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ABSTRAOT

This paper reports a study of the adsorption of hydrogen and carbon monoxide at various
temperatures on specially prepared and activated zinc oxide, with concurrent study of the effects
of these adsorptions on the electrical conductivity of the oxide. The results confirm the
existence of at least two types of chemisorption of each gas on ZnO.

INTRODUOTION

Zinc oxide is a substance of intriguing interest to physicists and chemists
alike—to the former because of its electrical and optical properties and to the
latter for its catalytic properties. Industrially, its importance as a catalyst of
choice for the methanol synthesis reaction is well known. It should be noted,
however, that these properties are not found in ¢ pure ’ zinc oxide per se, but
rather are developed in it by the simple activating process of heating it in
vacuum, or in a reducing atmosphere of hydrogen, at about 400° C.

From the standpoint of its application as a catalyst in methanol syn-
thesis, the behaviour of ‘ activated ’ zinc oxide towards hydrogen and carbon
monoxide is of pertinent interest. The adsorption of these gases (pre-
dominantly that of hydrogen) has been studied over an extensive temperature
range by Taylor and his co-workers at Princeton, between the years 1932
and 1937, mainly from the point of view of establishing the ‘ theory of activated
adsorption ’ and computing the related energetics of the phenomenon. These
early investigations and later ones by Garner (1947) and Garner and Maggs
(1936) revealed a certain ‘ duality ’ in the chemisorption of both these reactants
on zine oxide, namely, that in addition to being physically adsorbed at very
low temperature, they were chemisorbed in perhaps two ways, depending upon
the temperature of the system.

The nature of this duality of chemisorption has not been well understood,
though most workers agree that the two types of chemisorption pertain to
separate groups of adsorption sites. Some enlightenment has been received in
recent years from a knowledge of the physical (mainly electrical) properties
of activated zine oxide, coupled with the recognition of the electronic factor in
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chemisorption and catalysis. In general, it is accepted that the material has
a  defect ’ structure, due to the presence of interstitial zine atoms (or ions) and
that it behaves as an n-type semi-conductor, though studies of the electrical
and optical (Miller 1951) properties of ‘ defect * zinc oxide have yielded results
which are inconsistent with the simple model of a * single defect-level semi-
conductor ’.

Recently some investigations (referred to later in the Discussion part)
have been reported on the chemisorption of hydrogen on zine oxide, using
physical techniques (mostly electrical conductivity measurements) as sui)ple-
mentary tools to probe into the electronic consequences. These have led to
a diversity of unrelated interpretations, due in most cases to the uniqueness of
the experimental techniques employed and of the theoretical approach followed
by each group of workers. Besides, no such studies have been reported on the
chemisorption of carbon monoxide.

Summarizing, the data relative to the nature of the defoect zine oxide
surface and of its interaction with hydrogen and earbon monoxide in either
temperature range are inconclusive. It is not known, for instance, whether
in any given temperature range, the two gases are chemisorbed on the same
kind of sites, or on different ones. A study of the two modes of chemisorp-
tions of hydrogen and oarbon monoxide on the same sample of zinc oxide,
supported by appropriate conduotivity measurements, has therefore been
carried out to obtain more definitive information on the problem.

EXPERIMENTAL
Preparation of the adsorbent sample : (ZnQ)

Pure zinc oxalate prepared by adding zinc acetate solution to hot
ammonium oxalate solution (Analar reagents, calculated quantities) was de-
composed completely to zine oxide by heating under vacuum at 350° to 400° C
for several hours. The oxide thus prepared, slightly yellow in colour, was
used directly for the adsorption experiments.

For electrical conductivity measurements the powder was compressed
into a pellet (10 mm dia. X 10 mm thick) and sintered by heating at 1000° C
for 20 hours. Care was taken to ensure that the plane faces of the pellet
were smooth. The pellet was hard and yellowish in colour.

Preparation and purification of the gases

HyprogrN.—Electrolytioc hydrogen was further purified by passing it in
series over (i) hot reduced copper oxide (wire form), (ii) an active platinum
catalyst at room temperature to remove traces of oxygen, (iii) freshly regenera-
ted granular anhydrous magnesium perchlorate (drier), and finally (iv) through
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a silical-gel trap cooled in liquid nitrogen to remove the remaining traees of
condensable vapours and gases.

