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Interaction of Mass Transport and Reaction Kinetics during Electrocatalytic CO Oxidation

in a Thin-Layer Flow Cell

D. Zhang,” O. Deutschmann,’ Y. E. Seidel, and R. J. Behm**

Institute for Chemical Technology and Polymer Chemistry, Karlsruher Institute of Technology,
D-76131 Karlsruhe, Germany, and Institute of Surface Chemistry and Catalysis, Ulm University,
D-89069 Ulm, Germany

Received: July 26, 2010; Revised Manuscript Received: November 19, 2010

The interplay between electrocatalytic CO oxidation kinetics and mass transport in a thin-layer flow cell with
a polycrystalline platinum electrode was experimentally studied and numerically simulated. The experiments
were performed in a flow cell under controlled electrolyte flow. The computations are based on four different
models for mass transport, coupled with a three-step reaction mechanism for CO oxidation that includes
surface coverage effects. A zero-dimensional model neglecting mass transport effects on the overall reaction
rate is applied to verify the effect of the kinetic parameters on the Faradaic current qualitatively. Transport
models of increasing complexity, one-, two-, and three-dimensional, are used to analyze the impact of diffusion
and convection on the total reaction rate in the flow cell. The numerical simulation, based on a time-resolved
three-dimensional transport model coupled with the electrocatalytic kinetics, resolves profiles of temporal
and spatial concentrations, velocities, and surface coverages. Mass transfer limitations of the electrocatalytic
reaction rate are primarily caused by CO diffusion normal to the electrode. Both the two- and the three-
dimensional models can quantitatively predict the Faradaic current as a function of potential measured in the

experimental setup.

1. Introduction

Similar to catalytic reactions, mass transport of reactants and
products plays an important role in electrocatalytic reactions.!?
The importance of mass transport on the resulting overall
reaction rate, which in general may be limited either by the
actual local catalytic reaction rate (‘“kinetic limitation”) or by
mass transport effects (“transport limitation”), has been well
recognized. Mass transport may affect also the reaction pathways
and in particular the product distribution during a catalytic or
electrocatalytic reaction,>”” which for electrocatalytic reactions
was discussed in detail recently.® For a detailed understanding
of the overall conversion in an electrochemical cell, the coupling
of mass transport and surface reaction processes has to be
described. In the present contribution, we report on a combined
experimental and simulation study on the coupling between
convective and diffusive mass transport and chemical reaction
during CO electro-oxidation in a cylindrical thin-layer flow cell,
under controlled external conditions. Although the transport
characteristics in such kind of flow cell are significantly more
complicated than, for example, the homogeneous flow pattern
in a rotating disk electrode setup,® it was used because it affords
the possibility of simultaneous detection of the Faradaic current
and of volatile reaction products via mass spectrometric
detection (differential electrochemical mass spectrometry —
DEMS), which shall be employed in future studies of more
complex reactions such as methanol oxidation.

The electro-oxidation of CO on platinum electrodes is one
of the fundamental electrocatalytic reactions that has been
studied extensively.'~! Depending on the experimental condi-
tions, the reaction rate may be strongly affected by mass
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transport due to the low concentration of dissolved CO in the
electrolyte. Mass transport may play a significant role during
continuous oxidation of CO (“CO bulk oxidation),?? while for
the electro-oxidation of preadsorbed CO (“CO,q stripping”) mass
transport effects are absent. Although this is well-known, the
influence of (externally) enforced mass transport on the reaction
characteristics has, to the best of our knowledge, not been
studied quantitatively so far, including model studies considering
diffusive transport in the description of the reaction rate.”>*

The quantitative interpretation of the experimentally deter-
mined Faradaic current demands the understanding of the
coupling between mass transport of electrolyte (convection) and
in the electrolyte (diffusion), on the one hand, and the kinetics
of the electrocatalytic reaction on the electrode surface, on the
other hand, where the latter is governed by the temporally and
spatially varying fluid concentrations and surface coverages.
Fuhrmann et al. recently studied the effect of electrolyte flow
on the mass transport limited H, oxidation current by applying
a macroscopic model and a generalization of a Leveque-type
asymptotic estimate for circular electrodes.”> 2’ These authors
also described the adsorption of CO by the same model
described above.?® Other studies focused on the reaction kinetics,
but did not include effects of electrolyte transport.?*2°~32
Bonnefont et al.** addressed the stability of a laterally uniform
CO adlayer on a Pt electrode surface during CO bulk oxidation
by stationary potential probing and analyzed the resulting spatial
pattern formation based on an extended version of the kinetic
model for CO electro-oxidation by Koper et al.?’

Because the measured electrocatalytic reaction rate is often
limited by concentration gradients, caused by relatively slow
diffusion in the liquid phase, the local concentration of the
reactant species and their distribution vertical to the electrode
are decisive parameters for the overall reaction rate. In other
words, the catalytically active sites experience temporarily and
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Figure 1. Schematic description of the dual thin-layer flow cell (a,b)
and illustration of the electrolyte flow in the cell (c). (d) Overview of
various geometric models for the description of mass transport during
the reaction (1D, 2D, and 3D models).

spatially varying reaction conditions. In the present study, the
mean field approximation®* is applied to consider both surface
reaction kinetics and spatially resolved mass transport effects
in numerical simulations.’*3¢ Several transport models of
varying complexity and simple reaction kinetics for CO oxida-
tion, including spatially resolved coverages and reaction rates,
are used to understand the level of model accuracy needed to
adequately describe the mass transport behavior in the cylindrical
flow cell used in these experiments and to interpret the
measurements. The kinetic model used includes CO adsorption,
desorption, and oxidation, and the influence of the initial surface
coverage of adsorbed CO. Finally, two experimental procedures
are numerically simulated, the oxidation of a preadsorbed CO
monolayer (“CO,q stripping”), and the oxidation of CO in a
continuous flow of electrolyte (“CO bulk oxidation™), where
the former reaction is used to derive kinetic reaction parameters
in the absence of transport processes, which can later be
employed in simulations of the CO bulk oxidation reaction.

