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Steady-state isotopic transient kinetic analysis (SSITKA) experiments have been performed using the iso-
topic exchange between '>CO and '2CO to investigate the competitive adsorption of hydrogen and CO on
commercial Pt and PtRu catalysts. PtRu alloys are known to be more tolerant fuel cell anode catalysts than
platinum, in the instance where the hydrogen fuel contains ppm levels of CO. It has been recently demon-
strated that there is a dynamic equilibrium between CO adsorbed on platinum or platinum/ruthenium
nano-particles and CO in the gas phase. In this paper, the effect of the competitive adsorption between

I;g'TVI‘?XdS" hydrogen and CO on this equilibrium has been demonstrated.

CO adsorpti . For 1400 ppm CO in hydrogen little difference was observed in the measured exchange rates for Pt
ption/desorption X

PEMEC anode catalyst and PtRu at room temperature, 9.91 x 10~ for Pt compared to 1.15 x 10~3 for PtRu, however there is a

Pt significant effect observed at 100 ppm CO in hydrogen, where the rates on PtRu are considerably smaller

Ru than on Pt (3.61 x 10~4 desorption rate constant for PtRu and 5.49 x 10~ for Pt).

The presented methodology using the SSITKA technique has demonstrated a novel way to measure
these rate constants, and the implications of these measurements on the mechanistic understanding of
the anode reaction are presented.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

At the anode of the proton exchange membrane fuel cell
(PEMFC) hydrogen dissociation and subsequent oxidation to pro-
tons occurs. This electrode is generally platinum-based due to
the high hydrogen oxidation currents obtained and the stabil-
ity of platinum under the operating conditions of the fuel cells
[1].

If the hydrogen used within the fuel cell is obtained from clean
sustainable resources (such as that produced by electrolysis using
electrical energy obtained from wind or solar power) then the only
product of the fuel cell is water. However, if the hydrogen feed to the
anode of the PEMFC is produced from reformation of hydrocarbons
by partial oxidation or steam reforming this will produce hydrogen
containing significant levels of both carbon monoxide and carbon
dioxide. A variety of further stages of purification can be performed
to remove the CO, but it is known that as little as ppm levels of CO in
the anode feed gas can poison the hydrogen oxidation reaction on
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platinum by binding strongly to the platinum surface and blocking
sites for hydrogen dissociation [2].

It has been demonstrated that alloying platinum with a second
metal, usually ruthenium, can increase the tolerance of the anode to
CO adsorption [3]. There are currently three main proposed mech-
anisms for this promotion:

(i) The bifunctional effect [4]: Alloying platinum with ruthenium,
at an optimal ratio of 50:50 reduces the overpotential required
for the oxidation of adsorbed CO to CO; [5-9]. This reduction
in overpotential is associated with the dissociation of water
being more facile on ruthenium than on platinum.

(ii) The ligand effect: Alloying platinum with ruthenium alters the
chemical properties of the surface platinum due to electronic
effects. It has been suggested that this weakening of the CO
bond could affect the CO oxidation rate in mechanism (i)
however, it has previously been demonstrated that the oxy-
gen dissociation is the predominant effect with regard to that
mechanism [10,11].

(iii) The detoxification mechanism [12-14]: It has been suggested
that the electronic effect of alloying platinum with ruthe-
nium, mentioned in mechanism (ii), can weaken the CO bond
strength to a significant enough degree that the subsequent
drop in the equilibrium coverage (via adsorption/desorption
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of CO from the gas phase) can lead to a “detoxification” effect
on the catalyst particle surface.

It has recently been shown that there is a dynamic equilib-
rium between CO adsorbed on platinum or platinum/ruthenium
catalysts, and CO in the gas phase, on a time-scale relevant to the
behavior of fuel cell anodes [15,16].

