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The adsorption of H, on ZnO powders has been studied using the combined techniques of
temperature-programmed desorption (TPD) and transmission infrared spectroscopy. The single
previously observed ir-active state of dissociatively adsorbed H,, which has stretching frequencies
at vy, g = ~1710cm™ and yy_y = ~3490 cm™2, is found to desorb in two stages, characterized by
maxima in the TPD spectra at ~240 and ~300 K. A new, low-temperature ir-active state has been
observed with vz,_y = ~1710cm™ and vo,_y = ~3455 cm™!, which has a TPD maximum at ~170 K.
Additional measurements of adsorption isotherms and adsorption rates indicate that the two states
with TPD maxima at 240 and 300 K have comparable binding energies of 12.6 = 1.0 kcal/mole, and
are distinguished by different activation barriers for adsorption. The low-temperature adsorption
state, which also exhibits an activation barrier for adsorption, has a binding energy of ~7

kcal/mole, and cannot be populated at room temperature.

INTRODUCTION

Zinc oxide is the primary component of
commercial methanol synthesis catalysts
(1. Its activity for olefin hydrogenation (2)
and various photoassisted reactions (3, 4)
has also been studied. In particular, Klier
and co-workers (5) have suggested that the
primary function of ZnO in methanol syn-
thesis catalysts may be to provide sites for
dissociative adsorption of H,, as the initial
step toward CO hydrogenation.

It is well known that at least one type of
H, adsorption on ZnO involves dissociative
adsorption onto Zn-0 “‘pair’’ sites (5 -9):

HoH

. . i1
HZ + -In - 0- + -In-0~

This has been labeled type I adsorption by
Dent and Kokes (/0), and is characterized
by strong ir-absorbance maxima at 3490
and 1710cm™, due to OH and ZnH stretch-
ing modes, respectively. However, a de-
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tailed description of the energetics of type I
adsorption has not been reported. Such a
description would be useful in determining
the importance of this adsorption state as
an intermediate in catalytic processes. In
the existing temperature-programmed de-
sorption (TPD) studies of H,/ZnO, ir spec-
tra of the adsorbed species were not re-
corded (11, 12), and thus the binding states
indicated by the TPD spectra could not be
unambiguously correlated with ir-active
species.

In this paper we report on a combined ir
and TPD study of type I H, adsorption on
Zn0, using a sample cell which allows de-
sorption rates and ir spectra of H, adsorbed
on a single sample to be monitored. This
allows features in the TPD spectra to be
unambiguously related to the ir-active ad-
sorption state.

EXPERIMENTAL

The sample cell is shown in Fig. 1. It is
assembled from commercially available
CaF, windows which sandwich a 2%-in.
flange into which the sample holder is
mounted. The holder is a Cu ring, plated
with Ni and Au layers to minimize the for-
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Fi1G. 1. UHV cell for simultaneous infrared and ther-
mal temperature-programmed desorption spectros-
copy.

mation of volatile CuO during sample prep-
aration. A #-in. stainless-steel tube is sol-
dered around the circumference of the ring
in order to cool the sample using liquid N,.
A 50-W cartridge heater is inserted into the
ring mount to heat the sample. An iron—
constantan thermocouple is attached to the
sample ring. The cell is connected to a
stainless-steel, bakeable gas handling sys-
tem for admitting and evacuating gases.
Gas pressures are measured with capaci-
tance manometers. Pumping is provided by
a zeolite sorption pump and a 20 liter/s ion
pump. A quadrupole mass spectrometer
(Spectramass 1000 M) is used to monitor
gas desorption rates during TPD experi-
ments. A flexible connection between the
gas handling system and the sample cell
allows the cell to be positioned in the sam-
ple beam of the ir spectrometer (Perkin-
Elmer-180).

