A Cyclone Flow Cell for Quantitative Analysis of Kinetics at Porous
Electrodes by Differential Electrochemical Mass Spectrometry

F. Kubannek, U. Krewer*

Institute of Energy and Process Systems Engineering, Technische Universitdt Braunschweig, Franz-Liszt-Str. 35, Braunschweig, Germany

ARTICLE INFO

Keywords:

Differential Electrochemical Mass
Spectrometry (DEMS)

Reaction kinetics

Porous electrodes

Cyclone flow

CO oxidation

ABSTRACT

In this work the scope of differential electrochemical mass spectrometry (DEMS) is extended towards
quantitatively identifying kinetics of electrochemical reactions in porous electrodes by dynamic mea-
surements. The method is demonstrated by analyzing the kinetics of CO oxidation on a carbon supported
Pt/Ru catalyst using a cyclone flow DEMS cell, which allows online studies of porous electrodes. The
cyclone flow cell generates a rotating flow field above the stationary electrode. Experimentally validated
CFD simulations show that the constructed cell features a homogeneous concentration boundary layer
over approximately 75% of the electrode surface area, and that the diffusion limited current density is
proportional to flow rate to the power of two third, which is characteristic for turbulent flows. Calibra-
tion experiments are performed, and a physical model including mass transfer and reactions inside the
porous electrode as well as information about the concentration boundary layer from the CFD results is
set up. By matching simulation results and experimental data for CO oxidation, kinetic parameters are
determined. With DEMS, not only current and potential but also the CO; production rate can be observed
with a high time resolution which allows to conduct quantitative macrokinetic analysis and to identify

parameters quite reliably with a low number of dynamic experiments.

1. Introduction

Differential Electrochemical Mass Spectrometry (DEMS) is a
powerful technique for analyzing volatile products and inter-
mediates of electrochemical reactions online and directly at the
electrode. First cells were designed by Wolter and Heitbaum [1]
who deposited a porous electrode directly on a porous teflon mem-
brane through which reaction products could enter a differentially
pumped vacuum chamber and, subsequently, be detected by the
mass spectrometer within approximately 0.1 seconds. Since DEMS
is a quantitative technique and volatile species can be detected with
an extremely short delay time, it seems highly suitable for analyzing
reaction kinetics and dynamic processes.

The performance of a DEMS device, however, strongly depends
on the cell design which has to be adopted to the desired applica-
tion. Therefore, numerous electrochemical DEMS cells have been
designed for the purpose of solving specific scientific problems.

Since there is no convection in the classical DEMS cells, the
mass transfer is not well-defined making it difficult to analyze
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concentration dependent adsorption and reaction processes
that play an important role in technical electrodes. Fujihira and
coworkers [2] included a rotating rod above the working electrode
to increase mass transport. Wasmus and coworkers [3] used a
rotating porous electrode which they placed near to the PTFE
membrane. This approach led to increased convection but the
flow was still not well-defined and only a small fraction of the
products was transported through the solution and the membrane
into the vacuum system. Another approach for generating defined
convection is to use a rotating inlet system resembling a Rotating
Disk Electrode (RDE) [4]. In this case, a rotating vacuum feed
through is required. More recently, a wall-jet configuration was
suggested [5] which led to defined convection at the electrode but
quantitative kinetic measurements were not possible due to flow
and mass transfer limitations.

Baltruschat and coworkers developed a thin-layer cell [6,7]
for the use of massive electrodes under electrolyte flow. In such
cells, the porous PTFE membrane is separated from the bulk
electrode by a thin layer of electrolyte through which reaction
products have to diffuse before they can be detected. Later on,
dual thin layer cells [8-11] were developed which contain two
liquid compartments: one reaction compartment and one detec-
tion compartment. Through this separation the reaction cannot
be influenced by concentration changes because of transport of



Nomenclature

Aql electrode area (m?)

D diffusion coefficient (m2/s)

Cal capacity of the double layer (F)

E electrode potential corrected for Ohmic drop vs. SHE
V)

Eq potential over the double layer (V)

Eexternal  UnNcorrected electrode potential vs. SHE (V)

F Faraday constant (= 96485 C/mol)

I total current (A)

Ireaction current from electrochemical reactions (A)

Ims ion current (A)

K DEMS calibration constant (C/mol)

K MS calibration constant (C/mol)

N collection efficiency of the DEMS cell

Na Avogadro constant (=6.022-10131/mol)

Ngurface  Dumber of surface sites available for adsorption

Qqi charge in the double layer (C)

Qm charge for one monolayer of monovalent adsorbate
©

Rin cell radius at the inlet (m)

Ry uncompensated electrolyte resistance (£2)

Re electrode radius / cell radius at the bottom (m)

R universal gas constant (=8.314 J/mol/K)

Re Reynolds number (= vd/v)

Sc Schmidt number (= v/D)

Sh Sherwood number (= kRg/D)

T temperature (K)

1% volume flow rate (m3/s)

c concentration (mol/m?3)

Coo bulk concentration (mol/m?3)

din diameter of the inlet tube (m)

8onjco  interaction factor for OH/CO

Tlim limiting current density (A/m?2)

k reaction rate constant (1/s)

kcoaa  adsorption rate constant for reaction II (1/s)

kcoox  oxidation rate constant for reaction III (1/s)

konaa  adsorption rate constant for reaction I (1/s)

konde  desorption rate constant for reactionI(1/s)

flyac,co, flow of CO; into the vacuum (mol/s)

flyac,co  flow of CO into the vacuum (mol/s)

r reaction rate (mol/m?3/s)

T'coadjox adsorption [ oxidation rate of CO (1/s)

ToH,ad/de adsorption [ desorption rate of OH (1/s)

t anion transference number

Vg tangential velocity at the electrode radius (m/s)

z number of transferred electrons | coordinate per-
pendicular to the electrode surface (m)

aopjco  charge transfer coefficient for reaction I/11l

Bonjco  symmetry factor for reaction I/I1I

1) concentration boundary layer thickness (m)

el electrode thickness (m)

Smem membrane thickness (m)

€cat porosity of the electrode

€mem porosity of the membrane

BOco relative surface coverage of CO

OoH relative surface coverage of OH

v kinematic viscosity (m?2/s)

w angular velocity (1/s)

reactants through the PTFE-membrane into the vacuum. The
drawback of the thin-layer and double-thin layer cell is, however,
the increased response time of about 1-2 seconds which results
from the additional transport step from the electrode through the
electrolyte to the PTFE-membrane. DEMS has also been combined
with other analytical techniques such as EQCM [8] or FTIRS [12]. A
double-band-electrode channel cell was presented by Abrufia and
coworkers [13] which featured a detection electrode for detecting
non-volatile species. Also a number of cells featuring small pinhole
or capillary inlets into the vacuum have been designed for the
purpose of examining single crystal electrodes [14,7,15] or for
scanning DEMS measurements [16].

