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A newly developed in situ X-ray diffraction (XRD) cell has been used to obtain information on
the structure of binary Cu-Zn and ternary Cu—Zn-Al catalysts during reduction and water gas shift
and methanol synthesis. A major advantage of the cell is that it also serves as an ideal plug flow
catalytic reactor such that realistic catalytic and structural information can be obtained simultane-
ously on the same sample. The cell can be operated both at high temperatures and high pressures.
Direct methanol activity tests confirmed the suitability of the cell. By use of X rays from a
synchrotron source, dynamic studies on the time scale of seconds have been demonstrated. This
feature was used to study the phase transformation occurring during the activation of the calcined
catalysts. In the active catalysts, Cu metal is the only crystalline Cu phase observed, and the
formation of this phase is seen to be closely related to the disappearance of CuO in the calcined
catalyst. The XRD results provide detailed information on the nucleation and growth processes.
The variation in the water gas shift activity appears to correlate with the changes in the copper

surface area. © 1991 Academic Press, Inc.

1. INTRODUCTION

The importance of applying in situ tech-
niques to study catalysts cannot be overem-
phasized, since both the surface and the
bulk structures of many catalysts depend
intimately on the reaction conditions (gas
composition, temperature, pressure, etc.).
Thus, in order to establish relationships be-
tween the catalyst properties and the cata-
lytic activity, it is necessary to employ tech-
niques that allow a study of these properties
while the catalytic reaction takes place.

X-ray diffraction (XRD) is one of the most
commonly applied techniques to provide in-
formation on the crystalline phases in het-
erogeneous catalysts, but the vast majority
of the XRD studies reported in the past have
not been carried out in situ but typically in
air after removal of the catalysts from the
reactor. In order to overcome this problem,
several approaches have been proposed and
their applications have provided much new
insight regarding the structure of catalysts
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under synthesis conditions (see, e.g., Refs.
(1-14)). In spite of this progress, it has been
difficult to find solutions where both ideal
XRD patterns and ideal catalytic activity
measurements can be recorded on-line on
the same sample. The solutions, which pre-
viously have been described for performing
in situ XRD studies, typically have one or
more limitations related to: (i) the necessity
of transferring the sample from the reaction
zone (i.e., the XRD and catalytic tests are
not performed under identical conditions),
(ii) difficulties in operating at the high tem-
peratures and pressures commonly encoun-
tered in catalysis, (iii) inhomogeneities in
sample and system temperature (e.g., due
to the presence of cooled windows), (iv) the
presence of large dead volumes, (v) the ab-
sence of gas flow through the sample or
poorly defined flow and concentration pro-
files, (vi) difficulties in ensuring that the ca-
talysis is carried out on exactly the same
fraction of the sample as probed by XRD,
(vii) difficulties in ensuring ideal conditions
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for the catalytic tests (e.g., ideal plug flow
conditions), and (viii) the use of construc-
tion materials which may contribute to the
catalysis or the XRD pattern, or which may
not be chemically stable when exposed to
many synthesis gases.

By use of very thin glass and quartz capil-
lary tubes as combined XRD cells and cata-
lytic microreactors, the above limitations
have been reduced significantly. Lindemann
capillary tubes have been used for decades
as sample holders in normal ex situ X-ray
powder diffraction studies (see, e.g., Ref.
(15)), but to the best of our knowledge such
tubes have not been used for in situ studies
of catalysts with gas flowing through the
tubes at elevated temperatures and pres-
sures.

