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The Catalytic Reaction of Hydrogen and Oxygen on Plane Faces of a Single Crystal of
Copper!

By HENRY LEIDHEISER, JR., AND ALLAN T. GWATHMEY

Introduction

The determination of the positions of different
activity on a catalyst surface is a question of pri-
mary importance. The two great difficulties in
determining these positions are the preparation of
a surface of known structure and the development
of a method for following changes in the structure
as the reaction takes place.

Most studies made in the past on the activity of
a solid catalyst surface have consisted of measur-
ing the amounts of materials consumed and pro-
duced by powdered metal catalysts. Such cata-
lysts generally consist of many crystals randomly
arranged and exposing faces, edges and corners of
many kinds. Measurements made on such ma-
terials are composite quantities and give little
direct information about the reactivity of the
various types of structure exposed.

In an effort to obtain simple, reproducible sur-
faces of known structure, large single crystals
with surfaces prepared parallel to special planes
were selected. Furthermore, previous studies
with large single crystals® have shown that the
rate of many surface processes varies with the
crystal face exposed at the surface. Therefore in
order to determine the influence of crystal plane on
catalytic activity and to extend our knowledge of
metal surfaces in general, studies have been made
of the reaction of hydrogen and oxygen on several
plane faces of a large single crystal of copper.

In the study of the reaction of gases on the sur-
face of metallic crystals, it has been found that the
reactions may be divided into two classes, those
which readily produce rearrangements in the sur-
face and those which do not, at least on a micro-
scopic scale. The reaction of hydrogen and oxy-
gen on copper belongs to the first class. The na-
ture of the rearrangements produced by the action
of hydrogen and oxygen will first be described, and
then the measurement of rates on several faces
will be presented. An important feature of these
studies is the correlation between catalytic activ-
ity and surface structure which can be observed.

Method of Experiment

Preparation of Surface of Catalyst.—There is a tendency
in catalytic studies to underrate the importance of the

(1) This work was supported by a grant from the Research
Corporation,

(2) See Leidheiser and Gwathmey, Trans. Electrochem. Soc., 91,
(1947) [printed as Preprint 91-6, but not yet published] for a résumé
of previous studies with massive single crystals.

preparation of the surface. Very fine measurements are
often of limited value because they are made on surfaces,
about the structure and composition of which little is
known. Emphasis was placed in these studies on the prep-
aration of the surface.

Single crystals of copper in the form of rods, ¥/s in. in
diameter and 4 in. long, were grown by the method pre-
viously described.?:®# For use in the studies of rearrange-
ments, spheres were machined from the §/; in. rods and
polished mechanically and electrolytically. For the rate
measurements thin slices, about !/s in. thick and parallel
to the (100) and (111) planes were cut from a 1-inch
crystal. In order to assure that there could be no dif-
ference in the chemical composition of the two crystal
faces on which rates were measured, a sphere was machined
from a l-inch rod, and two flat faces, one parallel to the
(100) face and one to the (111) face, were cut on the
sphere. This was done by the same method used in cut-
ting the slices. Photographs of the several specimens are
shown in Figs. 2 and 14. The flat faces for rate measure-
ments were polished as follows. The face was mechani-
cally polished with metallographic polishing papers nos.
1 through 0000, and after each paper it was electrolyti-
cally etched in the polishing solution at a current density
of about 0.02 amp./sq. em. for a sufficient length of time
to remove the strained layer produced by the last me-
chanical polishing. The time varied from about thirty
minutes after the no. 1 paper to about ten minutes after
the last paper. After the last etching the surface was
slightly roughened on a microscopic scale but plane on a
macroscopic scale and in a strain-free condition. The
final step consisted of polishing mechanically on a felt
wheel moistened with levigated alumina. In order to
prevent subsequent recrystallization of the surface it was
necessary to keep the cloth wet, to operate the wheel at a
slow speed of about 150 r.p.m., and to press the specimen
only lightly against the felt. After the first treatment
with the reacting gases, it was only necessary to repolish
with the 0000 paper and alumina, or with alumina alone.
The surface was swabbed with a soft tissue under a stream
of water in order to remove traces of alumina. Surfaces
prepared by this method gave essentially the same results
as those prepared by careful electrolytic polishing but the
method described above was generally used because of the
tendency of large surfaces to become pitted during elec-
trolytic polishing. In order to reduce oxide and remove
any distortion in the surface, all crystals were annealed in
hydrogen at 550° for at least sixteen hours immediately
prior to study of rearrangements or measurement of rates
of reaction.