A better understanding of processes in porous technical elec-
trodes has a high practical and economic relevance. It is widely
acknowledged that smooth model electrodes and porous elec-
trodes differ in their electrochemical properties. Nevertheless there
are only few works in which DEMS is utilized for analyzing tech-
nical electrodes: Pérez-Rodriguez et al. [ 17] examined high surface
area electrocatalyst on a gas diffusion layer to analyze the effect of
a microporous diffusion layer on transport using a classical DEMS
cell with no convection. The same cell was also used to examine the
effect of surface modifications on metallic mesoporous catalysts
[18]. Niether and coworkers examined the oxidation of different
fuels at high temperatures by DEMS using gas diffusion electrodes
of high temperature PEMFCs [19]. Seiler et al. examined the kinetics
of methanol and CO adsorption by DEMS using a fuel cell flow field
as an electrode and a separate detection compartment at the outlet
of the flow field [20]. However, the response times of these setups
are quite high which is disadvantageous for analyzing dynamic
processes and especially kinetics.

Nevertheless, the fast response times that could be attained
by the classical DEMS cells make DEMS an attractive tool for
analyzing micro- and macrokinetics of electrochemical reactions
quantitatively. Early work on dynamic processes by Heitbaum and
coworkers [21] has already demonstrated the feasibility of dynamic
analysis by DEMS for the oxidation of formic acid on Platinum.
Furthermore it has been shown before that dynamic modeling of
reaction kinetics can yield new insights into the behavior of reac-
tion systems, for example in case of the oxidation of methane in
a catalytic monolith, i.e. a non-electrochemical reactor [22]. Zhang
and coworkers [23] proposed a model for a DEMS thin-layer flow
cell which was used for parametrizing a model for CO bulk oxida-
tion on a smooth platinum electrode. In their publication no DEMS
data was incorporated into the modeling, though.

To our knowledge, DEMS has not been used for identifying
and parameterizing macro kinetic models of electrochemical reac-
tions. In this article we will introduce a method for quantitatively
determining rate constants for reactions on porous electrodes from
dynamic DEMS measurements.

As mentioned above DEMS cells should be tailored to the exper-
imental study. The main requirements for the goal stated above are
as follows. When analyzing kinetics and formulating rate expres-
sions of electrochemical reactions, the rate determining step can
depend on the concentration of reactants. This is the case for
example if an adsorption step following the Langmuir, Frumkin
or Temkin adsorption is rate determining. Furthermore, there is
evidence that for example the proportion of completely oxidized
products of the methanol oxidation reaction on certain catalysts
is influenced by desorption and readsorption of intermediates
[24]. Clearly, a good understanding of the concentration distri-
bution at the surface is important to distinguish the influence
of diffusion limitations and reaction limitations. Thus a defined -
preferably homogeneous - concentration boundary layer is the first
requirement for our cell. For many of the existing DEMS cells the
concentration profile at the electrode surface is not very repro-
ducible or quite inhomogeneous [25,14]. The second important



Fig. 1. Design of the cyclone flow DEMS cell, including: (1) stainless steel frit,(2)
cell body from Kel-F, (3) connection to reference electrode, (4) cell cap from Kel-F,
(5) electrolyte outlet, (6) connection to counter electrode, (7) tangential electrolyte
inlet, (8) Pt-wire as current collector, (9) working electrode on porous PTFE mem-
brane and gasket, (10) connection to vacuum system / MS

requirement is a short response time of the MS signal. It is essential
for analyzing fast reaction steps and applying high scan rates.

In the present work we will first introduce a new DEMS cyclone
flow cell for analyzing kinetics of technical electrodes quantita-
tively. Next we will analyze the flow behavior and especially the
concentration boundary layer by CFD simulations and experiments.
Furthermore we will evaluate calibration measurements for CO,.
Results of the CFD simulations and the calibration measurements
will be utilized for setting up a physical model that quantitatively
describes the oxidation of CO on a carbon supported Pt/Ru catalyst.
The kinetic parameters will be identified using experimental data
obtained with the DEMS cyclone flow cell.

2. Experimental
2.1. Cell design

The design of the cyclone flow DEMS cellis depicted in Fig. 1. The
solution enters the cell through a 2 mm diameter hole tangential to
the cell wall (7), moves downwards along the cell walls in a vortex
flow circulating over the working electrode (9) at the bottom of
the cell, and rises up again in the middle of the cell. A detailed
analysis of the flow is presented in section 4.1. The fluid leaves the
cell through the outlet on top (5). The counter electrode (6) is placed
downstream of the working electrode to prevent reaction products
from counter electrode to reach the working electrode. The working
electrode is deposited directly onto a porous PTFE membrane at
the bottom of the cell through which volatile species can enter the
vacuum system. This leads to a minimal response time because the
transport path of species produced at the electrode is short. The
membrane is supported by a stainless steel frit (1) to withstand
the pressure difference between the liquid compartment and the
vacuum system beneath (10). Closely above the membrane a Luggin
capillary leading to the reference electrode (3) is placed. The cell
body is made from PCTFE (Kel-F), seals are made from Viton. The
upper cell radius is 60 mm, the angle of the cone walls is 40 degrees,
and the lower cell radius is 0.5 cm resulting in an electrode area A
of 0.785 cm?.