CarBON MoNoxipE.—Prepared by dropwise addition of formic acid to
glacial phosphoric acid at 170° C, was purified by passing the gas successively
through a column of caustic potash pellets, hot reduced copper, KOH pellets
again and finally freshly regenerated granular magnesium perchlorate.

HeLioM.—Compressed helium of over 99 per cent certified purity was
passed over hot copper, anhydrous magnesium perchlorate and finally through
a trap containing activated carbon cooled in liquid nitrogen.

All the gases after purification were collected over mercury and trans-
ferred to globes attached to the adsorption apparatus and the conductivity
cell, from which the gases could be drawn in regulated quantities as and when
required.

Adsorption measurements

The adsorption measurements were carried out in a conventional volu-
metric adsorption apparatus. The dead space determinations were made with
helium.

Electrical measurements

The electrical resistances of the pelleted sample were determined in a
conductivity cell, shown in Fig. 1 (a), which consisted of a Pyrex glass
cylinder, closed at the bottom and provided with a standard high vacuum joint
at the top. The cell was connected to a vacuum and gas admission manifold
through the spiral tubulation wrapped round it and connected near the bottom.
The spiral served to pre-heat the gas to the required temperature before coming
in contact with the catalyst. As shown in Fig. 1 (b), the sample pellet (98)
was held pressed between the platinum discs (P) by the weight (60 g) of the
stainless steel cylinder (§.C.) placed over the upper dise. The lower stainless
steel oylinder (8.C.) served to secure a flat surface contact with the lower
platinum disc. A" platinum wire and platinum/platinum-rhodium thermo-
couple were welded on to the upper and lower platinum dises; the platinum
wires served as electrical leads and thermocouple was used for measuring the
sample temperature.

The electrical circuit for measurement of resistance is shown in Fig. 1 (c).
The sample (S) was connected in series with an adjustable resistance B to a
1-5 volts dry cell through a tap-key (K) and a reversing switch (C). With a
current of less than 1 mA passing first in one direction and then reversed,
the potential drops across the sample and across the resistance R were
measured with the help of an electronic D.C. Voltmeter (PriLies GM 6010).
From the average of the two sets of values and the known resistance of R,
that of the sample was computed. The heating effect of the ocurrent was
minimized by passing the minute current only for very short intervals of time.
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Fic. 1. Conductivity cell and electric circuit.

TEMPERATURE CONTROL.—Baths of melting ice, chlorobenzene and
trichloroethylene provided constant temperatures of 0°, —46° and —82° C
respectively., For higher temperatures, an electrically heated tube-furnace
controlled by a Sunvic energy regulator gave temperature regulation to + 1°C.

DEGASSING PROCEDURE.—After every adsorption run the catalyst was
evacuated at the isotherm temperature for 1 hour to remove as much of the
adsorbed gas as possible. The temperature was then raised to 400° C and the
evacuation continued at this temperature for 12 hours. A two stage mercury
diffusion pump (with the usual liquid nitrogen trap in the line) was used for
‘the evacuation and the vacuum attained (as measured by Mecleod gauge) was
better than 10-8 mm Hg.

To verify if the evacuation procedure outlined above was sufficient to
ensure reproducibility of the surface for adsorption, check runs of adsorption
were made at 35° C after every isotherm determination at higher temperatures.
The closely reproduced check-values indicated that the degassing procedure
followed was satisfactory.

ResuLts
(i) Adsorption of hydrogen
The adsorption isotherms of hydrogen were determined over the

temperature range, —82°to 250°C. From the values taken from the smoothed
isotherms for & pressure of 600 mm, the hydrogen adsorption isobar shown in
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' Fig. 2is obtained. The latter shows two maxima, one at 55° C and the other
at 200° C, indicating the occurrence of two types of chemisorption, since from
previous experience it can be concluded that physical adsorption will be
negligible at any of these temperatures.
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F1a. 2. Adsorption isobar of hydrogen, 600 mm.

