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Abstract: State-of-art water gas shift catalysts (FeCr for high temperature shift and Cuzn for low temperature shift) are
not active enough to be used in fuel processors for the production of hydrogen from hydrocarbon fuels for fuel cells. The
need for drastically lower catalyst volumes has triggered a search for novel WGS catalysts that are an order of magnitude
more active than current systems. Novel catalytic materials for the high, medium and low temperature water gas shift
reactions have been discovered by application of combinatorial methodologies. Catalyst libraries were synthesized on
4 inch wafers in 16x16 arrays and screened in a high throughput scanning mass spectrometer in the temperature range
200°C to 400°C. More than 200 wafers were screened under various conditions and more than 250,000 experiments were
conducted to comprehensively examine catalyst performance for various binary, ternary and higher-order compositions.
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1. INTRODUCTION

Renewed interest in the WGS reaction and the demand
for more efficient WGS catalysts was triggered by the
development of stationary as well as mobile fuel cell systems
for power generation. Currently, many research programs are
directed toward the development of superior water-gas-shift
catalysts for use in fuel processors that convert gasoline into
a hydrogen-rich gas for automotive PEM fuel cells. One of
the major technical hurdles to PEM fuel cell
commercialization is the need for a fuel processing system
that is light and small enough to fit into the confined spaces
of a consumer’s home. The system must also be able to
perform reliably under highly variable power loads, be
capable of rapid start-up, and deliver a gas stream containing
very low levels of carbon monoxide. Carbon monoxide is a
poison to all existing electrocatalysts employed in PEM fuel
cells, and its presence results in rapid degradation of
performance.

The water-gas shift reactor is a critical component of the
fuel processor. Its function is to reduce the carbon monoxide
concentration to intermediate levels, which can then be
further reduced in a subsequent preferential oxidation step or
with the use of different types of gas separation, such as PSA
or membrane. Conventional Cu based and Fe based catalysts
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used for the water-gas shift reaction are unsuitable for use in
mobile fuel processors. This is due to their insufficient
reactivity (in terms of total volume), as well as their
tendency to degrade under the severe conditions encountered
in non-industrial settings. Furthermore, conventional Cu and
Fe WGS systems require activation by in-situ reduction, and
can lose this activity upon exposure to air. Finally, they
suffer from transportation issues related to the catalysts’
pyrophoric nature ultimately leading to decomposition.
Meeting these challenges in the design of water-gas shift
catalysts is critical to the commercial success of automotive
PEM fuel cell systems.

The water gas shift reaction (Equation 1) is commonly
used to adjust the CO/H, ratio in syngas in order to generate
pure hydrogen or to remove CO from gas streams [1-25].
Depending on the CO conversion required, commercial
processes are carried out in two distinct temperature ranges:
An upstream high temperature shift stage (HTS, 300-350°C,
Fe/Cr-oxide catalysts) and a second downstream low
temperature shift stage (LTS, 200-300°C, Cu/ZnO catalysts)
[26-73].

CO + H,05 CO; + Hy AHgg=-38.9 ki/mol, K,= 27
AH7g0=-38.1 kJ/mol, Kp: 9
Equation 1. Water-gas shift reaction.

Various alternative catalyst systems have been proposed
[74-88] including supported precious metals [89-156] that
offer some advantages. These include elimination of the in
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situ activation step, increased tolerance to temperature
excursions, the reduction of size/weight of shift reactors, and
extended lifetimes of the catalyst. Precious metal WGS
catalysts that have been described in the literature involve Pt,
Pd, and Rh supported on a wide range of materials including
ceria, zirconia, various mixed valence and rare earth oxides,
ceria primed alumina, and titania [89-149]. Other systems
that contain supported Ru have also been reported [150-156].
Deactivation issues have been addressed by Sokolovskii and
Farrauto for Pt/CeO, [157,158], Flytzani-Stephanopouls and
Thompson for Au/CeO, [159, 160], and Gorte for Pd/CeO,
[161]. Surface contamination as well as loss of metallic
surface area are seen as the major sources of deactivation,
but can be managed by control of reaction conditions.