2.2. Residence time measurements

As part of the flow analysis, residence time distributions were
recorded: deionized water was pumped from a reservoir through
the cyclone cell and the conductivity of the solution at the outlet
was monitored continuously by a conductivity meter (S230, Mettler
Toledo). Then a three-port-valve was switched rapidly to change
to a different reservoir and hydrochloric acid solution was pumped
through the cell. The experiment was stopped when the conductiv-
ity at the outlet reached that of the hydrochloric solution. Finally,
the curves were normalized and corrected for the delay caused by
the tubing between the reservoir and the cell.

2.3. DEMS setup

The setup consists of two vacuum chambers separated by
an adjustable valve. The first chamber, which is connected to
the cyclone flow cell, is evacuated by a turbo-molecular pump
(HiPace300, 260L/s, Pfeiffer Vacuum) backed by a membrane
vacuum pump (MVP 015-4, Pfeiffer Vacuum). The second cham-
ber which contains the mass spectrometer (Pfeiffer QMG220 M1
quadropole mass spectrometer with secondary ion multiplier) is
evacuated by a second turbo-molecular pump (HiPace 80, 67 L/s,
Pfeiffer Vacuum) backed by a rotary vane pump (Duo 5M, Pfeiffer
Vacuum). The pressure in both compartments is monitored by two
vacuum pressure sensors. A Gamry Reference 3000 potentiostat
is used for the electrochemical experiments. A LABVIEW program
specially developed for this purpose is used to record MS and poten-
tiostat data. Ten data points are collected per second to reduce the
noise in the MS signal.

2.4. Solutions and electrode preparation

Solutions were prepared with ultrapure water (Millipore Milli-
Q 18.2MSQcm). 0.25M Perchloric acid (Sigma Aldrich, ACS grade)
was used as a supporting electrolyte for electrochemical mea-
surements. CO-saturated solutions were prepared by bubbling CO
(99.97 %, Westfalen AG) for at least 20 minutes through the elec-
trolyte. To produce the porous electrodes, the catalyst Pt/Ru (1:1)
on 40%w/w carbon black (Johnson Matthey, HiSpec 10000) was
mixed with ultrapure water, Isopropanol (VWR, HPLC grade), and
Nafion solution (5% w/w of catalyst weight, Qintech NSO05), ultra-
sonicated for 20 minutes in ice water and then spray coated with
a stream of Nitrogen (99.999% Westfalen AG) directly onto the
PTFE-membrane (Pall Membranes, specified pore size 0.2 um). To
determine the thickness and porosity of the Pt/Ru catalyst layer,
the cross section of a membrane with catalyst layer of the same
type was examined by SEM. The thickness of the membrane is
approximately dmem =60 rwm and the thickness of the catalyst layer
is approximately §¢ =25 um. From the catalyst loading and the
densities of platinum (21.5 g/cm3), ruthenium (12.5 g/cm3), carbon
black (2 g/cm?) and Nafion (1.8 g/cm3), a porosity of €3 =0.92 is
calculated according to equations (1) and (2).

Vsolid
€cat = 1- Vi (1)
electrode
Meatalyst | M m
Vsolid _ _‘catalys carbon nafion (2)
Pcatalyst Pcarbon Pnafion

In the literature porosities of 80% +5% have been reported for
catalyst layers in hot-pressed MEAs when there was no carbon
in the catalyst. Thus, the porosity lies within a reasonable range.
In the same way the porosity of the expanded PTFE membrane is
calculated from the thickness and weight of the membrane and
the density of non-porous PTFE (2.2 g/cm3) as €mem =0.72.



The counter electrode was made from a platinum wire. Mea-
surements were conducted at room temperature of 25+0.5°C. A
commercial saturated Silver/ Silver-Chloride electrode (Meinsberg-
Elektroden) was used as reference electrode. All potentials are,
however, reported with respect to the potential of a reversible
hydrogen electrode.

For the MS calibration, CO, (99.999 %, Westfalen AG) was leaked
into the first vacuum chamber through an adjustable leak valve.

3. Modeling
3.1. Computational fluid dynamics

The computational fluid dynamics (CFD) simulations of the
cyclone flow cell are carried out using the commercial finite vol-
ume code FLUENT 15.07. A pressure-based solver was selected
because of the incompressible nature of the flow. The partial differ-
ential equations were discretized using the SIMPLEC (Semi-Implicit
Method for Pressure-Linked Equations-Consistent) method for
pressure - velocity coupling and the Second Order Upwind scheme
for pressure and momentum interpolation. The SST k-w turbulence
model was chosen because of the rather low Reynolds numbers
near the bottom of the cyclone cell. It should be noted that the
Reynolds numbers of the flow in gas cyclones for the separa-
tion of particles are usually higher so that different turbulence
models are preferred for such flows [26]. A mesh independency
study was performed and a 900,000 element unstructured mesh
of tetraeders including inflation layers at the walls was used for
the simulations. Boundary conditions are constant velocity at the
inlet, constant pressure at the outlet and no-slip at the walls.
For the flow simulation, the Luggin capillary is not taken into
account.

Also transient calculations were performed to validate the CFD
results by comparing them to experimental residence time distri-
butions. After the fluid flow was fully developed, the boundary
condition at the inlet was changed and a second species was
introduced. Monitoring the concentration of the second species at
the outlet over time yields the residence time distribution.

When analyzing reaction kinetics, the concentration boundary
layer in the diffusion limited case is of primary interest. The dif-
fusion limited conditions are modeled by introducing a species A
(5%w/w, D=2.03-10~2 m2/s based on dissolved carbon monoxide.
5% w/w exceeds the solubility of carbon monoxide at ambient pres-
sure; we use such a high value to avoid numerical errors) at the inlet
that reacts at the bottom of the cell to a species B with the same
density and diffusion properties. The rate constant of the surface
reaction is set very large (10'%) so that the concentration of species
A at the surface approaches zero. This scenario allows to use Flu-
ent’s built in reaction module and is similar to a diffusion limited
electrochemical reaction since the conversion rate only depends
on the mass transfer towards the surface. Diffusion limited reac-
tionrates - i.e. mass transfer rates - are calculated from the amount
of species A converted to B and can easily be expressed in terms of
a limiting current density.

