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Abstract

A new double-disk-electrode channel flow cell has been designed, constructed and
tested. A theoretical treatment and implicit finite difference numerical simulations are
presented, which permit the computation of the hydrodynamic behavior of this cell
under steady state conditions, i.e., the diffusion limited current at the working
electrode and the collection efficiency of the detector. The simulated results are
consistent with those measured experimentally, indicating that our simulations
appropriately describe the hydrodynamic behavior of this cell. The oxygen reduction
reaction (ORR) on a carbon-supported nanoparticle Pt catalyst at both room

temperature and 110 °C were preliminarily studied with this cell.

Keywords: double-disk-electrode channel flow cell, hydrodynamics, numerical
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1. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) have attracted a great deal of
attention due to their potential application as a primary power source in vehicles and
portable devices. Up to now, Pt and Pt-alloys remain the most active catalysts for low
temperature fuel cells. In contrast to hydrogen oxidation on Pt based catalysts, which
is one of the fastest reactions known, the oxygen reduction reaction (ORR) on Pt
based catalysts exhibits slow kinetics, leading to large overpotentials at the cathode.
Therefore, the development of highly active cathode catalysts for the ORR has been

one of major objectives to improve the energy efficiency of PEMFCs.

In order to evaluate the kinetically controlled ORR activity of an electrode and
quantify the reaction by-product, H>O2, which may degrade the polymer electrolyte
membrane, ionomer or gaskets, the ORR has been studied with the rotating ring-disk
electrode (RRDE) on polycrystalline, single crystalline, and carbon supported
nanoparticle catalysts at temperatures ranging from 20 to 60°C [1-8]. However,
PEMFCs need to be (and in practice they are) operated at higher temperatures to
improve their ORR activity. Realistic PEMFC and direct alcohol fuel cells (DAFCs)
usually operate around 80—120°C. At such temperatures, the formation of water vapor
bubbles on the electrode and the decrease of oxygen solubility lead to difficulties for
studying the ORR under atmospheric pressure. Wakabayashi et al. constructed a
channel flow double electrode cell to study the ORR at temperatures between 20 and
90°C at Pt film electrodes deposited on gold substrates [9]. However, they could not

observe the formation of H202. Moreover, their cell was not suitable for studying



realistic fuel cell electrocatalysts. The dual thin-layer flow cell with double circular
electrodes has been used to study the ORR, but only at ambient conditions [10]. A
thin-layer channel flow cell with a circular electrode was also developed and
numerically simulated for the study of heterogeneous electrocatalysis on porous
catalysts at elevated temperatures and pressures [11,12]. In this work, we have
designed a new double-disk-electrode channel flow cell (DDECFC) to study the ORR
on carbon supported nanoparticle catalysts at elevated temperatures and pressures. In
previous channel flow cells, strip or rectangular electrodes were usually used [13-17].
In our cell design we employed a circular polycrystalline Pt and a circular Pt catalyst
film covered glassy carbon electrode as detecting and working electrodes,
respectively. Circular electrodes are easy to install and uninstall, and they are also
easy to construct in air-tight devices. Furthermore, on a circular glassy carbon
electrode a uniform thin-layer catalyst film is relatively easy to prepare, when

compared to rectangular electrodes.

In this paper, we first present the schematic diagram of the DDECFC that we designed
and constructed, and then employ the implicit finite difference numerical method to
simulate the hydrodynamic behavior of the DDECFC under steady-state conditions.
We also used the reduction of Fe** in 0.5 M H2SOs solution to check the accuracy of
the results obtained from the simulations. The results demonstrate that the simulated
current at the working electrode and the collection efficiency of the detector electrode
are consistent with measured values. We also preliminarily used this cell to study the

ORR on a high-surface-area carbon supported nanoparticle Pt catalyst at room



temperature and at 110 °C.