2. Experimental Section

Figure 1 presents a schematic illustration of the dual thin-
layer flow cell.” It consists of two compartments connected by
four capillaries. In the upper compartment, the electrochemical
reaction takes place at the horizontally oriented polycrystalline
(pc) Pt working electrode, forming the upper wall of the
compartment. The diameter of the electrode area accessible to
the electrolyte is 6 mm, equivalent to a surface area of 0.283
cm?. The bottom side of the compartment with the electrolyte
inlet and the four outlets for the electrolyte flow is separated
from the electrode side by a flexible O-ring of approximately
0.05 mm in thickness, which also serves as spacer and
determines the height of the flow cell. In the lower compartment,
the electrolyte flows over a porous Teflon membrane, which
separates the electrochemical cell from a mass spectrometer
system and which is permeable for volatile species only.'”

The supporting electrolyte, 0.5 M sulfuric acid, was prepared
from Millipore Milli-Q water (resistivity >18 MQ cm) and
ultrapure sulfuric acid (Merck suprapur) and deaerated by high-
purity Ar gas (Westfalen Gase, N 6.0) or saturated with CO
(Messer-Griesheim N 4.7) through it. CO saturated electrolyte
was passed through the flow cell at a flow rate of 5 uL s™',
which was controlled by a syringe pump connected to the outlet
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of the flow cell. The potential was controlled by a Princeton
Applied Research model 263 A potentiostat. A saturated calomel
electrode (SCE) served as reference electrode. All potentials,
however, are quoted versus that of the reversible hydrogen
electrode (RHE). The working electrode was electrochemically
cleaned by several potential cycles between 0.03 and 1.36 V at
a sweep rate of 100 mV s™, until a stable base voltammogram
was obtained.

In the CO,q stripping experiments, the electrochemically
cleaned electrode surface was exposed to CO saturated (~1 mM
CO) base solution at 0.06 V for about 5 min, directly after
potential cycling and stopping the potential scan at 0.06 V.
Afterward, the flow-cell was rinsed with CO-free base electrolyte
for 15 min before the potential was scanned from 0.06 to 1.16
V at a sweep rate of 10 mV s~!. In the CO bulk oxidation
experiments, CO saturated electrolyte flows continuously through
the cell, and potential cycling was started after 5 min pread-
sorption time. Further details about the CO,q4 stripping experi-
ments and the continuous CO bulk oxidation measured in this
type of flow cell can be found in refs 7, 38 and 39.

3. Modeling Approach and Numerical Simulation

Electrocatalytic Reaction Mechanism. Previous studies on
the mechanism of the CO electro-oxidation over pc-Pt electrodes
generally assume a Langmuir—Hinshelwood mechanism, where
oxygen-containing species formed on the Pt surface react with
adsorbed CO to form CO,. For the oxygen-containing species,
adsorbed OH, formed from the dissociation of adsorbed H,O,
is generally assumed as acting agent under these conditions.***!
The dissociation of H,O is reversible and described by the
following three reactions:

k'
H,0 ==H,0,, (1)
k
—1
H,0,,—OH, + H" + ¢ 2
OH,, + H' + ¢ —H,0,, 3)

The index “ad” denotes adsorbed species. Irreversible CO,
formation then occurs by

OH,, + CO,,—CO, + H" + ¢~ (4)

On the basis of these DFT calculations, Janik et al. concluded
that on Pt(111) both the availability of OH,4 (water activation)
and the reaction between CO,q and OH,q control the rate, with
the latter being dominant at higher overpotentials, where a
critical coverage of OH,q species is reached.*' Assuming
instantaneous adsorption of H,O on a vacant site*® and finite,
potential-dependent rate constants for the other reactions, each
of the rate constants can be modeled via the Butler—Volmer
(BV) relation using

Fa;
k= AYexp| o E| i =2,3,4 %)
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where k] is the respective rate constant, R is the gas constant, F
is the Faraday constant, 7 is the temperature, and z is the number
of electrons transferred, here z = 1.° E presents the potential,
and « is the transfer coefficient.

Saravanan et al. used irreversible CO adsorption, ignoring
any CO desorption in their Monte Carlo simulations.*® However,
these assumptions are not suitable to simulate ideal preadsorption
in a flow cell (initial coverage of CO and H,O are unity and
zero, respectively), because in reality the initial CO,q coverage
is slightly less than unity,'® which is also a prerequisite to
activate the oxidizing reaction. More precisely, the initial COy
coverage is slightly less than the saturation coverage obtained
in the presence of CO in the electrolyte,*”* but throughout
this article relative coverages will be used, where by definition
6 = 1 at saturation, rather than absolute coverages, which are
related to the number of surface atoms.