3.2. Model for CO oxidation at a porous electrode

In this section we set up a dynamic model of the porous Pt/Ru
electrode described in section 2.4. The outputs - current and the
amount of CO, entering the DEMS vacuum system - can be directly
compared to experimental data which we obtain for CO bulk oxida-
tion. By matching experimental and simulated data, rate constants
are determined.

CO oxidation on Pt/Ru follows a two step mechanism consisting
of the dissociative adsorption of water and the reaction of adsorbed
OH and adsorbed CO to CO,. The first of these steps is reversible.

TOH,ad
Hy,O = OH,q +H't +e” m
TOH,de
C0"®3co,, (0
C0,4 + OH,q' 2% CO, + HY + e~ (111

We model the CO oxidation kinetics on Pt/Ru similarly to [31]
where the oxidation of pre-adsorbed CO on a Pt/Ru catalyst without
carbon is examined in an RDE setup. The relative surface cover-
ages of OH and CO change over time by adsorption, desorption and
oxidation:

dOpy

dt — oH.ad ~ToH.de ~ TcO,0x (3)
dr  — 'co.ad ~Tco.ox (4)

®on and O denote the relative surface coverages of OH and CO,
T'oH,ad and 1oy ge are the OH adsorption and desorption rates respec-
tively (reaction (I)). rcoaq is the CO adsorption rate (reaction (II))
and rco ox is the final oxidation step (reaction (III)).

The Frumkin/Temkin adsorption isotherm is assumed for OH
[31], Langmuir adsorption for CO [32]. Significant exchange rates
between dissolved and adsorbed CO were found in a study by
Heinen et al. [27]. This process is not taken into account here
because in the chosen mean field approximation with area-
averaged values of the relative coverage, the overall oxidation rate
is not influenced by such an exchange step. Other experimental
studies [28,29] show that CO desorption which would yield free
adsorption sites can be neglected for experiments lasting only sev-
eral minutes. The adsorption and reaction rates are thus described
by equations (5) to (8).

ToH,ad = kon,ad(©)- (1 — Oon — Oco)

-exp (_(1—0;9HT)-F‘E> )
ToH,de = KoH,de(®)- Oop - €xp (%37;5) (6)
rco,ox = kco,ox(©)- Oon - Oco

exp (20°EE) ’
rco,ad = Kco,2d(®) - (1 -~ Oon — Oco)- Cco (8)

Water concentration is assumed not to change during the reac-
tion and thus included into the rate constant because there is a
great excess of water. For Frumkin/Temkin adsorption conditions,
the rate constants depend on the relative surface coverages and the
interaction / symmetry factors g and :

kom,ad = ko,0H,ad - €XP(Bon&oH®Oon) (9)
kom,de = ko,oH,de - €Xp((1 — Bon)gon®on) (10)
kco,ox = ko,co,ox - €XP(Bcogco®co + Bongon Oon) (11)

It has already been pointed out that mass transfer inside porous
electrodes plays an important role in a DEMS setup where the
electrode is directly deposited on the PTFE membrane [30,4].
Considering the results of the CFD simulations which will be dis-
cussed in section 4.1, we only take into account transport processes
and gradients in the direction perpendicular to the electrode. We
assume that transport inside the boundary layer and the porous
media is of purely diffusive nature. Thus the local concentrations



of CO (cco) and CO; (cco,) in the electrolyte boundary layer are
described by the following partial differential equations:

2

8 Cco 8 Cco

ot = DCO,electrolyte 522 ( 1 2)
0 Cco, 82 Cco,

ot = DCOZ,electrolyte 522 (13)

In the catalyst layer the porosity and the reaction are taken into
account:

2
dceo €cat = peff 0 cco _ Tco,ad ) Niurface (14)
a t CO,cat azz Ael B ael NA
2
dcco, “€eas = DET 0°cco,  Tco.ox Nsurface (15)
a t CO,,cat 822 Ael i Sel NA

The transport through the porous membrane is described by
equations (16) and (17):

a Cco eff 82 Cco

9t *€mem :DCO,mem 322 (16)
0 Cco, eff & Cco,
T'Emem:DCOZ.mem 022 (17)

D;; is the diffusion coefficient of species i, i.e. CO or CO; in j
€ {electrolyte, electrode, membrane}; z is the coordinate perpen-
dicular to the electrode. Ngyace is the total number of available
surface sites and Ag is the electrode area. As above, it is assumed
that the water concentration does not change significantly through
the reaction. Thus, water transport is not modeled.

The diffusion coefficients of CO and CO, in the electrolyte are
assumed to be equal to those in water: Dco,p,0 = 2.03- 1072 m/s2
at25°C[33], Dco,,H,0 = 1.92- 10~ m/s2 at 25°C[33]. The effective
diffusion coefficients in the porous electrode and membrane are
assumed to follow the Bruggeman equation:

D§f =D py0- €/ (18)

With porosities €; being that of the electrode or membrane. The
thicknesses of membrane and electrode were determined by SEM
as described above, whereas the thickness of the concentration
boundary layer is determined from CFD simulations.

As boundary conditions, the concentrations of all species are
fixed to zero at the membrane/vacuum interface and to their bulk
values at the outer edge of the concentration boundary layer:

€colz=0 = Cco,bulk (19)

€co212=0 = €co2,bulk (20)

According to the experimental conditions (compare section
2), the CO bulk concentration is set to saturation concentration
(1.1 mol/m3 at 20°C) whereas the CO, bulk concentration is set
zero.

At the membrane/vacuum interface all concentrations are fixed
to zero. The initial values of all concentrations and surface cover-
ages were equal to the steady state values at a fixed potential in our
simulations. The steady state values were found by simulating the
model for a long time starting from arbitrary initial values.