The Study of Rearrangements.—Since the surface of a
monocrystalline sphere of copper exposes every crystal
plane in at least six places, the (100) face appearing six
times, most of the rearrangement studies were carried out
on 5/gin. spheres. Also the symmetry of the patterns on a
sphere make it easy to identify the location of the crystal
faces. For the study of rearrangements the sphere was
supported, generally with shaft downward, within the bulb
of a glass apparatus connected with suitable inlet and exit
tubes. The sphere was placed in the apparatus through
a ground glass joint at the top and was suspended from
the upper half of the joint by means of a no. 20 B. and S.

(3) Gwathmey and Benton, J. Phys. Chem., 44, 35 (1940).
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gage copper wire. When it was desired to protect the
supporting wire from the action of the gases in order to
prevent a change in concentration of the gases before they
reached the crystal, the wire was enclosed in a glass tube
and the shaft of the sphere, pointing upward, was in-
serted into the lower end of the tube. The appearance of
the crystal as the reaction proceeded was observed through
a glass window in the side of the furnace, the inside of
which was illuminated by a small light at the top. Dif-
ferent crystal faces could be brought into view opposite
the window by rotating the upper half of the ground glass
joint to which the supporting wire was attached. It was
found convenient, in identifying crystal regions during the
early states of formation of the pattern, to have three ad-
jacent (100) pole positions previously marked on the
sphere by means of a deep pin prick. One great ad-
vantage of this method of study is that it is possible
to follow changes in surface structure as the reaction
proceeds.

The crystals were finally removed from the reaction
chamber and examined under a microscope and in a dark-
ened room with the aid of a flashlight. The methods of
examining the patterns, identifying the planes and record-
ing the results have been previously described.? The
temperature of the reaction was assumed to be the tem-
perature of the air just outside of the reaction vessel as
measured by a mercury thermometer. The question of
the exact temperature of the catalytic surface will be dis-
cussed later. In all reactions with the spheres the rate of
flow of gas approximated 200 ml./minute.

Measurement of Rates of Reaction.—In order to deter-
mine rates on a surface prepared parallel to one particular
crystal plane, it is necessary to prevent from exposure to
the reacting gases other parts of the crystal, such as other
faces, edges, and corners. Several different methods of
accomplishing this were tried, but the simple apparatus
shown in Fig. 1 was found to be satisfactory for the reaction
under consideration. The surface of the crystal was
ground flat and placed on top of the enclosed tube A,
which had been flanged on the upper end and likewise
ground exceedingly smooth. The crystal was placed in
position and the outer glass cover tube was vacuum sealed
to the base of the apparatus with the aid of a ground glass
joint. The incoming gases consisting of purified tank hy-
drogen and electrolytic oxygen passed up the center tube,
reacted on the surface of the crystal, passed down the
middle tube, and out through a drying train of calcium
chloride and Dehydrite where the water formed was ab-
sorbed. The rate of flow of the gases was measured with
the aid of orifice meters and was 40 ml./min. unless stated
otherwise. A furnace was placed over the top of the
apparatus and extended down to within about 6 in. of the
upper ground glass joint. The temperature was kept
constant in the final experiments by means of a thermo-
regulator. In the experiments with thin slices an iron
weight sealed in glass was placed on the slice to hold it in
place. In experiments with the spheres on which the two
faces had been cut, this was unnecessary. The failure of
the polished surface to rearrange in the region of the crys-
tal not exposed to the action of the flowing gases indicated
that the amount of gas which leaked by the metal-flange
joint was negligible. A photograph showing the dif-
ference in thz appearance of the reg1on exposed to the direct
action of the gas and that of the region in the dead space
surrounding the inner reaction chamber is given in Fig. 2.
The apparent surface of the metal exposed to the action
of the gases was always 2.69 sq. cn.  Through the aid of
this apparatus it is possible to measure the rates of reac-
tion on surfaces prepared parallel to special crystal planes
and containing always the same apparent area. At the
completion of a run the surface of the crystal was ex-
amined under the microscope and in a darkened room
with the aid of a flashlight. During preliminary stud-
ies, whenever inconsistent rate measurements were ob-
tained because of such reasons as recrystallization of the
surface or the presence of an accidental impurity, it was
found that the final appearance of the surface was always
abnormal.
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Fig. 1.—Apparatus for measuring rate of catalytic
reaction of hydrogen and oxygen on plane faces of a metal-
lic single crystal.