The present paper describes in detail the
new in situ XRD cell and gives some exam-
ples of how the application of this cell may
provide new insight into the genesis and
structure of methanol and water gas shift
catalysts. Some preliminary results and de-
sign features have been presented recently
(16, 17). Both the industrial low-tempera-
ture water gas shift and methanol synthesis
catalysts consist of a combination of Cu and
Zn oxides to which alumina is added to sta-
bilize a high active surface area of the sys-
tem. Although numerous investigations
have been performed on methanol catalysts,
the structure of the active catalysts, the na-
ture of the active sites, and the reaction
mechanism are still subject to considerable
controversy (see, e.g., Refs. (18-21)). For
example, it has been proposed that Cu™ spe-
cies strongly interacting with the ZnO phase
are present in high abundance in the cata-
lysts during methanol synthesis (see, e.g.,
Ref. (18)). Recently, in situ XAFS studies
(see, e.g., Refs. (22-26)) have shown that
the predominant part of Cu in typical cata-
lysts is present in the metallic state. Also,
XRD studies of the reduced form of the cata-
lysts have reached the same conclusions
(see, e.g., Refs. (27, 28)). In the literature
there is an ongoing discussion as to whether
the methanol activity simply parallels the
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surface area of the Cu metal particles (19,
20, 29, 30) or if the oxidic support plays a
more active role, for example, via Schottky
Jjunctions at the interphase between the Cu
metal and the support (31, 32). Furthermore,
the support may influence the methanol syn-
thesis activity in other ways (33). For exam-
ple, ZnO has been proposed to play the role
of a reservoir for hydrogen and to promote
hydrogen spill-over (21, 34).

2. CELL DESIGN

The reaction cell (Fig. 1) consists of a
capillary tube made of quartz or glass (other
low absorbing materials like carbon or sili-
con could be used) connected to stainless
steel tubes via stainless steel tube fittings.
This constitutes leak-tight in- and outlets of
gases, as well as fixation of the capillary
tube in the X-ray beam. The dimensions of
the capillary depend on the specific applica-
tion, but typically the wall thickness was
0.01 mm and the outer diameter 0.4 mm.
The catalyst powder is loaded between two
pieces of quartz or glass wool to fix the cata-
lyst bed in the capillary. The sample is
heated (or cooled) by passing a stream of hot
(cold) gas (e.g., air or N,) over the capillary
tube. In order to minimize temperature non-
uniformity along the catalyst bed in the cap-
illary, a small X-ray transparent hood made
of Kapton foil is surrounding the capillary
and the inlet of the hot (cold) gas. The tem-
perature is monitored by means of a thermo-
couple located about 1 mm from the sample.
The desired temperature was obtained by
regulating either the current to the electric
resistance heating the gas stream or by ad-
justing the fiow rate of the hot (cold) gas.
The temperature of the heating gas could be
regulated within 0.1 K by use of an elec-
tronic regulation device (Eurotherm).

The temperature profile along the tube was
mapped by locating a thin (0.2 mm) thermo-
couple at various positions inside the tube. In
the temperature range from 373 to 673 K, the
temperature varied less than 3 K over a 20-
mm zone along the tube. As an additional
test, the melting of a Pb powder in the tube
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FiG. 1. Schematic drawing (not to scale) showing the combined XRD in situ cell and catalytic plug flow
reactor. The actual dimensions are about 100 mm X 50 mm X 30 mm.

was followed by XRD. The diffraction lines
were observed to disappear completely at
603 K, in good agreement with the known
melting temperature (600.5 K) for Pb. The
heating and cooling of the sample are exceed-
ingly rapid (from RT to 673 K in a few sec-
onds) due to the extremely small mass of the
reaction cell and the efficient heat transfer
between the gas and the capillary tube.

A versatile feed gas system equipped with
electronic mass flow meters and pressure

controllers was used to provide synthesis
gas to the reaction cell at the desired pres-
sure and flow rates. The products from the
catalytic reaction are analyzed on-line at the
outlet by use of a gas chromatograph, a mass
spectrometer, or infrared detectors. In cer-
tain catalysis experiments it may be neces-
sary to take into account the pressure drop
over the catalyst bed. Using a sieve fraction
of 105 to 150 wm, a 2-cm bed length, and a
space velocity of 53,000 h~!, a pressure drop
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of about 5 cm Hg was typically measured at
ambient pressure.

The present capillary tubes have been
used at temperatures up to about 725 K and
pressures up to around 5 MPa. If desired
this temperature and pressure range can be
expanded by choosing other materials and/
or dimensions of the capillaries. From a
safety point of view, it should be recalled
that although the mechanical strength of
various glass types is similar to that of many
metals, small imperfections (inclusions, sur-
face scratches, etc.) in the glass may sub-
stantially reduce the load at which the glass
breaks. It is therefore not possible a priori
to give exact upper limits for the conditions
at which specific tubes are safe to use.