The double layer is modeled as a capacitor with constant capac-
itance Cy; according to [34]. The charge stored in the double layer
is the integral of the total current minus the Faradaic currents from
reactions (I) and (III):

d dE
% = E'Cdl =1 _Ireaction (21)
Lteaction = Qm - (Tco,ox + TOH,ad — rOH,de) (22)

Fig. 2. Ideal vortex flow field [35], with courtesy of Springer

With Qm =F: Ngyrface/Na being the charge of one monolayer of
adsorbed molecules on the catalyst surface.

The apparent potential between the working electrode and the
reference electrode Eqyiernal, Which can be measured in an experi-
ment by a potentiostat, is slightly larger due to the uncompensated
solution resistance Ry:

Eexternal = E + Rul (23)

The amount of CO, and CO entering the vacuum system is cal-
culated from the concentration gradient at the membrane/vacuum
interface according to equations (24) and (25) where A denotes
the electrode area.

ac
. _ eff COy
Mvac,co, = 7DCOz,l‘nem Ael - ( Jz

(24)

mem/vac

flvac,co = —D& o Ael - (aacco) (25)
’ z

We assume that transport inside the vacuum system is fast and
that there is no holdup [30].

To solve this set of equations, the concentration boundary layer
inside the electrolyte from section 4.1, the electrode, and the mem-
brane are discretized in z-direction, perpendicular to the electrode
surface, with the finite volume method assuming piecewise linear
profiles. Each layer is discretized into 40 elements and the resulting
ordinary differential equations are solved numerically by Matlab
solver ode23t.

The values of geometric parameters used for the simulation are
the same as in the experimental setup. The values and identification
procedure for the kinetic parameters are discussed in the results
section 4.3.

mem/vac

4. Results and discussion
4.1. Flow analysis of the cyclone cell

Sundmacher [35] proposed a cyclone flow cell for investigating
gas diffusion electrodes under defined mass transfer conditions.
In such a cell, a vortex flow field is established where the fluid is
circulating above a stationary electrode. In Fig. 2 the flow pattern
of an ideal vortex is depicted. The fluid rotates inwards above an
infinite stationary plane at a constant angular velocity w. In the
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Fig. 3. Simulated pathline and velocity of a single particle introduced at the inlet of
the cyclone for a flow rate of 216 ml/min

center of the vortex the fluid rises upwards. This flow regimen is
very promising because it has been shown that an ideal vortex flow
yields a constant hydrodynamic boundary layer thickness y for a
given rotation speed which is twice as thick as that of an RDE at the
same rotation speed [36,37]:

5\,:8(3)1/2 (26)

w

There are also other flow patterns which result in well-defined
mass transfer to an electrode [38]. The RDE, the wall-tube, and wall-
jet electrode yield well-defined and in case of the former two also
homogeneous mass transfer. A wall-jet flow cell has been used suc-
cessfully for studying CO oxidation kinetics [39,40]. The cyclone
flow cell employed in this study is comparatively easy to produce
for DEMS experiments because there are no moving parts and the
membrane can be sealed easily.

However, since the surface area in a cyclone cell is not infinite,
cyclone walls are expected to have a significant influence on the
flow. Sundmacher [35] analyzed the cyclone flow in theory without
taking into account wall friction and without analyzing the thick-
ness of the concentration boundary layer in detail. As discussed in
the introduction, such information is important for analyzing kinet-
ics of porous electrodes quantitatively. To get a deeper insight into
the flow pattern and especially the shape of the boundary layer,
numerical flow simulations (CFD) are performed.

In Fig. 3, the pathline of a single particle through the cell is illus-
trated. As expected, the fluid flows along the outer walls towards
the bottom of the cell rising up in the center, producing a vortex
above the membrane. There are some deviations from the ideal flow
though: In an ideal vortex flow field the flow is axisymmetrical. The
center of the cyclone flow does, however, not exactly correspond to
the geometrical center of the cell which we ascribe to the position-
ing of the inlet. Classical cyclones for the separation of particles
from a gas stream also show such a non-symmetric flow pattern
[26]. Furthermore, for ideal vortex flow, the tangential velocity at
the inner radius is not a function of the distance from the electrode.
While the CFD results do not show a dependency of the tangential
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Fig.4. Simulated concentration boundary layer thickness as function of the distance
from the electrode center at a flow rate of 216 ml/min

velocity on the distance from the electrode either (only in a small
part of the cyclone near the inlet), the magnitudes of the tangen-
tial velocities from the CFD simulations are lower by a factor of 20
(100 ml/min) to 60 (590 ml/min) compared to the theoretical cal-
culations in [35]. We attribute this to wall friction and fluid-fluid
interaction between the flow in the center and the fluid descending
along the outer walls which was not taken into account in the cited
reference.

To obtain information about the concentration boundary layer
under diffusion limited conditions, a surface reaction is introduced
as explained in section 3.1. In Fig. 4, the thickness of the result-
ing concentration boundary layer, defined by ¢yundary =0.9¢, for a
flow rate of 590 ml/min for a mass transfer limited surface reaction
is plotted over the electrode radius. It can be seen that the bound-
ary layer has arelatively constant thickness betweenR=2.5-10-3m
and R=5-10-3m. In the center where the fluid rises up, the bound-
ary layer is much thicker. Thus only the outer part of the electrode
features a homogeneous boundary layer. It should be noted, how-
ever, that this segment represents 75% of the total electrode area.
The inner 25 % of the electrode area feature a much thicker and less
homogeneous boundary layer.