A sample is prepared by pressing 0.25 g
of ZnO (Kadox 25) at 25,000 psi in a die to
form a }-in.-diameter disk. Once the sample
is mounted, the cell is evacuated and then
heated to 400°C for 3 h to activate the ZnO;
H,0 and CO, are the main gases which
evolve during the activation process. The
sample is cooled under vacuum to 300°C,
then to room temperature under 10 Torr of
0., and finally the O, is pumped off. This O,
treatment markedly improves the back-
ground transmission in the ir spectra
{7, 13).
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The standard procedure for TPD experi-
ments was the following: The sample was
brought to the desired temperature for H,
exposure and the desired pressure of H,
was admitted. If the exposure temperature
was greater than 100 K, the sample was
cooled to 100 K, and then the residual H,
was evacuated. After all physisorbed H,
was removed (13), the warm-up was begun.
An approximately linear heating rate was
obtained by steadily increasing the current
through the cartridge heater. The H, de-
sorption rate was monitored using the mass
spectrometer. All of the TPD spectra were
obtained with the ir beam blanked off from
the sample, to eliminate the effect of addi-
tional warming by the ir beam.

RESULTS

The ir spectrum of H, reversibly ad-
sorbed on ZnO is shown in Fig. 2. The
upper spectrum was recorded with 70 Torr
of H, in the cell, and the lower spectrum
shows the sample after evacuation. Two
stretching modes due to dissociatively ad-
sorbed H, are observed: vog = ~3490 cm™
and vz, = ~1710 cm™. These frequencies
vary as a function of coverage, as discussed
below. The remaining features in the spec-
tra are due to residual OH (3600-3400
cm™) and carbonate-like structures (1700-
1300 cm™) which remain after the thermal
pretreatment (14 -16).

The TPD spectra of H, desorbing from
ZnO for various initial coverages are shown
in Fig. 3. The coverages were varied by
exposing the sample to different pressures
of H, at room temperature, cooling the
sample to 100 K, and pumping off the resid-
ual H,. The following characteristics are
noted:

(1) Three or possibly four temperature
maxima are present. We shall label the
peak near 170 K as desorption state I, the
peak near 240 K as state I,,, and the broad
region with peaks near 270 and 310 K as
state L.

(2) There was residual gas to be pumped
away at all but the lowest dosing pressure
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F1G. 2. Infrared spectrum of reversible (type 1) H, adsorption on ZnO (T = 300 K).

shown in the figure. However, the coverage
increases steadily with dosing pressure,
even at the highest pressure shown. This
shows that at least part of the adsorption
occurs via an activated process, and that
the activation barrier becomes progres-
sively higher as adsorption progresses.

(3) The temperature of the dominant

P, =400 torr N

Ha

Desorption Rate (arb. units)

—
300s I
1

Temperature (K)

Fi1G. 3. Thermal TPD spectra of H, desorbing from
Zn0. Dosage: H, adsorbed by cooling sample to 100 K
at indicated H, pressure, then evacuating.

peak, Tn(I,), shifts to lower temperature
with increasing coverage (see below).

The relative magnitude of the activation
barriers for adsorption into the various
states is indicated more clearly by the TPD
spectra shown in Fig. 4. These spectra were

Dosing Conditions.
EXPT P (torr) T (K)
1) 0.4 100
2) 40.0 100
3 40.0 300 — 100
Ipy— [

Desorption Rate (arb. units)
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Fi16. 4. H,/ ZnO thermal TPD spectra observed after
various dosing procedures: (1) Exposed clean sample
to 0.4 Torr H; at 100 K for 10 min. (2) Exposed to 40
Torr H, at 100 K for 10 min. (3) Exposed to 40 Torr
H, at 300 K for 10 min, then cooled to 100 K.
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made from initial coverages obtained using
three different dosing procedures. Spec-
trum 1 was obtained by cooling the sample
under vacuum to 100 K, then exposing it to
0.4 Torr of H, for 10 min, followed by evac-
uation. This procedure will populate sites
with zero or a small activation barrier for
adsorption (E, = 4 kcal/mole). As seen
from the spectrum, approximately one-half
of the ultimate attainable coverage of state
I,, is achieved; little adsorption into state I,
or I, occurs.

