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Combined high-pressure cell—-ultrahigh vacuum system for fast testing
of model metal alloy catalysts using scanning mass spectrometry

M. Johansson,? J. Hoffmann Jgrgensen, and I. Chorkendorff
Interdisciplinary Research Center for Catalysis (ICAT), Department of Physics and Department of Chemical
Engineering, Technical University of Denmark (DTU), DK-2800 Kgs. Lyngby, Denmark

(Received 13 August 2003; accepted 23 March 2004; published online 24 May 2004

An apparatus for fabrication, surface analysis in ultrahigh vacuum, and testing of the catalytic
activity of model metal alloy catalysts is described. Arrays of model catalysts are produced by
electron-beam deposition of up to four metals simultaneously onto a substrate. The surface analysis
techniques available are scanning electron microscopy, x-ray photoemission spectroscopy, ion
scattering spectroscopy, Auger electron spectroscopy, sputter profiling, and temperature
programmed desorption. The catalytic activity of the model catalysts is tested individually by
scanning a combined gas delivery and gas sampling device over the sample surface. The gas
sampled is analyzed with mass spectrometry. Experiments can be made at pressures up to 1 bar and
temperatures up to 500 °C. It is shown that the lateral resolution is better than 0.2 mm and that up
to 20 circular spots, 1 mm in diameter, can be studied on a substrate 10 mm in diameter. A high
pressure cell with an all-metal sealed ultrahigh vacuum lock is also described as part of the work.
© 2004 American Institute of Physic§DOI: 10.1063/1.1753677

I. INTRODUCTION reforming catalyst based on surface alloying of Au and Ni.
Theoretical calculations can be used to predict changes in

Since the mid-1990s a range of methodologies hag tace composition related to segregation and allo§hg.
evolved for high-throughput synthesis and screening of Netg,,q, this and predicted shifts in tiieband center of various

erogeneous catalysts. The objective has been to spe_ed UP transition metals one can obtain useful trends in accompany-
the discovery process and to lower the development time for

o Ing changes in reactivity by, for example, having one metal
new catalysts and materials in general. One example of sucaﬁg g tby P 9

o ) o loyed into the surface of another or simply having one
an approach is “scanning mass spectrometry,” which is per- . .
metal forming a pseudomorphic overlayer on another

formeq by_lntegratmg gas dehvery and spatially resolved 933, etallt Recently, theories on universalities in catalysis have
sampling into a probe that functions over an array of catas ; .

5 been published? All these theoretical data form a very good
lysts on a sample platé’

High-throughput screening is usually performed on hun-bas's for identifying interesting metal alloy systems for fur-

dreds or even thousands of catalyst samples per day aﬁﬁer Investigation. . .

deeper insight must unfortunately be sacrificed for the sake Unfqrtunately, the calcglatlo_ns_ do not. yet provide all t_he
of speed of testing, since there is no time or equipment fOrnformatlon necessary for |dent|fy|ng_a viable catalyst. First
actually performing a detailed study of the composition anc®f @ll. the calculations merely provide trends, rather than
surface morphology of the samples responsible for any Obgctuql accurate turnover frequenC|e§ since the agtlyatlon bar-
served reactivity or lack of same. Nor does the short timdi€rs involved cannotyet) be determined with sufficient ac-
interval used for testing~30 § allow detection of long-term  €uracy. Secqnd, the stt_:lblllty of the alloy under the influence
instability or the required induction period of the model cata-Of the chemical potential of the reactants and product must
|yst From experience gained from high_pressure experibe taken into ConSideratidﬁ,Since such phenomena can
ments on single crystals, even the smallest amounts of impiEhange the surface composition and structure completely.
rities may cause tremendous problems. Since the surface arPgtailed investigation of the reaction pathway using density
of the catalyst is small compared to the reactor volume, higtiunctional theory is getting close to having the necessary
sensitivity to contamination can be expected also in highprediction power, but is still limited since the calculations are
throughput experiments. This could easily lead to erroneoug¥ery time consuming, even on the fastest computers and,
interpretation of the results obtained in high-throughputworse, depend on input for the reaction pathway and surface
screening, in the sense that a good catalyst may appear to bemposition. Thus, there is still a need to obtain basic infor-
inactive either because of contamination, or because it was imation on the reactivity and composition of catalyst surfaces

an inactive state at the time of measurement. which have experienced reaction conditions at high pres-
Metal alloys, often supported on other materials, findsures.
extensive use as commercial catalys&urface science stud- In order to close the gap between truly high-throughput

ies have previously been used to design a new steanscreening and the slow, but very well-defined, single crystal
work usually performed in ultrahigh vacuum, we have de-

aAuthor to whom correspondence should be addressed; electronic maifigned an apparatus which can SyntheSiZ.e and te_St of the
martin.johansson@fysik.dtu.dk order of 20 model metal alloy catalysts, without losing the

0034-6748/2004/75(6)/2082/12/$22.00 2082 © 2004 American Institute of Physics

Downloaded 12 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp


http://dx.doi.org/10.1063/1.1753677
http://dx.doi.org/10.1063/1.1753677

Rev. Sci. Instrum., Vol. 75, No. 6, June 2004 High pressure cell-UHV system for catalysts 2083

capabilities for characterization using standard surface analyMass spectrometer chamber
sis methods.

The apparatus consists of a conventional ultrahigh g, iq
vacuum surface analysis and metal deposition chamber con~g
nected to a high-pressure cell by a vacuum lock. The vacuurr
lock was developed in our laboratory and is all metal sealed. Mo
It allows ultrahigh vacuum to be maintained in the surface
analysis chamber while the pressure in the high-pressure cel
is 1 bar.

The model catalysts are produced by electron-beam
deposition of up to four metals simultaneously. Typically, an
array of 10—20 circular spots 1 mm in diameter is deposited
on, for example, a preoxidized aluminum single crystal.