2. Theory

Fig. 1 shows a schematic diagram of the DDECFC. In the diagram, x is the direction
of electrolyte flow and y is the diffusion direction perpendicular to the electrode
surface. In order to simplify the digital simulations, the disk is divided into many
small strips along the x direction (Fig. 1B). Since the strips are very narrow, the
circular electrode can be approximated as an ensemble of rectangular electrodes.
Moreover, we assume that the diffusion between the neighboring strips can be
neglected. The diffusion in the direction of convective flow and diffusional side-edge
effects were also neglected [13,14,16,18]. Here, only diffusion in the y direction is

considered.



Electrolyte inlet Electrolyte outlet
1 Connected to RE t

= = s

Working electrode  Detector electrode

Nafion film Catalyst

Teflon U cup

6 mm

Fig. 1. Schematic diagram of the DDECFC construction. (A) side view of the cell, (B) top
view of the cell, (C) detailed diagram of the working electrode. The detector electrode is
polycrystalline Pt with a diameter of 6 mm, and the width of the channel is 8 mm. The center

distance between the working electrode and detector electrode is 14 mm.

In the following, we assume that the solution flowing into the channel flow cell
contains only one electroactive species, A, and that at the upstream (working)

electrode the following oxidation/reduction reaction takes place:

A+te —» B

The convective-diffusion equations describing the distributions of A and B in time (t)



and space (X, y) are
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where D4 and Dp are the diffusion coefficients of A and B, respectively, and the
Cartesian coordinates x and y are indicated in Fig. 1A. v, is the solution velocity in
the x direction, and the components in the y and z directions are assumed to be zero.
Assuming laminar flow conditions and a sufficiently long lead-in length in the
upstream of the electrodes, to allow the full development of Poiseuille flow, then vy

will be parabolic:

(h—y)z) _ 3U (1 . (h—y)z)

— 1— —
Vx = Yo ( h2 AW ch h2 )

where £ is the half height of the channel (the height of the channel b = 2h), vo is the
flow velocity in the x direction at the center of the channel, U is the average

volumetric flow rate, and W¢ is the channel width.

The flux of A towards the upstream (working) electrode must be balanced by the flux

of B leaving it. The following boundary condition, therefore, always applies to this

electrode:
a4l _ _p 915
Do, =—Ds7; “)

We assume that the detector electrode is potentiostated at a value which allows for the

mass transport-limited reconversion of B into A. Eq. 4, therefore, also applies to the



detector electrode.

Under steady-state, the convective-diffusion equations can be written as
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Considering the following boundary conditions:

when x =0and y =0, [A] = [Albuk, [B] =
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The mass transport equations, 5 and 6, can be readily solved under the above specified
boundary conditions by direct application of an implicit finite difference method
previously developed by Compton et al. (for details, see the Supplementary Data)
[16]. For a channel flow cell with rectangular electrode, Compton et al. [19] derived
the following Levich equation:

1/3

)

I, = 0.925nF W, C (222)

2 h2w C
where /1. is the diffusion-limited current, n is the number of electrons, F is Faraday’s

constant, C is the bulk concentration of the reactant, D is the diffusion coefficient of



the reactant, W, is the electrode width, L. is the electrode length, and other parameters

are the same as in Eq. 3.

For our DDECFC, we also derived a similar Levich equation (see the discussion
section). Except for the electrode geometry, other parameters have the same influence
on the diffusion-limited current as for a rectangular channel electrode. The collection
efficiency (CE) of the detector electrode for B can be obtained from the following

equation:
CE=1Ip/lw (8)

where Ip and Iw are the currents at the detector and working electrodes, respectively.

3. Experimental

The DDECFC was made of titanium blocks, passivated by anodization, and a Teflon
sheet in between with a rectangular duct resulting in a channel, through which the
electrolyte was flowed, as shown in Fig. 1. The thin film Pt/Vulcan (20 wt.% metal,
E-TEK Inc.) electrodes were prepared following the procedure described in Ref. [20],
by pipetting and drying 20 pL of an aqueous catalyst suspension (2 mg/mL) followed
by 20 uL of an aqueous Nafion solution in the center of mirror-polished glassy carbon
disks (Sigradur G from Hochtemperatur Werkstoffe GmbH, 6 mm in diameter). The
resulting catalyst thin film had a diameter of ca. 6 mm, a geometric surface area of
0.28 cm?, and a Pt loading of 28 ug/cm?. A polished polycrystalline Pt disk (Mateck),

with a diameter of 6 mm, was used as detector electrode. A saturated calomel elec-



trode (SCE), located in a separate compartment and connected through the Teflon
capillary to a port opposite to the working electrode, served as a reference electrode.
All potentials, however, are quoted against the reversible hydrogen electrode (RHE) at

room temperature.