With carbon monoxide, the adsorption isotherms were determined over
the temperature range, —82° to 122°€C. The 600 mm isobar obtained is shown
in Fig. 3. ’

(if) Conductivity measurements

The electrical resistance of a sintered pellet of zinc oxide was measured
at various temperatures under three different ambient conditions: in vacuo,
in the presence of hydrogen and in the presence of carbon monoxide. At
eaoh temperature, the measurement in vacuum preceded the measurements
in the presence of each gas, and in the latter case values were taken at different
gas pressures, '

In the presence of carbon monoxide, conductivity measurements were
not oarried out above 85° C in view of the known possibility of its reacting
with the oxide surface at higher temperatures (Burwell and Taylor 1937).

The resistance values obtained under the various conditions stated above
are presented in Tables I and II. For the purpose of following the effect of
gas-chemisorption at various temperatures, it would be more useful to consider
‘the relative change of conductivity, A C[C, which is equal to (Ry¢-R)/R, where
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Fia. 3. Adsorption isobar of carbon monoxide, 600 mm.

C and R, are the conductivity and resistance values in vacuum and R the
resistance in the presence of a given pressure of gas at the same temperature.
From the data of Tables 1 and 2, A C/C values were graphically interpolated
for a common pressure of 300 mm and with the help of these interpolated
values, the so-called ‘ conductivity isobars ’ in Fig. 4 were drawn.

The relative conductivity change may be taken to represent the effect
of gas-adsorption alone, avoiding at the same time the effect of temperature
on the conductivity of the bare solid, in which latter effect we are not currently
interested. Bearing this in mind, changes in ‘ relative conductivity change ’
are referred to briefly (though inaccurately) as changes in the conductivity
itself. -

No change in ‘ conductivity ’ accompanied the adsorption of hydrogen at
temperatures below 100° C; above this temperature, however, the ‘ conductivity’
rises sharply and passes through a maximum at 130° to 150° C, in & manner
paralleling the adsorption isobar at the higher temperatures. In the presence
of carbon monoxide, the conductivity of the solid decreases markedly in the
low temperature region, 50 per cent of the bare surface value being lost by
the time temperature reaches 65° C.

‘ DiscussioN
Adsorption of hydrogen A
The occurrence of two maxima in the adsorption isobar of hydrogen

has already been referred to. These indicate two types of chemisorption
1 '
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designated respectively as low temperature (Type A) and high temperature
(Type B) chemisorptions. While there is no doubt that in both types
hydrogen is chemisorbed dissociatively as atoms as shown by the readiness
with which the Hy—D, exchange reaction occurs in both temperature regions
~ (Dowden et al. 1956), considerable difference of opinion exists, however, as
regards the nature of the active sites involved in the two cases.

According to Morrison (1955) zinc oxide surfaces, after the usual activation
process of reduction or evacuation below 500° C, contain adsorbed oxygen,
which by * trapping ’ the quasi-free electrons released by the interstitial zine
atoms, ionize partly to O~ and partly to O2~ ions. Of these, the O~ ions alone
are supposed to act as the active centres for both types of chemisorption. As
all the initially produced O~ ions are taken up by hydrogen at low tem-
perature, more of them are assumed to be created at high temperature by the
reversible process

02~ —» 0~+e"

a sizable activation energy being required by the electrons thus set free to get
back into the crystal. This mechanism, while it no doubt accounts for the
conductivity-effects due to hydrogen chemisorption at low and at high tem-
peratures (absence of any change in the former case and increase in the latter)
fails to explain the occurrence of the two maxima, distinguishing the two
types (Fig. 2). In both cases, the chemisorption bond postulated is the same,
namely OH", and if this is unstable between 60° C and 80° C, as indicated by
the desorption occurring between these temperatures, it would be difficult
to comprehend its formation again at higher temperatures. The situation
calls for a fundamental difference in the nature of the active centres and the
chemisorption mechanisms operative in the two temperature regions.

