kcgz and p = VT/S, together with

dimensionless parameters, 1, = 78

the excess factor y = %. Ae Measures the competition between
P

the catalytic reaction and diffusion within the diffusion layer
and p is the ratio between the ‘length’ of the electrochemical
cell and the size of the diffusion layer. We first make the
simplifying assumption that the concentration of the substrate
A is uniform both in the bulk and in the diffusion layer and
remains constant throughout the electrolysis. Such a situation

S
-12 -8 4 0 4 8 12

Figure 1. Dimensionless CV responses for a one electron/one-step catalytic
reaction with excess of substrate as function of the dimensionless parameter
Acy-log Ay =-1.5 (black), —1 (blue), —0.5 (red), 0 (green), 0.5 (magenta), 1
(orange). Adapted with permission from Ref. [8].
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can be observed when the substrate is in large excess or when
its concentration is maintained constant. Moreover, we consider
that the constant applied potential E is negative enough
compared to the standard potential Eg/o so that the concen-
tration of P at the electrode surface is zero. It is thus shown (see
Sl) that the concentration of Q in the bulk of the solution is
given by equation 2:

tanh( /le,y)

1—exp [7 (plely M > %}
)
p\/le,ytanh(w/ie,y> +1

Qo _ 1
< cosh( /le,y)

with t.; = V0/DS and the concentration of Q in the diffusion
layer is (equation 3):

[Q] _ X /‘Lely
C_,‘i = cosh 5 +

[Qfpun
- cosh( /1@/7/> sinh (X\//Ie/V)

sinh( /'Le,y) Y

(€)

where x is the distance from the electrode surface and 0 <x< 9.
There is an initial transient regime corresponding to accumu-
lation of Q with a characteristic time t,.. (equation 4):

lel Y

et [P+ s

4

After this transient regime, a steady-state catalytic regime is
obtained, with (equation 5):

[Q] bulk;ss __ 1 1

< cosh( le,y> ' pmtanh<\/m> +1 )

and the corresponding catalytic current is (equation 6):

lcat

FSC0\/DkCC

cosh< le,y> - x ! (6)

cosh( ),e,y) P Ag,ytanh( lg,y)-%—]

sinh( le,y)

From these general expressions, several limiting cases can
be delineated. First, we note that p < 1 corresponds to a thin
layer electrolysis cell, i.e., I=V/S very small, leading to
N (ﬂi‘"’DkCn = tanh( /le,y) and [C%] il A 2AVALI Y [(H)‘/;'m. Therefore, two

P A P cosh( le,y)
limiting behaviors are obtained in the context of thin layer
constant potential electrolysis. ‘Fast’ steady-state catalysis
occurs when A,y > 1 (FTL zone). The catalytic process takes
place in a very small layer adjacent to the electrode surface
which thickness is /D/kC3 and only a small fraction f, of

ChemElectroChem 2023, 10, 202300350 (3 of 9)

catalyst is under the form of Q, f = 1/1/Ayy — 0. P is therefore
the resting state of the catalyst. Alternatively, ‘slow’ steady-state
catalysis occurs when 4,y < 1 (STL zone). The catalytic process
occurs in the whole thin-layer electrolysis cell and = = kC3C%.
The resting state of the catalyst is Q because

fo= tanh(\//le,y)/\//le,y — 1. This analysis shows that a spec-

troelectrochemistry experiment in a thin layer cell with a light
beam probing the whole cell length cannot provide information
on Q in the ‘fast’ catalytic regime.

We now consider the situation of p > 1. Again, we can
distinguish a ‘fast” catalytic regime and a ‘slow” catalytic
regime. ‘Fast’ catalysis regime still corresponds to 1,y > 1 with
catalysis taking place in a thin layer within the diffusion layer

(FK zone). Therefore m =1 and [Q]yukss— 0, i.e. nothing

happens in the bulk of the reaction. Note that t, < t.,
indicating that the steady state regime is reached very quickly.
A ‘slow’ catalysis regime is obtained when 4,y < 1. However,
in this regime, two limiting cases can be encountered depend-

ing on value of the parameter. Kk YK,y = Agy X p = %. KoY
compares the kinetics of the catalytic reaction to the character-
istics time of the electrochemical cell t.,. If k., » < 1 (SK zone),
then @ = k2% and [QJ,uu.~ C3. Catalysis is so slow that all
catalyst molecules are transformed into Q in the solution during
the transient period and, then, Q reacts with A which is
converted into B while the regenerated P is converted back to
Q via a back-and-forth transport to the electrode surface that is
fast on the timescale of the chemical transformation. Consider-