Electron gun/Cylindrical energy analyser

Mass spectrometer

Preparation chamber

| - A |.1\\\ lm ]
UHYV lock 'n \B}aporatc\)\\ /

The surface analysis techniques available as part of the SEM lon gun Motor
apparatus are x-ray photoemission spectrosd®sS), ion X-Ray gun | Ion pump Vibration damper
scattering spectroscop§ySS) and Auger electron spectros- Hemispherical energy analyser

copy (AES). Imaging AES can be used to map the dIStI’Ibu-FIG. 1. Schematic of the apparatus. HPC is the high-pressure cell and QCM

tion of elements on the sample surface. Scanning electrofe quartz crystal microbalance thickness monitor. SEM indicates the posi-

microscopy(SEM) is used for orientation and alignment pur- tion of the SED detector. The main turbo pump is mounted on the opposite

poses, as well as for studies of the surface structure of thgide of the sample manufacturing ghamber. There is also a flpod ion gun
talvsts. Sputter profiling with AES and temperature rO_mounted on the sample manufacturing chambet shown, which is used

catalysts. >p .p 9 P PrO4o clean the samples.

grammed desorptiofiTPD) can also be performed.

A gas sar_nplmg/gas delivery _dewce for scanning mas%nalysis in ultrahigh vacuufUHV) is combined with mea-
spectrometry is mounted on the high-pressure cell so that the ; e
reactivity of the allov spots can be tested sequentially an urements at high pressure. The reason for this gain in time is
reactivity 10y Sp q y hat the time actually spent on manufacturing and analysis of
individually. Experiments can be performed at pressures u

bhe individual model catalyst is small compared to the
to 1 bar and temperatures up to 500 °C for an extended P&mount of time spent obtaining vacuum, cleaning the
riod of time, often more than 24 h. It is well known that for '

sample, positioning the sample, warming up and calibrating

i, X Yhe analysis equipment, etc. The drawback of the method
face composition and structure before the active surface aised in this work is. of course. that the model catalysts ob-

pears. Thus, strong gmpha3|s has_ been_ given to continuoyg;q g by evaporation of metals do not, in general, have a
high-pressure operation to enable investigations of Iong'terrﬂ/ell-defined surface structure

effects like segregation, alloying, phase separation, deactiva- Some preliminary results on CO oxidation and

tlon,T:;nd p0|son|ng|;_ of/the rgolt_jel caéaly_sts. . ¢ hydrogen—deuterium exchange on Pd and Pd/Ni alloys are
N€ gas sampling/gas delivery device CONSISts of & CONgj .\ as examples of the performance of the apparatus.
centric arrangement of an inner quartz tube and an outer steel
tube. Gas is blown toward the sample surface through the

steel tube so that stagnation-like flow is formed. The end of!- DESCRIPTION OF THE APPARATUS
the quartz tube closest to the sample was melted to a capil- The apparatus consists of three basic parts: the sample
lary leak’* The quartz capillary leak is used to sample thepreparation chamber, the surface analysis chamber, and the
gas close to the sample surface, and the sampled gas is thgigh-pressure cell; see Fig. 1. In addition to these basic parts
analyzed with mass spectrometry. When the device is posthere is also a separate ultrahigh vacuum chamber that con-
tioned over a catalyst spot it is thus possible to study theains the mass spectrometer used for the high-pressure mea-
products formed, whereas products formed on adjacent spoésirements and a gas handling system to provide gases for the
are washed away by the gas flow. The entire gas samplingfigh-pressure experiments. The sample is mounted at the end
gas delivery device can be scanned over the sample surfagg a manipulator arm which allows the sample to be moved
to measure the local catalytic activity. throughout the entire apparatus. An electron-beam evapora-
The lateral resolution of the high-pressure measuremenigr is used to manufacture samples. The apparatus includes
is shown to be better than 0.2 mm. It seems that the spillovesquipment for several surface sensitive analysis techniques:
of products from one spot to another is negligible if the AES, imaging AES, SEM, XPS, ISS, and TPD. A sputter gun

distance between the spots is more than 0.7 mm, at leagr cleaning the samples and sputter profiling is also
under the conditions tested so far. This means that up to 2gounted.

metal alloy spots of 1 mm diameter can be studied simulta- ) )

neously on a substrate 10 mm in diameter. A complete med>: Ultrahigh vacuum system for surface analysis

surement cycle consisting of sample preparation, metal depg—nd sample preparation

sition, surface characterization, high-pressure testing, and The preparation chamber and the surface analysis cham-
postreaction studies of the model catalysts takes about or®er are parts of the same ultrahigh vacuum chanBéere
week to perform. This is at least an order of magnitude fasteis no valve between themThe chamber is pumped by a
than in conventional work on single crystals where surfaceé/arian 550 I/s turbo pump and a Physical Instrumeptdl)
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combined 220 I/s ion pump and titanium sublimation pump. Double flange on the

Alignment tool

After bakeout at 170 °C the system can maintain pressure o UHYV lock

less than & 1019 Torr. Aluminum disc Sample holder \
Besides the locked position in the high-pressure cell, Thermo couple Power feedthrough \

there are four stages along tlepath of the manipulator: / W wire / E

evaporation, Ar sputtering, TPD, and surface analyAISS, /

SEM, XPS, and IS5 The first three stages are located in the T [/ -/ ﬁ/\

preparation chamber; see Fig. 1.

In the first stage, metal deposition is done using an Ox-
ford Applied Research H-PEB4 electron-beam evaporatol
capable of coevaporation from four different pockets. Each \
pocket has its own power supply capable of up to 200 W \_
emission power. The H-PEB4 ha_ls a water cqoled hearth,_re Smplle Mica insulator Thermocouple
sulting in a moderate pressure increase during evaporatior feedthrough |:
The evaporation rate is monitored by a Maxtek TM-400
thickness monitor and SH-102 sensor head. The water coole..
sensor head and a mask with hOIGS. for depOS.Itlon of 1,2, PFEIG. 2. Sample mounting and alignment of the sample taxthg plane of
3 mm diam spots are placed on a linear manipulator. In thignotion of the gas sampling device. The sample alignment tool is mounted
way either one of the holes or the thickness monitor can ben the double flange of the UHV lock instead of the high pressure cell.
positioned over the evaporator. The device can be retracted

completely from the path of the manipulator arm. A shield istor arm. In order to further reduce vibrations the entire appa-

mounted on the evaporator head in order to screen oth@gtus rests on a frame supported by the vibrational damping
parts of the system from the evaporated material. columns of a PHI Multiprobe 600.

