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ABSTRACT: The search for efficient catalysts to face modern
energy challenges requires evaluation and comparison through
reliable methods. Catalytic current efficiencies may be the
combination of many factors besides the intrinsic chemical
properties of the catalyst. Defining turnover number and
turnover frequency (TOF) as reflecting these intrinsic
chemical properties, it is shown that catalysts are not
characterized by their TOF and their overpotential (#) as
separate parameters but rather that the parameters are linked
together by a definite relationship. The log TOF— relation-
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ship can often be linearized, giving rise to a Tafel law, which allows the characterization of the catalyst by the value of the TOF at
zero overpotential (TOF,). Foot-of-the-wave analysis of the cyclic voltammetric catalytic responses allows the determination of
the TOF, log TOF—# relationship, and TOF,, regardless of the side-phenomena that interfere at high current densities,
preventing the expected catalytic current plateau from being reached. Strategies for optimized preparative-scale electrolyses may
then be devised on these bases. The validity of this methodology is established on theoretical grounds and checked
experimentally with examples taken from the catalytic reduction of CO, by iron(0) porphyrins.

B INTRODUCTION

Modern energy challenges involve the catalytic activation
toward reduction and/or oxidation of inert molecules such as
water, dioxygen, and carbon dioxide.! ™% A huge number of
possible catalysts, notably from transition metal coordination
chemistry, are available or can be made available for this
purpose by searching to minimize the overpotential and
maximize the catalytic efficiency. Systematic investigation of
this discouragingly large number of possibilities under
conditions of real preparative-scale electrolysis seems too
much of a formidable task, the more so in that overpotential
and catalytic efliciency are both combinations of intrinsic
chemical characteristics of the catalyst, transport factors, cell
geometry, and a variety of additional parameters. It would
therefore be helpful to find a non-destructive method"
allowing a quick determination of the essential reactivity
parameters of the catalyst, regardless of side factors, its intrinsic
turnover number (TON) and its turnover frequency (TOF).
We propose for this purpose a foot-of-the-wave analysis
applicable to standard cyclic voltammograms, leading to the
determination of these parameters for both heterogeneous and
homogeneous catalytic reactions. The following discussion is
restricted to molecular catalysis where the catalytic species is a
well-defined molecule with a well-defined standard potential, as
opposed to “electrocatalytic” reactions where the catalysts are
not clearly identified “surface states”.
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Establishing the applicability and reliability of this approach
will involve considering three types of commonly encountered
side-phenomena, namely consumption of the substrate,
deactivation of the catalyst, and inhibition by products. It will
be shown on theoretical grounds how the foot-of-the-wave
strategy applied to cyclic voltammograms allows one to get rid
of these side-effects and focus on the chemically characteristic
turnover parameters. Once the latter have been obtained, they
can be used in the design of preparative-scale processes, taking
into account, if necessary, transport factors and/or other side-
phenomena that might occur in the preparative-scale
conditions.

The catalytic reaction that we analyze here is depicted in
Scheme 1. The catalyst couple P/Q is a reversible couple,
characterized by a standard potential Ep,q. We consider the
case of a reduction, transposition to oxidation being
straightforward. The catalytic reaction may involve several
steps, but they are equivalent to an overall reaction with an
apparent rate constant, k, in which the active form of the
catalyst, Q, is used up to transform the substrate A and
regenerate the initial form of the catalyst, P. Although the main
features that we want to discuss could be delineated in the
framework of such a one-electron process, we consider to be
closer to common practice a second electron-transfer step in
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Scheme 1
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which the intermediate B is rapidly consumed to give the final
product C. In this two-electron process, shown on the left-hand
side of Scheme 1, the second step is so fast that the Q+A
reaction is rate-determining. Another possibility is shown on
the right-hand side of Scheme 1, corresponding again to a
global two-electron process in which the first one-electron
reaction is rate-determining. The following analyses apply to
one or the other of these reaction schemes and, more generally,
to any two-electron process in which the first one-electron
reaction is rate-determining. The one-electron reaction may
itself consist of more than one step. Besides electrons, other
reagents, e.g,, acids, may interfere at this level. In this sense, k is
a global rate constant that does not necessarily characterize a
single rate-determining step.