ing x,y>1 (DK zone) we obtain i, ="2% and

M@#:@H 0. Catalysis takes place only in the bulk of the

solution but it is limited by the diffusion of the electro-
generated Q across the diffusion layer. All regimes are
conveniently summarized in a two-dimensional zone diagram
shown in Figure 2. The corresponding expressions of the
catalytic current and Q steady-state concentration in the bulk
are gathered in Table 1. The compass rose in Figure 2 indicates
how the variation of the parameters (rate constant k, cell
characteristics V and S, substrate concentration C; and size of
the diffusion layer §) moves the system in the diagram.

Figure 3a represents the evolution of the concentration
profile of Q as function of the parameter 1,y (for example via
variation of the concentration of the substrate C?) for a large
value of p (here, p = 100), a usual situation in laboratory scale
electrolysis. Starting with a large value of 1,y corresponding to

Table 1. Characteristics of limiting behaviors.

Limiting behavior icat [Qbukss
FK FSC2\/DkC} 0

SK FVKCICS o

DK Fsocg 1

SLT FVkC3CS e

FLT FSCo+/DkC} 0
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4 Figures 3b and 3c respectively. The dimensionless current
Peat = FSC';"E’,M decreased when 1,y is decreasing because kC, is
3 DK decreasing but with a 0.5 slope in logarithm scale due to the
FK simultaneous increase of the reaction layer size with is inversely
21 y proportional to 1/kC3. Then (pa,t:Fsc'i;—”L;/a reaches a plateau
0
| Ca equal to 1. The catalytic reaction is now extended to the whole
ogp 14 SK . .
k solution because the active form of the catalyst starts to
1 KG \L accumulate in the bulk of the solution and triggers trans-
0 S formation of A to B in a larger volume. However, the process is
limited by the diffusion of Q across the diffusion layer. When
-1 STL FTL Ay is further decreased, i.e., a decrease of the catalysis kinetics
compared to the diffusion kinetics, @ = FSC°D/b decreased

4 3 2 -1 0 1 2 3
log A ;7

Figure 2. Schematic zone diagram for CPE as a Ufunctlon of the two
dimensionless parameters p = % and A,y = D/Oz KG: general case (equa-
tions (5) and (6)). SK: slow catalysis. FK: fast catalysis. DK: diffusion case. The
light blue region corresponds to thin layer. STL: thin layer slow catalysis. FTL:
thin layer fast catalysis. The arrows summarize how the variations of the
parameters move the system from one zone to the other. Zones without
names are transition zones.

QL. G
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Figure 3. (a) Concentration profiles of Q as function of 4,y for p = 100.
log(Aey) :—3 (blue), —2 (magenta), —1 (cyan), 0 (navy) (green), 2 (black).
(b) Pear = FSC"D/O as function of 4,y for p = 100. (¢ ) Qoo "”’” as function of 4,y
for p = 100.

the ‘fast’ catalysis regime, Q is indeed squeezed in a thin
reaction layer in the diffusion layer. As i,y is decreasing, the
size of reaction layer increases and hits the size of the diffusion
layer. The corresponding evolution of the catalytic current and
of the concentration of Q in the bulk solution are shown in

ChemElectroChem 2023, 10, 202300350 (4 of 9)

because the catalytic reaction becomes so slow that replenish-
ment of Q in the solution is no more limiting. In this ‘slow’
regime eventually obtained, the electrolysis cell behaves as a
homogeneous reactor in which the reductant Q is constantly
provided and the volumic rate is ‘= = kCC%.

As expected, for ‘fast’ catalysis, the concentration of Q in
the bulk is nil (Figure 3c). Probing the bulk solution with a
spectroscopic technique cannot be informative on the catalytic
process, the thin diffusion-reaction layer being difficult to be
specifically probed. As the system transitions toward ‘slow’
catalysis, Q starts to accumulate in the bulk and becomes the
dominant resting state when the ‘slow’ catalysis regime is
reached. Probing the bulk solution with a spectroscopic
technique can then provide information on the resting state
species.