In the second stage, the sample surface can be sputtered
clean by a Leybold IQE 10/35 5 kV sputter ion gun.

In the third stage, TPD is performed using a Spectr
Microvision Plus quadrupole residual gas analyzRGA) The manipulator arm is made from a steel tube of length
with a secondary electron multiplier and a Faraday cup. It isl.2 m and outer diameter of 25 mm. It is mounted on a
mounted inside a differentially pumped “nose” with inlet horizontalxyzd manipulator with anx stroke of 870 mm.
diameter of 2 mm. By moving the sample under the nosélhe arm is supported at thez stage by four stainless steel
TPD can be performed on one spot at a time. precision bearings 45° off vertical and at the outer end where

The fourth stage contains the surface analysis instrui is tightened to the rotating platform. The rotating platform
ments. The equipment for AES, SEM, XPS, and ISS is allis a two-stage Thermionics RNN 250/FA differentially
aligned to focus onto the same point, although the samplpumped rotary seal.
has to be turned 90° to face the hemispherical energy ana- Motion in thex, y, andz directions is controlled by Ori-
lyzer used for XPS and ISS. ental Motora-STEP stepper motors. The minimum step cor-

A Physical Instruments model 25—120 A scanning augeresponds to movement of 0.4, 0.1, and @uh in thex, v,
microprobe with a single pass cylindrical mirror analyzerandz directions, respectively. The drivers are controlled by a
(CMA) and an electron gun with maximum beam energy ofLABVIEW program that runs on a PC via a National Instru-
25 kV is used for AES and imaging AES. The beam diametements PCI-7314 open loop motion controller board. Limit
of the electron gun is 350 A at 10 kV. and home switches are mounted on the manipulator and read

SEM images are generated from electrons picked up by theLABviEW motion control program. The repeatability of
a secondary electron detec{®ED). There is also an ampli- movement is estimated to be better than 0.01 mm in all di-
fier for the current running through the sample which can beections.
used to obtain absorbed current images of the sample. The The sample is mounted at the end of the manipulator arm
maximum size of the area scanned by the AES electron gu(see Fig. 2, which shows the sample with an alignment tool.
is about 2<2 mn?. Secondary electrons can also be generThe end of the arm consists of a weldable feedthrough
ated by a separate electron givacuum Science Workshop, (TCK-30C, Caburn-MDGC with a K-type thermocouple and
maximum 5 kV beam energymounted 38° from therZ 30 A Cu power connectors. The sample would typically be a
plane and 35° below th¥Y plane. In this way it is possible metal single crystal with a diameter of 10—15 mm and height
to view the entire sample in one SEM image. of 2—4 mm. The sample is mounted on a 0.6 mm outer

The hemispherical analyzer used for XPS and ISS meadiameter(o.d) W wire that passes through a pair of holes in
surements is a Specs Phoibos 100 with single channel detettye sample and is fastened to two Cu bars hanging from the
tor. The x-ray source used for XPS is a Specs RQ 20/3®ower connectors; see Fig. 2. The W wire has a free length
(with a dual Al/Mg anodg mounted at an angle of 54.7° of about 15-25 mm in order to obtain sufficient resistive
from the analyzer. A PHI model 04-303 ion gun is placed atheating. The sample is supported from below by a support
a 130° scattering angle for ISS. arm of copper, which is mounted on one of the sample hold-

A T-shaped stabilizer mounted on a rotationalers and electrically insulated from it by a slice of mica. A
feedthrough can be placed as a support under the manipulahort piece of W wire supported by a screw with a hole

Support arm Macor shield Manipulator arm

aB' Main manipulator and sample mounting
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drilled in the end makes contact with the back side of the
sample. This support is necessary to counteract the down
ward force on the sample exerted by the gas stream. The
thermocouple is mounted in a hole in the side of the sample.
The temperature is controlled by a Eurotherm 2408
temperature/process controller connected to a 0-125 £
power supply.

The soldering used in the electrical feedtroughs on the
end of the manipulator arm contains Ni, which is catalyti-
cally active for some reactions and also forms volatile nickel
carbonyls with CO. In order to minimize the contact between [of
the reaction gas in the high-pressure cell and the electrica/ |
feedthroughs at the end of the manipulator arm, a “shield” of
machinable cerami¢Macon is mounted over them before
the sample holders are mounted. This also protects the
feedthroughs from metal vapor during deposition of metals
and sputtering.

It is very important that the sample surface is mountedriG. 3. Ultrahigh vacuum lock with the high-pressure cell mounted. Shown
so that it is parallel to the;_y plane of gas sampling move- is a situation where the sample has reached the measurement position in the
ment, as will be explained later. This is achieved by using §/9h-pressure cell. The manipulator arm is kept in place by the fork. When

. . . . . the nut on the locking bolt is tightened, the locking ring will press on the
special alignment tool, shown in Fig. 2. The tool is the Shap%ouble flange carrying the high-pressure cell. The gasket sits on the inside of
of a round aluminum disk the same size as the sample and ige double flange and is then pressed against the knife edge on the manipu-
fixed relative to the flange of the ultrahigh vacuum lock. Thelator arm. The gasket is held in place by the con_ical guic!g, WhiCh‘ also steers
sample is in the correct position when it is concentric Withthe manipulator head toward th(_e correct sealing position during sam_ple

. L. . transfer. The bellows take up motion of the double flange when the locking
the alignment tool and the sample surface is just in contagfy s tightened. The sample hangs from two copper rods, which are
with the lower, polished surface of the tool. When the high-mounted on the power feedthroughs at the end of the manipulator. The
pressure cell is mounted, alignment of the sample surface céiprort under the sample and the thermocouple wires are not shown.
be checked by bringing the nose of the gas sampling device
into ohmic contact with the sample surface. By using theD. High-pressure cell
method described above, it is possible to align the sample so
that deviation in the height direction is less than 0.05 mm
over a sample surface 10 mm in diameter.