Spectrum 2 was obtained by cooling the
sample under vacuum to 100 K, exposing it
to 40 Torr of H, for 10 min, and then evacu-
ating. This procedure will populate sites
with a moderate activation barrier for ad-
sorption (E, = ~5 kcal/mole). This spec-
trum shows that state I, is now fully popu-
lated, and state I, is also populated. Only a
slight increase in the population of state I
is observed.

Spectrum 3 was obtained by exposing the
sample to 40 Torr of H, at 300 K for 10 min,
then cooling to 100 K and evacuating. This
will populate states with large activation
barriers for adsorption (6= E, = 15
kcal/mole). State I, is now fully populated.
The peak for state I, has also shifted to
lower temperature. This suggests that the
temperature shift observed here and in Fig.
3 is due to repulsive interactions between
adsorbate molecules.

The ir spectra of the H; coverages for
these three dosing procedures were re-
corded before beginning the warm-up and
are shown in Fig. 5. The dominant features
are the peaks at 3490 and 1710 cm™, which
were observed in the room-temperature
spectrum (cf. Fig. 2). However, a new fea-
ture appears in the OH stretching region at
3455 cm™ in spectra 2 and 3. By comparing
these spectra with the TPD spectra in Fig.
4, we can assign this new feature to the OH
stretching mode of the I, adsorption state.
In contrast, there is no clear evidence for a
similar unique feature in the ZnH stretching
region due to type I, adsorption. The type
I, and I, adsorption states show identical ir
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Fi1G. 5. Infrared spectra of Hy/ ZnO as a function of
dosage prior to TPD experiments (1), (2), and (3),
described in Fig. 4.

behavior in both the OH and ZnH stretch-
ing regions. .

Kokes et al. (7) have previously noted
the existence of a discrete OH stretching
feature near 3455 cm™ on samples exposed
to H, at low temperature. They also re-
ported the analogous low-frequency feature
for D;-covered samples, thereby showing
that the feature is not due to perturbation of
background OH groups. As shown below,
we can also demonstrate that the I, feature
is not due to a perturbation of filled I, and I,
sites.

Further proof of the assignment of the
unique ir feature at 3455 cm™ to the type I,
state is given by the following experiment:
A sample was cooled in 40 Torr of H, to 100
K and evacuated to prepare an initial H,
coverage corresponding to the second TPD
spectrum in Fig. 3, which is reproduced in
Fig. 6. A series of ‘“‘interrupted” TPD
warm-ups were performed by heating the
sample to an intermediate temperature T,
then rapidly cooling the sample to 100 K.
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The ir spectrum was recorded, and another
warm-up was performed, being interrupted
at a higher 7;. This procedure was repeated
until all of the H, had desorbed. The
process can be viewed as a fractional deple-
tion of the adsorbate coverage in discrete
stages, with an ir spectrum recorded at
each stage. The interruption temperatures
are shown by the open circles on the curve
in Fig. 6. The desorption spectra obtained
from each warm-up, if summed on a com-
mon temperature scale, reproduce to within
10% the TPD spectrum for warm-up over
the entire temperature range.

This procedure was preferred over re-
cording ir spectra while the TPD warm-up
was in progress, in order to avoid differ-
ences in the warm-up rate due to sample
heating by the ir beam, and to ensure con-
stant coverage during the recording of each
ir spectrum. The ir spectra obtained at each
stage of the interrupted TPD process are
shown in Fig. 7. Two points are noted:

(1) After interruption at 190 K, the OH
feature at 3455 cm™ has disappeared, prov-
ing that it corresponds to state I, in the TPD
spectrum. In a separate experiment, state I,
was repopulated with D,, confirming that
distinct sites exist for I,, and that the ir
feature at 3455 cm™! does not result from
some perturbation of filled I, or 1, sites.

230

Desorption Rate (arb. units)

Temperature (K)

FiG. 6. Interrupted thermal TPD experiment of
H,/ZnO; full warm-up spectrum reproduced from Fig.
3. O: Interruption temperatures of successive warm-
ups.
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F1G. 7. Infrared spectra of H;/ZnO recorded at 100
K after interruptions in thermal TPD warm-up shown
in Fig. 6.