Exhaustive Potentiostatic Electrolysis

We now consider a more complicated situation where the
substrate A is consumed during the electrolysis. As shown in
the SI, the concentration of A in the bulk of the solution is given
by (equation 7):

[A]bulk _ [Q] bulk [ icat
c VYt / Fspce/s I ™

with 7 = t—tﬁ To make the analysis tractable, we assume that the
concentration of A is uniform within the bulk and the diffusion
layer, meaning that the diffusion of A is fast and/or that
catalysis is not too fast. We also restrict our analysis to the
steady-state regime assuming that the initial concentration of A
is large enough for remaining constant during the initial
transient regime which is then identical to the one described
above. Numerical calculation of combined equations (5), (6) and

(7) with y replaced by C‘;“’k in equations (5) and (6) allows

getting the time evolution of [A],u, [Q]eux and FSDC% as function
of the dimensionless parameters A, = D/éz, p=-5 5 as well as y.

A typical example is shown in Figure 4, con5|der|ng again a
large value of p (p = 100), a usual situation in laboratory scale

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 4. Exhaustive controlled potential electrolysis. Evolution as function

of the dimensionless time 7 = t/t,,; of the dimensionless steady-state bulk

concentration of Q (% in black), the relative dimensionless passed charge

(Q/Qpax in red) and thé dimensionless substrate concentration (WE# in

dashed green) with: p = 100, y = 5 and log 4,; =0 (a), —1.7 (b) and —3 (c).

electrolysis. To evaluate the effect of A consumption, we take
y = 5 so that exhaustive potentiostatic electrolysis corresponds
to the transfer of a dimensionless charge

Qrax = [ @eadt =y + 1 = 6. Figure 4a represents the case of
0

Agy =5, hence a ‘fast’ catalysis situation when electrolysis
starts. The system remains in the ‘fast’ catalysis regime until
complete consumption of A because it is seen that the
concentration of Q in the bulk is negligible. At the end of
electrolysis, Q builds up in the bulk. An intermediate situation is
represented in Figure 4b. The steady state concentration of Q in
the bulk at the beginning of the electrolysis is small but slightly
increases as electrolysis progresses and slows down because A
is consumed. At the end of electrolysis, 90% of the catalyst is
under the form of Q in the bulk. This example illustrates the
transition of the system from ‘fast’ to ‘slow’ catalysis during
electrolysis due to the substrate consumption progressively
slowing down catalysis. Finally, the situation shown in Figure 4c
exemplifies an almost fully ‘slow’ catalysis regime. Q is already
the dominant catalyst species in the bulk after the transient
regime. Its concentration increases as catalysis progresses and
reaches its maximal value [Q],us= C3 before the end of the
exhaustive catalysis.

ChemElectroChem 2023, 10, 202300350 (5 of 9)

Application to CO, CPE Catalyzed by FeTPP

Efficient electrochemical conversion of CO, to any reaction
product (carbon monoxide, formic acid, formaldehyde, meth-
anol, methane...) requires catalytic schemes. A large number of
molecular catalysts for the homogeneous electrochemical CO,
conversion have been proposed.” They mainly derive from
transition metal complexes by electrochemical generation of an
appropriately reduced state, which is restored by the catalytic
reaction scheme. Iron porphyrins are one of the most studied
families of such catalysts. It has indeed been shown more than
three decades ago that reduction of iron(lll) tetraphenylpor-
phyrin (Fe(llTPP) in organic solvent by three electrons (formally
to Fe(0)TPP"®) allows reduction of CO, to CO.'"” Since then,
many studies regarding the mechanism of this reaction have
been reported, with particular emphasize on the effect of co-
substrates such as Lewis acids"® or proton donors on the
catalytic activity," as well as the effect of substituents on the
porphyrin moiety.**?? The large variation of the apparent
catalytic rate constant upon addition of co-substrates offers the
opportunity to tune the catalytic regime. Moreover, noting that
the UV-vis signature of the various redox states of FeTPP are
well-characterized,” this system appears as a suitable platform
to illustrate the CPE concepts described in the present study
using UV-vis in operando spectroelectrochemistry within a lab
electrolysis cell. Note that the goal here is not to establish the
already known mechanism!2” but to illustrate the concepts
described above. The typical set-up used for electrolysis is
described in the SI. The working electrode is a vitreous carbon
felt electrode. The volume of the catholyte is 10 mL for
experiments run under argon and 18 mL for experiments run
under a flux of CO,. The CV of Fe(ll)TPPCI in DMF under argon
exhibits three reversible waves (Figure 5a). Successive exhaus-
tive electrolysis under argon at -0.92, —1.42 and -1.87 V vs. SCE
with in situ UV-vis analysis of the electrolyte solution allows to
identity the intermediates Fe(l)TPP, Fe()TPP and Fe(0)TPP via
their Q-band signatures in agreement with literature data
(Figure 5b and SI for additional details). Each electrolysis
corresponds to the passage of 1 electron per FeTPP as
exemplified in Figures 5c and 5d for the Fe(ll)TPP/Fe(Il)TPP
conversion. From the charge vs. time variation which closely
matches the Fe(llTPP to Fe(I)TPP conversion followed at
690 nm, the time constant of the cell is evaluated as
tey = % =100 s (Figure 5d), with a stirring rate of 900 rpm. We
note that, although the UV-vis spectra obtained at the end of
the second electrolysis has features corresponding to Fe(l)TPP,
the band at 615 nm is shifted to the expected value at 605 nm
(Figure S3a and Table S1). %% An EPR spectrum of the solution
obtained after electrolysis was recorded at 100 K (Figure S4). It
shows the characteristic features of Fe()TPP (g, =2.3 and
g, =1.93). Another feature, corresponding to one asymmetric
line characterizing an anisotropic g, =1.95, is observed and
attributed to a mixed valence Fe(lll)-Fe(lll) p-oxo-bis(FeTPP)
dimer.””® Finally, a contribution from an organic radical (g =2)
attributed to free porphyrin is also seen. Simulation of the EPR
spectrum indicates that the solution contains 95% Fe(l)TPP,
4.7% of mixed valence Fe(ll)-Fe(lll) u-oxo-bis(FeTPP) dimer and