The flow rate of electrolyte was controlled with a Piston Pump (REGLO-CPF) from
ISMATEC. The pressure over the electrolyte was regulated by an oxygen gas
regulator. A Bi-Potentiostat (PINE Instruments, model AFRDES) was used for
electrochemical measurements. The supporting electrolyte was prepared using
Millipore Milli Q water (18.2 MQ cm) and ultrapure sulfuric acid (Merck, Suprapur).
Fe3Cl-6H20 (299%) was obtained from Merck, O; (5.5) was obtained from Westfalen
AG. Before measurements all solutions were deaerated with high-purity Ar (MIT
Gase, N6.0) for at least 15 min. All experiments were carried out at room temperature

(23+2°C) and 1 bar or at 110 °C and 2.5 bar.

4. Results

4.1. Flow rate dependent diffusion limited current at the working electrode and

collection efficiency of the detector electrode

Figs. 2a and 2b lines show the computed relationships between the diffusion limited
current at the working electrode and the volumetric flow rate of electrolyte for the
DDECEFEC with the following geometry: the diameter of the electrode is 6 mm, the
channel width is 8 mm, and the height of the channel is 160 pm (Fig. 2a) and 540 um

(Fig. 2b), respectively. In both cases, the value of Da (diffusion coefficient of reactant)
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used here is 5.0x10° cm?(§'. The computed diffusion limited current of the working
electrode (1) varied proportionally with UY® (U is the electrolyte volumetric flow
rate), and the measured diffusion limited currents for Fe** reduction (solid cycles) are
consistent with the simulated ones. This indicates that the numerical simulations can
provide reasonable results, and that the DDECFC also exhibits the same
hydrodynamic behavior as the channel cell with rectangular electrodes, i.e., I 0 U3
[21-23]. In pure water, the diffusion coefficients for Fe** and Fe?* have been reported
to be ca. 6x10° and 7x10° cm? s, respectively [24]. It is well known that
temperature, pH, ionic strength, and ligands can affect diffusion coefficients. In 0.5 M
H>SOy4 solution, their values should be smaller. From our experimental and simulation
results, we obtained 5.0%10° and 5.5%10° cm? s! for the diffusion coefficients of Fe**
and Fe?* in 0.5 M H,SOu, respectively, which are reasonable values. It should be
noted that as over 1/3 of the incoming species into the cell are consumed at very low
flow rates, the linear relationship of I, vs. U is rapidly lost [22,23]. For flow rates
higher than 1 YL/s (for a channel height of 160 um), or 3 JL/s (for a channel height of
540 um), the plot of I, vs. U'"? has a linear relationship. The maximum flow rate that
can be employed is limited by the onset of turbulent flow conditions. In our studies,
for flow rates up to 25 UL/s (for a channel height of 160 pum) or 90 YUL/s (for a channel
height of 540 pm), laminar flow conditions were maintained. For the ORR on
Pt/Vulcan at both room temperature and 110°C (see later) at the studied flow rates

between 5 and 80 UL/s, the plot of I, vs. U'? also follows the linear relationship.
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Fig. 2. (a, b) Diffusion limited current at the working electrode (/) as a function of the cube
root of volumetric flow rate (U) O Levich plot. (c, d) The collection efficiency at the detector
electrode as a function of volumetric flow rate. The diameter of the working and detector
electrodes: 6mm, the center distance between the working and detector electrodes: 14 mm, the
channel width: 8 mm, the diffusion coefficient of product: 5.5x10° cm? s, the height of
channel: 160 pm (a, ¢) and 540 pum (b, d). (O ) computed, (®) measured for the Fe** reduction

in 0.5 M H,SOs4 solution. # is the electron number, and C is the concentration of reactant.