In the framework of this general scheme, how can the TON
and TOF be defined in conditions of preparative-scale
electrolysis in systems where the catalyst stands in a film
deposited on the electrode surface or a set of molecules
dispersed in the solution? In all cases, we take into
consideration only reactions that are fast enough to make the
system irreversible (no reverse trace in, e.g, cyclic voltamme-
try), i.e., reactions that are sufficiently fast to be the basis of a
worthwhile practical system. Throughout the paper we treat the
case where the P/Q electron transfer is fast, so that the Nernst
law will be applicable to the P/Q couple (the case of a slower
electron transfer will be briefly discussed in the Concluding
Remarks). The above reaction scheme corresponds to a first-
order reaction in catalyst, as is most often encountered in
practice. However, catalyst reaction order of 2 may sometimes
occur, as discussed in, e.g., hydrogen evolution catalysis.12 An
extension to this case is described in the Supporting
Information (SI), giving rise to the definition of experimental
criteria allowing the discrimination between first-order and
second-order situations.

The organization of the Discussion is as follows:

In the first section, we define and analyze the TON and TOF
in conditions of preparative-scale electrolysis in the absence of
side-phenomena. The first subsection is devoted to heteroge-
neous reactions, and the second to homogeneous reactions. We
emphasize at this occasion that a fair and meaningful
comparison between the two situations requires counting, in
the latter case, only the catalyst present in the reaction layer,
contrary to current practice that takes into account the catalyst
present in whole cell compartment. The third subsection
emphasizes the notion that TOF and overpotential (17) are not
independent parameters, but, contrary to frequent perception,
there exists a precise relationship between the two factors.
What is commonly shared in catalyst benchmarking is the
obvious notion that a good catalyst is characterized by a high
TOF and a small #, and vice versa. We develop another
concept, namely that each particular catalyst is characterized by
its own TOF— relationship. It is the comparison between the
TOF—n relationships that allows rational catalyst benchmark-
ing. The characteristics of the TOF—# relationships are

analyzed in detail, leading to the notion of intrinsic turnover
frequency (TOF,, or turnover frequency at zero overpotential)
as representing the intrinsic catalytic properties of the molecule
under examination.

The second section is dedicated to foot-of-the-wave analysis
of cyclic voltammetric data that allows a quick prediction of
TOF, and its relationship with # as a help to select the most
appropriate conditions for preparative-scale electrolysis. The
efficiency of the method is illustrated in three perturbed
situations created by the occurrence of substrate consumption,
catalyst severe deactivation, or inhibition by product.
Unperturbed responses are the object of the first subsection,
whereas the above three side-phenomena are treated in the
three subsequent subsections.

In the third section the application of the foot-of-the-wave
approach is illustrated by examples taken from the homoge-
neous catalysis of CO, reduction by iron(0) porphyrins upon
addition of Bronsted acids.

B DISCUSSION

1. Preparative-Scale Electrolysis. 1.1. Heterogeneous
Reactions. Figure 1 depicts the main features of the kinetic
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electrode film taver solution
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Figure 1. Catalysis and diffusion for a heterogeneous catalytic reaction
under preparative-scale steady-state conditions. For symbols and
equations, see text.

diffusion system for a heterogeneous catalytic reaction under
preparative-scale steady-state conditions, where the catalyst is
deposited on the electrode surface. x is the coordinate for
diffusion, assumed as being linear, y is the thickness of the
catalytic film, and 9 is the thickness of the diffusion—convection
layer, depending on the rate of stirring of the solution or the
circulation rate in flow cells. S is the electrode surface area, V'
the volume of the solution, and I', and I’y are the surface
concentrations of the two forms of the catalyst, their total
concentration being denoted I'}. C, and Cc are the
concentrations of the substrate and product, respectively; C3
and CP are the concentrations of the substrate and product in
the bulk, respectively. C} is the initial concentration of
substrate, and I is the current density (i is the current) flowing
through the electrode. The equations figured in the various
space zones of Figure 1 describe the way in which the catalytic
current in the film triggers a flux of A toward the electrode and
the production of a flux of C toward the solution (diffusion
coefficients, D,), resulting in the consumption of A and
production of C in the bulk of the solution.'*'* The latter
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concentration is thus obtained, from the combination of the
various equations in Figure 1, as

dcg SDA(dCC) IS
dt Vide)_, FV
Since
I 2kCTY
- F
Foo1+ exp[E(E - ESQ)]
then
b= 2kCTY S,
¢ %