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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the report that Fe(lll)-Fe(lll) p-oxo-bis(FeTPP) dimer monoelec-
tronic reduction occurs at the same potential as Fe(ll)TPP
reduction to Fe(I)TPP.?% Further reduction of this mixed valence
dimer at slightly more negative potential leads to breaking of
the p-oxo-dimer and formation of Fe(I)TPP (Figure S5).

Under an atmosphere of CO, (0.23 M)® and in the presence
of 6.7 mM of phenol as a source of protons, the CV exhibits at
large S-shaped catalytic wave with a half-wave potential E; ),
equal to the standard potential of the Fe(l)TPP/Fe(0)TPP couple
E(F)e(I)TPP/Fe(O)TPP (Figure 6a). This criterion matches with the
proposed simplified mechanism®® shown in Scheme 2.

In this framework, the catalytic rate constant can be
evaluated from  the  plateau  current i, using
ip/iy = 2.241/2kqRT /Fv where i) is the peak current corre-
sponding to the catalyst under argon. We obtain k., =86 s
Electrolysis was then run at constant potential —1.82 V vs. SCE
corresponding approximately to the half-wave potential of the
Fe()TPP/Fe(0)TPP couple. In the first minutes of electrolysis, the
species in the bulk is converted from Fe(ll)TPP to Fe(I)TPP and
then to Fe()TPP (Figure 6c). While the applied potential
corresponds to a mixture of both Fe(I)TPP and Fe(0)TPP as
thermodynamically stable species based on the Nernst equa-
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Figure 6. FeTPPCl 0.4 mM in DMF 4-0.1 M NBu,PF4 at 0.1 V/s on a 3 mm
diameter glassy carbon electrode under CO, and with 6.7 mM of PhOH: (a)
CV; (b) Time evolution of the charge passed during application of a constant
potential —1.82 V vs. SCE (18 mL solution); (c) UV-vis spectra (Q-bands,

I=1 mm) during application of a constant potential —1.82 V vs. SCE. Blue:
initial spectrum, dotted red: spectrum after 3 min, green: spectrum after

30 min. (d) Overlay of UV-vis spectra during application of a constant
potential —1.82 V vs. SCE between t=20 min to t=90 min (one spectrum /
10 s). (e) Overlay of UV-vis spectra during application of a constant potential
—1.52 V vs. SCE (one spectrum / 10 s) after 90 min electrolysis at —1.82 V vs.
SCE. (f) UV-vis spectra before (green) and after (red) application of a constant
potential at —0.72 V to the solution obtained after (e).