Figs. 2¢ and 2d lines illustrate that the computed collection efficiency of the detector
electrode changes with the volumetric flow rate of electrolyte. At very low flow rates,
the collection efficiency approaches 100%, and decreases sharply with increasing
flow rate in the range of very low flow rates (< 3 pL/s). As the flow rate exceeds 3

ML/s, the collection efficiency decreases slightly from 24% to 22% with increasing
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flow rate from 3 to 10 pL/s for a channel height of 160 um (Fig. 2¢), and from 22% to
21% with increasing flow rate from 3 to 30 PUL/s for a channel height of 540 pm (Fig.
2d). The collection efficiency of the DDECFC is comparable to the RRDE and the
dual thin-layer flow cell with double circular electrodes [10]. The measured collection
efficiencies for the Fe** reduction (solid cycles) in the low flow rate regime are quite
consistent with the simulated results. For flow rates above 10 pL/s for a channel
height of 160 um or above 30 pL/s for a channel height of 540 pm, the measured
collection efficiencies gradually deviated from the computed values. This could be
due (and we feel that it likely is) to an insufficiently long lead-in length in the
upstream of the electrodes for high flow rates. Since the diameter of the DDECFC
inlet hole is much smaller than the channel width, a trumpet-shape flow profile might
be formed at high flow rates, leading to a lower measured collection efficiency of the
detector electrode. This could be mitigated by increasing the distance between the
solution inlet and the working electrode, and by increasing the diameter of the inlet

hole.

4.2. Correlation of the diffusion limited current at the working electrode and the
collection efficiency of the detector electrode with the diffusion coefficient
The effect of the diffusion coefficient of the reactant on the diffusion limited
current is presented in Figs. 3a and 3b. Four cases with two flow rates of 5 pL/s
(solid square) and 20 pL/s (solid circle) and two channel heights of 160 pm (Fig.
3a) and 540 pm (Fig. 3b) are shown. The symbols and the lines represent the

computed data and the fitted data, respectively. For different channel heights and
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different flow rates, the diffusion limited current at the working electrode
increases proportionally with an increase in D?3, which is the same as for a
channel flow cell with rectangular electrodes [21]. Assuming that the reactant and
product have the same diffusion coefficient, the effect of the diffusion coefficient,
on the collection efficiency of the detector electrode, is presented in Figs. 3¢ and
3d. The collection efficiency of the detector electrode increases with an increase in
the diffusion coefficient. For low flow rates and small channel heights, the
collection efficiency increases steeply with an increase in the diffusion coefficient.
For example, the collection efficiency increases from 21% to 51% with an
increase in the diffusion coefficient from 1.0x10° to 5.0x107° cm? s! at a flow rate
of 5 pL/s and a channel height of 160 um. For high flow rates and large channel
heights, the collection efficiency increases only slightly with increasing diffusion
coefficient. For example, the collection efficiency increases only from 20% to
21% with an increase in the diffusion coefficient from 1.0x10° to 5.0x107° cm? s°!

at a flow rate of 20 pL/s and a channel height of 540 pm.

- 14-
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Fig. 3. (a, b) Computed diffusion limited current at the working electrode (/1) as a function of
D?3. (c, d) Computed collection efficiency of the detector electrode as a function of the
diffusion coefficient. D is the diffusion coefficient of reactant and product. The diameter of
the working and detector electrodes: 6 mm, the channel width: 8 mm, the center distance
between the working and detector electrodes: 14 mm. (a, ¢) The height of channel: 160 pum;
(b, d) the height of channel: 540 pm. The volumetric flow rate of electrolyte: 5 pL/s (H), 20

ML/s (@).

4.3. Correlation of the diffusion limited current at the working electrode and the

collection efficiency of the detector electrode with the radius of the electrode
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Fig. 4. (a) Computed diffusion limited current at the working electrode (/1) as a function of
73; (b) computed collection efficiency of the detector electrode as a function of 7. r is the
radius of working and detector electrodes. The channel width: 8 mm, the height of channel:
540 pm, the center distance between the working and detector electrodes: 14 mm, the
diffusion coefficient of reactant and product: 5.0x10°cm? s°!, the flow rate of electrolyte: 20

ML/s.