Results

Rearrangements of the Surface.—Rearrange-
ments of the metallic surface under the action
of reacting gases have been found to take place
with a number of metals and gases. The nature
and the intensity of the rearrangement depend
on the metal, the gases, and the conditions of the
experiment such as temperature and gas flow.
Only rearrangements produced by the action of
hydrogen and oxygen on copper will be described,
although a photograph of the hydrogen—oxygen
reaction on nickel is shown in Fig. 3 to illustrate
the complicated fine structure of a pattern pro-
duced by another system. Brief mention has
previously been made that such rearrangements
take place on the surface of a copper crystal serv-
ing as a catalyst for the reaction of hydrogen and
oxygen.*

Experiments were carried out over a tempera-
ture range of 360-440° and an oxygen concentra-
tion of 1-20%,. The rearrangements which took
place with 149, oxygen at a temperature of 400°
will be described. Within a few seconds after oxy-
gen was added to the stream of hydrogen in which
the crystal was being heated, the surface of the
crystal became slightly foggy in certain preferred
crystal regions. After about fifteen minutes a
definite pattern of light reflections from certain
regions could be seen when a beam of light was
directed through the window in the furnace wall,
and after sixteen hours the striking pattern shown
in Figs. 4 and 5 was obtained. Photomicrographs
of the final surface structures on several different
faces are shown in Figs. 6~10. The surface imme-
diately at the (111) face remained quite smooth,
while that at the (100) became very rough. Still
another type of structure developed at the (110).
Not only did the (111) face remain relatively
smooth but (111) planes developed in large three-
armed areas adjacent to each (111) pole as shown
by the photograph in Fig. 5 taken when a beam of

(4) Gwathmey and Benton, J. Ckem. Phys., 8, 569 (1940).
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light was directed normally to the surface at the
(111) pole. (110) planes were slightly developed
in the (100) regions as shown by faint reflections
obtained from these regions when a light beam was
directed normally to the surface at the (110) pole.
The facets developed parallel to these special
planes as described above could also be identified
by examination under the microscope. Figure 11
shows a microscopic view of a polycrystalline sur-
face exposed to a hydrogen—oxygen mixture at
400°. Structures characteristic of the various sur-
face regions on a monocrystalline sphere may be
observed on the individual grains. The specimen
shown in Fig. 11 was formed by recrystallization
of a single crystal, although similar surface struc-
tures have been observed on many polycrystalline
samples of copper.
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Fig. 12—Curves showing change in rate of reaction
with change in rate of flow: 400°, oxygen flow = 0.5 ml.
per min., hydrogen flow varied.

Although many features of the patterns were
the same over a temperature range of 360-440°
and an oxygen concentration of 1-209,, there were
some variations depending on the oxygen concen-
tration and the time of reaction. With an oxygen
concentration of 149}, after sixteen hours, (111)
planes were developed in large areas surrounding
the (111) poles, but after about twenty-four days
the development of (111) planes had decreased
and (110) planes had developed in large areas
surrounding the (110) poles. After seven days
at this concentration a reddish-brown powder had
formed over the entire surface. When this pow-
der was wiped off with a tissue at the end of
twenty-four days, the typical pattern with the
exception noted above was observed. When the
powder was removed, the contrast between the
smooth (111) and the rough (100) areas was not
as striking as it had been before the powder
formed. The formation of this powder appears
to be similar to the disintegration of copper tubes
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by heating in ammonia as observed by Beilby and
Henderson.’

The presence of a small amount of asecond metal,
such as zinc or nickel, when electrodeposited on a
copper sphere greatly influenced the patternformed
by the catalytic reaction of hydrogen and oxygen.