Fe()TPP + ¢ —= Fe(0)TPP

— ~——

kcat -
Fe(O)TPP . (CO)Fe(INTPP + OH
co, H

fast
(CO)Fe(INTPP + Fe(0)TPP — 3 CO+2Fe(TPP
|

Scheme 2. Reaction scheme for CO, electroreduction catalyzed by FeTPP.
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tion, no Fe(0)TPP is seen as the two bands at 664 and 714 nm
have similar intensities whereas Fe(0)TPP would only exhibit a
band at 714 nm (Figure 6d). It is in line with the observation of
a linear increase of the passed charge over time (Figure 6b)
indicating a sustained catalysis. The resting state in the bulk
solution is Fe()TPP (Figure 6d) corresponding to a fast catalysis
regime. Thus, the steady-state catalytic current is
ieat/2 = FSeiecCV/2k oD /2 =2.1 mA because the applied poten-
tial corresponds to £;/, = Epy e re(oyopr With Cop = 0.3 MM and
Seec the surface area of the electrolysis working electrode.
Taking the plateau current of the CV, iy = FSo,C,\/2k (D =
52 uA with So, = 0.07 cm? the surface area of the CV working
electrode, we obtain S, =565cm®. Then, from
teey = % =100 s evaluated with V = 10 cm® and taking D = 5
107% cm?/s, we estimate the size of the diffusion layer set by the
stirring as & =9 um. Hence, the competition parameters are
calculated as p = Yl —35 10° >1 with V,,.= 18 cm’ and
Ay = % =27.5 >1 in agreement with a system been in a fast
catalysis regime. The electrolysis was stopped after 90 min and
the potential was then switched to —1.52V vs. SCE. At this
potential, the catalytic current is residual and the UV-vis
indicates that the catalytic species in solution is still Fe(I)TPP
(Figure 6e) with no degradation. Switching then the potential
to —0.72V vs. SCE, the Fe(I)TPP is converted to a mixture of
Fe(ITPP and (CO)Fe(Il)TPP (Figure 6f). The presence of Q-bands
characteristic of (CO)Fe(INTPP as identified from an authentic
sample (see SI), confirms that the product formed upon
electrolysis is CO as previously shown by thin layer
spectroelectrochemistry.®" Because of the small solubility of CO
in DMF, the stirring of the solution and the constant flux of CO,
through the cell, only a fraction of Fe(ll)TPP has a coordinated
CO hence leading to the observed mixture. No degradation of
the catalyst had occurred during electrolysis as attested both by
CV (Figure S8) and absence of decrease of the UV-vis intensity
of the resting state Fe(I)TPP (Figure 6d). The fraction of catalyst
actually involved in the electrolysis can be evaluated from the
ratio of the length of the diffusion reaction layer \/D/2k., =
2.4 107" cm and the length of the cell V,,,./Se =3.185 cm. Only
0.0076% of the catalyst molecules present in solution are
actually active, i.e. under the form of Fe(0)TPP during steady-
state catalysis.

Still in the presence of FeTPP as catalyst, electrolysis was
performed with a smaller concentration of CO, and no addition
of phenol so as to get a slower catalytic process. A 10 mL
solution of 0.4 mM of FeTPPCl was thus first electrolyzed under
argon at —1.42V generating a solution of Fe(l)TPP (Figure 7a).
Then, while keeping the applied potential at —1.42V, 1.2 mL of
a solution previously saturated with CO, was added correspond-
ing to a concentration of 25 mM of CO, in the electrolysis cell
and the potential was switched to —1.82V thus triggering
catalysis. In the bulk of the solution, while catalysis was running,
the UV-vis spectrum evolution indicates a conversion of Fe(l)TPP
to Fe(0)TPP (Figure 7b). However, the conversion of Fe(l)TPP to
Fe(0)TPP monitored by the absorbance at 665 nm (Figure 7c)
does not follow the same pace as the charge accumulation
(Figure 7d). This situation is typical of a system transitioning
from ‘fast’ catalysis to ‘slow’ catalysis due to the decrease of the
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Figure 7. FeTPPCI 0.4 mM in DMF +-0.1 M NBu,PF, under argon: (a) UV-vis
spectra (Q-bands, =1 mm) before (blue) and after application of constant
potential —1.42 V vs. SCE (green). (b) Time evolution of UV-vis spectra in the
presence of CO, (25 mM) during application of a constant potential —1.82 V
vs. SCE; the initial spectrum is in green and the final spectrum is in orange
(one scan / 13 min). (c) Fraction of Fe(0)TPP in the bulk of the solution
during application of a constant potential —1.82 V vs. SCEto a 11.2 mL
solution of 0.4 mM Fe(I)TPP (prepared in (b)) in DMF 4+ 0.1 M NBu,PF, with
30 mM of CO,. The fraction is obtained from the absorbance at 665 nm in
(0): [1 = (Asss — Ases.i—n )/ (Asss =0 — Asss =) |- (d) Time evolution of the
charge passed during application of a constant potential —1.82 V vs. SCE to
a 11.2 mL solution of 0.4 mM Fe(I)TPP (prepared in (b)) in DMF+0.1 M
NBu,PF¢ with 25 mM of CO,.

apparent rate constant because of consumption of the sub-
strate (see Figure 4b). In the present case, we surmise that
consumption of the proton source (presumably residual H,0O
from the solvent and supporting electrolyte) is responsible for
this transition rather than consumption of CO, which is in large
excess (25 mM).