With cost/weight/volume modeling of WGS reactors
based on ceramic monoliths washcoated with Pt/ceria
catalysts (Table 1), it was confirmed that the Partnership for
a New Generation of Vehicle (PNGV) cost target ($150) will
be met with reactors of less than six liters in volume and
three kilograms in weight. These calculations were based
upon on-board reforming and the targets may be slightly less
for off-board. Also noteworthy are innovative concepts
applied to the WGS reactor fabrication [162-183], such as
the use of heat-recycling, improved thermal efficiency, and
more compact design.

Table 1. Comparsion of Washcoated Pt/Ceria Cataytic Mon-
nliths with State-of-Art Water-Gas-Shift Reactors,
for a 50-kWatt Fuel Processor

Criterion Pt/Ceria State-of-Art
Cost <$150 $ 300 to $ 500
Weight <3kg 20-40 kg
Volume 5to 6 liters 20-40 liters
CO Content 0.31t00.6% <0.50

Novel LTS systems based on supported precious and
base metal nanoparticles have also been synthesized, in
particular Au on reducible metal oxides, that are highly
active at very low temperatures - well below 200°C [184-
213].

Combinatorial and high throughput methods have
become popular with the demand for developing more novel
materials. This demand has been further driven by research
applying concepts of synergy to metal combinations in
catalyst systems. A combinatorial search by secondary
screening for novel WGS catalysts incorporating Pt and Cu
systems has also been carried out by Mirodatos [214, 215].

We have applied combinatorial and high throughput
methodologies [216-228] to the discovery of novel and
highly active families of high, medium, and low temperature
water-gas shift catalysts. The discovery program started with
primary screening, where wafer-formatted thick-film
libraries were analyzed in Symyx’ scanning mass
spectrometer (SMS) [229-241]. Secondary screening
involved the confirmation of hits and elimination of false
positives, as well as scale up of leads, using the Celero™
8x1 multi channel fixed bed reactors [242-247]. In this
paper, we review the history that guides the direction of the
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combinatorial screening and will report on the methodology
used to examine the water-gas shift reaction utilizing
combinatorial methods. HTS, MTS, LTS, full-range shifters,
rare earth systems, and non-noble metal systems will be
discussed in forthcoming publications.

2. EXPERIMENTAL

An integrated synthesis and screening workflow has been
developed and applied to WGS catalyst development [248,
249], using wafers formatted as thick film libraries.

2.1. Screening Strategy and Library Design

Libraries were synthesized on round 3 inch or 4 inch
quartz wafers in an 11x11 or 16x16 element format (Fig. 1).
Gradients of precursor solutions were chosen in order to
obtain an array of solution mixtures within a single
microtitre plate. A catalyst library substrate (wafer) is
defined with an array of wells to which a portion of the
premixed solutions from the microtitre plate will be
transferred, and these libraries are designed using proprietary
Symyx software. If precursor solutions are incompatible,
gradients of the individual solutions are prepared in different
microtitre plates, and transferred sequentially to the wafer.
Once the library design is complete, the software generates a
text file containing instructions that control liquid dispensing
robots, which physically prepare the libraries.

The methodology for catalyst synthesis that is based on
carrier impregnation with noble metal or base metal
precursor solutions is well established at Symyx. This work
used proprietary robotic slurry dispensing technology for
transferring the carrier powders (e.g., silica, alumina, titania,
zirconia, ceria, niobia, magnesia) to the wafer-formatted pre-
coated arrays (Fig. 2). Once these arrays are loaded with the
desired amount of support they then can be subsequently
impregnated with metal solutions. The carrier slurries were
prepared by combining the finely ground powders into an
ethylene glycol/water/methoxyethanol mixture (e.g., 1.0 g
ZrO, powder would be mixed into 4ml 30% ethylene
glycol/30% water/40% methoxyethanol). Master batches of
commercial Pt/CeO, shift catalysts, commercial Pt/ZrO,
catalysts or pre-synthesized Pt/TiO, catalysts can also be
doped with modifiers and promoter metal solutions using the
robotic liquid dispensing unit for use in the wafer-formatted
primary screen libraries. The wafers are then optionally
calcined in air and reduced ex-situ in tubular ovens using a
continuous flow of hydrogen.