According to theory, the boundary layer thickness of a vortex
flow should be proportional to angular velocity w to the power of
-0.5 (compare equation (26)). Sundmacher predicts a linear rela-
tionship between angular velocity and the inlet velocity which is
directly correlated to the volume flow V via the inlet tube diameter
d;, and the radius of the cyclone flow cell at the height of the inlet
tube R;, [35]:

ool _, Ry 1 _ 4V [Rp 1
Re ~ ™et"\/ R Rel nd? Rel Rel

(27)

Thus, it would be expected that since § is proportional to w=1/2
it would also be proportional to V-1/2, In Fig. 5, the thickness of
the homogeneous part of the boundary layer (R>0.5R,|) over the
flow rate is depicted. Contrary to the prediction, a relationship
of 8§ o V=08 is obtained as the best fit. To rationalize this result,
the dependency of angular velocity obtained from the simulation
against flow rate is analyzed. Angular velocity changes with the r
and z-coordinate only very near the inlet tube, as explained above.
Thus a direct correlation between flow rate and angular velocity
can be obtained. It is found not not to be directly proportional to
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volume flow but to volume flow to the power of 1.68 (see Fig. 12 in
the appendix). Combining these two findings we obtain:

© 0 V188 V7 o /168 (28)
§ V—O.SQ S8 w—0.89/1.68 — w—O.SZ (29)

Thus the relationship § « /2 is confirmed by the CFD simula-
tion results whereas the dependence of @ on V seems to follow a
different relation than predicted before - which is also supported
by the deviation of the tangential velocity from the value calcu-
lated by Sundmacher [35] by an order of magnitude. For small
cyclone flow cells, therefore, further studies should be conducted
and the model by Sundmacher would need to be extended to cover
non-ideal behavior.

To validate the CFD calculations, residence time distributions
were determined experimentally and simulated in Fluent; the
experimental residence time distributions are reproduced well by
the simulations (see Fig. 13 in the appendix). Furthermore, varia-
tion of the diffusion coefficient in the simulation (see Fig. 14 in the
appendix) leads to the well known behavior of rj;,, « D2/ resulting
from laminar boundary theory [35,25].

In DEMS experiments there is a further transport resistance
because volatile species have to pass the porous PTFE membrane
before entering the vacuum system. Therefore it is important to
check if the transport of volatile species through the membrane
into the vacuum is still proportional to the flow rate to the power
of two-thirds. Here, mass transfer relations will be obtained from
the flow analysis and expressed in terms of dimensionless num-
bers. Based on these numbers, we will compare our CFD results
with those from literature and experiments including the transport
through the membrane. For this purpose, a solution saturated with
CO, was pumped through the cell at different flow rates and the
ion current was recorded by the mass spectrometer. The amount of
CO, entering the vacuum can be determined using the calibration
constant K~ of the MS which will be discussed in the next section.

Sundmacher defined the Reynolds number for the cyclone flow
cell as a function of electrode radius R, cyclone radius at inlet
height R;,, diameter of the tangential inlet d;,, volume flow, and
viscosity:
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Fig. 6. Sherwood number over Reynolds number from experiment and simulation,
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[33], solubility of CO, in water: 1.5g/kg (23°C) [41]

and experimentally obtained the following mass transfer relation
in terms of dimensionless numbers for the cyclone flow cell:

Sh = %REZBSC]/?' (forRe > 10%>and Sc > 1) (31)
Sh denotes the Sherwood number, Sc the Schmidt number, t_ the
anion transference number, and q=0.0136 is a constant. In Fig. 6,
the Sherwood numbers from our experiment and simulation are
depicted as a function of the Reynolds number as defined by equa-
tion (30). Mass transfer is proportional to flow rate to the power
of two third in experiment and simulation, matching the relation
obtained by Sundmacher. Thus the mass transfer to the vacuum
in the DEMS cell can also be described by equation (31). Since the
experimental data obtained by Sundmacher and in this work only
covers Reynolds number between approximately 1000 and 35000,
we recommend using the equations only with great care outside
thisregion. From equation (31)aLevich-type equation for the DEMS
cyclone flow cell can be derived. Although both formulations con-
tain the same information, we include the Levich-type equation in
the appendix because it might be more familiar to some readers.
For the constant g we obtain 0.021 from the simulation and 0.023
from the experiment. Experiment and simulation are thus in good
agreement. The values do, however, differ slightly from the one
obtained by Sundmacher.

We believe that further investigation of the relationship
between geometry parameters and the fluid velocity at the elec-
trode and a review of the definition of the Reynolds number are
necessary in order to be able to generalize equation (31) and the
relation for the boundary layer thickness for cyclones of all kinds of
shapes. Such an investigation might also resolve the difference in
the constant g between our and the previous experimental results.
For the purpose of conducting DEMS experiments under conditions
of defined external mass transfer, the obtained relationship for the
presented cell is sufficient, though.

4.2. DEMS calibration for CO,

For quantitative analysis, calibration of the DEMS setup is nec-
essary. Two separate calibration steps are performed: since not
all molecules in the vacuum system get ionized and detected, the
first calibration constant K~ describes the relationship between the



amount of substance entering the vacuum system yacyum and the
ion current Iys at a fixed value m/z [30,42,43]:

|
K*= M (32)
NMyvacuum
Because not all volatile species 7 eaction Which are produced in
areaction at the electrode enter the vacuum system, a second cal-
ibration constant K is defined. Besides K" it takes into account the

collection efficiency 0 < N = vacuum < 1 of the cyclone cell which

Mreaction
is influenced not only by the vacuum system and the MS itself but

also by properties of the electrode and the membrane:

K=N.K*= M5 _ (33)
Nreaction

In order to determine K', the vacuum system is connected
through a leak valve to a chamber of known volume that can be
filled with calibration gas. When monitoring the amount of gas
leaking into the vacuum system and the ion current simultaneously,
K’ can be determined.

Former studies already concluded that the electrochemical cell
should be connected during calibration [30] because water dif-
fusing through the membrane changes the total pressure as well
as the ionization probabilities and thus influences the calibration
constants for other substances.

The pressure in the calibration volume is generally very low
because the calibration should preferably be performed at condi-
tions close to the operating conditions. The temperature does not
change significantly during the experiment because the heat capac-
ity of the metal walls enclosing the calibration volume is very large
compared to that of the gas inside. Thus, the ideal gas law can be
employed to calculate the amount of gas flowing into the vacuum
system as a function of the pressure inside the calibration volume:

. dp V
NMyacuum = _FI;ﬁ (34)
Ivis RT (dp)*
K'= ———— =—-Iys— | — 35
NMvacuum s vV \dt (35)

Fig. 8 shows the plot of ion current at m/z = 44 versus
derivative of the pressure during calibration for CO,. A linear cor-
relation is observed and from the slope of the regression curve,
K" =0.186 C/mol is calculated. Although it has been pointed out pre-
viously that the pressure measurement is a potential error source
[42], this value was found to be very reproducible in our experi-
ments with a standard deviation of 1.2% (n=3).