Steady-state isotopic transient kinetic analysis (SSITKA) was
developed initially by Happel [17], Bennett[18] and Biloen [19] as
a technique for studying surface reactions and was proven to be
a powerful tool for the determination of kinetics and of catalyst
surface reaction intermediates in situ. The idea behind this tech-
nique is that steady-state conditions are maintained under isotopic
transient operations and therefore the advantages of steady-state
and of transient investigations are applied: steady-state methods
measure overall performance and give an integrated picture of
a reaction system but transient methods provide information on
individual steps and have increased resolution. SSITKA is further
based upon the detection of isotopic labels in the reactor effluent
species versus time following a switch (step change) in the isotopic
labeling of one of the reactant species in the reactor feed. In addi-
tion to maintaining isothermal and isobaric reaction conditions, the
reactant and product concentrations and flow rates have to remain
undisturbed during the step change. Thus, in the absence of isotopic
mass effects, steady-state reaction conditions are maintained under
isotopic transient operation. In this case, the use of isotopic tracing
only requires that reactions do not change significantly during the
isotopic transient period.

Steady-state isotopic transient kinetic analysis (SSITKA) exper-
iments have been performed in this paper using the isotopic
exchange between 13CO and !2CO to investigate the competitive
adsorption of hydrogen and CO at concentrations relevant to PEM
fuel cells. These experiments have been performed with the aim of
more fully understanding the mechanisms involved in CO tolerance
by providing rate constants relevant to the fuel cell anode reaction.

2. Theory

The reactions occurring at the fuel cell anode can be described
as follows:

Hy +2% < 2Hyq (1)
CO + % < COyq (2)
Hy0 + % < Hy0,q (3)
H30,0 — OHyq +H* +e~ (4)
OHaq+CO,q —> 2% +COy +HY e~ (5)
Hyg— * + HF +e” (6)

where * is the adsorption site on the catalyst surface.

In the simplified environment, without humidification or an
induced potential, only the first two reactions can occur, the
adsorption/desorption of CO and hydrogen for which the equilib-
rium rate constants, Kco and Ky, , can be defined.

For CO diluted with an inert gas, the Langmuir adsorption
isotherm for associative adsorption can be defined as:

KcoPco
Oco = 5—p—— (7)
1+ Kcobco
where 6 is the coverage and p is the partial pressure.
However, when performing SSITKA experiments, both isotopi-

cally labeled and unlabeled CO are present in the system.
Therefore:

12CO + % < 12C0,4 (8)

13CO + x < 3C0,4 (9)

The following three expressions have previously been
derived for isotopic exchange experiments involving CO adsorp-
tion/desorption in an inert diluent (i.e., where the diluent does not
compete for adsorption sites with CO) [15]:

6120

dt = k+p12coe* - k7012co (10)
deo
% = k+p13CO9* — k7013C0 (]])
0. =1 i — Oraco (12)

where k* is the rate constant for the adsorption process and k~ is
the rate constant for the desorption process.

It should now be considered what will happen in the presence of
hydrogen. There are three possible scenarios to consider for inter-
pretation of the data which will be discussed below.

2.1. CO adsorption/desorption strongly predominates (effect of
hydrogen diluent insignificant); no CO readsorption

After the isotopic switch occurs, in a situation where there is no
significant readsorption of the desorbing gas, Eq. (10) reduces to:

db:, _

dtCO =~k b12c0 (13)
and therefore,
G]ZCO = 0?2c067’<7t (]4)

Note that at t=0 the coverage of 12CO is equivalent to the total
CO coverage at this temperature and pressure, fco, hence the stan-
dardized function for the decrease of the 12CO isotope in the gas
phase is:

C(t)y=ekt (15)

By analogous reasoning, the increase in the concentration of the
13C0 isotope can be given by:

Ct)y=1-—ekt (16)

These standardized functions are the transient curves of the two
products for the simplest case of the adsorption-desorption pro-
cess. The sum of these two normalized functions is at any moment
equal to unity. These assumptions have been previously shown to
be valid at low concentrations of CO in an inert diluent at room tem-
perature (where insignificant readsorption rates were observed)
[15]. Under these conditions, no dependence on flow rate was
observed above 20 mL/min.

2.2. CO adsorption/desorption strongly predominates (effect of
hydrogen diluent insignificant); CO readsorption

In this scenario the adsorption term for the desorbing species
must be considered and Eq. (10) must be considered in its entirety.