Gasket

Locking ring
HPC

The high-pressure cell has five CF70 flange connections.
It is mounted on the high-pressure lock and the gas sampling
stage is mounted on top of it, as shown in Fig. 4. The high-
pressure cell is manufactured of Ni-free ste@RNE steel,
W no. 1.2510, in order to minimize the formation of nickel
carbonyls during experiments with CO. Unfortunately, it is
The design of the lock is inspired by a standard Conflatot possible to weld this kind of steel. Hence the manipulator
ultrahigh vacuum seal. Compared to a number of similarm and the window flanges are made of 316 stainless steel,
ultrahigh vacuum locks described in the literattitét has  \which contains Ni.
the advantage of being all metal sealed and He leak tight puyring initial testing of the system, two windows were
when closed. Thus the ultrahigh vacuum chamber will remounted on the high-pressure cell to facilitate sample trans-
main at a pressure in the low 18 Torr range when the fer and positioning of the sampling device. Also, the edge-
high-pressure cell is filled with gas at atmospheric pressureyelded bellows that are part of the gas sampling device are
The ultrahigh vacuum lock is shown in Fig. 3. The lock of the type to be used with vacuum on the inside. This limits
is mounted on a 2.75 in. gate valeot shown. After open-  the pressure in the high-pressure cell to 1 bar. Without the
ing the valve, the sample is moved into the high-pressurgyindows, and with edge-welded bellows made to be used
cell. When the sample is close to its correct position in theyijth overpressure inside, it should be possible to run experi-
high—pressure cell, a knife edge on the manipulator heaﬂ']ents at pressures up to at least 5 bar.
seals it against a Cu gasket. A guide steers the manipulator The sample can be heated to at least 500 °C with 1 atm
head to the correct position. The manipulator head is thebressure in the high-pressure cell. The limit is set by the
locked with a fork on the ultrahigh vacuum side of the seal.cyrrent limit of the electrical feedthroughs. At this tempera-
The Cu gasket is pressed against the knife edge on the mgyre the glass windows in the high-pressure cell do not get
nipulator head by tightening the locking bolt. hot. With pure B or He the maximum temperature achiev-

As shown in Fig. 3, the high-pressure cell is mounted ongple is about 350 °C due to the higher thermal conductivity
the exterior side of the double flange of the ultrahigh vacuunpf those gases.

lock. When the manipulator head is locked, the high-pressure
cell can be removed to allow the sample to be exchange

The high-pressure cell can then be mounted and pumpe
down separately with the 70 I/s turbo pump. The high-  An obvious requirement is that it should be possible to
pressure cell thus also works as a load lock. measure the catalytic activity for each spot individually. This

C. Ultrahigh vacuum lock for the high-pressure cell

. Gas sampling
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To MS filling. The capillary seal is machined from a double-
50 thickness CF 40 flange. A small cylinder and a screw with a
? 000 2 mm center hole are passed over the capillary and the seal is
OO0 made by forcing the cylinder down onto the O ring by turn-
ing the screw in a thread cut into the flange. The presence of
_ A-A the small cylinder was found to improve the seal signifi-
— /Caplllary seal A cantly.
The quartz capillary is made of a 50 mm long piece of

0.9 mm o.d. quartz tubing=10% tolerance, Quartz Plus,
L Inc.) which is joined b a 2 mmo.d. quartz tube by melting in
x a hydrogen—oxygen flaméThe 1 mm o.d. tube is too fragile
A to be sealed by an O ringThe leak at the end of the 0.9 mm
o.d. capillary is made by pumping the capillary with a turbo
pump and monitoring the pressure while heating the quartz

F

Gas in [ | ™ Quartz capillary with a hydrogen flamé?
—p~ ||—— Gasinlettube At the lower end, the capillary is stabilized by passing it
through the center holef@ 6 mmo.d. stainless steel disk
N t} welded into the bottom of the 6 mm steel tube; see Fig. 4.
\ | Nose The gas flows through six 1 mm diam holes that surround the
Mounted on 1 hole for the capillary.
XYZ table The gas is directed onto the sample surface through an
<Ny aluminum sampling nose screwed onto the end of the gas

inlet tube. Aluminum was chosen as the material for the nose
because of its chemical inertness for the chemical reactions

of interest here. The nose can easily be exchanged for one
Sample made from another material, or one with another shape, if
necessary.

The capillary can be moved up and down with respect to
the gas inlet tube by turning a micrometer screw that drives
linear motion. It is important to be able to position the cap-
illary accurately, since the gas composition may vary rapidly
\ with distance from the sample, as will be shown later.

e fampls Samplelbider HIRC ~ The gas inlet tube is welded into a CF 70 flange, which

is mounted on a single bellowsyz manipulator which, in
FIG. 4. Principles of the high-pressure experiment. The flange where th&éurn, is mounted on the high-pressure cell; see Fig. 4. In this
quartz capillary is sealed is attached to a linear manipulator which inay the entire gas Samp"ng device can be moved in three

mounted on theXYZtable. Movement is taken up by edge-welded staunlessdimensioﬂS above a sample locked in the high-pressure cell.
steel bellows. Two of the side flanges on the high-pressure cell are used for

windows, and the third for the gas outlet. Also shown is an enlargement of ~ Motion of the xyz table is cqntrolled by three Oriental
the lower part of the gas inlet tube with the quartz capillary and the nose.Motor a-STEP stepper motors in the same way as for the

main manipulator. The minimum step in motion is Quf in

is achieved by sampling the gas close to the sample surfacdl three dimensions. Motion of the. gas sampling dgvice is
and by minimizing the diffusion of reaction products from controlled by a.ABviEw program which also communicates
adjacent spots toward the sampling device. with the mass spectrometer. Measurements can be pro-

Gas sampling is made with a quartz capillary of the typegrammed in advance and then be carried out automatically.
invented by Kasemd&' This gives the advantage of very
small gas flow through the sampling deviceabout
0.02 (ml/min),] and, thus, spatial resolution better than 0.5
mm in the gas phas@.