Measurement of Rates of Reaction.—Since
the rate of reaction depends on the type and
total area of surface exposed as a result of rear-
rangement, it is essential that the nature of the
surface be known to some degree of approxima-
tion when the rates of reaction are measured.
The change in the nature of the surface with the
conditions of the experiment makes it difficult to
present a complete picture of all events taking
place in this reaction. A detailed study of each
individual surface might reveal much additional
information about its structure, but in the studies
herein reported the structure was examined by
the methods described, primarily for the purpose
of showing the differences in structure of the vari-
ous faces and the influence of these differences on
the rates of the catalytic reaction.

No powder was ever observed on either face
over a period of seven days with an oxygen con-
centration of 1.25%, or less. Therefore experi-
ments carried out within this range should give
results which are dependent on the rearranged
structure of the individual faces and are independ-
ent of the influence of the powder which forms at
higher oxygen concentrations. As will be shown
later, when a large amount of copper powder
forms on the surface, the specific influence of the
crystal face will be obscured.

With oxygen concentrations in the range of 0.6
2.5%, and temperatures from 250-420°, the rate of
reaction on the (111) face was approximately
twice that on the (100) face, although the latter
face had become much rougher and therefore ex-
posed more surface area than the (111) face. All
rates of reaction for both faces are referred to the
same amount of apparent starting surface, 2.69
sq.cm. A plot of the rates of reaction on the (111)
and (100) faces for various rates of flow of the re-
acting gases is shown in Fig. 12. The variations
in the rates of reaction with temperature are shown
in Fig. 13. The difference in the roughness of the
(100) and (111) faces after reaction had taken
place is shown in Fig. 14. The photograph was
taken looking down on the sphere with the flat
(100) face on the left side of the sphere and the
(111) face on the right side, both faces making the
same angle with the plane of the photograph. The
crystal was illuminated from both sides, the beams
of light pointing down and making an angle of
about 45° with the plane of the photograph. The
part of the (100) face on which the reaction took
place appears as the light elliptical-shaped region
in the center of the face on the left since the light
was scattered upward by the rough surface.
The part of the (111) face on which reaction took

(5) Beilby and Henderson, .J. Chem. Soc., T9, 1245 (1901).



Fig. 2. Typical
appearance of a
(100) slice exposed
to a mixture of
hydrogen and oxy-
gen at 4007 for
forty-cight hours,

Fig. 5.—Action
of a 7:1 mixture of
hydrogen and oxy-
geno on a copper
single crystal at
400°  for  sixteen
hours. Normal to
(111). Note strong
reflection from arca
around (111) pole.

Tig. 8.—Action
:1 mixture of

of a

hydrogen and oxy-
gen on o a copper
single crystal at
400°  for sixteen
hours: at (110),
X 600.

Fig. 3.—Action
of a 7:1 mixture of
hydrogen and oxy-
gen on a nickel
single crystal at
420° for three days,
Normal to (100).

Fig. 6.-——Action
of a 7:1 mixture
of hydrogen and
OXygen oil a copper
single crystal at
400°  for sixteen
hours: at (100),
X600.

T

Fig. 4.—Action
of a 7:1 mixture of
hydrogen and oxy-
gen on a copper
single crystal at
400° for sixteen
hours. Normal to
(100). Four bright
lights were focused
on (110) areas.

Fig. 7.—Action
of a 7:1 mixture of
hydrogen and oxy-
gen on a  copper
single crystal at
400° for sixteen
hours: at (111),
X 600,

9. - Action
1 mixture of

hydrogen and oxy-
gen on a copper
single crystal at
400°  for sixteen
hours: near (100),

X 600.
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IFig. 10.—Action
of a 7:1 mixturce of
hydrogen and oxy-
genooonoa copper
single crystal at
4007 for sixteen
hours: near (111),
X 600,

Fig. 14. Photo-
graph showing dif-
ference in roughness
of (100) and (111)
faces after inde-
pendent  exposure
to a hydrogen-oxy-
gen mixture con-
taining 1.257, oxy-
gen at 400° for
forty-cight  hours.
(100) face on left,
(111) face on right.

Fig. 11.—Polycerystalline copper surface exposed to
a hydrogen-oxygen mixture at 400° X200, compare

with Figs. 6-10.