This scenario can be distinguished from Section 2.1 by a strong
dependence on flow rate. It has been previously proposed [20,21],
that the concentration of 12CO in the gas phase will decrease as:

Ocok™ exp | — k= ¢
q+ (0cok=)/Co 1+ (6cok~)/qCo

where q represents the flow rate and Cy denotes the concentration
of 12CO at t=0 (i.e., at the point of isotopic switch). Therefore the
initial gradient of a semi-logarithmic plot can now be defined as an
apparent desorption rate constant k3PP where:

Cc(t) = (17)

k-
k3PP — __ 18
= T ok V706 (18)
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Fig. 1. Schematic of the gas inlet system used in the experiments.

Rearranging gives:

1 _1 bol
kapp k- Gy q

(19)

meaning that a plot of 1/k?PP versus 1/q should provide a linear
response, with an intercept of 1/k~, the unidirectional desorption
rate constant.

The above model has previously been used when there was
significant readsorption (at temperatures of 50°C and higher) at
concentrations of 1000 ppm CO in argon [21]. It has also been
demonstrated that no significant difference in the rate of exchange
of CO at any given pressure is observed on going from Pt to PtRu
catalysts when the diluted gases used is argon since the CO states
[16].

2.3. Competition with H,

When hydrogen is used as the diluent gas, as has been per-
formed in this study, we would expect to see a deviation from the
behavior proposed by the two models given above. Experiments
performed at a single flow rate at room temperature presented in
[16] by a pseudo-SSITKA approach have indeed observed a disparity
between the data observed with Ar and H, as carrier gas.

In the instance where competitive adsorption occurs, the
isotherms governing CO and hydrogen coverage are, by analogy
to Eq. (7):

Kcopco
Oco = (20)
1+ KcoPco + +/Kn,PH,
v/ Kn,pu, 21)

g =
1+ KcoPco + +/Kn,PH,

In real terms for these experiments, this will lead to a deviation
from the expected behavior according to scenario 2.2.

3. Experimental methods

Agasinlet system has been set-up for the SSITKA analysis system
as shown in Fig. 1. Gas mixtures were prepared from the highest
available purity CO, hydrogen and '3C isotopically enriched CO.
Flow rates used for the experiments ranged from 10 mL/min to
100 mL/min.

The samples used were commercial Pt/C and PtRu/C from Elec-
trochem Inc. with metal loadings of 1 mg/cm?. These consist of the
nanoparticulate metal supported on Vulcan carbon powder and
subsequently bound to a Toray carbon sheet gas diffusion layer
using a Teflon binder (this is more resistant to temperature than the
Nafion binder which is necessary in the full membrane electrode
assembly (MEA)).

Initially, using the set-up presented in Fig. 1, a flow of a neu-
tral gas (Ny) was used in order to determine the response time
of the system for subtraction from the obtained data. Assuming
that no chemical or physical process is occurring, the transient
curve of the monitored mass-to-charge 28 u/e signal (where u is the
atomic mass unit and e is the electron charge) provides an accurate
background subtraction of the experimental system. All the experi-
mental spectra which have been acquired for CO-hydrogen gaseous
mixtures were mathematically treated by subtracting the nitrogen
transient curve occurred under the relevant conditions.

Experiments were then performed according to the following
methodology. A flow of unlabelled CO in hydrogen was passed
through the cell (valve V2 open, valve V1 closed, Pcell=1 bar).
A mixture of isotopically enriched CO in hydrogen, with the
same total CO concentration, was flowed through a “dummy” line
simultaneously (valve V4 open, valve V3 closed) under the same
conditions of pressure and flow. After a time (usually in excess of
1h, in order to obtain an initial state of the surface covered with
12C0), the valves were switched so that the isotopically labeled
mixture flowed through the cell, and the unlabelled mixture to the
dummy line (valves V1 and V3 open, valves V2 and V4 closed). The
m/e=28 u/e and 29 u/e response was then measured using the elec-
tron impact ion source IRMS. The experimental set-up has been
designed and built to allow the flow rate adjusting at the required
level and also to prevent any flow rate and pressure variation
during the switching between the two flow channels. Along the
home-designed inlet system, the pressure of the gaseous mixture
decreased in a controlled way from ~16 bars in the gas ampoules
to 10-8 mbar in the mass spectrometric electron impact ion source,
but keeping the flow rate constant. The mass-to-charge 28 u/e and
29 u/e signals have been acquired over a 2-h period. The output of
every experiment was a matrix data with the time-intensities val-
ues which were used afterwards as the basis for the mathematical
treatment.