Rapid broad screening was carried out with 3-point, 5-
point, or 10-point binaries or ternaries, where the
compositional space was mapped out by 3, 5, or 10 points of
varying compositions of metal precursor solution (i.e. 10PB
means 10-point binary, 5PT means 5-point ternary, etc).
Active hits (samples that give high CO, production) that
were identified in the discovery libraries were re-synthesized
for confirmation and further optimization into a “focus”
library. In this library, more shallow compositional gradients
are used, for example, 56 points (compositions) were tested
per ternary. These focus libraries more clearly reveal the
trends from the conversion profiles, and give some
indication as to which metal ratios to choose for scale up and
further optimization. For example, a broad screen may be a
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Fig. (1). Primary synthesis workflow. Catalysts can be prepared by impregnation or incipient wetness.

5-point binary (5PB) that consists of Pt metal with a
transitional metal (Mn, Co, Fe, Ni, or Cr) supported on
alumina, which would be depicted as Pt-(Mn-Co-Fe-Ni-
Cn)/Al,Os. A subsequent focus library may be simplified to
two metal system of Pt -Mn/Al,O3, with the amounts of Pt
and Mn varied much more broadly. Note that in our
formulas, elements within parentheses () are to be selected
from.

>

[ IR I ¥
VT 006 - v

........’“f""‘"f‘f‘t".

G
@ 2@
:..O@..GMGW
@

Fig. (2). Example of 4 inch quartz wafer with thirty 8-point binaries
on gamma-alumina carrier.

2.2. Precursor Stock Solutions

Commercially available as well as proprietary recipes
were used for metal precursor solutions in the synthesis of
the catalysts. For the WGS relevant metals, the following is a
non-inclusive list of examples of the ligands and anions used
in precursor solutions: amines, nitrates, nitrites, chlorides,
hydroxides, acetates, formates, and citrates. In general, more
that a hundred different precursor solutions were used,
however sulfur containing anions were specifically not used
as metal precursors.

2.3. SMSII Screening

Scanning mass spectrometry version 2 (SMS-II) is a
primary screening tool that uses a flat wafer catalyst surface,
a scanning/sniffing nozzle, and a mass spectrometer to
compare relative catalytic activities (Fig. 3). Quartz wafers
are mounted on a standard wafer holder that allows
movement in the XY plane. The scanning/sniffing nozzle
moves in the Z direction, and is designed to ‘touch down’ on
the surface of the wafer. The nozzle surrounds each
independent catalyst element and delivers the feed gas, and
then transmits the product gas stream to a quadrupole mass
spectrometer. Each element is heated locally using a CO,
laser, allowing a screening temperature range of
approximately 200-600°C. The product signals from each
element are analyzed for a given time period (generally 1-2
minutes), where the average of the last 6 data points is
calculated and reported for each signal. The mass
spectrometer can be programmed to monitor up to a total of
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Fig. (3). Scanning Mass Spectrometer.

20 individual masses. Each additional mass adds 20% to the
total analysis time, therefore minimizing the number of
analysis channels is important for a reasonable analysis time.
For our WGS screening purposes we analyzed seven masses:
2, 16, 18, 28, 40, 44, and 84, corresponding to hydrogen,
methane, water, CO, argon, CO, and krypton. This resulted
in a screening time of approximately 3.5 hours per 11x11
catalyst grid, and we have recently upgraded our SMSII
software to allow for automated temperature ramping on an
individual wafer. Therefore, the researcher only interacts
with the apparatus to load the wafer, which is then analyzed
typically for temperatures of 250, 300, 350, and 400°C.
Since time-on-stream is short for SMS primary screening, no
information on deactivation or long-term stability of
catalysts can be retrieved.