The reaction cell, as illustrated in Fig. 1,
is made adjustable with respect to the length
of the capillary to compensate for thermal
expansion (a u-tube configuration may also
be used for this purpose). The tube and hood
holders are mounted on sledges running on
a small optical bench. The setup can be
mounted either vertically or horizontally on
the goniometer, depending on the type of
diffractometer. The dimensions of the reac-
tion cell are so small that it fits into most
conventional diffractometers and on goni-
ometers at synchrotron radiation facilities.

The diffracted X rays were in some of our
studies detected by means of conventional
proportional or scintillation counters in an
angle dispersive geometry. However, in or-
der to study dynamic phenomena, position
sensitive detectors were used (gas filled wire
detectors or photo diode arrays) since they
give improved counting statistics such that
time resolved studies can be carried out on
the time scale of seconds.

3. EXPERIMENTAL

The present measurements with the in situ
cell were made at the DORIS 11 storage ring
on the D4 beam line at HASYLAB, Ham-
burg, Germany. The X rays were monochro-
matized by a Ge(111) crystal scattering in
the horizontal plane. The wave length of
0.14 nm was chosen to prevent fluorescence
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from Cu in the samples. The diffracted
X rays were detected by use of an Ar-CH,
gas filled position sensitive wire detector
(MBraun GmbH) with 45% efficiency at
0.154 nm and a resolution of 50 um. From
measurements of highly crystalline SiO, it
was found that the angular resolution is es-
sentially given by the diameter of the capil-
lary tube and the distance from the sample
to the detector. In the present study we typi-
cally have A26 = 0.045°.

The ex situ XRD powder diffraction ex-
periments were performed on a flat sample
using CuKea radiation generated at 40 kV
and 40 mA on a Phillips vertical X-ray dif-
fractometer which was equipped with an au-
tomatic divergence slit, diffracted beam
monochromator, proportional counter, and
pulse-height analyzer. A scan speed of 1°
20/min was used.

A series of binary methanol catalysts with
Cu/(Cu + Zn) atomic ratios between 0 and
1, as well as a ternary Cu/Zn0O/Al,O, indus-
trial type catalyst with a Cu/(Cu + Zn) ratio
of 0.7, were investigated. The binary cata-
lysts were prepared by coprecipitation from
the metal nitrates as described in detail in
Ref. (35). After the samples were dried and
calcined, about 2 mg of catalyst powder
(sieve fraction 106 to 150 um) was loaded
in the capillary tubes. The reduction was
carried out in a flow (5 Nml/min) of 0.25%
CO, 0.25% CO,, and 4% H, in Ar at ambient
pressure. The catalyst was heated at a rate
of 10 deg./min up to 373 K and kept at this
temperature for 1 hr and then heated to 493
K at a heating rate of 0.5 deg./min. After
reduction, the gas was changed to a metha-
nol synthesis gas mixture (4.6% CO, 4.7%
CO,, 3.1% Ar, balance H,). The effluent gas
from the capillary tube was analyzed on-line
by use of a gas chromatograph (HP 5890)
with a double analyzing system. The compo-
nents were separated using a column system
consisting of a Porapak N and a molecular
sieve 13X column. H,, Ar, CO, and CO,
were detected with a TCD and methanol and
other products with a FID. The in situ XRD
diagrams were recorded at 2—3 min intervals
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TABLE 1

Comparison of Methanol Synthesis Data Obtained in the in Situ Cell with those of a
Laboratory Pilot Reactor

Component Concentration (vol%)“
In situ cell Lab. pilot reactor
0.1 MPa 3 MPa 3 MPa
H, n.a. n.a. 86.93
Cco 4.6 4.5 4.85
CO, 4.7 43 4.23
CH,;0H 0.01 0.3 0.34

Note. n.a., not analyzed.