This procedure was followed for different flow rates
(10-100sccm), concentrations for both Pt/C and PtysRugs/C
as described in the following section.



J.C. Davies et al. / International Journal of Mass Spectrometry 291 (2010) 152-158 155

oo GEITKA experiment - T .
Nitrogen flow rate -20 scem i
Pressure ~ 1 bdr

signal mass-to-charge 28-volts

1200 1400 1600 1800 2000 2200 2400 2600 2800

Time

i i
do  s0 1m0

Fig. 2. Nitrogen signal in function of time (the red line is indicating the ‘start time’). (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

45 T T | T T T
H . : : Flow parameter
a4k .| CC concentration in Hydrogen |
matrix -1400 ppm
- red color - flowrate -10 sccm
A5k S S OO 111 F .| - blue color-flowrate - 20sccm .
g - green color - flowrate - 40 scem
- yellow color - flovwrate-60 sccm
3t o, TN 1 Frcr PR RN - | [— - magenta color - flowrate -80 sccm | |
Intensity mass-to-charge 28 - blackealor - flowrate - 100 sccm
all anod
251 ks
2}

signal mass-to-charge 28-volts

' I'nﬁansi'ly':'r'ﬁass:['u-'chargé 29

29-CO flowing:through the fuel cell anode\ : H
(1] <] ST R O | . R S e T

-4000 -3000 -2000

& ] ]
0 1000 2000 3000

Time

Fig. 3. Flow dependent CO exchange on Pt catalysts at 25°C and 1400 ppm CO in H,.

SSITKA experiment for PtRu anode catalyser
(room temperature)
CO concentration into Hydrogen matrix 1400ppm

7 T T T
; — T B H
s e
Flow parameter
2L s - red color- flow rate -10 sccm eaiee]
el - blue color - flow rate - 20 sccm
> -green color - flow rate - 40 sccm
a') =yellow color - flow rate 60 sccm
o~ £ ) -magenta color - flow rate 80 sccm
® Gl P RRE: A - { -black color- flow rate -100 scem o
o : : T
E Intensity mass-to-charge 28 H
5 28:C0 flowing through the fuel cell anode |
ko
o0
w
©
E 3
©
c
R
D Atensity mass-to-charge 25
29-CO flowing through the fuel cell anode

g ” = —— .
-4000 -3000 -200 -1000 0 1000 2000 3000
Time

Fig. 4. Flow dependent CO exchange on PtRu catalysts at 25°C and 1400 ppm CO in H,.



156 J.C. Davies et al. / International Journal of Mass Spectrometry 291 (2010) 152-158

08}

0Bk oo Experiments 36 37 38,39 and 40
g Membrane -Pt

CO Concentration - 100ppm
Flow rate

o4k | red-20scem

i green-40scem
blue-Blscem
yellow-Blscecm
magenta-100sccm

0.2

signal mass-to-charge 28-Volts

signals of mags-to-charge 29

signals nfmas:'s-m-charge 6 :

.0; 1 I
-tl?ﬁﬂﬂ -3000 2000 -1000

|
1000 2000 3000 4000

Time

Fig. 5. Flow dependent CO exchange on Pt catalysts at 25°C and 100 ppm CO in H,.

4. Results

As outlined above, experiments have been performed for two
types of commercial catalysts—Pt and PtRu, and for two different
concentrations of CO in hydrogen—1400 ppm and 100 ppm.

As previously described in Section 3, the response time of the
experimental set-up was determined using nitrogen as an inert gas
(itisknown to be aninert diluent at the fuel cell anode). An example
of the nitrogen signal (mass-to-charge (m/e) ratio of 28 u/e), for an
initial flow of 20 mL/min, is shown in Fig. 2. The calculated area
below the nitrogen signal time dependence has been subtracted
from the CO/H, measurements for all subsequent data analysis.

Initially the CO exchange experiment was performed with the Pt
samples for a concentration of 1400 ppm CO in hydrogen at 25°C as
shown in Fig. 3. Data was obtained for a range of flow rates and the
flow rate dependence was observed. This experiment was repeated
for the PtRu catalyst (as shown in Fig. 4).