To obtain the DEMS calibration constant K for CO,, we employ
the CO oxidation reaction. Since CO, is the only reaction product,
the amount of CO, produced at the electrode can be calculated
from the Faradaic current I. K can be calculated from the following
equation [30]:

KNk =M _lws-2:F (36)
Nreaction I

where z=2 is the number of electrons transferred per molecule of

CO,.

CO-stripping during a CV is often used for calibration [30]. Since
double layer contributions to the Faradaic current can be large espe-
cially for technical electrodes with high surface areas [44], we use
steady state measurements at a constant electrolyte flow rate of
430 ml/min for obtaining the calibration constant. For this purpose,
the potential of the working electrode is stepped from a steady state
at 0.45V to 0.65V and back again after reaching a second steady
state. In Fig. 7, the Faradaic and ion currents during a positive and
a negative step are shown. The higher and lower potential are cho-
sen based on cyclic voltammograms so that the lower potential is
just above the onset potential of CO oxidation on Pt/Ru catalysts
and the higher potential is well above the peak potential [44]. The
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Fig. 7. Faradaic current I and ion current Iys over time for CO bulk oxidation. The
potential is stepped from 0.45V to 0.65V at t=72s and back to 0.45V at t=137s
at a flow rate of 430 ml/min for the CO-saturated electrolyte containing 0.25 mol/L
HCIO4

steady state change in Faradaic current and ion current (Alg and
Alys inFig. 7)is inserted into equation (36). This way, no additional
background correction is required.

For CO, K=0.115C/mol is obtained. In four subsequent step
experiments using the same electrode, we obtained a mean value
of 0.117C/mol with a standard deviation of 6.7%. This corresponds
to a collection efficiency of N = 62% for CO,. The value of K is specific
for the chosen electrode geometry, electrolyte flow rate and com-
position, and the vacuum system /| MS device. It can be expected
that the collection efficiency drops at higher electrolyte flow rates
because a larger share of the volatile products will diffuse into
the electrolyte when the thickness of the diffusion layer decreases.
Tegtmeyer and coworkers [4] present a very clear explanation for
this phenomenon. In the next section an estimation of the collection
efficiency of the cyclone cell will be discussed.
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Fig. 8. lon current at m/z = 44 over the derivative of the pressure in the calibration
volume while CO, is leaked into the vacuum system



Table 1
Kinetic parameters for the CO oxidation modeling

parameter Value Unit

ko.0oH.ad 0.0026 -10-° 51 fitted
Kko.0H.de 2.17 .10 s1 fitted
Ko,co,0x 2.01-10°6 s1 fitted
kCO,ad 0.305 5! fitted
Neurface 4.09-10'6 . fitted
8gco 273 - fitted
8oH 13 - [44]
OoH 0.5 - [44]
co 0.5 - [44]
Bon 0.5 - [44]
R 29.8 Q fitted
Cal 0.0776 F fitted

Obviously, this relation does not hold right after the potential
step. The dynamic behavior will be discussed more detailed in
section 4.3. In the same experiment, a calibration constant for CO
can be obtained by monitoring the decrease of the CO signal instead
of the increase of the CO, signal (not shown here). The CO signal
at m/z = 28 contains a comparatively large background signal from
nitrogen. Moreover, CO, produces a signal at m/z = 28, too. The fact
that different ions may contribute to the signal at a given m/z ratio
has been discussed in literature before [45,3,46]. We found that
the intensity of the CO, signal at m/z = 28 was 18.4% of the inten-
sity at m/z = 44 in our setup. In literature, a value of 12.6% was
reported for experiments conducted with a slightly higher ioniza-
tion energy [47]. After applying a correction for the contribution of
CO, to the signal at m/z = 28, a calibration constant of K=0.09C/mol
is obtained for CO. This seems reasonable, given the fact that the
ionization cross section of CO, is higher than that of CO [48].
We consider the calibration constant for CO, to be more reliable
though.

4.3. Kinetics of CO oxidation at a porous electrode

In this section, kinetic parameters of the dynamic 1D macroki-
netic model for CO oxidation which was introduced in section 4.3
will be identified using the experimental data from the CO bulk
oxidation experiment described in the previous section.

Overall, the assumption of a homogeneous boundary layer with
only diffusive transport (compare section 3.2) seems reasonable
for our experimental conditions. The diffusion boundary layer has
about the same thickness as the velocity boundary layer for a
Schmidt number of 1 and is smaller for Schmidt number larger than
1. In our case the Schmidt number (v/D) is about 500. Thus, the dif-
fusion boundary layer is a lot thinner than the velocity boundary
layer and the assumption that there is no convective transport is
reasonable. The thickness of the diffusion layer is approximately
0.1 mm whereas the electrode diameter is 10 mm - since diffu-
sive transport is proportional to the concentration gradient we are
making only a small mistake by neglecting the transport in other
directions.

In total, eight parameters were fitted to the experimental data.
A genetic algorithm starting with a set of randomly selected initial
parameters is employed for finding the parameters that yield the
best fit of experimental data and simulation results. The resulting
parameter values can be found in Table 1. In six runs the genetic
algorithm, which started from a different set of randomly chosen
parameter values each time, converged at very similar parameter
values (standard deviation of 11% on average). While this does
not guarantee that there is only one set of parameters from a
mathematical point of view, it shows that the fitting procedure is
quite robust despite of the high number of parameters. While in
this work we aim at establishing the method, we do acknowledge
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Fig. 9. Simulated and measured CO, flow into the vacuum system over time during
CO bulk oxidation. The potential is stepped from 0.45V to 0.65V at t=72s and back
to 0.45V at t=137s at a flow rate of 430 ml/min for the CO-saturated electrolyte
containing 0.25 mol/L HCIO4

that a systematic experimental study would increase the reliability
of the results of the CO oxidation kinetics.