The four elementary reactions described above (eqs 1—4) can
be subsumed in the following overall reaction, which includes
also the active surface sites and which contains only a single
effective BV-type rate constant k;:

kl —
CO,, + H,0 + *—CO, + 2H" + 2¢ +2* (6)

Here, “*” denotes an empty active surface site. The resulting
two vacant surface sites, after desorption of CO,, are neighbored
to each other. During a voltammetry experiment, the potential
E(?) is linearly varied in time, ¢. In this simulation, the sweep
time is chosen as an independent variable, and therefore k; is
modeled by introducing the sweep time into eq 5:

zZFoyv )
t

k, = A, exp( RT (N

Here, z = 2, and the sweep rate, v, is 10 mV s~!. The
corresponding reaction rate can then be expressed as follows:

r= klccoadcfjk = kipaBcolpal = Oco)l (3)

cco,, and c,, are the concentrations of CO,q and vacant sites on
the electrode, respectively, and [ is the reaction order with
respect to the vacant sites (> 0). pa is the density of catalytic
sites, and Oco is the (relative) coverage of CO,q on the electrode
surface. The effect of the solvent H,O on the reaction rate is
neglected due to its excess presence.

Taking into account the CO adsorption and desorption process
as follows, the full reaction mechanism includes three irrevers-
ible reactions:

k
CO + *—CO,, ©9)
k3
CO,,— CO + * (10)

Here, k, and k; are the rate constants. There are only five kinetic
parameters, which can be determined from the experimental data
in this mechanism as described by eqs 6, 9, and 10. According
to the model, water adsorption depends on the presence of vacant
sites, and a completely CO covered surface inhibits electro-
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Figure 2. Measured Faradaic current signals during CO,q monolayer
oxidation (gray) and continuous CO bulk oxidation (black) for a single
positive-going potential sweep (sweep rate 10 mV s™').

catalytic oxidation. The supply of vacancies is determined by
the competition of CO adsorption and CO oxidation, which
causes the pronounced hysteresis of the Faradaic current in CO
bulk oxidation (Figure 2). At higher temperatures, CO desorption
needs to be included as well 24346

For simulation of CO, stripping, CO adsorption (eq 9) can
be neglected, because there is basically no CO in the electrolyte.
With increasing potential, a small but incrementally increasing
fraction of vacant Pt sites is provided by both CO desorption
and slow CO oxidation. Once CO oxidation is triggered after
reaching a crucial potential, the CO coverage begins to decrease
rapidly.

Although CO desorption is very slow,”*" it plays a significant
role in initiating CO oxidation for both CO,q stripping and CO
bulk oxidation, and thus affects the position of the Faradaic
current onset. Another factor influencing the peak current is the
reaction order of vacant sites, as will be discussed below.

Modeling Species Diffusion. In modeling diffusion in liquids,
diffusion coefficients are primarily based on hydrodynamic and
activated-state models.*’” A number of empirical correlations,
which provide the best available prediction, permit one to
estimate diffusivities in terms of more easily measured properties
such as viscosity and molar volume. The Wilke—Chang
equation,”®* for instance, provides diffusivities for diluted
solutions, that is, small concentrations of a nondissociating solute
A in B, and can therefore be applied for estimating the
diffusivities (m? s™!) of CO and CO, in the electrolyte:

30,42

D,y =74 x 10“5(¢BMB)”2L (1)

U Via

Via is the molar volume of the solute A in cm® mol™! as liquid
at its boiling point under standard conditions, ug is the viscosity,
My is the molar mass of the solvent (water), and ¢g is the
“association parameter” of the solvent. The latter accounts for
hydrogen bonding in the solvent, and its value depends on nature
of the solvent (e.g., for water, it is 2.26°).

The diffusivity of the proton (H") is estimated by an empirical
equation, using the species’ molecular conductivity:

D, = (12)

Here, 1+ is the molecular conductivity of the ion A in the liquid

at a given concentration; z4 is the charge number of the ion A.
Geometric Models of the Cell. For a three-dimensional

system, the diffusion displacement / can be described by
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F'=6D,yt (13)

based on the Einstein relation. Here, D,p is the diffusion
coefficient of the corresponding species, and ¢ is the diffusion
time. On the basis of the diffusion models used, the diffusivities
of CO, CO,, and H" in the aqueous solution are estimated to
be in the ranges of Dco ~ (0.8—1) x 107 m?s™!, Dco, ~ (1—2)
x 1078 m? s7!, and Dy+ ~ (0.8—1) x 107> m? s~! under the
present conditions. For the thin-layer flow cell used in this study,
the diffusion times in the z-direction (Figure lc) are then
estimated by eq 13 to be 7co ~ (4.2—5.3) x 107" s, tco, ~
(1.4—4.2) x 1072 s, and ty+ ~ (4.2—5.2) x 107> s. For the
present experimental situation, the mean residence time of the
electrolyte in the reaction chamber is

_ volume of the reaction chamber _
volumetric flow rate at the inlet

038s (14)

Because in the radial direction of the cell (x-direction), CO
diffusion is much slower than the electrolyte flow, we only need
to consider diffusion normal to the electrode surface. Further-
more, because of the high diffusivity and the much higher
concentration of H*, we can neglect concentration gradients in
H™ along the z-direction.

In this work, several transport models of increasing complex-
ity are employed to describe the electrolyte transport (Figure
1d), starting with a zero-dimensional (0D) model (no transport)
as the most simple case. The one-dimensional (1D) model is
used to reveal the effect of mass transport in x-direction, which
is the primary flow direction. The two-dimensional (2D) model,
with z as second spatial coordinate, which is the direction normal
to the electrode, is applied to examine the effect of CO diffusion
toward the electrode. A three-dimensional (3D) model is finally
employed to study the impact of the inhomogeneous convection
in radial direction away from the inlet caused by the four
separate outlets and the impact of CO diffusion in the x—y plane
due to this inhomogeneous flow on Faradaic current, and, aside
from that, to predict the three-dimensional CO spatial distribu-
tion in the cell.

For describing the CO,q stripping behavior, only the 0D model
was applied, because there is no continuous supply of CO
(“batch reactor”). The reaction kinetic parameters are fitted to
optimize the agreement between the simulated and experimen-
tally measured profiles of the Faradaic current.