Data was then obtained for 100 ppm CO in hydrogen at 25°C
for both the Pt (Fig. 5) and the PtRu (Fig. 6) catalysts. This is the
typical order of magnitude of CO concentration at which low tem-
perature PEM fuel cells are able to operate with the use of more
CO-tolerant PtRu catalysts. However, at these concentrations, the
pure Pt catalysts are known to poison very quickly.

To determine the kinetic parameters the change in the
mass/charge signal of 29 u/e was used. This is more accurate than

using the mass/charge signal of 28 u/e, as the mass/charge signal
of 29 u/e starts from the background zero value. If there is a slight
difference in the two concentrations of the initial gases then this
error will be incorporated into the mass/charge signal of 28 u/e.

The experiment switch which has been performed with an
inert gas (nitrogen) to determine the lag time for the experiment
when there is no adsorption-desorption event has been treated by
analogy to Eq. (16) and therefore, the regression function for this
normalized nitrogen result is:

Ynitro = 1— anitro-ef(t/bnitro) (22)

These values were determined for each flow rate used and sub-
tracted from the mass 29 experimental data prior to the fitting of
that data. They are given in Table 1.

The exponential regression which was then applied to the mass
29 experimental data for the two different concentrations and cat-
alyst materials was therefore:

Y29 = 1 — azg.e™(t/P20) (23)

where a,g and b,g are the values listed in Table 1.

By comparison of the exponential term in Eq. (23) with Egs.
(17)-(19) it can be seen that 1/b=kapp, therefore a plot of b versus
1/q should provide an intercept of 1/k~ and therefore a value for
the unidirectional rate constant for the desorption rate for these
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Fig. 6. Flow dependent CO exchange on PtRu catalysts at 25°C and 100 ppm CO in H,.
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Table 1
Coefficients for the data obtained at room temperature.
Flow rate (sccm) CO concentration (ppm) Catalyst Nitrogen Hydrogen +CO
Ohitro bnitro az9 b29

10 1400 Pt 9.9144 359.0264 0.2845 1358.02
20 1400 Pt 23.4874 251.5877 0.2267 1177.85
40 1400 Pt 56.8516 189.3382 0.1963 1104.52
60 1400 Pt 85.3862 166.8216 0.1744 1065.81
80 1400 Pt 95.2661 157.0364 0.1582 1020.37

100 1400 Pt 95.6176 152.213 0.1644 1069.65
10 1400 PtRu 9.9144 359.0264 0.3357 1520.39
20 1400 PtRu 23.4874 251.5877 0.2537 1150.02
40 1400 PtRu 56.8516 189.3382 0.192 1024.12
60 1400 PtRu 85.3862 166.8216 0.1717 982.82
80 1400 PtRu 95.2661 157.0364 0.1595 972.54

100 1400 PtRu 95.6176 152.213 1.1567 934.80
20 100 Pt 23.4874 251.5877 0.534 3036.02
40 100 Pt 56.8516 189.3382 0.4429 2511.03
60 100 Pt 85.3862 166.8216 0.3969 2238.94
80 100 Pt 95.2661 157.0364 0.3743 21273

100 100 Pt 95.6176 152.213 0.3104 2026.1
20 100 PtRu 23.4874 251.5877 0.3518 4776.7
40 100 PtRu 56.8516 189.3382 0.5933 3879.03
60 100 PtRu 85.3862 166.8216 0.5331 3314.92
80 100 PtRu 95.2661 157.0364 0.5329 3334.43

100 100 PtRu 95.6176 152.213 0.5252 3167.04

5000
Pt 1400ppm COM2
= PtRu: 1400ppm COM2
AP 100ppm COM2
= PIRu: 100ppm COM2
4000+

3000+

b2e

20004

1000———4——3¢—F%F—

0 0.01 0.02 0.03 0.04 0.05 0.06
1/flowrate

Fig. 7. Plot of byg versus 1/q for Pt and PtRu catalysts under different concentrations
of CO in hydrogen.

conditions can be obtained. The plot of b,g versus 1/q is given in
Fig. 7.

From this chart the y-intercepts for the individual sets of condi-
tions can be determined, and the unidirectional rate constants can
be derived as given in Table 2.