(2) The wavenumber shift and integrated
intensity vary continuously with coverage,
indicating that both type I, and I, states
contribute to the ir features near 3490 and
1710 cm™!, and that their contributions are
indistinguishable on the basis of ir absorb-
ance alone.

Further evidence of the identical ir be-
havior of I, and I, states is shown in Figs. 8
and 9. In Fig. 8 we show the integrated
absorbance as a function of absolute cover-
age for the experiments described in Figs.
3-7. The integrated absorbance is esti-
mated by multiplying the peak height times
the FWHM. The absolute coverage is de-
termined by integrating the area under the
TPD spectrum, after calibrating the mass
spectrometer and pumping system with
known quantities of H,. The solid lines rep-
resent quadratic least-square fits to the ob-
served results; the resulting analytic ex-
pressions for the intensity vs coverage
functions are used below in determining ad-
sorption isotherms.
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FiG. 8. Infrared intensity vs coverage for H,/ZnO.
O, @ Fig. 3; O, I Figs. 4, 5; A, A: Figs. 6, 7
(interrupted TPD).

The integrated intensities of both the vz,
and vy peaks vary continuously with cov-
erage in a slightly nonlinear manner; the
specific absorbance decreases with increas-
ing coverage. There is no systematic varia-
tion between the experiments using cover-
ages prepared by normal adsorption
procedures, shown by circles and squares,
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FiG. 9. Coverage dependence of ir stretching fre-
quencies for Hy/ZnO.
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and the experiments using the coverages
obtained by interrupted TPD, shown by tri-
angles. These two sets of coverages have
different relative populations of filled I, and
I, states. The absence of any systematic
difference in the intensity vs coverage indi-
cates that the specific absorbance of type I,
and I, sites is the same.

The inset shows the correlation between
the voy and v,y absorbances for each cov-
erage. The two peaks develop proportion-
ally together, supporting the model of dis-
sociative adsorption on a Zn-O pair site.

The maximum coverage observed in this
work is ~15 umole/g (= 0.34 cm® (STP)/g).
This is somewhat greater than the highest
type I coverage reported by Dent and
Kokes (0.11 cm3/g (10)) or by Eischens et
al. (0.2cm?3/g (6)), and may be due to differ-
ences in sample pretreatment. However,
even our highest coverage corresponds to
a H,-adsorption area of only 1 m?/g, if the
surface area per adsorbed H-H pair is as-
sumed to be 107! cm?/H,. This represents
only 10% of the BET surface area specified
by the manufacturer, and thus confirms that
type I adsorption sites comprise only a frac-
tion of the total surface area.

Figure 9 shows the coverage dependence
of the OH and ZnH stretching frequencies
in the experiments shown in Figs. 3-7. The
OH stretching frequency decreases by 15
cm™ with increasing coverage, while the
ZnH frequency increases by 5 cm™. This
agrees with the shifts observed by other
authors (7, 9). There is nothing in the fre-
quency shift behavior to distinguish be-
tween I, and I, states. In particular, it is
clear that frequency shift is not caused by
the sequential filling of two states with dif-
ferent stretching frequencies.

Finally, in Fig. 10 we show adsorption
isotherms measured at 273 and 323 K. Only
states I, and I, are populated under these
conditions, as no peak for I, adsorption was
observed at 3455 cm™. Surface coverages
were determined from the integrated ab-
sorbance of the ZnH peak using the inten-
sity vs coverage results shown in Fig. 8.
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Fi1G. 10. Adsorption isotherms for Hy/ZnO. O: Mea-

sured at 273 K; @: 323 K; ——: best fit of Langmuir
isotherms with uniform binding energy Uy = 12.6
kcal/mole.

The sample was allowed to equilibrate for
15 min at each pressure before recording
the ir spectrum. This was shown to be
sufficient equilibration time, on the basis of
the TPD results.