Fig. 4a shows the relation between the computed diffusion limited current at the
working electrode (/) and the radius of the working electrode (). The maximum
value of 7 is 4 mm (half of the channel width). The symbols and the lines represent the

computed data and the fitted data, respectively. I, is proportional to 7, which is
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similar to the behavior of channel flow cells with rectangular electrodes [21]. For a
channel flow cell with a rectangular electrode, I;. is proportional to W,-L.*? (Eq. 7).
The effect of the radii of the working and detector electrodes on the collection
efficiency is shown in Fig. 4b. As anticipated, the collection efficiency increases with
increasing electrode radius. For example, the collection efficiency increases from
10 % to 25 % with an increase in the electrode radius from 1 to 4 mm at a flow rate of
20 pL/s and a channel height of 540 um. One would expect that as the area of the
detector electrode increases, the product will have a higher probability of
transforming into the reactant before it is swept away from the detector electrode,

therefore, the collection efficiency increases.

4.4. Correlation of the diffusion limited current at the working electrode and the

collection efficiency of the detector electrode with the channel height

Fig. 5a shows the relation between the computed diffusion limited current at the
working electrode (/1) and the channel height (b). The symbols represent the
computed data, while the lines denote the fitted data. Two flow rates of 5 (solid cire)

b3, which means that as

and 20 UL/s (solid square) are shown. I, is proportional to
the channel height increases, the diffusion limited current will decrease due to the

flow velocity decrease at the same volumetric flow rate.
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Fig. 5. (a) Computed diffusion limited current at the working electrode (/1) as a function of b
23; (b) computed collection efficiency of the detector electrode as a function of b. b is the
height of channel, the diameter of working electrode: 6 mm, the channel width: 8 mm, the
center distance between the working and detector electrodes: 14 mm, the diffusion coefficient

of reactant and product: 5.0x10° cm? s™!, the flow rate of electrolyte: 5 UL/s (@), 20 YL/s(m).

The channel height dependence of the collection efficiency is presented in Fig. 5b.
One can imagine that with increasing channel height, the product can diffuse further
away from the electrode towards the opposite wall of the cell, therefore, the collection
efficiency would decrease with an increase in the channel height. For high flow rates
such as 20 PL/s, the collection efficiency decreases only slightly, by ca. 4%, with an

increase in the channel height from 100 to 600 pm. For low flow rates, such as 5 UL/s,



the collection efficiency decrease with increasing channel height becomes

appreciable.

4.5. Correlation of the diffusion limited current at the working electrode and the

collection efficiency of the detector electrode with the channel width

The relation between the computed diffusion limited current at the working electrode
(I1) and the channel width (Wc) is illustrated in Fig. 6a. The symbol and the line
denote the computed data and the fitted data, respectively. /;, is proportional to W¢™'7,

which means that as the channel width increases, the diffusion limited current

decreases due to the flow velocity decrease at the same volumetric flow rate.
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Fig. 6. (a) Computed diffusion limited current at the working electrode (/1) as a function of
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WcB; (b) computed collection efficiency of the detector electrode as the function of Wc. We
is the channel width, the diameter of working electrode: 6 mm, the height of channel: 540 pm,
the center distance between the working and detector electrodes: 14 mm, the diffusion

coefficient of reactant and product: 5.0x10° cm? s”!, the flow rate of electrolyte: 20 pL/s.

The channel width dependence of the collection efficiency is presented in Fig. 6b. The
collection efficiency increases with increasing channel width. At a flow rate of 20
ML/s, the collection efficiency increases slightly, only by ca. 1%, with an increase in
the channel width from 6 to 12 mm. The channel width increase implies a decrease of
the electrolyte flow velocity, resulting in an increase in the collection efficiency. Since
at flow rates around 20 pL/s the collection efficiency does not increase appreciably
with decreasing flow rate (see Fig. 2d), the collection efficiency does not increase

appreciably with increasing channel width.