¢ Cu/ZnO/ Al 05 catalyst, SV = 30,000, T = 493 K, inlet gas composition: 4.6% CO, 4.7% CO,, 3.1% Ar,

balance H,.

during reduction and at synthesis condi-
tions. For the dynamic studies about 5 wt%
of W powder was mixed with the catalyst in
order to have an internal standard.

4. RESULTS AND DISCUSSION

a. Capabilities of the Combined In Situ
Cell/Catalytic Reactor

In order to relate directly structural and
catalytic information it is desirable to have
available an in situ XRD setup which on-
line can provide simultaneously XRD and
catalytic information on the same sample.
This means that the XRD cell must ideally
also serve as a catalytic reactor and must
therefore simultaneously satisfy X-ray dif-
fraction and catalytic reactor criteria. The
present capillary tube concept shown in Fig.
1 appears to meet these criteria.

From a catalytic reactor point of view,
it is an advantage that the capillary tube
concept has the same geometry as ordinary
tubular test reactors. Thus, the catalytic re-
sults obtained in the cell are directly compa-
rable with those obtained in ordinary cata-
lytic test reactors. The design eliminates the
problems encountered in many previous
cells arising from large dead volumes or the
presence of significant temperature and con-
centration profiles over the sample. Table
1 summarizes the gas chromatograph data
obtained when analyzing the effluent gas
from the glass capillary during synthesis at
0.1 MPa and 3 MPa, respectively. The re-

sults at 3 MPa and 493 K show that the
catalyst in the capillary is producing about
0.3% CH,;0H at a space velocity of 30,000
h~!. As shown in Table 1 this conversion
compares very well with that obtained in a
laboratory pilot reactor at similar condi-
tions. This confirms the expectations that
the in situ XRD cell is well suited for provid-
ing simultaneous catalytic information, and
thus many new studies of relationships be-
tween catalyst structure and activity are
possible. Such studies are now in progress.

The possibility of going to high pressures
and high temperatures is an important fea-
ture of the cell for applications in catalysis.
The good temperature uniformity and the
fast temperature response (vide supra) is
also an advantage in many catalytic and ki-
netic studies since, for example, unwanted
surface or bulk reactions during heating and
cooling can be minimized. An example of
time resolved studies will be discussed in
Section 4.c.

The X-ray diffraction performance of the
in situ cell should in principle be good, since
the use of capillaries is well known from the
classical Debye—Scherrer method. Thus,
the in situ cell is well suited for the study of
both supported and unsupported catalysts.
The XRD performance was tested by com-
paring the diffractograms obtained using the
cell with those obtained using an ordinary
ex situ powder diffraction setup. Figure 2(a)
shows the diffractogram of the ternary Cu/
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FicG. 2. (a) XRD diffractogram of a calcined CuO/ZnO/Al,0; methanol synthesis catalyst recorded in
the capillary tube at room temperature. The diagram was obtained in about 120 s using synchrotron
radiation and a position sensitive detector. The bars in the diagrams indicate the position of the assigned
components. (b) XRD diffractogram of the calcined, ternary catalyst recorded in reflection geometry
using the CuKa radiation from a sealed X-ray tube and a proportional counter. The 20 scale is

recalculated to correspond to A = 0.140 nm.

ZnO/Al, O, catalyst in the calcined state ob-
tained with the capillary setup. For compari-
son, Figure 2(b) shows the diffractogram of
the same catalyst using the standard com-
mercial sample holder and diffractometer.
It is clear that the present in situ concept
can provide data of similar resolution and
quality as those obtained on ordinary
setups.

The absorption from the Lindemann glass
is typically around 10%, whereas the ab-
sorption from the catalyst is typically 85%
or more depending on its composition. As a
result the X-ray beam will generally not
probe the catalyst uniformly, but preferen-

tially at the outermost parts (see, e.g., Ref.
(15)). This may in certain cases be a prob-
lem, but it can be minimized by reducing
the diameter of the tube or by diluting the
catalyst with an X-ray transparent material.
Nevertheless, due to the plug flow condi-
tions and the uniformity in temperature, no
significant radial concentration gradients in
the solid are expected and for most practical
purposes, the solid probed by XRD is that
contributing to the catalysis.