T4 exp| 1-(E — Ef) |

The turnover number is defined as the number of moles of
substrate transformed by 1 mol of both forms of the catalyst
present on the surface,

molC _ CV 2kCit
mol(P+Q) TS 1+ exp| 2 (E - Efo) |

TON

and the turnover frequency (s™') is defined as
2kCY
1+ exp[%(E — EI(,)Q)]

We do not consider in this discussion the notion of TON
applied to unstable catalysts, sometimes defined as the number
of catalytic cycles made by the catalyst before it has been
completely deactivated. In such cases, our definitions would
imply that the TOF decreases with time. We, of course, do not
imply that analyzing the consequences of catalyst instability is
not an important issue. A rational approach to this problem,
however, requires as a preliminary an in-depth analysis of the
stable catalyst case, such as the one we are attempting to
produce in the present contribution.

In enzymatic catalysis, the TON and the TOF refer to
maximum turnover in the framework of Michaelis—Menten
kinetics, when C3 has reached a limiting maximal value. In the
reactions we discuss here, the pseudo-first-order rate constant
kC3 continues to increase with substrate concentration. In this
sense it is not exactly the intrinsic parameter we are looking for.
Second-order TON and TOF would be more appropriate for
this purpose:

TOF =

TON(Z) _ 2kt
F

TOF® = 2k
F

The TON and TOF are thus functions of the electrode
potential, E, and therefore of the overpotential (#), defined as
the difference between the potential at which the electrode is
operated and the standard potential for the formation of C
from A, E3¢: 7 = E3¢c — E. This dependence will be discussed in
more details in section 1.3.

1.2. Homogeneous Reactions. The situation is somewhat
different in the case of a homogeneous catalytic reaction
(Figure 2). The Q-concentration profile, Co() is restricted to
a thin reaction—diffusion layer adjacent to the electrode surface.

diffusion-convection

layer

reaction —diffusion

electrode
layer

solution

- A=(8 —

21:'\

x= &

Figure 2. Catalysis and diffusion for a homogeneous catalytic reaction
under preparative-scale steady-state conditions. For symbols and
equations, see text.

(its thickness is of the order of y = (Dp/2kC3)"%"> where Dy is
the diffusion coefficient of P and Q), within which

2
Cq _
] B 0
x=p

Dy
da®
the concentration of Q at the surface obeying the Nernst law;
C} is the total concentration of catalyst.
The expression of the current density ensues:

I c
e \2kCD, — -
1+ exp[E(E - EPQ)] (3)

Within the reaction—diffusion layer, the Q profile, obtained
by space integration of the above differential equation and
boundary conditions, may be expressed as

2kC{Cq =0,

dCq

with (Cq )=, = 0, ( ”

2kCy

Cq(x) = (Cq)emo exp| — x

P

We consider the total amount of the catalyst, including both
forms, per unit surface area in the reaction layer, by analogy to
the definition we have used in the heterogeneous case, leading
to

D

it

2kCy

0
P

mol (P+Q)M =S
leading to exactly the same expressions of TON®) (eq 1) and
TOF® (eq 2) as in the heterogeneous case.

We thus see that a fair comparison of the performances of
heterogeneous and homogeneous catalysts requires counting
only the catalyst present in the reaction layer. This is at variance
with frequent practice, which takes the catalyst present in the
whole solution into account in the determination of the TON
and TOF. This not only unduly disadvantages homogeneous
catalysis toward heterogeneous catalysis but, even worse, does
not reflect the actual properties of the catalyst, by introduction
of a pointless cell volume-to-surface ratio. We note, en passant,
that the catalyst present in the solution outside the reaction
layer may serve as a useful stock in case the catalytic reaction is
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accompanied by deactivation of the catalyst, thus increasing the
lifetime of the system.

1.3. Turnover Frequency vs Overpotential Relationship.
Introducing the overpotential, 7 = Ej¢ — E, eq 2 may be recast
as

2k
1+ exp[%(EXC - EI(J)Q - 77)] (4)

showing that there is a definite relationship between TOF and
n that characterizes fully the catalytic properties of each
molecule under examination.