4.6. Dependence of the collection efficiency of the detector electrode on the center

distance between the working and detector electrodes

The collection efficiency (CE) is plotted in Fig. 7 vs. the center distance between the
working and detector electrodes (L). The symbols and the line represent the computed
data and the fitted data, respectively. The collection efficiency decreases with
increasing L. Under the following conditions (diameter of electrode: 6 mm, channel
width: 8 mm, height of channel: 540 pm, diffusion coefficient of product: 5.0x10°¢
cm? s}, flow rate of electrolyte: 20 UL/s), the collection efficiency decreases from ca.
36% to 17% with increasing center distance between the working and detector

electrodes from 6 to 20 mm.
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Fig. 7. Computed collection efficiency of the detector electrode (CE) as a function of the
center distance between the working and detector electrodes (L). The diameter of electrode: 6
mm, the channel width: 8 mm, the height of channel: 540 pum, the diffusion coefficient of

reactant and product: 5.0x10 cm? s™!, the flow rate of electrolyte: 20 UL/s.

5. Discussion

From the results presented above, the dependence of the diffusion limited current on
the volumetric flow rate for the DDECFC can be described by the flowing equation:

1/3 1/3

1, = 3.79nFC (S20)

o) =239nFC (=29

9
e ©)
Comparing Eq. 9 to Eq. 7, it is found that, except for the electrode geometry, other
parameters have the same influence on the diffusion limited current for these two

kinds of channel flow cells.

-21-



LARAS | T T rorren T T oo T rrro T T rorrer T ooy

10} o m -
L -/.
0.8} -
X u ]
0.6} / -
®

0.4 /
| s

02} m-m—m-m—m—u—" i

10° 107 10™ 10° 10’ 10°
log[(D,, W /(U h]

Fig. 8. Variations of the theoretical collection efficiency of the detector electrode (CE) with

the flow rate (U), the diffusion coefficient of product (D3), the channel width (W¢) and the

half channel height (4 = 1/2b).

The effects of different parameters of the DDECFC on the theoretical collection
efficiency are summarized in Fig. 8. The symbols represent the computed data, while
the line indicates the fitted data. Here we only discuss one case: the center distance
between the working and detector electrodes is 14 mm, and the working and detecting
electrodes have a diameter of 6 mm. At very low flow rates, the collection efficiency
of the detecting electrode approaches 100%, while, at high flow rates, the collection
efficiency is around 20%, and becomes nearly independent of the flow rate. At
medium flow rates the collection efficiency increases sharply with decreasing flow

rate, and also increases with increasing diffusion coefficient of products, increasing
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channel width and decreasing channel height. At the same volumetric flow rate, an
increase in the channel width implies a decrease in the flow velocity, leading to an

increase in the collection efficiency.

As mentioned above, the measured collection efficiency of the detector electrode
could deviate from the theoretical collection efficiency, if Eq. 3 is not satisfied. In
reality, if the electrolyte inlet size is much smaller than the channel width, and the
electrolyte inlet is too close to the working electrode, a trumpet-shape electrolyte flow
profile could form and thus the measured collection efficiency would be below the

theoretical collection efficiency at very high flow rates (Figs. 2¢ and 2d).

Next, we discuss a preliminarily study of the ORR at a carbon supported Pt
nanoparticle catalyst (Pt/Vulcan) by using this DDECFC. Figs. 9a and 9b present the
O reduction currents at the working electrode, the H>O> oxidation currents at the
detector electrode at room temperature and the corresponding H>O: yields at
electrolyte flow rates of 5 and 20 UL/s, respectively. Fig. 10a shows the diffusion
limited current for the ORR at room temperature vs. the cube root of volumetric flow
rate. Solid squares represent the measured diffusion limited currents, and the solid line
is obtained from computation using n = 4, D(02) = 1.8x10° cm? s and C(02) =
1.12x107 mol/L [25, 26]. The computed diffusion limited currents are quite consistent
with the measured values. This means that Oz is predominantly reduced to H>O with a
close to four-electron transfer, which is also consistent with the trace amount of H,O»

formation (see Fig. 9).
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Fig. 9. Cyclic voltammograms of the working electrode (Pt/Vulcan), the corresponding
current at the detector electrode and the yield of H,O, for the ORR in an O; saturated 0.5 M
H,SO4 solution. Scan rate: 5 mV/s. The volumetric flow rate of electrolyte: 5 pL/s (a) and 20

HL/s (b).