Fig. 15.—Micro-
scopic view of (100)
face shown in Fig.

14, X650.

Fig. 16.—Micro-
scopic view of (111)
face shown in Fig.
14, X650.

Fig. 1.—Selective deposition of carbon on the (111)
face of a nickel crystal heated at 550° in carbon mon-
oxide; view normal to (111) (see p. 1206).
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Fig. 13.-—Curves showing change in rate of reaction
with temperature: hydrogen—oxygen reaction on plane
faces of a copper single crystal, total flow = 40 ml. per
minute, O; conen. = 1.25%,.

place appears as the dark elliptical-shaped region
in the center of the face on the right since little
light is reflected upward into the camera by the
relatively smooth (111) surface. Microscopic
views of the two faces are shown in Figs. 15 and
16.

Several experiments were carried out to deter-
mine the effect of the method of preparation of
the starting surface on the rate of the reaction.
It was found that within limits, as long as the
base single crystal metal was exposed, the rates
were independent of the exact surface preparation
at the start. The reaction tended to form a sur-
face characteristic of the face and reaction under
consideration. For example, surfaces polished
mechanically with alumina on felt, surfaces pol-
ished electrolytically, and surfaces roughened by
etching electrolytically in a copper sulfate-sul-
furic acid solution gave similar results after re-
arrangement. With an oxygen concentration of
1.259%, and at a temperature of 400° the rate on the
(111) face was twice that on the (100). In the
case of the roughening of the surface by electro-
lytic etching, the area of the (111) face which had
been exposed to the hydrogen and oxygen reac-
tion for twenty-seven and one-half hours had
become much smoother than the surrounding sur-
face which had not been so exposed. The con-
trast between the two areas was very marked. In
the case of the (100) face, since it is roughened by
the catalytic reaction, the contrast between the
two types of areas was not great, although a defi-
nite line of demarcation could be seen. When the
(100) face was examined with a flashlight in a
darkened room, brilliant reflections were visible
from (110) facets in the reactive area but no re-
flections from (110) facets were obtained from the
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etched external area. Thus surfaces characteris-
tic of the hydrogen and oxygen reaction were fi-
nally obtained regardless of the several different
initial treatments given to the surface.

As the oxygen concentration was increased, the
speed with which the rearrangement took place
and the surface area exposed, especially on the
(100) face, increased greatly. Figure 17 shows the
ratio of the rates of reaction on the (111) and (100)
faces with changes in oxygen concentration at
400°. As the oxygen concentration was increased
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Hydrogen—oxygen reaction on plane faces of copper single

crystal.

Fig. 17.—Ratio of rates of reaction on (100) and (111)
faces with changes in oxygen concentration at 400°:
total gas low = 40 ml. per min.

below 59, the rate on the (100) face relative to the
(111) increased rapidly on account of the great
increase in surface on the (100) face. No red pow-
der formed within at least forty-eight hours. With
oxygen concentrations of about 5%, at which the
powder began to form, the difference in rates be-
tween the two faces became increasingly less, until
at 209, oxygen within one hour so much powder
had formed on both faces that the inherent dif-
ference between the two faces was not detected.
In order to obtain comparisons of the activity of
the two faces as free as possible from powder,
measurements were made at the higher oxygen
concentrations after one hour of reaction. With
an oxygen concentration of 209, the powder
forrged very rapidly at temperatures as low as
300°.

Figure 18 shows the change in rates of reaction
with time at 400° for two single crystal slices, for
a single crystal slice which had been mechanically
polished, and for an ordinary piece of polycrystal-
line copper which had been electrolytically pol-
ished. The increase in the rate of reaction on all
samples corresponds to the visual observation of
the formation of powder. As the reaction pro-
ceeded on the mechanically polished single crystal
slice, the disturbed layer recrystallized to produce
a polycrystalline surface which had a greatly in-
creased rate.

A qualitative comparison of the degree of rough-
ness on the (100) face at different oxygen concen-
trations was determined by the following proce-
dure. The (100) face was exposed to definite mix
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Fig. 18.—Change in rate of reaction with time at
400° and 109, oxygen concentration: gas flow = 40 ml.
per min.

tures of hydrogen and oxygen for seven hours at
400°, and the surface was polished after each run
with a suspension of levigated alumina on felt.
The time necessary to polish away the roughened
region was determined. Care was taken to insure
equal conditions of polishing in each determina-
tion, and the results are shown in Table I.