In XRD studies it is in general important
to minimize the effects of preferred orienta-
tion of the sample crystallites (see, e.g., Ref.
(15)). With the in situ cell such effects may
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F1G. 3. In situ XRD diffractogram of the ternary catalyst during methanol synthesis at 493 K and 3
MPa. The diagram was obtained in about 120 s using synchrotron radiation.

become important depending on parameters
like the anisotropy of the crystallites and the
ratio of the particle size to tube diameter.
However, for the present catalyst samples,
these effects were insignificant, as seen from
a comparison of Figs. 2(a) and (b). This was
further confirmed in an independent study
by comparison with the diffractograms from
catalysts in sealed-off capillaries in a sta-
tionary geometry and with those obtained
employing a rotational motion. Thus, inves-
tigations of the absolute intensities and
quantitative XRD analysis are also possible.
If for certain systems orientation problems
arise, the round table on which the present
reaction cell is mounted can be modified
such that the whole setup oscillates to im-
prove the intensity statistics.

Finally, it could be mentioned that while
the present in situ on-line setup has been
developed for XRD studies, the concept has
also been used with small modifications for
making in situ measurements with other
techniques, like EXAFS.

b. Structure of Calcined and Activated
Catalysts

The diffractograms of the calcined cata-
lyst (Fig. 2) show two intense, broad lines,

one at around 26 = 32.2° and one at around
20 = 35.1°, as well as two weaker lines at
about 260 = 29° and 26 = 44°. In accordance
with previous studies (see, e.g., Refs. (27,
28)), these results indicate that ZnO and
CuO phases are present in the catalyst after
calcination. Since the most intense ZnO
lines overlap with lines from the CuO phase,
a detailed analysis of the lattice parameter
of the ZnO phase may be ambiguous, and
thus it is difficult to conclude solely from
these experiments if part of the copper could
be substituted into the ZnO phase in the
calcined catalyst or if all of the copper exists
as separate CuO particles. The studies of
the reduction process (Section 4c) indicate
that for the present catalyst, significant
amounts of Cu cannot be present in the ZnO.
This is in accordance with conclusions from
EXAFS experiments (35). No lines due to
an aluminum phase in the catalyst can be
resolved in the diffractogram, indicating
that this element is present in a microcrys-
talline or X-ray ‘‘amorphous’” phase.
Figure 3 shows the diffractogram of the
ternary catalyst recorded at high pressure (3
MPa) and temperature (493 K) during meth-
anol synthesis. The diffraction lines at 26 =
39.2° and 20 = 45.6° reveal that metallic
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FiG. 4. 3D plot of the in situ XRD diagrams as a function of the reduction temperature of the binary
catalyst with Cu/(Cu + Zn) = 0.80. The diffractograms were recorded on-line during the reduction
and the collection time per diagram was about 60 s Tungsten (line at 20 = 36.45°) was included as

internal standard.

Cu crystallites are present in the ternary
catalyst at methanol synthesis conditions.
From a line profile analysis of the Cu(111)
diffraction line, it is estimated that the aver-
age Cu metal crystallite size is about 9.5 nm.
As shown in detail below, the Cu crystallite
size will depend on both the type of catalyst
and on the conditions of the reduction pro-
cess. The presence of metallic Cu has also
been reported in previous in situ XRD stud-
ies (see, €.8., Refs. (11, 18, 27, 28)) and other
studies (/19-26, 29, 30) of reduced methanol
catalysts. Although we cannot exclude the
presence of other Cu and Zn structures, es-
pecially if present as microcrystalline or
‘‘amorphous’’ species, the present XRD re-
sults do not provide support for the previous
proposal (18) that Cu* dissolved in ZnO is
an abundant form of copper in these cata-
lysts. In order to shed further light on this
important problem, quantitative XRD anal-
ysis of the various catalysts at synthesis
conditions is presently being carried out.