Convective Transport Models. In the 1D model, a mean
flow velocity, Umean, 1S used based on the mean residence time
of the electrolyte:

__inner radius of the reaction chamber __
Umean — T -

92x10°ms™' (15)

In the 2D model, a parabolic velocity profile of a fully
developed laminar flow is assumed as

6°v
v. = —2(7 — hl4) (16)

X h2

where £ is the height of the reaction cell (5 x 107> m), and the
origin of the coordinate x, which goes along the main flow
direction, is located at the middle of the inlet port (Figure 1a).
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In the 3D model, the full Navier—Stokes equations are solved:

(3UX) (BZUX n & v, n 8zvx) n
P -7
ot axt a7
av av av
p(UX X X x) a_p _

4y )+ B =
0x Uxay Uxaz ax P&

dv Yo, v, P
) ) Yy Y
)l 2
ot axr a7
v, v, av‘,) ap
2y —y —y 9P _ a7
p(uy 0x to ay to 0z + ay P8y

(auz) ¥, N ¥, N ¥,
ol 2=) -
ot ST U

( v, n v, n 81},) L
P\%ax T %y T %) T T P
dv, ~dv, dy, 0

ox B_y 9z

where v is the velocity vector, p is the density of the fluid, and
p is the pressure. G = {g..8,.8.} is a body force term, here
representing gravity. 77 denotes the dynamic viscosity of the 0.5
M sulfuric acid solution. Because of the low mass fraction of
CO in the electrolyte (~2.8 x 107°), there is no substantial
influence of the dissolved gas on the fluid properties. Hence,
the calculation of the flow field was based on the fluid properties
of the pure 0.5 M sulfuric acid solution.

Because of the small Reynolds number (maximum Reynolds
number for the present cell is ~13), the laminar flow model
can be employed to calculate the velocity distribution. The
average inlet flow rate of 6.37 x 1073 m s™! was based on the
volumetric flow rate of the experiment.

Species Transport Models. To predict the evolution of CO
coverage, the following mass balance equation was imposed
on the catalytic surface, based on the reaction mechanism
described by eqs 6, 9, and 10:

dOco
dr

= _klgco[(l - t9co)PA]ﬁ + kyeco(l — gco) - k39co
(13)

Here, cco is the concentration of CO in the fluid near the
electrode.

On the basis of the steady-state CO,4 coverage and a vanishing
oxidation rate at the preoxidation potential regime, the initial
coverage of CO,q on the pc-Pt electrode can be derived from
eq 18:

kyceo
kycco t ks
(19)

—k020 + kcoo(1 — 02) =0 = 6% =

To predict the concentration distribution of bulk species for
both CO,y stripping and CO bulk oxidation, the following
governing equations of mass transport, which determine the
motion in the system, are used:



472 J. Phys. Chem. C, Vol. 115, No. 2, 2011

a(c)
ot
a(c)
—— + div(ve,) = div(D,V(c,)) in the reaction cell

ot
(20)

= r; on the electrode surface

Here, c; is the concentration of species i, that is, CO, CO,, HT,
given in mol m~? in the fluid and in mol m~? on the surface. 7;
is the chemical production rate, that is, rco = —7, rco, = 1, and
r is given by eq 8. Furthermore, v is the velocity vector, V(c;)
is the concentration gradient, and D; is the diffusion coefficient
of species i, respectively.

Relation between Faradaic Current and Surface Reaction.
In the general case, where the CO,4 coverage may vary spatially,
the total charge Q passed through the pc-Pt electrode surface is
given by

Q=FLnM 1)

where n is the location-dependent number of electrons ex-
changed at the electrode surface during the reaction (from time
0 to t, in mol m™2), F is the Faraday constant, and A is the
geometric area of the electrode surface. Based on the definition
of the surface reaction rate and the assumed reaction mechanism,
eq 6, the production rate of electrons is

dn _
o 2r (22)

Hence, the relation between the Faradaic current and the
reaction rate can be written as

d(andA)ZF dn

i dtdA=Ff2rdA

(23)

d
Ide—g:

Substituting eq 8, we have

Iy = F [, 2k,0c0pAl(1 = Oco)pal’ dA (24)

The commercial code FLUENT is used to simulate the
continuous flow field of the electrolyte in the 3D model. A finite
element method is applied to calculate the mass transport and
chemical reactions in the OD, 1D, 2D, and 3D models by using
COMSOL MULTIPHYSICS.

4. Results and Discussion

The measured Faradaic current exhibits three characteristic
features as a function of voltage and time, as shown in Figure
2. First, CO oxidation is set at different voltages for COy
stripping and CO bulk oxidation, with a shift of 200 mV to
higher voltage in the latter experiment. Second, for COy
stripping, the peak current is only 0.07 mA at a peak potential
of 0.7 V. The current disappears once the preadsorbed CO,q is
completely consumed. For CO bulk oxidation, the peak current
is much higher, about 0.23 mA at a potential of 0.92 V. The
difference between the two maximum oxidation currents is
explained by the continuous supply of CO to the electrode
surface in the latter case. Third, for CO bulk oxidation, the
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Figure 3. Simulations illustrating the effect of varying (a) the rate
constant for CO desorption k3, (b) the preexponential factor A;, and
(c) the transfer coefficient a; on the Faradaic current during CO,
monolayer oxidation (0D model).