As will be discussed later on, side-phenomena are minimized
for low values of 77 and TOF. Under these conditions eq 4 may
be simplified, leading to a Tafel-like expression relating TOF to

n:

TOER® =

log TOF? =log 2k — ——(E%. — E¢
g g RT In 10( AC PQ)
F
L
RT In 10 (s)

which provides a precise characterization of how good is the
catalyst, opening the choice of operating catalysis with a low 7
and a low TOF or vice versa. An intrinsically good catalyst is
thus a catalyst characterized by a large value of

F

log TOF? =log 2k — ——
& 0 & RT In 10

(EXC - ESQ)

TOF is what we may call the intrinsic turnover frequency
of the catalyst (TOF at zero overpotential).

2. Foot-of-the-Wave Analysis of Cyclic Voltammetric
Responses. We now address the possibility of a quick
estimation of the TON and TOF from the cyclic voltammetry
(CV) of the catalytic reaction, avoiding the burden of carrying
out preparative-scale electrolyses for screening catalysts.

2.1. Unperturbed Catalytic Responses. If no side-phenom-
enon perturbs the catalytic reaction, the CV response is of the
type shown in Figure 3a. Insofar as the reaction is fast as
compared to Fv/RT, in which v is the scan rate, one obtains the
classical S-shaped catalytic wave, independent of scan rate, of
the following equation:'®

i CpyDpy2kCy

FS 14 exp| 2-(E — Efg) |

The peak current of the catalyst in the absence of substrate,"”

.0

1 Fv
P 0
2L = 0446 x CO /D, | —
ES PNTPART

may serve to calibrate the catalytic response in terms of
electrode surface area, S, catalyst concentration, CS, diffusion
coefficient, Dp, and scan rate, v. It is thus convenient to observe
the variation of

2.24,/752kCY
- F
1+ exp[E(E - ESQ)]

Plotting i/ig vs 1/{1 + exp[(F)/(RT)(E — E?)Q)]} thus givlsg
rise to a straight line, the slope of which, 2.24((RT/Fv))
(2kC)'?, gives immediate access to 2k and therefore to
TOF®, and to the TOFP—y relationship (eq 4 or §) as
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Figure 3. Catalytic CV responses (left) and foot-of-the-wave analyses
(right) for a typical system, v = 0.1 V/s, Dp = 107> em* s™), C} = 1
mM, T = 298 K (aa) C} =1 M, 2k = 100 M™! s7}, no side-
phenomenon. (b,b’) Substrate consumption. From blue to yellow: C3
=1, 0.1, 0.01, and 0.005 M; 2kC3 = 100 s™%. (¢,c’) Deactivation of the
catalyst by a co-catalyst (Scheme 2). C3 = 1 M, 2k = 100 M s}, k' =
10° M™ s7% ke = 100 M2 571 From blue to yellow: ky.,[Z]/(K +
ksl Z]) = 0, 0.01, 0.03, 0.1. (d,d") Inhibition by the product of the
reaction (Scheme 3). C3 = 1 M, 2k = 100 M™' s’ Surface
concentration of the adsorbed product when electrode surface is
totally blocked: I = 5.75 x 107 mol cm™2 From blue to yellow: log
k, = —8.4, —6.4, =5.4, and —4.4 cm s\,

illustrated in Figure 3a,a’, with typical values of the various
parameters.

There are several possible side-phenomena that may perturb
such a simple catalytic response, as discussed in the next
subsections.
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2.2. Consumption of the Substrate. In the first row of these
side-phenomena is the consumption of the substrate, A. Figure
3b gives a typical example of such a situation, in which the
decrease of the substrate concentration results in an increasing
contribution of its diffusion toward the electrode in the CV
responses, which deviates more and more from the S-shaped
classical response. Application of the above foot-of-the-wave
analysis (Figure 3b’) allows the observation of a straight line at
the foot of the wave, devoid of distortion resulting from the
interference of substrate consumption. As the consumption of
the catalyst becomes more and more significant, the potential
range where the foot-of-the-wave analysis applies narrows so
much as to render the method ineffective. In such a “total
catalysis” situation, where the system is governed by substrate
diffusion, the catalytic rate constant may simply be derived from
the peak potential.'>'*"

2.3. Deactivation of the Catalyst. A second possibility is the
deactivation of the catalyst. Beyond the simplest one,'® we
consider here a case where deactivation is more severe as the
co-catalyst, Z, is also responsible for catalyst deactivation
(Scheme 2), as suspected in recent investigations of the
homogeneous catalysis of CO, reduction by iron(0) porphyr-
ins, where Z represents Bronsted acids,'® and catalyst
deactivator (eq 1).