2.4. Reaction Conditions

Krypton was used as an internal standard and all the raw
data for CO, CO,, and H,0 gases were normalized to the Kr
signal. The reactor was operated in the temperature regime
of 250 - 450°C, with the transfer lines and reactor head
temperatures at 180°C. The pressure inside the reactor was
30 psi of argon gas, and the following gas mixtures was
added during analysis, 51.6 % H,, 7.4 % Kr, 7.4 % CO, 7.4
% CO; (premixed tank), 26.2 % H,0. The approximate total
analysis time (on stream) was 160 sec., with the signal being
averaged from the final 40 sec. A 3” wafer took about 3.5
hours to fully screen.

500 samples per day
100,000 experiments annually

3. RESULTS AND DISCUSSION
3.1. Data Processing and Data Analysis

A proprietary, custom software program running on a
dedicated Windows computer controls the SMSII
instrument. This program, in addition to controlling the
hardware, also creates a set of data files that contain setup
parameters and the collected data for each SMSII run for an
11x11 or 16x16 element matrix. On a regular schedule
(currently nightly), the data from these files are
automatically uploaded to the Symyx Oracle Database,
where they are written to tables. The Symyx Database is a
centrally managed data repository through which data can be
accessed from a variety of in-house sources.

For this project, extraction of data from the Symyx
Database was performed by custom data-extraction web
pages. Written as a Java Server Page, they communicate with
Oracle using standard Java Database Connectivity (JDBC)
routines. Specialized SQL statements were written to extract
both raw and computationally processed values from the
database tables. All of the normalizations, statistical scores
and other computed values, as discussed in the Data Analysis
section below, were implemented in SQL. The extracted data
records that were written to files are of two types, which can
be easily downloaded to the user's computer. One of these is
a comma-separated-value (csv) file that can be read by, for
example, Microsoft Excel, and the other is a visualization
file (sfs file) that can be opened in Spotfire™. The extraction
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Fig. (4). Data analysis by mass balance plots.

and downloading could be initiated from any computer,
requiring only a reasonably up-to-date web browser.

Chemical compositions for all libraries were also entered
into the Database, starting from the library designs. The
SMSII-data extracts were augmented with columns showing
mole fractions of participating metals, and the identity of the
support material (Fig. 4).

3.2. Data Analysis

The raw data were first normalized to the Kr signal
(internal standard) by the following equation:

Norm CO, = raw COs/raw Kr

The normalization of each mass to the Kr internal
standard compensates for systematic errors (e.g., pressure
fluctuations, gas flow fluctuations, varying wafer-nozzle
gap) and improves the wafer-to-wafer reproducibility. Next,
the signals of Pt/CeO, (commercial obtain sample) or
Pt/ZrO, (internally synthesized) standards, found in first row
and last column of wafer, and all blank elements were
averaged. The commercial standard was deposited after the
thermal processing of the wafer and prior to screening,
which allowed checking of the ‘wafer to wafer’
reproducibility. Conversely, the internal standard was
synthesized on the wafer, where it underwent all the thermal
pretreatments of the wafer and allowed for checking the
uniformity across the wafer. This procedure was apart from
providing a benchmark for relative comparisons with the
library elements.

(repeated for all masses).

Yaccato et al.

Mass balance plot:

Selective samples on diagonal

PtRulrMo
(;CO!N D_G I

a ™ Moving
‘stds’

side reaction

5

B

CO conversion

r 11— 5 external
standards
(commercial cat)
<
5 ™ 6 internal
2 323 standards
> ~¢3¢ (PUZrO,
&+ ‘zg b synthesized
nwewelT s weer : woel on wafer)
(B35 3 F88 3 $445 ~_
Library Studio 5.0 design: 15 ternaries M1_M2-M3 20 blanks

-

sCo2

CO, production

A quality factor was also calculated from the average
standard signal, the average blank signal (background) and
the standard deviations of the distribution functions for the
standards and blanks, respectively. This calculation is
expressed as:

Quality =
backgr)

(ave std-ave backgr)/(stddev std + stddev

where ave is the average of the standard (std) and
background (backgr), and stddev is the standard deviation.
With this expression it can be observed good quality data
with a high S/N ratio and good uniformity across the wafer
would result in a large quality factor.