¢. On-line Time Resolved Studies during
Reduction and Catalytic Test
Conditions; Catalytic Implications

By making or-line time resolved studies
it has been possible to follow the processes
occurring during the activation of both the
binary and ternary catalysts. The results for
the different catalysts show similar behav-
ior, and the studies of the binary catalyst
with a Cu/(Cu + Zn) ratio of 0.80 will be
discussed in detail below. The diffracto-
grams recorded during the activation pro-
cess are displayed in Fig. 4 as a function of
the reduction temperature. The disappear-
ance of the CuO lines and the gradual ap-
pearance of the Cu(111) line are clearly ob-
served. Concurrent with the increase in the
intensity the width of the Cu(111) line is
found to decrease. Due to the changes in the
line width quantitative information about
the phase composition is most conveniently
obtained by analyzing the integrated in-
tensities. The integrated intensities of the
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F1G. 5. Changes in the integrated intensities of CuO((111) and (200)) and Cu(111) occurring during
catalyst reduction. Data from the on-line, time resolved diffractograms in Fig. 4.

Cu(111) and the overlapping CuO(111) and
(200) diffraction lines (normalized to the in-
tensity of the W(110) line) are shown in Fig.
5. The intensities have also been normalized
with respect to the maximum value (/) mea-
sured for each phase. In order to facilitate a
comparison of the intensities of the CuO and
Cu phases, the integrated intensity for the
CuO lines has been plotted as 1 — I/I,.

It is immediately clear that the two curves
are almost identical. Thus, the formation of
Cu is to a large extent directly related to
the disappearance of CuO and as discussed
below there is no evidence for significant
amounts of Cu metal being produced from
other precursors like, for example, Cu dis-
solved in ZnO.

There are some interesting differences be-
tween the CuO and Cu XRD intensity
curves. First of all, crystalline CuO is noted
to be reduced already at 375 K without crys-
talline Cu metal being observed yet. Sec-
ond, the integrated Cu intensity continues
to increase at temperatures slightly above
that where CuO reduction has terminated.
These findings can be rationalized if we con-
sider that during the reduction process,
crystalline CuO is first reduced to yield ‘‘X-
ray amorphous’” small metallic Cu crystal-

lites which subsequently sinter to larger “‘X-
ray visible’” Cu particles. Thus, the ob-
served disappearance of CuQ without Cu
metal being observed is explained by the Cu
metal particles produced still being too small
to give rise to a diffraction pattern. The ob-
served continued increase in Cu metal inten-
sity after completion of CuO reduction is
similarly explained by some continued sin-
tering of small Cu particles into the range
where they give rise to a detectable diffrac-
tion signal. Additional support for the above
explanations is obtained by analyzing the
change in the Cu(111) line width, which pro-
vides information about the changes in the
Cu metal particle size. The results (Fig. 6)
show a dramatic increase in particle size
during the initial stages of reduction. In fact,
an extrapolation of the Cu metal crystallite
size to the onset temperature of CuO reduc-
tion is below the typical detection limit for
XRD (2.5--3.0 nm). The observation that the
CuO crystallites apparently reduce to
smaller Cu metal particles indicates that one
has a situation where large oxide particles
break up into several small metal particles.
Such behavior is observed, for example,
when magnetite is reduced to metallic iron
in ammonia synthesis catalysts (36, 37).
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F1G. 6. Changes in the Cu crystallite sizes occurring during reduction. The sizes were based on the
width of the Cu(111) diffraction line data from the on-line, time resolved diffractograms in Fig. 4.
Shown is also the FWHM of the line due to the overlapping CuO(111) and CuO(200) lines.

Whether there are still undetectable copper
phases present in the reduced catalyst can-
not be excluded, and a detailed understand-
ing of this has to await the above mentioned
quantitative XRD studies. However, it
could be emphasized that XAFS studies on
similar systems have failed to detect other
Cu species than Cu metal (22-26). Thus, it
can be concluded that if other Cu species
are present they can only represent a small
fraction of the total number of copper
atoms.