Scheme 2

Pt+te =—= Q

k[Z)
Q+A —8 P+B
Q+B — P+C

kdeacllZJ
+B —>

Q D

Figure 3c shows how an increase in the concentration of the
co-catalyst and co-deactivator, Z, makes the CV response
deviate more and more from the S-shaped behavior. Figure 3¢’
illustrates how the application of the foot-of-the-wave analysis
allows one to get rid of the effect of catalyst deactivation,
leading to TOFY and to the TOEY —y relationship (egs 4 and
S).

2.4. Inhibition by Product. The third perturbation we
consider is caused by inhibition of the current by the product of
the reaction according to Scheme 3. Adsorption of the product

Scheme 3

Pre —= Q
k
Q+A — P+B

Q+B—k> P+C
k

a
C —— Passiv

C is assumed to obey the Langmuir isotherm and to totally
block the portion of the surface where it takes place. Under
these conditions, the current is given by

Cp/Dyp /2kC3

1+ exp| (B - Efo) |

i

F_S:(l_g)

The fraction, 6, of the electrode surface inactivated by
product adsorption is a function of the rate constant of
adsorption, k, besides other parameters. The theory and
simulation procedures for such systems have been described in
detail.”® Application to the present illustrating example (Figure
3d) shows the distorting effect of an acceleration of the
inhibiting adsorption. Here too, application of the foot-of-the-
wave analysis allows one to obviate the effect of the side-
phenomenon and derive the TOF® and the TOF®—y
relationship (egs 4 and 5).

3. Application to the Catalysis by Fe® Tetraphenyl-
porphyrin in the Presence of Phenol. 3.1. Foot-of-the-
Wave Analysis of Cyclic Voltammetric Responses. Although
the foot-of-the-wave approach is a general methodology, a
practical test of its applicability would seem appropriate. We
selected as such an illustrative example the reduction of CO,
into CO catalyzed by Fe’ tetraphenylporphyrin (FeTPP) in
dimethylformamide (DMF) in the presence of phenol (E?)Q =
—1.428 V vs SHE). The results obtained at 0.1 V/s and at a
CO, concentration of 023 M, with three PhOH concen-
trations, 0.1, 0.75, and 3 M are displayed in Figure 4. Without
going into the details of the reaction mechanism, the reaction
scheme is of the type represented on the left of Scheme 1, as
depicted in Scheme 4.

The rate-determining reaction, with the overall rate constant
k, may consist of several steps. The reaction order in PhOH is
therefore not necessarily 2, as indicated in the global reaction.
One thrust of the mechanistic analysis is precisely to determine
this reaction order.

As seen in Figure 4, which gathers several experiments done
at 0.1 V/s, the normalized cyclic voltammograms differ from
the standard S-shaped response in the sense that the increase in
current is accompanied by the appearance of a peak rather than
of a plateau. The peak shape is more and more pronounced as
[PhOH] is raised. Another manifestation of the same
phenomenon can be observed in Figure 4, where it is shown
that deviation from linearity of the foot-of-the-wave analysis
increases with [PhOH]. These deviations are caused by the
increase of the rate constant with [PhOH], which results in a
rise of the charge flowing through the electrode surface, thus
triggering a growing interference of the side-phenomena
discussed earlier. Restricting the foot-of-the-wave to its linear
portion allows the determination of the rate constant in all
cases:”' 2k = 1.6 X 10%, 1.3 X 10% and 9 X 10° M™" 5™ for
[PhOH] = 0.1, 0.75, and 3 M, respectively, in line with the
participation of phenol in the catalytic reaction.

Raising the scan rate is a means of enlarging toward negative
potentials the domain in which the voltammogram and the
foot-of-the-wave analysis adhere to the standard behavior, as
expected from the fact that the charge flowing through the
electrode surface decreases accordingly and so for the
interference of the side-phenomena. These predictions are
tested successfully as shown in Figure S for [PhOH] = 3 M,
where the maximal deviation was observed (Figure 4), leading
to a better precision on the determination of k for this phenol
concentration.