The sampling device consists of a concentric arrange- The gas sampled by the quartz capillary is led to a small
ment d a 6 mmo.d. stainless steel tube with the quartz tubeultrahigh vacuum chamber pumped by a 250 I/s turbo pump
in the center; see Fig. 4. Gas is blown toward the samplevhich contains the mass spectrometer. The leak of the quartz
surface through the steel tube. The gas flow resembles stagapillary is made to yield pressure in the mass spectrometer
nation flow, leaving a point of stagnation on the surface unchamber of about 2 10” ¢ Torr with pressure of 1 bar in the
der the quartz capillary leak. The gas that passes outwardigh-pressure cell.
from under the nose will counteract diffusion of the species  The mass spectrometer is a Balzers QMA 125 quadru-
formed on neighboring spots toward the capillary. pole mass spectrometer with an axial ion source. The detec-

The quartz capillary is sealed at the top of the gas inletor used is either a Faraday cup or an off-axis SEM. Control
tube at its 2 mm o.d. end with a 3.8®.76 mm Betech Seals electronics for the mass spectrometer are controlled by a
flourine rubber O ring, which is made with sulfur-free TiO LABVIEW program running on a PC.

Manipulator arm

F. Gas analysis
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Flow direction |

FIG. 5. Gas handling system. MFC are mass flow controllers
0-20 (ml/min),, HPC the high-pressure cell, Q1 is the quartz capillary
mounted in the gas sampling device, and Q2 the quartz capillary leak
mounted on the gas outlet from the HPC. PRC denotes pressure controller.
MSC is the mass spectrometer chamber, TP the 70 I/s turbo pump, and
the roughing pump. RV is the relief valve.

|%EG. 6. Secondary electron microscope image of an oxidizétl1Al crys-

tal with nine spots evaporated onto it. The spots have a diameter of 1 mm

and the crystal has a diameter of 10 mm. Spots 1 and 5 consist of 500 A Pd,

A number of valves mounted on the mass spectrometeiPots 2 and 8 of 250 A Pd, spots 3 and 7 of 1000 A Pd and spots 4 and 6 of

chamber make it possible to switch between the main Capil:—LZS A Pd. Spot 9 consists of 1000 A Au. The image was put together from
| ; 25 smaller parts, each aboux2 mm. The electron beam had energy of 1.1

lary and the capillary mounted on the outlet of the high-yy

pressure cell. The gas lines which connect the quartz capil-

lary leaks with the mass spectrometer chamber can bg, ExpERIENCE GAINED FROM OPERATING

evacuated by the same pumps used to evacuate the gas hgyg APPARATUS

dling system. ) _ .
A typical measurement cycle starts with mounting and

aligning the sample, described above. The high-pressure cell
is then mounted, pumped down, and baked. The sample is
The gas handling system can deliver a mixture of thregrepared for metal deposition by sputtering, annealing, and,
different gases[at 0—20 (ml/min), eacH to the high- if necessary, oxidation in the high-pressure cell. When the
pressure cell at pressure of 0.25-5 bar; see Fig. 5. The gasodel catalysts are manufactured, they are usually studied
lines consist of electropolished stainless steel tubes and Nuwvith AES or XPS before the sample is moved to the high-
pro all-metal bellows-sealed valves. The system can beressure cell. Such measurements are useful references, since
evacuated by a roughing pump and a 70 I/s turbo pump. the catalysts might undergo dramatic changes, e.g., contami-
The flow of gases is regulated by three Brooks Instru-nation, segregation, or restructuring during exposure to gases
ments 5964 ultraclean metal seal mass flow controllers oat atmospheric pressure at elevated temperatures. After mea-
the inlet side. When using CO, one of the mass flow controlsurements in the high-pressure cell, the catalysts can be stud-
lers is exchanged for a Brooks Instruments 5850S/BC, whicled with the whole range of surface analysis tools available.
does not expose Ni to the gas stredifhe 5964 version is The last step would usually be sputter profiling of some of
sealed with Ni gaskets. the more interesting spots. A complete measurement cycle
On the exit line of the high-pressure cell, a pressurdypically takes a week to perform. The most time-consuming
relief valve is mounted together with a Brooks Instrumentssteps are sample manufacturing and surface analysis. The
5866 pressure controller. The downstream pressure of theycle time can thus be decreased if surface analysis is only
controller during a high-pressure experiment is maintainedatarried out on those samples which gave the most interesting
at, typically, 5< 10 2 Torr by the roughing pump. results in the high-pressure experiment. It is important to
The mass flow controllers, as well as the pressure conearry out surface analysi®AES, ISS, XP$ also on one of
troller, are connected to a control and read-out unit that cathe least active spots to rule out contamination as a reason
be operated from the PC. for inactivity.
Gases delivered to the system are N80.9999% H,, Figure 6 shows a SEM image of nine spots with diam-
Ar, He, G,, N48(99.998% CO, and 99.8% B (main con- eters of 1 mm made by electron-beam deposition on an oxi-
taminant H). The CO stream is filtered first by an active dized Al(111) crystal. The thickness of the spots varies be-
carbon filter and then by a Waferpure mini-xI CO purifier for tween 100 and 1000 A, as measured with the quartz crystal
removal of nickel carbonyls. The Ar gas was cleaned bymicrobalance. The spots are clearly visible in SEM and, as
passing it over a Fe catalyst reduced in hydrogen at 450 °Gzan be seen in Fig. 6, their shape is quite circular. The edges
The gas mixture enters the high-pressure cell through thef the spots are quite sharp. From SEM images with higher
sampling device and exits through a tube on the side of thenagnification and from Auger maps, the resolution of the
high-pressure cell. deposition process seems to be of the order of 0.01 mm. So

G. Gas handling system
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FIG. 7. (Color) CO and CQ mass spectrometer signals measured over an oxidiz&éd®kcrystal with eight Pd spots surrounding one Au spot. The positions

of the spots and the periphery of the Al crystal are indicated. The measurement was made at 300 °C with 1.3% CO andn6A8%t@otal pressure of 1

bar and gas flow of 30.4 (ml/mip) If the spots are numbered the same as in Fig. 6, spots 1 and 5 consist of 250 A Pd, spots 2 and 8 of 62 A Pd, spots 3
and 7 of 500 A Pd, and spots 4 and 6 of 125 A Pd. Spot 9 consists of 500 A Au. The distance between the nose and the sample surface was 0.2 mm and the
tip of the quartz capillary was positioned 0.05 mm inside the risee Fig. 4 The nose was scanned over the surface in 0.2 mm steps. The delay time was