Faradaic current rapidly declines after peaking and reaches a
quasi steady-state with an almost constant current around 0.14
mA, which decreases only slightly at potentials exceeding 1.02
V. In the negative-going potential scan, the CO oxidation current
is about stable up to 0.91 V. Next, it rapidly decreases and
vanishes at 0.7 V. The curves largely resemble previous data
obtained on pc-Pt electrodes.®2!:2251-53

0D Model of CO,q Stripping. Because there is no spatial
variation of the surface coverage and hence of the local current
density in CO,q stripping, the kinetic parameter of reaction 6
can then be derived from the results of the CO,q stripping
experiments using the 0D model, which considers only the
reaction kinetics. These results represent the basis of the
simulations of the CO bulk oxidation reaction.

The effects of the remaining parameters, k; and k; (i.e., A,
and @, in eq 7), on the peak current are shown in Figure 3. An
increase in desorption rate, that is, increasing k3, broadens the
peak and shifts it to smaller potentials. According to eq 10, a
larger ks increases the number of surface vacancies, which
affects the oxidation rate (eq 8). As a result, the current peak
occurs at lower potentials, but the lower CO coverage and
smaller & in the peak region decreases its height and broadens
it. From previous experimental data, it is known, however, that
the desorption rate and rate constant at room temperature are
rather low and can be neglected except for very high
coverages. 24346

Increasing A, and a; (eq 7) narrows the peak and shifts it to
lower potentials, due to the increased oxidation rate.

Because the local current density does not depend on the
spatial coordinates in CO,q stripping, eq 24 leads to
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0CO)pA]ﬁ dA =
2FA K Ocol(1 —

cat

Ip = Fj,; 2k Ocopal(l
gco)PA]ﬂ (25)

Here, A..x = pa*A defines the total amount of pc-Pt surface sites,
given in moles, on the accessible electrode surface area. Because
the current in the CO,q4 stripping experiment can be related to
the CO,4 coverage, the coverage of CO,q as a function of time
can be calculated on the basis of the experimental data, assuming
that all CO is completely consumed at t = 80 s.

ft_Idt

=1- (26)

ft 805[ dr

Introducing eq 26 into eq 19 then yields

HCO t

)( f I di/ f I dt) X
AR

This leads to the following general relation between the
parameters A; and a;:

=2F. Acthl exp(

L @7)

lV
=1+ In(A) =

Iy

t

I dt)(pA [ ;0 Idd [ :0 I dz)ﬁ

(28)

In
2FAM(1

- l/: ;0 I dt/ j: :)80

On the basis of that equation, optimum kinetic parameters can
be extracted from the experimental data. Table 1 shows the fitted
kinetic parameters for # = 1 and 8 = 2.5

TABLE 1: Kinetic Parameters for CO,q Stripping and Bulk
Oxidation for Different Models

model
parameters 0D model 1D model 2D model 3D model
Ay/m? mol™' s! 110 3210 150 150 150
'Y 0.098 0.233 0.093 0.093 0.093
ky/m?> mol ™! 57! 126 x 107* 4.0 x 107* 2.0 2.0
kals™! 20x 107 26 x 1073 1.0x 1077 1.0x 1077 1.0 x 1077
Yl 1 2 1 1 1
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Figure 4. Simulations illustrating the effect of varying (a) the rate
constant for CO adsorption k, and (b) the rate exponent for vacant Pt
sites 3 on the Faradaic current during continuous CO oxidation (0D
model).

0D Model Study of CO Bulk Oxidation. The purpose of
including the OD model for the description of the CO bulk oxidation
is to estimate the minimum CO adsorption rate constant k; in the
absence of mass transport limitations (Table 2).

In CO bulk oxidation experiments (Figure 4), the Faradaic
current is negligible at potentials below 0.9 V in the positive-going
scan, then increases rapidly at > 0.9 V, passes through a distinct
peak with a maximum at 0.95 V, and then decreases again to a
constant value at higher potentials, which is commonly known as
“mass transport limited”” current.!%?>33755 The distinct peak results
from the combined oxidation of preadsorbed CO and CO adsorbing
from the bulk.!®*% The quasi steady-state Faradaic current at
potentials higher than that of the peak, ¥, is limited by the
adsorption rate k;. Under these conditions, the CO coverage
approaches zero, and consequently CO desorption can be ignored.
In the OD model, where we assume that /¥ is controlled by the
reaction kinetics without any consideration of mass transfer
limitation, the minimum adsorption rate constant k, can be
determined via the following equations:

TABLE 2: Mass Transport Governing Equations and Boundary Conditions of Different Models

boundary conditions

governing equations reaction wall inlet outlet
ac;
0D model 8_l =r
t
ac; ac; 826i
1D model — 4+ vy = D— + r ¢ = ¢y, —(dcp)l(ox) =0
ot x g
D mod 3Ci ac; . Bzci Bzci _ _ B _
model at + Uxa = D—2 + D—2 D(3c)/(9z) = i Ci = Cjy (dcp)/(dx) = 0
ox 0z

3D model LT 4oy =
ar  Uax T Uy T Y

ac; ac; ac; ac; (820 G ¢, 0 cl)
=D|l— + — + — D(0c)/(0z) — civ. = 1; i = ¢,
ax’ 8y

2
—(dc)/(0z) = 0
a7
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Oo=0
Iy = FLZkIOCOpA[(l = Oolpal A = I = 2FA ko

cat
—kOcol(1 — GCO)pA]ﬁ + kyceo(l = Ocg) = k3flp = 0
(29)

The rate constant &, derived this way is used as an initial guess for
the more complex models.

Moreover, the reaction order of vacant Pt sites 5 can be used
to fit the pronounced hysteresis of the peak current of the CO
bulk oxidation reaction. The effects of varying the rate of CO
adsorption, k,, and the reaction order, f3, in eq 8 are shown in
Figure 4. The adsorption rate constant k, clearly affects the peak
current and the quasi steady-state current (Figure 4a). An
increase of the CO adsorption rate k, results in a disappearance
of the peak, but an increase of the quasi steady-state current.
On the other hand, the reaction order of active Pt surface sites,
B, has considerable influence on the hysteresis in the Faradaic
current, which increases for larger values of 5.