TaBLE I

% Oxygen in mixture Time of polishing

1.25% Less than 30 seconds

5.0 Approximately 50 seconds
10.0 Approximately 120 seconds
20.0 Greater than 240 seconds

In the case of the (111) face it took less than fif-
teen seconds to remove all traces of roughness
under conditions at which no powder formed
within seven hours.

Discussion :

The discovery of a regular rearrangement of the
catalyst surface under the influence of a gaseous
reaction was made possible by the use of the cata-
lyst in the form of a highly polished single crystal
sphere exposing all possible crystal faces. The
rearrangements showed themselves as highly com-
plicated and symmetrical patterns which should
be considered as records of the structure of the
surface for a particular gas—metal reaction. On
some faces definite facets parallel to one or more
planes developed, on other faces a general rough-
ening took place showing the development of no
special planes, while other faces seemed to remain
highly polished and apparently undisturbed. Al-
though there were often similar features in the dif-
ferent patterns, in that the (100) face roughened
greatly and the (111) remained relatively smooth,
no two patterns for different gas-metal systems
were found to be exactly the same.

In order to appreciate the significance of these
regular surface rearrangements, it should be un-
derstood that they have been found with a num-
ber of reactions. The complications of these beau-
tiful patterns and the differences between the pat-
terns of different systems emphasize the complica-
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tions of surface reactions and explain in part why
they are so difficult to understand.

Not only does the pattern depend on the nature
of the reactants, but for any one gas—metal system
the pattern also depends on the conditions of ex-
periment, such as temperature, concentration and
rate of flow of the reacting gases, and time of re-
action. As regards the latter, the planes devel-
oped in certain regions varied with time, empha-
sizing the importance of both rate and equilib-
rium factors in the rearrangement process. For
example, with 149, oxygen at 400° (111) facets
developed over a large region surrounding the (111)
pole within twenty-four hours of reaction, but after
a week of operation the size of the region containing
the (111) facets had decreased considerably and
the size of the region containing (110) facets had
correspondingly increased. Also during the early
period of the reaction a fine structure developed in
many parts of the pattern, showing a variation in
activity of many different faces, but after the re-
action had proceeded for several days the com-
plexity of the pattern was reduced and a fewer
number of planes appeared. The crystal planes
developed also depended on a certain critical angle
between the plane in question and the surface of
the metal specimen. In this connection it might
be expected, if the rearrangement resulted simply
from the heat evolved, that the most stable plane
would be developed over the entire surface of the
sphere, but facets parallel to a particular plane
developed in one region, and, when the angle be-
tween the plane in question and the surface
reached a certain value, facets parallel to another
plane developed. In some regions several planes
seemed to compete with each other for their exist-
ence.

It is surprising that these rearrangements, in-
volving in some cases movement of the metal
atoms over tremendous distances in terms of
atomic dimensions, would take place so readily on
massive metal at measured gas temperatures of
only 400°, which is 680° below the melting point
of the metal. The evaporation of considerable
metal which deposited on the walls of the glass ves-
sel suggested that the temperature of the metal
surface was considerably higher than the measured
gas temperature, but heating a crystal in hydro-
gen at 1000° failed to produce any rearrangement
or evaporation. In fact a surface which has been
roughened by this reaction may be ‘‘heat polished”’
by heating in hydrogen at such a high tempera-
ture. Therefore, high temperatures alone would
1ot cause rearrangement or appreciable evapora-
tion. Furthermore rearrangements have been
obtained with an endothermic reaction. The
evaporation of copper during the reduction of
polycrystalline copper oxide has been attributed
to the formation of steam between the grains and
the expulsion of copper by the steam. In the cop-
per single crystal surface used in these experiments
there were no grain boundaries and no visible
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film of oxide. However, the (100) face which
roughened greatly during the catalytic reaction is
a face having a high rate of oxidation when heated
in air.® The oxygen may possibly diffuse more
rapidly down into the lattice of the (100) face and
react to form steam which may then expel metal.
Although the exact nature of such a catalyst sur-
face was not known, these rearrangements indi-
cated ‘that the surface was in a state of great
agitation, at least during the initial stages of re-
arrangement which lasted over a number of days
for this particular reaction. These rearrangements
which take place with catalytic reactions but not
with adsorption indicate that the nature of the
surface during such reactions may be quite dif-
ferent from that during adsorption. This fact in
turn indicates that great care must be exercised
in using adsorption measurements to interpret
the nature of a catalytic surface of this kind.