The collection efficiencies of H O, were computed with a diffusion coefficient of
1.46x107° cm?s™' [26, 27] at different flow rates, and are shown in Fig. 10b. According
to the computed collection efficiency, the yield of H2O> can be calculated using the

following equation:

Yy = —E- (10)
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where I is the ORR current at the working electrode, Ip is the current for the H20O2
oxidation at the detector electrode, and CE is the theoretical collection efficiency of

the detector electrode.

0.32
0.30
028 i
0.26 | '
0.24 |
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o20f ]
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U/ (uL/s)
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Fig. 10. (a) Comparison between the simulated () and measured (m) diffusion limited
currents for the ORR on Pt/Vulcan in an O, saturated 0.5 M H>SOs solution at different
volumetric flow rates of electrolyte. (b) Electrolyte volumetric flow rate dependent variations
of the computed collection efficiencies of H,O, at the detector electrode. The diameter of
electrodes: 6 mm, the channel width: 8 mm, the height of channel: 540 um, the center
distance between the working and detector electrodes: 14 mm. The diffusion coefficient of O,

is 1.8x10% cm? s!, n is 4, and the concentration of O is 1.12x10 mol/L. The diffusion
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coefficient of H,O, is 1.46%10° cm? s

The ORR current on the carbon supported Pt nanoparticle catalyst onsets at ca. 1.0 V,
and the formation of H>O; starts from ca. 0.8 V. Away from the Hypq region, the yield
of H,O» was calculated to be less than 1% in the limiting current region (Fig. 9).
Hence, the four-electrode reduction of Oz to H2O is the predominant reaction on the
carbon supported Pt nanoparticle catalyst. It is also found that with increasing
electrolyte flow rate, the yield of H2O: increased, which could be interpreted by the
Wroblowa scheme (Fig. 11) for the pathways of the ORR [28]. With increasing flow
rate, the diffusion layer thickness decreases, hence the diffusion rate of H,O> to the
bulk solution increases and H>O has a lower probability of being further oxidized to

H>O before it diffuses away from the working electrode surface.

k1 .
, l Direct pathway

Ozb diffusion 1 . k2

—

HZOZ* ﬁ. H,O Indirect pathway

a_
0_2] Laz

H2 02b diffusion H2 Ozs

Fig. 11. Wroblowa scheme for the oxygen reduction reaction pathways. b and s indicate the
bulk and surface species, respectively. * denotes species adsorbed on catalysts. a; and a.; are
O, adsorption and desorption rate constants, respectively. a; and a., are H>O» adsorption and

desorption rate constants, respectively. k;, k> and k3 are reaction rate constants.
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Fig. 12. (a) Positive-going scan voltammograms of the working electrode (Pt/Vulcan), (b) the

corresponding current at the detector electrode and (c) the yield of H,O, for the ORR at a

temperature of 110 °C and a pressure of 2.5 bar in an O, saturated 0.5 M H,SO4 solution.

Electrolyte volumetric flow rates are indicated in the

figure.

Furthermore, using this DDECFC we studied the ORR on Pt/Vulcan at a high

temperature of 110 °C and a pressure of 2.5 bar

at different flow rates, and the results

are presented in Fig. 12. For clarity, only the positive-going scan voltammograms are

shown. A linear relationship between the diffusion-limited current and the cube root

of volumetric flow rate was also observed (Fig.
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is quite similar to that at room temperature. The only difference is that we observed a
broad small peak for H,O, formation at ca. 1.05 V (vs. RHE). This might be attributed
to the ORR on Pt oxides. In general, our DDECFC will be equivalent to the rotating
ring-disk electrode system for elevated temperatures and pressures. The rotating disk
electrode system for elevated temperatures and pressures has been reported by Fleige
et al. [29]. However, to our knowledge, rotating ring-disk electrode systems for
elevated temperatures and pressures have not been reported, likely due to their

complexity and difficulty of fabrication.