All kinetic parameters were optimized to equally predict the
experimental data of CO,q stripping and CO bulk oxidation by
the OD model. The resulting values are listed in Table 1.

1D Model Study of CO Bulk Oxidation. On the basis of
the estimation of the residence and diffusion times, effects of
the mass transfer on the Faradaic current for CO bulk oxidation
are likely. The kinetic data of the OD model were extracted from
the experimental data with the tacit assumption that the Faradaic
current is purely controlled by the reaction kinetics. The resulting
kinetic parameters were introduced in the 1D model. In these
simulations, a variation of the mean velocity was found to have
a relatively small effect on the I(¢) profile, as shown in Figure
5a. This is reasonable, because these parameters were derived
setting mass transport to zero. On the other hand, it is clear
that not all features of the experimental results can be reproduced
by the 1D model using the kinetic data of the OD model. For
instance, a current is still predicted at a potential as low as 0.72
V in the negative-going scan (¢ = 160 s), whereas experimentally
no current was measured at potentials lower than 0.8 V in that
scan direction. Therefore, it is expected that the kinetic
parameters need to be adjusted, where the set derived by the
0D model will serve as an initial guess.

To reveal the effect of convection along the major flow
direction, the spatial coordinate x, on the Faradaic current, the
1D model is used. In this case, the mean velocity will be an
important factor, as revealed by Figure 5b, which shows I
curves for varying mean velocities for a newly adjusted set of
kinetic parameters as given in Table 1.

In these simulations, no adequate set of kinetic parameters
was found to produce acceptable agreement between computed
and experimentally measured /i profiles using the mean velocity
estimated from the experimentally determined residence time
(eq 14). The experimental I profile could only be reproduced
by decreasing the inlet velocity drastically. In other words, the
1D model failed in giving an adequate description of the coupled
reaction and transport process. The rather small mean velocity
derived from these fits Upeans = 1.86 x 1072 m s7, indicates
that another transport process with a slower time scale dominates
the potentiodynamic bulk oxidation process.

2D Model Study of CO Bulk Oxidation. Simulations with
the 2D model were carried out to study the effect of diffusion
along the direction normal to the electrode. The second spatial
coordinate is along the main flow direction. All kinetic data
were adjusted again to optimize the agreement between experi-
mental and simulated Ir profiles, using the experimentally
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Figure 5. Set of simulations illustrating the effect of varying the inlet
velocity on the Faradaic current during continuous CO oxidation in
two different reaction and transport regimes, using the 1D model and
the kinetic parameters derived in the 0D model: (a) in a regime
dominated by the reaction kinetics (high mean velocities) and (b) in a
regime dominated by mass transfer (low mean velocities). The kinetic
data are listed in Table 1.
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Figure 6. Set of simulations illustrating the effect of using different
transport models on the resulting Faradaic current profiles during CO,q
stripping (inset) and CO bulk oxidation for different transport models,
using optimized kinetic parameters in each case (see Table 1). For
comparison, the experimental data are included as well (black).

derived inlet velocity (eq 16). The resulting values are given in
Table 1. The first major result of these simulations is that all
major features of the experimental I profiles, both for COy
stripping and for CO bulk oxidation, can be reproduced within
the uncertainties of the experimental conditions. These uncer-
tainties result in particular from the not very well-defined height
of the cell (z-direction), which is determined by the flexible
spacer and which directly affects the important contribution of
diffusion to mass transfer in that direction.

In Figure 6, we illustrate the influence of different transport
models on the numerically predicted Ir profiles. It clearly shows
that taking into account the influence of the velocity field the
simulation result of the 1D model differs from that of the 0D
model. Likewise, involving mass transfer by diffusion in the
z-direction leads to results in the 2D model simulations different
from those in the 1D model.

Figure 7a reveals the temporally and spatially (along the main
flow direction and along the height above the electrode) resolved
profiles of the CO,q coverage on the electrode for CO bulk
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Figure 7. (a) Plot of the local CO,q coverage during CO bulk oxidation
as a function of the sweep time along the main flow direction using
optimized kinetic parameters. (b) Plot of the predicted 2D CO
concentration profile in the electrolyte during CO bulk oxidation under
quasi steady-state conditions (sweep time 115 s) along the main flow
direction, x, and at varying heights above the electrode, z. The 2D model
simulations were performed using optimized kinetic parameters (Table

D).

oxidation. In Figure 7b, the 2D CO,q concentration profile under
steady-state conditions (constant Faradaic current at £ > 0.97
V) is shown. Interestingly, the CO,q coverage is not constant
in the potential regime of almost constant Faradaic currents,
but decreases with increasing potential (z < 116 s) and vice versa
(t> 116 s). Under steady-state conditions, the CO profile in the
fluid varies along the z-direction, as expected for a mass
transport process that is dominated by diffusion (Figure 7b).
Furthermore, the spatial variation of the CO concentration in
the electrolyte along the x-axis, in particular just above the
electrode surface, illustrates the strong effect of CO diffusion
on the CO bulk oxidation. This implies that the overall
electrocatalytic CO bulk oxidation is partly mass-transfer
limited.