One important experimental feature of these
studies was that the reaction in effect prepared its
own surface, and therefore reproducible surfaces
exposing the structure of the base metal were ob-
tained. In this method of study the use of light
reflections, against a background of a single crys-
tal sphere whose orientation was known, made it
possible to identify the plane exposed right at the
surface. The actual planes exposed at the surface
cannot be determined by the diffraction of X-rays
or electrons which penetrate the surface. The
preparation of a catalyst surface with the aid of a
gaseous reaction which produces a characteristic
surface of a relatively well-known structure offers
the possibility of standard surfaces for experimen-
tal studies.

One interesting effect of these rearrangements
is that a surface originally prepared parallel to an
unreactive plane may finally become a very active
surface per unit starting area since both a greater
total area and/or different facets may be finally
produced. This suggests the possibility of pre-
paring a surface parallel to one plane and then
activating it by reaction with one set of gases for
use with another set. In order to obtain appreci-
able adsorption on platinum Langmuir’ found
that it was necessary to activate the surface by
means of the reaction of hydrogen and oxygen.
Obviously this treatment increased the surface
area, but it was not known whether special facets
developed.

The alteration of the pattern on copper by the
addition on the surface of small amounts of a sec-
ond metal, such as zinc or nickel, indicates that
the action of a promoter in some cases is to control
the planes developed.

During the study of rates several different slices
as well as the spherical specimen containing both
faces were used. Similar results were obtained on
all samples of the same face.

Since the structure of the surface continued to

(6) Gwathniey and Benton, J. Phys. Chem., 48, 969 (1942).
(7) Langmuir, TH1S JOURNAL, 40, 1361 (1918).
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rearrange over a considerable length of time de-
pending on the conditions of the experiment, the
rate measurements must be considered in relation
to these structural changes. There is no simple
method of measuring the true surface area of small
specimens, and it was elected to report the rate
measurements, unless otherwise stated, in terms of
the apparent starting area which in all cases was
2.69 sq. cm. This method of reporting rates en-
abled the more important facts to-be arrived at
and the minimum values for the relative rates
on the two faces to be given. It is planned to
measure surface areas, but this in itself is a major
undertaking for these small specimens.

At low concentrations of oxygen in the neigh-
borhood of 19, where the rearrangements were
relatively slight, the rate on the (111) face was ap-
proximately twice that on the (100) face. Since it
can be seen in Figs. 14~16 that the surface on the
(100) face was much rougher, and therefore had a
much greater final surface than the {(111), the ac-
tual rate on the (111) face per unit of final sur-
face must have been considerably greater than
twice the rate on the (100) face per-same unit.
It would appear that the surface on the (100) face
was at least twice that on the (111) face at this
concentration, and this estimate would make the
rate on the (111) face per unit of final surface at
least four times that on the (100). The rates on
only two different faces were measured in these
studies, and there may be others which have
greater or lower rates.

As the concentration of oxygen was increased
and the (100) face became much rougher than the
(111), it would be expected that the rate on the
(100) would become greater than that on the (111),
although the rate per unit of final surface might still
be greater on the (111) face. As the oxygen con-
centration was increased still higher and powder
began to form, the surface of the powder was so
much greater than that of the base metal that
most of the reaction took place on the powder and
the rates on the two faces became approximately
equal as would be expected. The underlying pat-
tern could still be seen when most of the powder
was removed.