In the high temperature range, it seems most plausible that the hydrogen
atoms are chemisorbed on the oxygen ion sites (O~ or 02-), forming OH~ bonds,
on the lines suggested by Morrison. It is not proposed to discuss the various
possible mechanisms by which this could occur, since the experiments
reported here do not help to discriminate fruitfully between them. With regard
to the transition from low temperature to high temperature chemisorption,
Stone (1957) has envisaged the possibility of hyfdrogen atoms entering inter-
stitially into the surface layers of the zinc oxide lattice during chemisorption
and suggested further that at high enough temperatures the interstitial H-atoms
may dissociate into protons and electrons, the former presumably getting
attached to the anions of the lattice. No indication is given, however, of the
nature of the sites (or twin sites) on which the initial adsorptlon and disso-
ciation of hydrogen takes place at low temperature,

The suggestion of Garner (1947) that the cations of the regular lattice
are the active sites for low temperature chemisorption does not agree with the
result that only ¢ defect ’ zino oxide (prepared by suitable activation) is active
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at low temperature.  Defect sites ’ rather than the regular cations seem more
plausible as the adsorption sites at low temperature. It is well known that
the usual activating technique, consisting of reduction and/or evacuation for
several hours at or below 500° C leaves the solid with a stoichiometric excess of
zine atoms, some of which remain on the surface and the others penetrate to
interstitial positions in the lattice. Hahn (1951) has shown that these excess
zinc atoms constitute the so-called defect centres of active zinc oxide,
although the presence of F-centres (anion vacancies with bound electrons) is not
ruled out. The interstitial metal atoms are easily ionized by the lattice field
even at room temperature (since the energy required is very small) giving rise
to quasi-free electrons and partially ionized metallic entities, with rather
loosely bound electrons in the neighbourhood of the metal atoms, which may
be depicted as
[Zn*...... e~] and [Zn2t...... 2e7]

Mutual interaction between these defect centres which might occur because
of the large effective size of interstitial metal atoms, could lead to their group-
ing or association into what Dowden (1957) describes as  entities like electron
deficient triatomic zinc molecules on the surfaces’. It is suggested that
these  entities * are the active centres for chemisorption of hydrogen (and,
as we shall show later, of carbon monoxide also) at low temperatures.

Recently Kesavulu and Taylor (1960) have suggested that the zinc atoms,
formed on the surface as a result of activation, are located at the centres of
(negative) potential wells of oxide ions, and hence are highly polarized with the
electrons pushed away from the surface. These zinc atoms are supposed to
chemisorb hydrogen at low temperatures forming complexes of the type
[Zn2t..... 2H7]. To account for the absence of conduetivity change in this
process, they ascribe the conductivity of the solid uniquely to the interstitial
(bulk) zinc atoms and tacitly exclude the surface metal atoms from being
responsible for the conduction. This, however, conflicts with the observations
of Hahn (1951), of Bevan ef al. (1948) and of Miller (1951) to the effect that
the electrical conductivity of sintered samples of zinc oxide (and of n-type
semi-conductors generally) is to be associated with thin layers at the surface
rather than with the bulk. Moreover, the conductivity is sometimes affected
by the presence of some gases (e.g. carbon monoxide, vide infra) in contact
with these boundary layers.

The fact that the chemisorption of hydrogen at low temperatures is
unattended by any change in the conductivity rules out the possibility of the
loosely-bound electrons of the  defect ’ solid participating in the bond Yor-
mation. Additionally, the ease with which the Zn—H bond is ruptured,
as evidenced by the observed desorption at 60° to 80° C and by the occurrence of
Hy—D, exchange reactions at low temperatures (Dowden ef al. 1956) indicate
strongly that the chemisorption bond in this case is weaker than a normal
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covalent bond between Zn and H. One possibility that may be considered is
that the adsorbed hydrogen atoms are attached to the defect sites (zinc) by
one-electron bomds forming complexes of the type

H H
Znt....e-| Zn%t . ... 2¢~

This would also fit in with the absence of change in the conductivity of the
sample.

The formation of one-clectron bonds in the chemisorption of gases
on oxide semi-conductors and its possible role as an intermediate step in
heterogeneous catalysis has been suggested earlier by Volkenstein (1953)
and Volkenstein and Roginskii (1955).