Figure 8 shows the temporal and spatial (z-direction) evolution
of the CO, concentration at the position of the outlet. It is closely
correlated to the current—time profile of the Faradaic current,
Ir. Interestingly, the variation along the z-direction is not very
pronounced. This has important consequences on the CO,
detection, because due to the intermixing of the electrolyte upon
passing through the connecting capillaries the mass spectro-
metric detection averages over the total CO, content in the
electrolyte. If there is little variation in the CO, concentration
along the vertical axis, as in the present case, this averaging of
the spatial CO, concentration has little effect, and, therefore,
the evolving CO, corresponds closely to the one measured
by the mass spectrometer.

3D Model Study of CO Bulk Oxidation. Finally, a time-
resolved three-dimensional simulation was applied to also
include mass transport in the x—y plane and to identify other
possible three-dimensional transport effects, which could have
been neglected so far due to the simplifying assumptions made
in the 1D and 2D models. For these simulations, we used the
same kinetic parameters as derived in the 2D model simulations.
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Figure 8. Plot of the predicted CO, concentration at the outlet position

as a function of sweep time and vertical height above the electrode, z.

The 2D model simulations were performed using optimized kinetic

parameters (Table 1).
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Figure 9. 3D display of the predicted 3D electrolyte velocity
distribution. (a) Slices of the velocity fields along z at different constant
distances x from the inlet in a 45° segment of the flow cell (see dotted
line in (b)); and (b) lateral velocity distribution in the x—y plane at z
=25 um. The 3D model simulations were performed using the kinetic
parameters optimized in the 2D simulations (Table 1).

Figure 9 illustrates the predicted velocity distribution of the
electrolyte flow in the entire cell in a 45° segment of the cell.
Slices of the velocity distribution along the z-direction at
different constant distances from the inlet position (Figure 9a)
reveal a drastic variation of the flow velocity. Close to both the
inlet and the outlets, the maximum velocity (5.46 x 107> m
s™!) is about 10 times higher than the average inlet velocity.
Figure 9b shows the velocity distribution in an x—y plane at a
constant vertical distance z = 2.5 um above the bottom of the
cell, where both the inlet and the outlet capillaries enter the
cell, and 47.5 um away from the electrode (along the z-axis).
As illustrated in this figure, rather low flow velocities exist in
the zones between two adjacent outlets. This may lead to
enhancement of local mass transfer limitations, due to low
convection of the electrolyte in those zones.

The temporal evolution of the three-dimensional concentration
profiles can be predicted by using the time-resolved 3D model.
The resulting CO concentrations are illustrated in Figure 10 for
two different sweep times (potentials). Figure 10a shows the
CO concentration profiles at the time # = 93.2 s, which is right
at the current peak. At this time, concentration gradients in the
z-direction are just established, due to the depletion of the
dissolved CO close to the electrode surface caused by the onset
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Figure 10. Spatially resolved CO concentration in the electrolyte (mol
m~3) at x—y planes at different heights during CO bulk oxidation. (a)
At the onset of the CO oxidation reaction (r = 93.2 s); and (b) under
quasi steady-state conditions at high potentials (+ = 115 s). The 3D
model simulations were performed using the kinetic parameters
optimized in the 2D simulations (Table 1).
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Figure 11. Spatially resolved evolution of the CO, coverage (mol
m~2) with time at the onset of the CO bulk oxidation reaction (t =
92.8—93.6 s). The 3D model simulations were performed using the
kinetic parameters optimized in the 2D simulations (Table 1).

of the electrocatalytic oxidation. The predicted evolution of the
CO,q coverage during that time, r = 92.8—93.6 s, is presented
in Figure 11. This figure reveals significant variations in the
local CO,y coverage, as expected from the variation in CO
concentrations in the electrolyte close to the electrode surface.
(Note that saturation coverage corresponds to ~17 x 107¢ mol
m~2.) At higher sweep times, just above the onset of the CO
oxidation reaction, the amount of CO adsorbed on the electrode
surface is increasingly depleted from the outside to the inside,
because the CO concentration in the electrolyte close to the
surface decreases along the flow direction after the onset of the
CO oxidation reaction.

CO concentration profiles similar to those in Figure 10a are
presented in Figure 10b, showing the concentration distribution
of CO when the Faradic current has reached a pseudo steady-
state situation (r = 115 s). Under these conditions, the CO
concentration exhibits not only strong gradients along the
z-direction, but there are also pronounced concentration gradients
in the x—y plane, in particular close to the electrode and close
to the outlets. The 3D gradients of the CO concentration
illustrate the pronounced influence of mass transfer on the
Faradaic current. Furthermore, on the other hand, the simulation
results also demonstrate that variation of the cell dimensions,
in particular of the cell height, A, significantly affects the
concentration profiles and therefore the Faradaic current. Ac-
cordingly, slight variations in the geometry of the experimental
setup, in particular in the cell height, 4, can lead to considerable
changes in the measured Faradaic current.

Although these plots provide clear evidence for the existence
of more or less pronounced three-dimensional variations in the
CO concentration patterns during CO bulk oxidation, the 3D
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and the 2D model leads to almost identical predictions for the
Faradaic current profiles, as illustrated in Figures 7b and 10b,
respectively. This leads to the conclusion that CO diffusion in
the x—y plane has only little effect on the CO bulk oxidation
characteristics, and hence the Faradaic current in this flow cell.
Hence, both the 3D and the 2D, but not the 1D model, provide
a sufficiently precise description of the complex spatio-temporal
structure in the CO concentration and in the CO,4 coverage to
accurately predict the Faradic current as a function of potential
(sweep time). Because the computational costs of the time-
resolved 3D simulation are extensive, the 2D model is the model
of choice for many purposes. This is particularly true for the
determination of adequate kinetic parameters, which can be
determined with sufficient precision from the 2D simulations.
In contrast, detailed understanding of the possible contributions
from pronounced spatial inhomogeneities in the reaction process
requires 3D simulations. Hence, the approach chosen in the
present study, from simple to complex models, is not only
justified from a very basic point of view, to better understand
the role and contribution of different transport processes, but is
appropriate also from an economic point of view.