The data are very nearly described by a
Langmuir isotherm with uniform binding
energy, Uy,

_ KP
=T+ KP’ M

K = KoT7"" exp(Uaas/ R, (2)

where 0 is the fractional coverage and K is
the equilibrium constant for adsorption.
The temperature dependence of the preex-
ponential factor in Eq. (2) is derived from
the statistical mechanical description of dis-
sociative, localized adsorption (/7).

The solid curves in Fig. 10 were calcu-
lated using Egs. (1) and (2) and a binding
energy Uyg, = 12.6 kcal/mole. The latter
was obtained by optimizing the fit of Egs.
(1) and (2) to the observed results for the
two temperatures.

The observed results show a systematic
deviation from the simple Langmuir iso-
therm, suggestive of an energetically inho-
mogeneous surface. The estimated magni-
tude of the variation in U,4 over the
experimental coverage range is =*1
kcal/mole. As discussed further on, this is
smaller than the difference between the de-
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sorption energies of states I, and I, ob-
tained from analysis of the TPD spectra.

DISCUSSION

The goal of this work is to obtain quanti-
tative information about the energetics of
type I H, adsorption on ZnO. Kokes et al.
(7) have noted that H, desorption is *‘slow’’
at 248 K; however, examination of their
spectra recorded at 95 and 248 K reveals
that some desorption has occurred at the
latter temperature. In order to obtain a
more detailed description of the desorption
energetics, we have chosen to apply the
technique of temperature-programmed de-
sorption to this system.

The interpretation of temperature-pro-
grammed desorption spectra obtained from
porous, high-surface-area materials has
been discussed by Cvetanovic and Ameno-
miya (/8). For the particular case of H,
desorption from ZnO, we can make the
simplifying assumption that readsorption
can be neglected, because adsorption is an
activated process. A quantitative compari-
son of the adsorption rate constant, esti-
mated from Figs. 3 and 4, with the time
scale for diffusion, estimated using a calcu-
lated Knudsen diffusion coefficient, indi-
cates that desorbed H, molecules will dif-
fuse out of the sample before they are
readsorbed. Thus, the ability to neglect
readsorption for this system will considera-
bly simplify the interpretation of our TPD
spectra.

As a result of this simplification, the fa-
miliar Redhead equation (/9) can be used to
derive values of the desorption energy, E,4,
from the observed temperature maxima,
T

VoRT mZ

BEq

Here B is the heating rate during the warm-
up and w, is the preexponential factor for
the desorption process. Equation (3) is
based on first-order desorption kinetics,
which is a reasonable assumption for the
case of H, molecules desorbing from local-

EyRT, = In 3)
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TABLE 1

Desorption Energies and ir Stretching Frequencies of
Type 1,, I, and I, Binding Sites for H;/ZnO

TPD state Ty Eg vo® V'
(K) (kcal/mole) (cm™) (cm™)

1. 173 12 3455 1707

I, 232 16 3498 1707

I (279) (19) 3498 1707

305 21 3498 1707

¢ Assumed first-order desorption kinetics, v, = 10"

s
b Extrapolated to zero coverge.

ized Zn—-O pair sites. In using Eq. (3), we
assume the conventional value of v, = 10%®
s~! for the preexponential factor.

In Table 1 we list the observed tempera-
ture maxima and the corresponding desorp-
tion energies for the TPD spectrum of the
highest coverage shown in Fig. 3, along
with the ir stretching frequencies of each
state, extrapolated to zero coverage. We
note that there is a 5 kcal/mole difference
between the kinetically estimated desorp-
tion energies of states Iy and I.. This is in
contrast with the isotherm measurements
described before, which indicated a maxi-
mum variation of ~2 kcal/mole in the bind-
ing energy, U,gs, of states I, and I,. The
difference in kinetic desorption energies is
also in contrast with the fact that the two
states show identical ir behavior. Thus, the
two states are distinguished by different ac-
tivation barriers, which do not affect the
shape of the potential energy surface for

each state near the potential minimum, and

hence do not affect the ir stretching fre-
quencies.