After the reduction of CuO to Cu is com-
plete, the Cu metal particles are not unex-
pectedly seen to continue to sinter (the line
width decreases (Fig. 6) while the peak in-
tensity increases, as seen in Fig. 4). It is,
however, noteworthy that the rate of growth
of the Cu particles appears to be signifi-
cantly smaller in this region than in the re-
duction region. Consequently, other pro-
cesses than sintering may contribute to the
observed changes in the Cu particle size in
the reduction region. For example, it is pos-

sible that the smallest CuO particles are
preferentially reduced first. Furthermore, it
is also possible that the nucleation process
favors formation of smaller Cu particles at
lower temperatures. In principle, a more de-
tailed investigation of the CuQO diffraction
lines may give information on the former of
these processes, but since all the intense
CuO lines overlap with lines from ZnO or
with other CuO lines (e.g., the CuO(111) and
CuO(200) lines), it is for the present system
difficult to give an exact value for the crys-
tallite size for the CuO phase before or dur-
ing reduction. Nevertheless, from an analy-
sis of the total width of the peak due to the
overlapping CuO(111) and CuO(200) lines,
it is possible to get an idea of relative change
in the CuO crystallite size. The width of
this line (Fig. 6) does not seem to change
significantly during reduction indicating that
the size of the CuO crystallites apparently
stays relatively constant. A more detailed
analysis of this and other 20 regions is desir-
able since it could also give information on
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Fi1G. 7. Variation in the CO and CO, concentrations
at the exit of the in situ cell during reduction of the
catalyst with Cu/(Cu + Zn) = 0.80. The reduction gas
consisted of 0.25% CO, 0.25% Co,, 4% H;, and balance
Ar.

the changes occurring with the ZnO phase.

The Cu metal particle size of the binary
catalyst at the final stage of the reduction is
found to be about 14 nm (Fig. 6). This is
significantly larger than that observed for
the ternary catalyst with approximately the
same Cu/Zn ratio. The smaller particle size
in the ternary catalyst is presumably due
to the alumina which is present as X-ray
amorphous structures and probably acts as
a highly dispersed well distributed textural
promoter keeping the Cu particles apart and
thereby minimizing sintering.

Figure 7 shows the variation in the CO
and CO, concentrations at the exit of the
reaction cell during reduction. The initial
drop in the CO concentration and the paral-
lel increase in the CO, concentration are
presumably due to a consumption of CO to
reduce the copper oxide forming Cu metal
and CO,. As soon as metallic Cu is formed
the water gas shift reaction occurs utilizing
the water formed in the reduction of the
copper oxide with H,. Above the tempera-
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ture where the reduction is complete a con-
tinued slow increase in the CO concentra-
tion and a concurrent decrease in the CO,
concentration are observed, indicating an
apparent parallel decrease in the rate of the
water gas shift reaction. This decrease may
therefore be aresult of the decrease in active
area as a result of the observed sintering of
the Cu metal particles. This conclusion is
also supported by studies of single crystal
surfaces and model systems (38), which in-
dicate that the water gas shift activity is
related to the Cu metal surface area.

5. CONCLUSION

The reaction cell described enables XRD
studies of structural properties and simulta-
neous measurements of the catalytic reac-
tivity of the same material. The design is
simple, and the chemical inertness of the
glass material makes it very attractive for
most catalytic reactions. The unique advan-
tages of the capillary tubes, including their
plug flow geometry, result in a situation
where direct relationships between catalytic
activity and structural properties may be es-
tablished. The use of a position sensitive
detector makes the setup especially applica-
ble for studies of dynamic transformations
not only in heterogeneous catalysis, but also
in other areas such as solid-state chemistry,
electrochemistry, corrosion, and materials
science. The extreme rapid temperature re-
sponse of the reaction cell makes it well
suited for studies of solid-state transforma-
tions. By use of the in situ XRD cell, we
have been able to follow the phase transfor-
mations occurring in water gas shift and
methanol catalysts during activation and at
synthesis conditions. Specifically, the re-
sults show that in typical methanol catalysts
the metallic copper phase, which is the only
crystalline copper phase observed during
synthesis conditions, is primarily formed
from the CuO phase present in the calcined
state. The size of the copper particles is
found to increase during reduction, which
explains the observed decrease in the rate
of the water gas shift reaction.
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