3.2. Predicted Turnover Frequency vs Overpotential
Relationship. The potential-dependent values of the TOF
that can be derived from these “foot-of-the-wave” analyses may
now be recast under the form of a TOF—7 relationship (egs 4
and S), after the standard potential for the global reaction
taking place during catalysis, E3o_/copmp has been estimated.
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Figure 4. Cyclic voltammetry of FeTPP (1 mM) in DMF + 0.1 M n-
Bu,NPF, in the presence of 0.23 M CO, and 0.1 (aa’), 0.75 (bb"),
and 3 (c,c’) M PhOH (left and right, respectively) on a Hg electrode at
21 °C and a scan rate 0.1 V/s. (ab,c) CV responses: solid line,
experiments; dashed line, simulation of the corresponding hypothetical
unperturbed catalytic responses. (a’b’,c’) Foot-of-the-wave analyses.

Scheme 4

Fe()+e === Fe(0)*
k
Fe(0)> + CO,+ 2PhOH — > Fe(I1)CO +H,O+ 2PhO"

k!
Fe(ICO + Fe(0)> —— 2 Fe(Iy+ CO

CO,+2PhOH +2¢ —» CO+H,0+ 2PhO"

The overall reaction in Scheme 4 indicates that
EOCOZ/CO’DMF'P},OH should depend upon the pK of the acid

present, here phenol. In fact there is a stronger acid in the DMF
medium, namely, CO, itself in the presence of residual water:

CO, + H,0 = HCO;,” + H*
The proper reaction to be considered is therefore

3CO, + H,0 + 2¢~ = CO + 2HCO,~
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Figure S. Cyclic voltammetry of 1 mM FeTPP in DMF + 0.1 M n-
Bu,NPF, in the presence of 0.23 M CO, and 3 M PhOH on a Hg
electrode at 21 °C. Variations with the scan rate: 0.1 (green), 1 (red),
10 (yellow), and 50 V/s (blue). (a) CV responses and (b) foot-of-the-
wave analyses. The dashed curves are the raw analyses; the solid curves
their linear portions. (c) Rate constant from the slopes of the linear
portions in b, derived at more scan rates than shown in b.

leading to E%OZ/CO’DMF = —0.694 V vs SHE (see SI). The
TOF— relationships lead to the representation in Figure 6.
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Figure 6. TOE® vs n Tatel lines for, from bottom to top, 0.1, 0.75,
and 3 M PhOH. The green segments are derived from 0.1 V/s
experiments. The red, magenta, and blue segments shown for [PhOH]
= 3 M, were obtained at 1, 10, and 50 V/s, respectively. The colored
arrows indicate the length of the # interval browsed at each scan rate.
The yellow dots represent the electrolyses at —1.335, —1.36, and
—1.385 V vs SHE (see text and Figure 7 below).

The corresponding intrinsic turnover frequencies ensue as
measures of the intrinsic properties of the catalyst + phenol
system: TOF((,Z) =62 %107 49 x 10~ and 3.5 x 1077 for
[PhOH] = 0.1, 0.7S, and 3 M, respectively.

3.3. Preparative-Scale Electrolysis. Preparative-scale elec-
trolyses were run on a 20 cm” mercury pool cathode in a cell
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described in the SI. Particular care was exerted to minimize the
ohmic drop by positioning the reference electrode close to the
cathode (see SI). In a first experiment, the electrode potential
was scanned slowly (10 mV/s) to let the steady-state
conditions unperturbed. The results are shown in Figure 7.
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Figure 7. Electrolyses of a DMF + 0.1 M n-Bu,NPF, solution of
FeTPP (1 mM), in the presence of 0.23 M CO, and 0.1 M PhOH on a
19.6 cm® mercury pool electrode. (a) Current density vs potential
curves obtained with a slow potential scan (10 mV/s); red and blue
curves correspond to two successive experiments. Yellow dots: S min
electrolysis at —1.335, —1.36, and —1.385 V vs SHE. (b) Foot-of-the-
wave analyses.