30 s. The signals measured every 0.2 mm were interpolated and color coded to produce the maps.

far, the studies have been limited to Pd, Ni, Cu, Ag, and Autechnique. Figure 7 also shows that the peaks in the product
The maximum practical evaporation rate for these metals i$CO,) signal do not extend more than 0.5 mm outside the Pd
about 50 A/min with this equipment. Due to problems with spots. The minimum distance between two adjacent spots in
the stability of the electronics of the evaporator, it has so faorder to avoid crosstalk would thus be 1 mm in this experi-
been operated manually. Since manufacturing of 20 spotsient.
with various metal compositions takes several hours, also at When scanning the gas sampling device over the sample
the maximum evaporation rate, it would be highly desirablesurface, the mass spectrometer chamber must be given time
to program the compositions in advance and run the evapde achieve steady state. This will limit the rate at which the
rator automatically. surface can be scanned. Foy,Ha delay of 10 s is enough,
Figure 7 shows the result of a CO oxidation high- for CO the delay must be about 20 s while for water 5 min is
pressure experiment made with a sample similar to thathe minimum. The longer time necessary for CO and water is
shown in Fig. 6. There are eight Pd spots of varying thick-mainly due to adsorption of these gases on the walls in the
ness surrounding one Au spot at the center of the sample. mass spectrometer chamber and in the gas lines connecting
The substrate used in the experiment was afl®l) the mass spectrometer chamber to the capillerygth about
crystal which was sputtered clean and then annealed dtm). A measurement with 5656 points like the one shown
500 °C for 1 h. Before metal deposition the sample was oxiin Fig. 7 thus takes about 18 h to perform. When testing the
dized by exposure in the high-pressure cell to a mixture otatalytic activity of an array of spots it is only necessary to
6.6% O and 1.3% H in Ar at total pressure of 1 bar at measure at one point over each spot. A measurement can thus

250°C for 1.5 h. be performed in a few minutes once the right conditions have
The increase in the CQOsignal (44 amuy over the Pd been established in the high-pressure cell.
spots is caused by the production of £ftom CO and Q. The mass spectrometer signal obtained for amyds,,

The Au spot and the aluminum oxide surface are obviouslhdoes not only depend on the partial pressure of the gas,

not active as catalysts for CO oxidation. The mass spectronbut is also dependent on the local absolute temperature at the
eter signal corresponding to C@8 amy shows a decrease tip of the quartz capillaryT,

over the Pd spots. This is because CO is consumed in the

reaction, which leads to depletion of CO close to the Pd Pn

surface as a consequence of mass transport limitations. The I”:X“F' @)
increase in the C®signal over the Pd spots correlates well

with the decrease in CO signal. where x, is a calibration factot® « varies somewhat be-

Prior to this experiment, the sample had been used in tween capillaries and the exact value has to be found by
number of other experiments and it had also been sputterezhlibration measurement. Usually~1. (For simplicity it is
several times. Spot Nos. 2 and(®e thinnest ongshave assumed here that only one gas contributes to the mass spec-
therefore been partially removed from the surface. The signatometer signa).
obtained from the remaining parts of these spots shows that This means that variations in the gas temperature will
it is possible to resolve features as small as 0.2 mm with thiaffect measurements. Since only the sample, not the sur-
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FIG. 8. Mass spectrometer signals as a function of the distance between tdG. 9. Mass spectrometer signals as a function of the distance from the

sample surface and the nose. The experiment was made at 300 °C with 1.3%ample surface to the tip of the quartz capillary. The tip of the capillary is

CO and 6.6% @ in Ar at total pressure of 1 bar and gas flow of retracted from a position 0.05 mm inside the nose, while the nose is kept

30.4 (ml/min),. The mass spectrometer signals were normalized to thefixed 0.2 mm from the surface. The experiment was made at 300 °C with

value obtained 10 mm from the surface. The tip of the capillary was posi-1.3% CO and 6.6% ©in Ar at total pressure of 1 bar and gas flow of

tioned 0.05 mm inside the nose. 30.4 (ml/min),. The mass spectrometer signals were normalized to the
value 1.7 mm from the surface.

rounding gas, is heated in these experiments there will be

temperature gradients in the gas surrounding the sample. Thie reactor(This was checked by moving the tip of the cap-
increase in the CO signal when the nose is positioned outsid@ary inside the nose, discussed belpWhe signal value at
the substrate, which can be seen in Fig. 7, is thus due to gae maximum distance for GQnore or less corresponds to
lower gas temperature outside the edge of the substrate. the concentration of COn the reactor. This is because back-

Provided that the partial pressure of the carrier gas,  diffusion is not prevented when the distance between the
can be considered constant throughout the high-pressure ceflpse and the sample surface becomes large.

the mass spectrometer signal for the carrier gascan be The variation in Ar signal is mainly caused by the de-
used to compensate for the influence of the gas temperaturgrease in the gas temperature when the nose is retracted from
From Eq.(1) it follows the heated surface. It would be possible to use @}.to

XePe I cfalculate th(_e _partial pressures from the mass spe_ctrometer
= —. (2 signals, but it is clear anyhow that the CO pressure increases
Xn e and the CQ pressure decreases in the first 6 mm of move-

The G, and Ar signals were also measured in the experiiment out from the sample surface.
ment shown in Fig. 7, but the variations in these signals over  The position of the tip of the capillary is also important.
the interior of the sample surface were within the noise levelBy moving the quartz capillary relative to the gas inlet tube,
This indicates that temperature variations over the interior othe gas composition can be studied as a function of the dis-
the sample surface were smalh large amount of excess tance from the sample surface, at least if the influence of the
oxygen was present in this experiment and the oxygen pregposition of the quartz tube on the gas flow is neglected; see
sure was thus not lowered significantly as an effect of masfig. 9.
transport limitations. Already 1 mm from the end of the nose the gas is ho-