Summary

The catalytic reaction of hydrogen and oxygen
on a single crystal of copper has been studied.
Single crystals in the form of spheres exposing all
possible faces and in the form of slices parallel to a
particular face were used. The crystals were me-
chanically and electrolytically polished and an-
nealed in hydrogen so that the surface of the base
crystal was exposed to the action of the gases.
With oxygen concentrations of 1-209, at 400°
regular rearrangements were found to take place
in the surface of the metal, exposing certain facets
on some faces, roughening others without the de-
velopment of particular planes, while other faces
remained quite smooth and were apparently un-
disturbed. Rate measurements were made on
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(100) and (111) faces, and it was found that ap-
preciable differences in rates existed between the
two faces. These differences depended on both
the differences in activity per unit of surface and
on the differences in total surface area exposed on
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the two faces. The rate measurements were corre-
lated with the structure of the surfaces as the sur-
faces rearranged under the action of the catalytic
reaction.
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The Selective Deposition of Carbon on the (111)
Face of a Nickel Crystal in the Catalytic De-
composition of Carbon Monoxide!

By HENRY LEIDHEISER, JR., AND ALLAN T. GWATHMEY

Previously reported results® have shown that
the catalytic reaction of hydrogen and oxygen
leads to rearrangement of a copper surface and
proceeds at a rate dependent on the crystal face
exposed to the reacting gases. Results reported
herein give an example of a catalytic process which
does not lead to visible rearrangement of the sur-
face initially and which proceeds at a rate depend-
ent on crystal face.

A mionocrystalline sphere® of nickel, 0.5 in. in
diameter, with a shaft, 3/ in. in diameter and 3/
in. long, on one side was mechanically polished and
then electrolytically polished by the method of
Hothersall and Hammond* in order to give a
smooth and strain-free surface. It was heated to
550° in carbon monoxide at a pressure of one at-
mosphere in an electric furnace provided with a
window for continuous observation. After ten
hours the pattern shown in Fig. 1 (see insert
facing page 1203) began to develop. Black de-
posits had formed in large areas around the
(111) poles but not in areas at the (100) and
(110) poles. As the reaction continued the di-
ameter of the (111) areas increased until the de-
posit covered the entire surface with the excep-
tion of a small square at each (100) pole and a
narrow band between neighboring (100) poles and
running through (110) poles. The photograph
shows in a striking manner that the decomposi-
tion of carbon monoxide to form carbon on nickel
at 550° proceeds at widely different rates on the
(100) and (111) faces. The black deposit was

(1) This work was supported by a grant from the Research Corpo.
ration.

(2) Leidheiser and Gwathmey, THis JoUurNaL, 70, 1200 (1948).

(3) See Gwathmey and Benton, J. Phys. Chem., 44, 35 (1940),
for a description of the technique for growing and machining single
crystals.

(4) Hothersall and Hammond, J. Electrodepositors’ Tech. Soc., 16,
83 (19403,

readily removable by rubbing with tissue within
several hours after it was first observed. As the
reaction continued, however, the deposit tena-
ciously adhered to the surface, and it could not
be removed by rubbing.

Evidence summarized by Hofer® indicates that
when nickel is treated with carbon monoxide
above 500° the major product left on the surface
is carbon, although the presence of an intermedi-
ate carbide is not excluded. In order to obtain a
sufficient amount of deposit for analysis, a poly-
crystalline nickel foil of larger surface area was
treated with carbon monoxide under identical
conditions as the single crystal. The analysis of
the product on the surface was as follows: car-
bon 88.52 wt. 9, nickel 11.01 wt. 9. This analy-
sis corresponds to approximately 97.5 atom %, car-
bon and 2.5 atom %, nickel.

Results similar to those shown in Fig. 1 were
obtained at 550° in mixtures of hydrogen and
carbon monoxide when the carbon monoxide wasin
excess. When the carbon monoxide was present in
low concentrations in the neighborhood of 109, no
carbon deposit was observed and rearrangement
patterns resulted.

It is interesting that the crystal lattice of graph-
ite may be superimposed on the (111) face of
nickel with only slight distortion. No similar
match is possible on the (100) or (110) faces of
nickel. It should be pointed out, however, that
even though the (111) face of copper would give
almost as good a match, no carbon deposits were
visible after forty-eight hours at 550°.

Information on the deposition of carbon is im-
portant in an understanding of the Fischer—
Tropsch catalytic process, and the results herein
reported indicate the importance of crystal face
in reactions of this type.
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(5) Hofer, U. S. Bur. Mines Rept. Investigations 3770, 39 pp.
(1944).