The steady state is in fact the result of a steady-state catalytic
response (see section 1.2) rather than of a steady-state
transport.”” In an additional series of experiments, the potential
was fixed and a few (3—S5) minutes of electrolysis was
performed, giving rise to stable currents, the representative
points of which stand, as expected, on the slow scan curves
(Figure 7a).

An analysis similar to the foot-of-the-wave analysis in CV is
obtained by application of eq 3. It allows the determination
(Figure 7b) of the interval of electrode potential where catalysis
is not perturbed by side-phenomena. The latter effects may
indeed decrease the catalytic current similarly to what has been
seen in CV. The values of the rate constant, 2k = 1.7 X 10* M™!
s™! and TOF(()Z) = 1.6 X 10°° M~ 57}, are in good agreement
with the values derived from the foot-of-the-wave analysis in
CV (2k=16x10*M~'s7, TOFY = 1.5 X 10°° M~' s7!) for
the same concentration of PhOH. Equivalently, it is seen in
Figure 6 that the yellow dots representing the three electrolyses
stand with a good accuracy on the log TOF®—y line derived
from the foot-of-the-wave analysis of the CV responses.

More prolonged electrolyses were performed in order to
quantitate the product formation. For example, a 1-h
electrolysis at —1.46 V vs SHE in the presence of 0.1 M
PhOH produces 1.68 X 10™* mol of CO after the passage of 35
C, ie, a faradaic yield of 92.5%. This corresponds to 6 million
cycles achieved by the catalyst molecules in the reaction—
diffusion layer without degradation. More preparative-scale
results obtained in the presence of several acids at various
concentrations will be given elsewhere. We restricted ourselves
here to the demonstration of the validity of the methodology
we propose.

B CONCLUDING REMARKS

The first step of our discussion was a clarification of the notion
of turnover number and turnover frequency of catalyzed
electrochemical reactions that would characterize the catalyst
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chemically regardless of side-phenomena such as mass
transport, product inhibition, and catalyst deactivation. It was
then shown that a catalyst is not chemically characterized by its
TOF and/or its overpotential but that, in fact, TOF and 7 are
functions of one another. This relationship often takes the form
of a Tafel law, allowing the definition of a characteristic
turnover frequency, TOF, (the TOF at zero overpotential).
Comparison of TOF, values allows one to delineate intrinsi-
cally good and bad catalysts.

The foot-of-the-wave analysis of the cyclic voltammetric
catalytic responses allows determination of the TOF, the TOF
vs 7 relationship, and the TOF; independently of the side-
phenomena that interfere at high current densities and prevent
the expected current plateau from being reached. The validity
of this methodology has been established on theoretical
grounds and checked experimentally with examples taken
from an ongoing systematic study of the catalytic reduction of
CO, by iron(0) porphyrins in the presence of Bronsted acids.

For the sake of simplicity and because it is often relevant, we
have treated only the case where the catalyst redox couple is
fast, so fast as to obey the Nernst law. Adaptation to the case of
slower electron transfer is straightforward, provided the P/Q
standard rate constant, kg, and the transfer coefficient, a
(generally close to 0.5), are known, replacing eq 3 by

I
F
\2kC3D, CP

J2kC{D
1+ exp[%(E - ESQ)] + %exp[

aF 0
E(E - EPQ)]

In the illustrating example we have analyzed, as in most
practical situations, side-phenomena are so prevalent that
control of the catalytic reaction by the intrinsic properties of
the catalyst requires relatively low current densities. This is true
both in CV catalyst screening and in preparative-scale
electrolysis. In the latter case, higher current densities may
well be required for getting practically satisfying TOFs. It
should simply be borne in mind that several other factors, not
always easy to identify, are thus likely to interfere besides the
intrinsic properties of the catalyst. In these conditions,
comparison between catalysts may well become meaning]ess.
Just to take one example: in cases where ohmic drop is an
important current-limiting factor, comparison between catalysts
may well turn out to actually be comparison between cell
designs. These observations emphasize the interest of a
preliminary foot-of-the-wave analysis of CV catalytic responses.
A rapid answer, rid of side-phenomena, is easily obtained, which
can then be taken as the basis for devising an appropriate
preparative-scale strategy.

B ASSOCIATED CONTENT

© Supporting Information
Experimental details; determination of E¢o jcopme and the

meso-tetraphenylporphyrin iron(III) diffusion coefficient. This
material is available free of charge via the Internet at http://
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