It was noted above that the temperature
maximum for the type I, state decreased
with coverage. In Table 2 we list the ob-
served values of T,, and the calculated
values of E, for the I, states for each of the
initial coverages shown in Fig. 3. The de-
sorption activation energies are seen to de-
crease with increasing coverage, which
may be a result either of site heterogeneity
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within the ensemble of type I, sites, or of
repulsive interactions between adsorbed
species. We favor the latter explanation, in
view of the fact that filling the I, sites also
shifts the I, peak to lower temperature (cf.
Fig. 4). This also suggests that the I, and I,
sites are in close proximity. The magnitude
of the observed decrease in desorption acti-
vation energy, 1.2 kcal/mole, is the order
expected for static dipole—dipole repulsion
between two OH groups separated by 3.25
A, the O? anion separation distance in
Zn0.

By combining the desorption energies de-
termined from the TPD spectra, the binding
energies determined from the adsorption
isotherms, and the activation barriers esti-
mated from the adsorption kinetics, we can
construct schematic Polanyi diagrams for
each of the binding states observed in this
work. These are shown in Fig. 11.

The most weakly bound state, I,, has an
activation barrier of about 5 kcal/mole, and
a desorption energy of 12 kcal/mole. The
binding energy inferred from these is 7
kcal/mole, which is consistent with the fact
that this state cannot be populated at room
temperature and the H, pressures studied
here. This state has a distinct OH stretching
frequency of 3455 cm™! further distinguish-
ing it from states I, and I,.

The I, state has an activation barrier of
=4 kcal/mole, a binding energy of ~12
kcal/mole, and a desorption energy of ~16

TABLE 2

Coverage Dependence of Hy Desorption Energy
from Type 1, Binding Sites

H, coverage® Tn Eg
(umole/g) (K) (kcal/mole)

1.8 249.1 16.9

38 249.3 16.9

6.5 243.8 16.5

8.5 236.8 16.0

10.8 232.2 15.7

@ Total coverage in type I, and I, sites.
b Assuming first-order desorption kinetics, v, = 10**
s7L,
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Fi1G. 11. Energetics of type I adsorption states for H,
on ZnO.

kcal/mole. As noted above, the activation
barrier for adsorption may increase slightly
with increasing coverage (~1 kcal/mole).
Combined with the coverage-dependent de-
crease in desorption activation energy
shown in Table 2, this implies that the bind-
ing energy decreases by a total of ~2
kcal/mole with increasing coverage. This is
within the range of site heterogeneity indi-
cated by the isotherm data.

The highest I, state has a desorption en-
ergy of 21 kcal/mole. If we assign the larg-
est binding energy consistent with the iso-
therm data, namely, 13 kcal/mole, then the
activation barrier is ~8 kcal/mole. Such a
large value is consistent with the difficulty
of filling type I, sites indicated in Fig. 4.

We can conclude from Fig. 11 that the I,
adsorption state has a unique potential en-
ergy surface, when compared to the I, and
I. adsorption states. In contrast, the poten-
tial energy surfaces of the I, and I, states
are quite similar to each other, and differ
only with respect to the magnitude of their
activation barriers. Apparently, the factors
which produce the different activation bar-
riers for these two states do not change the
potential energy surfaces in the neighbor-
hood of the equilibrium adsorbate con-
figuration, as indicated by the observed
similarity in vibrational frequencies and
binding energies.

SUMMARY

Results from ir and TPD experiments
have been combined to obtain a detailed
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picture of the energetics of type I H, ad-
sorption on ZnO. The TPD experiments re-
solve three distinct binding states, which
we have labeled types I,, I, and I, in order
of increasing desorption activation energy.
The I, state has a unique OH stretching
frequency at 3455 cm™ and a much lower
binding energy than the I, and I, states, so
that it can be populated only at low temper-
atures. The I, and I, states have indistin-
guishable ir spectra and essentially equal
binding energies, and can be populated at
room temperature and H, pressures >1
Torr. The I, and I, states are distinguished
by different activation barriers for adsorp-
tion, with state I, having the larger barrier.
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