The data analysis of the library screens was based on
“mass balance plots”, where the CO, production is plotted
versus the CO conversion. The CO, production is
uncalibrated so Kr is used to normalize the mass
spectrometry signals. Since the WGS reaction converts one
CO molecule into one CO, molecule, the selective shifters
would lie on a straight line with a slope of unity, which is
called the “WGS diagonal”, and any deviation from the
WGS diagonal is indicative of unselective side reactions. In
this case with the methanation side reaction, the catalyst’s
performance would result in CO consumption far greater
than its CO, production and would deviate from the WGS
diagonal.

3.3. Trajectory Mapping

The SMS screening results demonstrate that dispersed
noble metals can catalyze both WGS and methanation
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Fig. (5). Trajectories for active and selective WGS catalysts.

reactions, which compete with each other. Here, the
selectivity of the WGS reaction strongly depends on
temperature of the reaction, the type of noble metal (NM)
used, as well as the NM dispersion. In the case of choosing
the proper NM, Pt metal favors the WGS reaction, whereas
Ru and Rh tend to favor methanation. The dispersion, which
is a function of NM loading, will depend on the nature of the
dispersant and the pretreatment. Therefore, highly active,
well-dispersed NM’s will catalyze the WGS reaction in the
middle temperature shift region (MTS) while promoting
methanation at high temperature shift (HTS). The metal
loading of the libraries (i.e. the compositional metal
gradients) was purposely chosen to achieve CO conversion
between 10 and 70 %, in order to avoid experimental error
while also staying away from WGS equilibrium. This
facilitates the discrimination of catalysts and allows for
better analysis of the metal and dopant effects on the activity
and selectivity of a particular catalyst family. For each
family (metals that are the same but have different
composition or metal loadings), data points from the
catalysts are mapped out on a smooth curve or “trajectory”
when plotting the CO, production versus CO conversion.
Fig. (5) shows the unselective methanation trajectory that is
characterized by a high CO conversion but negligible CO,
production, as seen for Ru/TiO,. The highly selective WGS
trajectory shows hardly any deviation from the WGS mass
balance diagonal, as with Pt-Fe and Pt-Mo, even at high
temperatures or at high metal loadings. Typically for many
of the trajectories, the crossover from the WGS reaction to
methanation was observed at higher temperatures or higher
metal loadings, as seen for Pt-Ru-Ce. The longer the
catalysts stay on the WGS diagonal and the later they

deviates into the methanation reaction branch, the more
selective is the catalyst family and indicative of how
synergistic the combination of metals are for the catalyst.

Figs. (6, 7) demonstrate this principal further. In Fig. (6),
the binary system Pt-(Ir-Ag-Au) shows a single trajectory at
250 C, while PtRu-Fe deviates more from the WGS
diagonal. However, Pt-Ru-Fe is still more selective and
synergistic than Ru-Fe alone (Fig. 7), which is more
selective and synergistic than such methanizers as Ru-Ti.
Furthermore, Pt-Ru-Co-Fe also demonstrates improvement
in selectivity and synergistics performance over Ru-Co-Fe
catalyst (Fig. 6). These plots are the foundation for how
subsequent data is analyzed and interpreted for the other
catalyst families.

4. CONCLUSION

New advanced noble metal WGS catalysts have been
discovered as cost effective components in fuel processor
systems for fuel cell and hydrogen generation applications.
The development of time efficient and reliable combinatorial
technologies for discovery and exploration of these new
novel materials was paramount. Also, the development of
software and database for the cataloging and interpreting
extremely large data sets was a necessity.

As a result of the development of a novel NM WGS
catalyst, reactors can be very compact and cost competitive
compared to base metal reactors, being 10 times smaller with
a similar cost for a same capacity unit. The new proprietary
catalysts will be safer and easier to handle since they do not
have the self-heating and handling issues associated with the
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base metal catalysts. Newly designed novel catalysts will
allow for the expansion of WGS technology to new
applications or at least greatly improve the performance in
current uses.

In the coming months we will report details on the range
of WGS catalysts developed using the methods described in
this paper. They encompass HTS-LTS and include full range
shifters as well. Compositions include RE and non-NM
catalysts. A portion of this work has appeared in recent
patents and patent applications [250-257].
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