Adsorption of carbon monoxide

In the case of carbon monoxide also, we find evidence of two types of
chemisorption on zinc oxide, as reported before by Garner and Maggs (1936) -
and by Winter (1958). The minimum on the adsorption isobar of this gas
around 73° C (Fig. 3) presumably demarcates between the temperatures of
prevalence of the two types on the zinc oxide sample employed in this work.
For comparison, the corresponding temperatures of adsorption minimum
observed by Garner and Winter are respectively 100° and 150° C. The change-
over temperature evidently varies with the nature and preparative history of
the adsorbent sample.

Referring to Fig. 3, as far as could be inferred from the slope of the isobar,
it appears that the low temperature branch of the chemisorption isobar will
merge smoothly with that of physical adsorption. On the other side, however,
the isobar may pass over a maximum at some temperature above 120° C, if
complications due to thermal decomposition of the gas do not set in by then.

Garner (loc. cit.) associated the two types of chemisorption with the two
types of ionic sites present in zinc oxide. He suggested that in the low tem-
perature region reversible, unactivated, chemisorption occurred on the cations
(Zn?*), while at temperatures above 100° C the chemisorbed CO was supposed
to be bound irreversibly with the O2™ ions forming carbonate ion complexes of
the type CO32~. The latter on heating would decompose into carbon dioxide
and oxygen, with concurrent reduction of the surface. Winter (1958) exam-
ined this hypothesis by studying the interaction of carbon monoxide with
zine oxide containing 180, over a wide range of temperatures. His observation
that the isotopic exchange occurred only in the region of high temperature
chemisorption (i.e. above 150° C for his sample) confirmed the belief that this
type of chemisorption occurred uniquely on the oxygen ion sites, as suggested
by Garner. It was noteworthy, however, that the exchanged gas contained
very little carbon dioxide. Likewise, in the experiments reported in this
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paper, it was found that carbon monoxide chemisorbed above 75° C was re-
coverable as such without CO, formation, and there was also no evidence of
the surface having undergone any reduction since check-runs at 35° C after
every high temperature experiment always yielded reproducible results.
These results indicate that the high temperature chemisorption involving the
02~ ions is still reversible, though at high disruptive temperatures the CO
‘may react with the oxide ions in the manner suggested by Garner.

Turning to low temperature chemisorption of carbon monoxide, we find
that Garner’s suggestion that this occurs exclusively on the cations of the
- lattice with donation of electrons from the adsorbate to the solid is unsupport-

- able in both its aspects, in the light of the results obtained in this work. In
the first place, since only the ‘ activated ’ zinc oxide and not the ¢ pure crystal’
chemisorbs carbon monoxide at low temperature, it seems more appropriate to
credit the surface defect centres generated by activation, rather than the
cations of the regular lattice, with activity for low temperature chemisorption.
Secondly, the observed decrease in the conductivity of the solid when carbon
monoxide is chemisorbed at the lower temperatures (see Fig. 4) renders
donation of electrons from the gas unlikely. The conductivity decrease
prompts the suggestion that the conduction electrons loosely bound to the
surface zinc atoms are either donated to or shared with the CO-molecule in
the formation of the chemisorption bond.
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F1a. 4. Conductivity isobars.
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Miller’s (1951) experiments on the electrical and optical properties of
zino oxide suggest a re-examination of the model of a single impurity level
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for active zinc oxide. Gray (1957) has likewise pointed out that in actual
catalysts, both donor and acceptor levels may be present; though one of
them may predominate under a given set of conditions, both are important in
influencing the direction of electron transfer in chemisorption and catalysis.
Re-examining the data presented here in the light of these suggestions, it is
seen that the zinc oxide sample is predominantly n-type. At low tempera-
tures, the donor levels take part in the chemisorption of carbon monoxide,
while with hydrogen the formation of one-electron bonds (not involving the
quasi-free electrons) seems to meet the situation.

With respect to high temperature chemisorption, all the evidence obtained
so far leads to the conclusion that the oxygen ions are the adsorption sites
for both the gases. The survival of adsorbed oxygen in any form under the
experimental conditions, as envisaged by Morrison (1955), has been doubted
by some authors (e.g. Kesavulu and Taylor 1960).
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