It can be observed that at 1400 ppm there is little difference
between the observed rates on Pt and PtRu, however at the lower
concentration of 100 ppm it is clear that the rate of exchange of
CO is considerably smaller on PtRu than on Pt. Similar behavior
was also observed in [16] for 100 ppm and 1000 ppm CO in hydro-

Table 2

Derived rates for the four sets of data.
Catalyst Concentration (CO in Hy) (ppm) Intercept k= (s
Pt 1400 1009 991 x 104
PtRu 1400 872 1.15x 103
Pt 100 1821 549 x 104
PtRu 100 2769 3.61x10*

gen using a pre-dosing technique (rather than traditional SSITKA)
however, in this previous paper data was only obtained for a single
flow rate (20 mL/min) under the assumption that the exchange rate
was independent of flow rate at these concentrations. Whilst it can
be seen from our data that this will give a relatively accurate value
at 1000 ppm (the gradient of the plot is very “flat”), it is clearly not
the case in our experiments at 100 ppm where the rate becomes
more strongly dependent on mass transfer.

5. Discussion

In this study we have demonstrated that fast-switching SSITKA
measurements can be performed to provide information on
the adsorption/desorption rates of CO from Pt and PtRu cat-
alysts at relevant concentrations of CO in hydrogen, therefore
providing information regarding the competitive adsorption of
these two species on Pt and PtRu. It is proposed that the
adsorption/desorption rate of CO is important in controlling the
equilibrium coverage of CO under the operating conditions of the
fuel cell and therefore the subsequent rate of hydrogen oxidation.

Experiments have been performed at two concentrations;
1400 ppm and 100 ppm CO in hydrogen on both platinum and plat-
inum/ruthenium catalysts. From fitting to the experimental data of
the exponential increase in the desorbing CO (m/e =29 u/e signal) it
can be seen that there is very little difference in the rate of exchange
on Pt and PtRu at the higher CO concentration. In [16] it was also
observed that at higher concentrations of CO there is little differ-
ence in behavior between CO in hydrogen and in an inert diluent,
implying that CO adsorption predominates. This would imply that
scenario 2.2, outlined in Section 2, is a good approximation at a
concentration of 1400 ppm in hydrogen.

However, when the concentration is lowered to 100 ppm, there
is increased competition between the hydrogen and CO and the
subsequent rate of exchange on the PtRu surface is significantly
lowered compared to the rate on pure Pt.

It is most likely that this originates from lower equilibrium cov-
erage for CO on the PtRu catalyst, which will naturally be beneficial
for the hydrogen oxidation reaction under these conditions. It has
previously been shown that the partial pressure of CO, the equi-
librium coverage and the desorption rate are all strongly linked
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parameters for these systems [15]. It is clear that towards lower
concentrations of CO in hydrogen, the increased competition for
sites is leading to a lower exchange rate for CO. At concentrations
from 100 ppm CO upwards it has been shown that the rates of
exchange under dry conditions are larger than the measured rates
of oxidation of CO performed in electrochemical half-cells [15]. It
is the balance between these two kinetic processes as lower con-
centrations of CO are reached, that will be the important factor in
determining the relevant mechanism for CO tolerance.

Furthermore, it would also be interesting to look at the effect
of temperature, humidification of the gas stream (the inclusion of
a third adsorption species), and eventually to aim to perform such
exchange experiments in a single cell arrangement.

Finally, if novel catalyst materials could be made available, the
comparison of the fundamental kinetic parameters of such novel
materials with those obtained from the industrial standard cata-
lysts could provide additional information regarding the potential
of the novel materials as CO-tolerant PEM fuel cell catalysts.

6. Conclusions

Steady-state isotopic transient kinetic analysis experiments
were performed for the CO exchange process in hydrogen carrier
gas at 1400 ppm and 100 ppm concentrations at a range of flow
rates.

A dependence on flow rate was observed under all conditions.
Rate constants for the desorption process were obtained by extrap-
olation of the data assuming a Langmuirian model.

For 1400 ppm CO in hydrogen little difference was observed in
the measured exchange rates for Pt and PtRu at room temperature,
however there is a more significant effect observed at 100 ppm CO
in hydrogen, where the rates on PtRu are considerably slower than
on Pt. This can be attributed to increased competition on PtRu for
CO and H adsorption, leading to a lower equilibrium coverage of CO
on the PtRu surface.
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