In Figs. 9 and 10, the measured and simulated current as well
as the measured and simulated flow of CO, into the vacuum sys-
tem over time are depicted for a positive potential step from 0.45V
to 0.65V at t=72s and a negative potential step back to 0.45V
at t=137s. The simulated flow of CO, from the membrane into
the vacuum system is calculated according to equation (24). The
measured flow of CO, is calculated from the background corrected
ion-current signal at m/z = 44, which can be read directly on the
right y-axis, multiplied with the calibration constant according to
equation (35).

The current signal peaks almost instantly after the potential step
whereas the CO, signal rises quickly and peaks after 4.2 seconds
in both experiment and simulation. The relation between mass
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Fig. 10. Simulated and measured current over time during CO bulk oxidation. The
potential is stepped from 0.45V to 0.65V at t=72s and back to 0.45V at t=137s
at a flow rate of 430 ml/min for the CO-saturated electrolyte containing 0.25 mol/L
HClO4
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spectrometer signal and CO, reaction rate that can be expressed
as the calibration constant K for steady state conditions does not
hold then because of transport effects and double layer charg-
ing. Subsequently, the curve falls and stabilizes at approximately
7-10-1%mol/s. A small but steady decay of current and CO; flow
into the vacuum can be observed in the experimental curves. This
behavior has been observed before for platinum based catalysts
and has been attributed to anion adsorption [49]. After the posi-
tive potential step the MS-signal increases quickly whereas it drops
slightly slower after the negative potential step. The slow decay is
mainly caused by diffusion of carbon dioxide in electrolyte, catalyst,
and membrane. Overall there is a close agreement of the simulation
results and the experimental data.

From the simulation results, not only kinetic parameters can be
estimated. The concentration profiles and local reaction rates can be
accessed and give further insight into the interaction of transport
and reaction processes: In Fig. 11, the steady state concentration
profile of CO and CO, in the boundary layer, the electrode and the
membrane is depicted as a function of the z-coordinate for high and
low potential. It can be seen that at low potential the concentration
of CO is declining from the bulk value at the outer boundary layer
to zero at the membrane-vacuum interface while there is no CO,
present. During the oxidation at a potential of 0.65V, the CO, that is
produced in the electrode is diffusing through the membrane into
the vacuum and through the boundary layer into the bulk where the
concentration approaches zero. The CO concentration drops over
the electrode, leading to the local reaction rate being only half as
large at the membrane side of the electrode as on the electrolyte
side.

Because of the initially high CO concentration and the high
CO surface coverage in the electrode, the reaction rate increases
sharply and exceeds the steady state value after a positive potential
step. This is causing the CO, signal to overshoot as depicted in Fig. 9.
The diffusion through the membrane causes a slight delay of the
CO, signal compared to the current signal. On the other hand, aftera
negative potential step, the CO, which diffuses from the concentra-
tion boundary layer and the electrode through the membrane into
the vacuum leads to a delayed decay of the amount of CO, entering
the vacuum. There is a slight difference between simulation and
experiment after the negative potential step. Three phenomena
contribute to this deviation: Firstly, the limited speed of the vacuum

pumps might cause some tailing of the signal. Secondly, our model
underestimates the thickness of the concentration boundary layer
in the middle of the electrode. From there CO, produced at high
potential might diffuse back to the electrode for a longer period of
time than predicted by the model. Finally, local CO, concentrations
might exceed the solubility during CO oxidation at high potential,
causing transport phenomena which we did not include in our
model.

Additionally, we estimated the collection efficiency of the
cyclone cell in steady state at different flow rates by changing the
thickness of the diffusion layer in the model and calculating N:
Increasing the flow rate to 600 ml/min leads to a predicted value
of N = 0.5. Decreasing the flow rate to 300 ml/ min results in a col-
lection efficiency of approximately 0.75, decreasing it further to
200 ml/min in N=0.85.

In conclusion, the model is capable of giving an insight into
the dynamic transport and reaction processes and their inter-
action inside a porous DEMS electrode. Parameter identification
using the online CO, measurement from the DEMS in combi-
nation with current and potential has advantages over using
current and potential only. Effects such as double layer capacitance
and anion adsorption are difficult to separate from the reaction
currents by monitoring current and potential alone but they do
not influence the direct online detection of reaction products by
DEMS.

5. Conclusions

A new cyclone flow DEMS cell for analyzing products of elec-
trochemical reactions inside porous electrodes online has been
presented. The designed cyclone cell features a homogeneous con-
centration profile over 75% of the electrode area, a simple design
without any moving parts, defined convection and high collec-
tion efficiency. The disadvantages of classical DEMS cells such as
badly defined mass transfer and locally varying concentrations are
circumvented. Though the CFD simulations of the mass transfer
are sufficient for the purpose of the current study it would cer-
tainly be interesting to resolve the deviation to the literature values
which we discussed. We would like to point out that the com-
paratively high flow rates required by the cyclone flow cell are
a disadvantage because they restrict the use of expensive reac-
tants and make long term experiments difficult. The second point
is less severe in our opinion considering the fact that the cell is
designed for examining fast processes rather than for undertak-
ing long term studies. We demonstrated a methodology how to
combine DEMS experiments, flow analysis and physical model-
ing to gain quantitative understanding of processes inside porous
electrodes. The model based description of the electrode pro-
cesses allows reliable parameter identification and simultaneous
analysis of electrode transport properties and electrochemical
properties. While the well-researched example of CO oxidation
served as an example to establish the methodology we expect
that this setup and approach will be useful for analyzing kinet-
ics of different kinds of reaction on porous electrodes and expand
the scope of DEMS to help modeling kinetics quantitatively and
reliably.
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Appendix A.
A.1. Levich-type equation for the DEMS cyclone flow cell

The Levich equation which can be expressed in dimen-
sionless numbers as Sh=0.62Re'/25c!? is usually applied in
electrochemistry to calculate diffusion limited current densities in
the following form:

ilim = 0.62zFD%/31/2y=1/6¢ (37)

Accordingly, the mass transfer relationship for the constructed
DEMS cyclone flow cell could be rewritten in the shape of a Levich-
type relationship by re-substituting the dimensionless numbers in
equation (31), yielding:
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