The gas composition measured at the tip of the quartmogeneous. This means that the partial pressures of the re-
capillary may vary rapidly when the gas sampling device isactants are equal to those in the gas fed to the reactor. By
retracted from the catalytic surface, as shown in Fig. 8. Thigetracting the capillary to this position it is thus possible to
means that deviation of a tenth of a mm in the alignment ofcalibrate the mass spectrometer signals to the known compo-
the sample to the plane of motion of the gas sampling devicsition of the gas fed to the reactor and, thus, to obtain quan-
will give rise to a large difference in observed catalytic ac-titative data for the partial pressures of the reactants close to
tivity for two spots with the same activity. To safeguard the catalytic surface. By comparing such data to computa-
against this, the spots are placed so that two spots with idertional fluid dynamics simulations it is possible to obtain the
tical thickness and composition are placed at different posireaction rate as a function of the partial pressures of reactants
tions on the substrate. and products at the catalytic surfale.

What is shown in Fig. 8 is actually the mass spectrom-  The broad maximum in the Oand Ar signals aZ,,
eter signals relative to the mass spectrometer signals at the0.6 mm may be due to variation in the total pressure and/or
maximum distance from the sample surfdeel0 mm). In  temperature when the quartz tube is moved inside the nose.
this case, with low conversion of the gas mixture, the reac- As can be seen from Fig. 9 the partial pressures of the
tant signal values at the maximum distance more or lesseactants at the catalytic surface are significantly lower than
equal the values obtained for the homogeneous gas let inthe pressures in the incoming gas.

n
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FIG. 10. HD pressure relative to the background HD pressure over the

4
centers of coevaporated Pd/Ni spots. Spot 10 is a position on the aluminum 5
oxide support, well away from the metal spots. The ion currents measured ot
for 3 amu were divided by the value obtained at 20 amu. The value for spot

10 obtained at 80 °C is used as the background value. The measurement was -5r
made with total gas flow of 57.6 (ml/mip}Xhat consisted of 1.4% Hand 10
1.4% D, in Ar at total pressure of 1 bar. The distance between the nose and

the sample surface was 0.2 mm and the tip of the quartz capillary was 5 ‘\

positioned 0.05 mm inside the nose; see Fig. 4. ol

9
The measurement becomes more sensitive to the prod- . . ) . )
ucts as the tip of the capillary is moved closer to the catalytic 0 200 400 600 800 1000
surface. It is, however, advantageous to position the capillary E (eV)

tip inside the nose, so that it is protected from accidentaII:IG 11 AES raL of Shots 14 and 9 obtained after the hiah
: 11 spectra of spots 1-4 and 9 obtained after the high-pressure
contact with the sample surface. experiments. The measurements were performed at the center of each spot

with beam energy of 3 kV.

IV. EXAMPLES OF EXPERIMENTAL RESULTS

As an example of the kind of measurements that can benixture of 1.4% H and 1.4% D in Ar at total pressure of 1
performed with this apparatus, an experiment is showrbar. The HD production was measured over the center of
where the rate of the 44+ D, exchange reaction was studied each spot. The tip of the capillary was positioned at the end
as a function of the Pd—Ni composition on an oxidized alu-of the nose and the distance between the end of the nose and
minum substrate. This reaction is of interest in connectiorthe sample surface was 0.2 mm. The result of a humber of
with fuel cells where dissociation of Hon the commonly such measurements at different temperatures is shown in Fig.
used Pt anode is poisoned by ppm levels of €Dhe rate of  10.
the H,—D, exchange reaction is used as a measure of the The partial pressure of HD in Fig. 10 is given relative to
capability of the metal alloy to split 4 The ultimate objec- the HD pressure at 80 °C at a position on the aluminum oxide
tive would be to find an alloy which dissociates Mffec-  surface well away from the metal spots. At 80 °C the activity
tively also in presence of CO and water. for HD production is very low, even on the metal spots, and

A 99.99999% pure, polycrystalline aluminum sample, 10this value thus corresponds to the background level caused
mm in diameter and about 2 mm thick, was sputtered clearhy HD production in the ion source of the mass spectrometer
annealed at 500°C for 1 h, and then oxidized in the high-and HD present in the incoming gas. In order to compare the
pressure cell by exposure to 20% @ Ar at total pressure of HD pressures measured at different temperatures, the ion
1 bar at a temperature of 400 °C for 21 h. It was then takercurrent for 3 amu was divided by the ion current for 20 amu;
back into the ultrahigh vacuum chamber for metal deposisee Eq(2). It is a good approximation to assume that the Ar
tion. The Ni and Pd were codeposited from aluminum oxidepressure is constant in this case since the physical properties
crucibles at a rate of 10 A/min. The diameter of the spotf the gas mixture do not change significantly as a result of
was 1 mm and their total thickness was 100 A. The compothe chemical reactiorilf, e.g., the mole number had changed
sition of the spots varied from pure Pd to pure Ni. Number-in the reaction the Ar pressure would not have been con-
ing of the spots on the sample surface was made clockwisgtant) As judged from the Ar mass spectrometer signal, the
from the periphery inward, as shown in Fig. 6. temperature at a fixed distance from the surface was nearly

After the spots were characterized with AES, the sampleonstant over the interior of the sample surface where the
was moved to the high-pressure cell and exposed to a gapots are located; see EJ).
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100- analysis was carried out with AES with beam energy of 5 kV. Sputtering was
4 done with Ar ions with energy of 4 kV at ion flux of approximately 0.55
A/mZ. The atomic concentrations were calculated from peak to peak values
50 1 obtained from differentiated spectra. The sensitivity factors used were taken
from Ref. 19. The values used are for 396 eV} 0.075, Ni (848 eV
0 . ; 0.255, O(503 eV) 0.43, and Pd330 e\) 0.9.
1001
50 - however, be detected with SEM. There is also sulfur in all
the spectra. The spectra obtained before the high-pressure
0 measurement did not show detectable levels of sulfur. The
500 700 900 1100 1300 sulfur contamination is probably the result of a minute
E (V) amount of sulfur being present in the gas in the high-pressure
cell.