The kinetically controlled current /i, at a given potential E, can be determined from

the hydrodynamic voltammograms in the DDECFC using the following equation.

1 1 1 1 1
TR L TRT ETYINE
3.719711?(:<7;23272;)

(11D

Fig. 13 shows 1/I vs. U'? plots for the ORR on Pt/Vulcan at room temperature and
110 °C and 2.5 bar. By extrapolating U to 0 (infinite flow rate), the values of I,
(kinetic current), Ir,» (mass activity, i.e., kinetic current normalized by Pt mass) and
I.s (specific activity, 1.e., kinetic current normalized with respect to the catalyst real or
electrochemical surface area) can be determined. Ix, Ir» and Irs increase with
increasing overpotential and temperature. As examples, /x at room temperature is 0.33
mA at 0.90 V and 2.7 mA at 0.85 V, respectively, i.e. Ix» at room temperature is 41
mA/mg at 0.90 V and 338 mA/mg at 0.85 V; I, at room temperature is 0.06 mA/cm?

at 0.90 V and 0.52 mA/cm? at 0.85 V, respectively, all of which are in good agreement
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with values reported by other groups using RDE [2, 3]. At a temperature of 110 °C
and a pressure of 2.5 bar, I;» and Iis increase by a factor of 22 at 0.90 V and 7 at 0.85
V, respectively, when compared to room temperature. At 110 °C, it is also possible to
obtain kinetic currents at 0.95 V, and we obtained values for I, and Ixs to be 110
mA/mg and 0.18 mA/cm?, respectively. A detailed analysis of the ORR activation

energy will be presented in a future publication.
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Fig. 13. 1/I vs. U'? plots at 0.95 V (A), 0.90 V (H) and 0.85 V (@) obtained from
hydrodynamic voltammograms of ORR on Pt/Vulcan in an O, saturated 0.5 M H,SOs solution

at room temperature (a) and 110 °C and 2.5 bar (b), respectively.
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It should be noted that for complex multi-electron processes, such as the ORR on non-
Pt catalysts, large amounts of the intermediate H,O> can be generated, and its yield
increases with flow rate [30,31]. Thus, in such a case, the Koutechy—Levich (K-L)
method might not be suitable to obtain kinetic currents. Alternatively, I, can be

calculated from the following equation [32-34]:

IL x1
I, = 12
k™ - (12)

where [ is the measured ORR current, and /; is the diffusion limited current.

For the ORR on Pt/Vulcan, the yield of H2O; is very small (less than 1%) in the high
potential region (>0.7 V vs. RHE) at the studied flow rates, so that the K-L method
could be approximately employed. It is also well known that the measured kinetic
current increases with increasing catalysts loading. Thus, in order to compare the
ORR kinetics, the kinetic current must be normalized by the amount of catalyst
loading or the real (electrochemical) surface area. To avoid underestimating kinetic
currents of electrocatalysts, the thickness of the catalyst layer (or loading) should be
as small as possible, but still ensure a uniform catalysts layer coating and a well-

developed diffusion limited current [32-34].

6. Conclusions

We have designed, built, and tested a new DDECFC for studying the ORR at elevated

temperatures and pressures, and used the implicit finite difference numerical method
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to simulate its hydrodynamic behavior under steady-state conditions. The
hydrodynamic equation of the DDECFC was derived. We also used the reduction of
Fe’* in 0.5 M H>SOs4 solution to test the accuracy of the computation method. The
results demonstrate that the computed current at the working electrode and the
collection efficiency at the detector electrode, are consistent with those measured.
Moreover, we used this cell to preliminarily study the ORR on a carbon supported

nanoparticle Pt catalyst (E-TEK) at both room temperature and 110°C.
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