These results confirm that Fe(I)TPP is the resting state in the
CO, to CO electroreduction catalyzed by FeTPP in our
electrolysis cell. The active form of the catalyst seems to be
Fe(0)TPP. Recently, it was reported that the triply reduced
Fe(lTPP, formally Fe(0)TPP, forms an adduct with CO, and that
this adduct is the active form of the catalyst.*? Intriguingly, the
UV-vis spectrum recorded under CO, at a potential correspond-
ing to catalysis (—1.72 V vs. SCE) and attributed to this adduct
has the same features as the doubly reduced Fe(ll)TPP, i.e.
formally Fe()TPP. In light of the present analysis, we alter-
natively propose that the detected species, both in UV-vis and
XAS, is actually Fe(I)TPP. Indeed, based on the catalytic current
in CV shown in that paper, the rate constant can be evaluated
as 2k, ~4s' leading to a diffusion-reaction layer length of
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11 um whereas the length of the cell is 200 pm making the
active form of the catalyst at steady-state only ca. 6% of the
catalyst with the doubly reduced Fe(lll)TPP, i.e. Fe()TPP or an
adduct between Fe(l)TPP and CO,, being the dominant resting
state (94 %).

Conclusions

We have investigated the behavior of a simple molecular
catalytic system of an electrochemical reaction in controlled
potential electrolysis. We have shown how the characteristic
parameters of the system (catalytic rate constant, cell dimen-
sions and stirring rate) affect the response, i.e., catalytic current
at steady-state in conditions of excess of substrate. Two limiting
regimes can be obtained: a ‘fast’ catalysis regime where
catalysis only takes place in a small layer adjacent to the
electrode surface and a ‘slow’ catalysis regime where catalysis
takes place in the bulk of the solution. In the transition between
these regimes, the catalytic current may be controlled by the
diffusion of the catalyst across the diffusion layer. In exhaustive
electrolysis conditions, i.e, when the substrate is consumed
during electrolysis, a transition between fast and slow catalysis
regime can be observed over the course of the electrolysis and
diagnosed from the mismatch on the time evolution of the
passed charge and the evolution of the species of the catalyst
present in the bulk solution monitored by spectroscopic
method. Application of these concepts to the electroreduction
of CO, to CO in DMF catalyzed by FeTPP indicates that the
resting state in the solution is Fe(I)TPP, as supported by both
UV-vis and EPR spectroscopies, provided that a proton donor is
present to sustain fast catalysis.

Experimental Section

Cyclic voltammograms (CV) were obtained by use of CHI 750E
potentiostat equipped with a standard three-electrode cell. The
working electrode was a commercial 3 mm-diameter glassy carbon
(GQ) disk. The counter-electrode was a platinum wire and the
reference electrode was Ag/Ag™ (AgNO; 10 mM) electrode in
acetonitrile +0.1 M NBu,PF in acetonitrile.

Electrolysis were performed using a Solartron Analytical Instrument
potentiostat (Modulab XM MTS) using XM-studio software. All
experiments were performed under argon or CO, with a carbon felt
working electrode attached to a glassy carbon rod. The reference
electrode was an Ag/Ag” (AgNO; 10 mM) in acetonitrile +0.1 M
NBu,PF, with an acetonitrile +0.1 M NBu,PF electrolyte bridge and
the counter electrode a platinum wire in a bridge separated from
the electrolytic cell by a glass frit. In-situ/in operando UV-vis spectra
were recorded with an UV-vis quartz probe (I=1 mm) immersed in
electrolyte cell, on a MCS 501 UV-Vis-NIR (Carl Zeiss) diode array
spectrophotometer equipped with an automatic shutter.

EPR samples were taken under inert atmosphere and placed
directly into liquid nitrogen until analysis. X-band EPR spectra were
recorded at 100 K with a EMX Plus Bruker spectrometer equipped
with a ER4119HS Bruker cavity.
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