FIG. 12. ISS spectra of spots 1-4 and 9 obtained after the high-pressure  Figure 12 shows ISS spectra obtained with 1250 eV He
experiments. The p_rimary energy of the He _ions ucsed was 1250 eV. Thgyng Qualitatively, if the areas of the Pd and Ni peaks are
angle between the ion gun and the analyzer is 130° compared, it seems that the Pd concentration is higher at the
surface than what would be expected from the bulk compo-
As can be seen from Fig. 10, the spots with 25% Ni insition. Pd is expected to segregate toward the suffadde
Pd are more active for j+D, exchange than pure Pd. Be- focusing area of the energy analyzer used for ISS is larger
fore the measurements shown here, the sample had been rilnman the spot size of 1 mm. Hence Al and O are expected to
continuously in the same gas mixture for 48 h at temperabe present in all spectra. The large area sampled by the en-
tures between 80 and 250°C. The activity at 150 °C deergy analyzer could also explain the small amount of Ni
creased by a factor of 2 during the first 24 h for all the metalpresent in the spectrum for spot 1 and the small amount of
spots, whereas the activity at 100 and 250 °C was unchangeBd present in the spectrum for spot 9. The relatively high
After the first 24 h no change in activity over time could be signal-to-noise ratio is caused by the use of a small ion cur-
detected. The differences in activity between the two seriegent. It was important to minimize damage to the sample in
of spots are probably due to small tilt of the sample. Theorder to be able to do sputter profiling afterwards.
high x end was about 0.1 mm higher than the Ipwnd; see Finally, sputter profiling was carried out on some of the
Fig. 6. A small difference in composition due to fluctuations spots. Figure 13 shows a sputter profile for sptbr2e of the
in the metal flux rates during sample manufacturing cannospots with the most active metal composifiofihe compo-
be ruled out either. The composition values obtained fronsition was calculated from peak to peak values obtained from
AES vary by +5 in units between the two series. This is differentiated Auger spectrfd. The sensitivity factors were
within the accuracy of the quantitative AES analysis. obtained from Ref. 19, and not from a calibration measure-
After the high-pressure experiments were carried out, thenent. Hence, the composition must be regarded as an esti-
spots were studied with AES and ISS. Figure 11 shows AE$nate.
spectra for spots 1-4 and 9. The Pd peak decreases and the From the profile it seems that the Ni concentration in-
Ni peak increases in accordance with the expected bulk conereases and that the Pd concentration decreases somewhat
position. Oxygen is present in all spectra. Oxygen waswith the depth. This could be due to variation in the relative
present in roughly the same amount also in the AES spectrdeposition rates during manufacture of the sample, or to
obtained before the high-pressure experiment. One explanareferential sputtering. The oxide layer between the depos-
tion for this could be that the 100 A thick metal spots haveited metal layer and the Al bulk is clearly visible in the
cracks which reveal the aluminum oxide. No cracks couldprofile. It also seems as if aluminum oxide tends to replace
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Pd on the surface. This is expected because of the low suwelocity is desirable. Increasing the velocity will unfortu-
face energy of oxide¥ nately also lower the product concentration at the tip of the
Itis also clear that there are Al and O present throughoutapillary, and hence give a higher level of detection in the
the metal layer, as might be expected if there are cracks imeasurement.
the metal film. The amount of Al is, however, larger than The measurement should be carried out as close to the
might be expected if it had been present as aluminum oxidesample surface as possible, since the product concentration
(This conclusion does not change for any reasonable variadecreases rapidly with distance from the surface. In order to
tion in the sensitivity factor$.This indicates that metallic avoid crashing the gas sampling nose into the sample, the
aluminum has penetrated the oxide layer and alloyed with Pdistance should not be less than about 0.2 mm.

and Ni. Ni-Al and Pd—Al alloys are very stalfleThere is The maximum number of 1 mm diam spots that can be
thus a strong driving force for Al to move through any cracksstudied on a sample with a diameter of 10 mm is about 20 if
or defects in the oxide film. the separation between them is to be more than 1 mm. A

Sputter profiles were also made on spotpdre Pd and  larger substrate and/or smaller spots should make it possible
9 (pure Ni. The concentration of aluminum and oxygen wasto study at least 50 spots in a single measurement cycle.
roughly the same as for spot 2. Decreasing the spot size will, however, give lower sensitivity
We have not been able to find other studies of the cataef the measurement. By experience, a spot 0.5 mm in diam-
lytic properties of Ni/Pd(/Al) alloys. The presence of an eter will give about half the product signal compared to a
optimum for the hydrogen deuterium exchange reaction musgpot 1 mm in diameter.
be considered a preliminary result since no further testing The energy analyzer used for XPS and ISS can, at
has been done and it is beyond the scope of this article. Theresent, not focus on an area smaller than about 1.5 mm in
example does, however, illustrate the importance of postrediameter. The lateral resolution of XPS and ISS is thus a
action surface analysis in catalysis research rather well.  limitation for the number of spots that can be studied in a
single measurement. The AES analysis equipment has

proved itself very useful, because of its high lateral resolu-
V. DISCUSSION tion.

The apparatus was used for studies of CO oxidation, The high lateral resolution of the high-pressure measure-
H,—D, exchange, and water formation reactions on a numments makes it possible to study the catalytic activity of a
ber of different metal surfacegApart from the test of the SPecific, small area on a surface also in the viscous flow
delay time for the high-pressure measurements, there are fggime. This could be useful when studying single crystal
data on the water formation reaction included Hefghe surfaces, since the catalytic activities of different index
metals evaporated so far are Ni, Pd, Ag, Au, and Cu. Aflanes can be measured independently of each other. It is
most, two metals have been mixed in a single spot so far. also an advantage that the measurements are rather insensi-

A complete cycle of evaporation, surface analysis, highfive to background activity in the reactor, as long as it is not
pressure testing, and surface analysis can be carried out fglated to the gas inlet tube.
less than a week, at least if the number of spots is less than
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