5. Conclusions

A three-step electrocatalytic reaction mechanism including
the influence of surface coverage on adsorption, desorption, and
oxidation of CO was coupled with transport models of increasing
complexity to numerically simulate the reaction behavior on a
polycrystalline Pt electrode in a dual thin-layer flow cell. The
potentiodynamic oxidation of a preadsorbed CO monolayer
(“CO,q stripping”) and the oxidation of CO in a continuous flow
of a CO saturated electrolyte (“CO bulk oxidation”), where the
Faradaic current was monitored during potential sweeps, were
analyzed for this specific cell geometry. In the model, the kinetic
parameters have been adapted step-by-step from the 0D to the
3D transport model. The results from OD CO, stripping
simulation were used as an initial guess for the more sophis-
ticated models including two- and three-dimensional flow
analysis. The CO adsorption rate, k,, determines the quasi
steady-state Faradic current, in the kinetically limited regime.

The 1D model is not able to cover the mass transport
characteristics of the cell, because the oxidation rate and, hence,
the Faradaic current are much more influenced by diffusion of
CO toward the electrode than by convection along the flow
direction. The 2D and 3D models quantitatively predict all
features of the Faradaic current as a function of potential.
Because of the inhomogeneities of the flow cell used in this
study, the spatial and temporal gradients in the fluid and on the
electrode need to be taken into account for a thorough
interpretation of the experimental data. CO concentrations and
coverage depend on the position in the cell and on the electrode,
respectively. While the Faradaic current is primarily controlled
by the reaction kinetics in the CO,q4 stripping experiment and
during the startup of the reaction in the CO bulk oxidation
experiment, the reaction rate is rapidly affected by transport
processes in the fluid at high reaction rates.

The time-resolved, 3D model also revealed strong concentra-
tion and velocity gradients as well as gradients in surface
coverage in the spatial planes, which are located in parallel to
the electrode plane and on the electrode, respectively. These
gradients are mainly determined by the positions of the inlet
and outlets. Even though, for the present application, the two-
dimensional model is able to predict all experimental features
and is much less CPU time-consuming. It should be noted that
this reduction of the transport model (from 3D to 2D) needs to
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be evaluated again for operation of the cell at very different
conditions or for different cell geometries. Because the Faradaic
current measured is a result of various pronounced and nonlinear
interactions between different physical and chemical processes,
compensating effects may lead to the wrong conclusion that
2D models are always sufficient for the simulation of electro-
catalytic reactions in such kind of electrocatalytic cells.

The models and computer codes developed can now not only
be used to interpret the experimental findings, but also to explore
the consequences of specific further operating conditions. Future
development will focus on deriving the reaction kinetics from
the molecular behavior on the electrocatalytic active electrode,
for example, by coupling with density functional theory (DFT)
calculations rather than determining them by fitting to experi-
mentally measured data. Current work is devoted to both of
these directions.
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Nomenclature

o transfer coefficient

p reaction order with respect to the vacant sites

At molecular conductivity of the ion A, m? s™! mol~!

o association parameter

Us viscosity of the solution, Pa s

T mean residence time of the electrolyte in the reaction
chamber, s

i density of the fluid, kg m™

[N density of total catalytic sites, mol m~2

n dynamic viscosity, Pa s

Oco coverage of CO,q on the electrode surface

020 initial coverage of CO,4 on the electrode surface

A area of the reaction surface, m?

A pre-exponential factor

Acat total amount of accessible Pt sites, mol

C bulk concentration of species i, mol m?

cco concentration of CO near the electrode surface, mol
m3

€Co,y concentration of adsorbed CO, mol m™>

Dag diffusivity for small concentrations of A in B, m?
S*l

Dco diffusivity for small concentrations of CO, m? s™!

Dco, diffusivity for small concentrations of CO,, m? s™!

Dy+ diffusivity for small concentrations of H*, m? s~!

D; diffusion coefficient of species i, m? s~!

V(c) concentration gradient of species i

E voltage, V

F Faraday constant, C mol™!

G body force, N

h height of the electrochemical cell, m

Ir Faradaic current, A

I¥ quasi steady-state Faradaic current of CO bulk
oxidation, A

l diffusion displacement, m

Y/ rate constants for H,O adsorption/desorption, s~

k5 rate constant for dissociation of H,O, s™!

k5 rate constant for formation of H,O, s~!

ki rate constant of irreversible formation of CO,, s™!

ki rate constant for CO oxidation, s~

ko rate constant for CO adsorption, s~!

ks Rate constant for CO desorption s~
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n location-dependent number of electrons passed through
the electrode surface during the reaction, per
surface area, mol m™2

Mg molar mass of solvent, kg mol ™

p pressure, Pa

(0] charge of the Faradaic current through electrode, C
* active surface site

Cy concentration of active Pt sites, mol m 2
R gas constant, J K~! mol™!

R; production rate by chemical reactions

r oxidation reaction rate, mol m 2 s~!

T temperature, K

t time, s

tco diffusion time in the z-direction for CO, s
fco, diffusion time in the z-direction for CO,, s
ta+ Diffusion time in the z-direction for HT, s
v velocity vector, m s~

v sweep rate, V s~

Vinlet inlet velocity, m s™!

Umean average flow velocity, m s™!

Uy flow velocity along the x-direction, m s™!
Via molar volume of the solute A, cm® mol™!
z number of electrons transferred

a charge number of the ion
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