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Thermal Desorption of Hydrogen Adsorbed on Copper Surface
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The thermal desorption of hydrogen adsorbed on a clean surface of polycrystalline copper foil was studied

under ultra high vacuum conditions.

The presence of chemisorbed hydrogen in a dissociated state was verified

in a temperature range between 193 and 573 K. During the desorption process, the adsorbed hydrogen atoms

recombined into molecules; this follows second order kinetics.
kJ mol~?! and remained nearly constant in the range of surface coverage up to 1.6x 101 atom cm~2.

The activation energy for desorption was 68.64-8.0
The isotope

effect on the desorption of deuterium was found to be straightforward. These findings showed a good agreement

with the results obtained from the analysis of H,~D, equilibration on copper powder catalyst.

In addition, the

necessary conditions to obtain the exact desorption spectra were inspected with the aid of computer simulation.

Studies on the elementary processes of adsorption and
desorption are important in understanding the catalytic
reaction on solid surfaces. Although there have been
many investigations of the adsorption of hydrogen on
copper surfaces,’~") the mechanism has not been well
established. An activated process for adsorption is the
consensus in most of reports,%8 but they do not give
concordant values for the activation energy and the
heat of adsorption.

In our previous study,® it was shown that H,-D,
equilibration on reduced copper powder can be inter-
preted in terms of the Bonhoeffer-Farkas mechanism,
which involves the dissociative adsorption of hydrogen
and the surface recombination of adsorbed hydrogen
atoms in the reaction pathway. From the analysis of the
reaction time course, kinetic parameters of adsorption
and desorption were evaluated. In a subsequent work,?
these results were found to accord well with those of the
classical trajectory calculations for the dissociative
adsorption on a model (100) copper surface.

Thermal desorption (TD) gives direct information
on the adsorbed states, the fraction of coverage, and the
kinetics of desorption. A TD measurement, using a
conventional high vacuum system, was applied to the
hydrogen adsorbed on copper powder and the formation
of HD together with H, and D, was successfully observed
by heating the surface covered with hydrogen and
deuterium. The estimated value for the activation
energy of desorption was, however, about a half of that
obtained from the analysis of the reaction kinetics.10
Accordingly, the present study aimed to solve this
contradiction between these experimental results and,
further, to make clear the adsorbed state of hydrogen
on a copper surface. To attain this purpose, we paid
special attention to finding the optimum situation for
pursuing the desorption process and designed a desorp-
tion system which is operated with high pumping speed
in the range of ultra high vacuum (UHV). The desorp-
tion spectra obtained by using the system were analyzed
in detail. The adsorbed state of hydrogen, the activation
energy of desorption, and its dependence on the coverage
of adsorbed hydrogen were determined, and the isotope
effect on desorption was also inspected. Further, the
obtained results were compared with those derived from
the study of H,-D, equilibration on copper catalyst.

Experimental

A schematic representation of the apparatus employed is
shown in Fig. 1. The experiments were performed in a pyrex
glass UHV system. The adsorption—desorption system with a
volume of 410 cm?® consisted of a desorption cell, a pressure
gauge, a greaseless glass valve, and an ion getter pump. A
3-stage mercury diffusion pump was connected to the system
through a liquid nitrogen cold trap and a bakeable metal valve
and used for initial pumpdown to about 10—¢ Torr (1 Torr=
133.3 Pa). After the bakeout of the system at 530 K for 24 h,
a vacuum of about 5 x 10-1° Torr was readily attained by using
the ion getter pump.
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Fig. 1. A schematic representation of desorption system.
BA: Bayard-Alpert gauge, CP: copper plate, OL:
halogen lamp, TC: Pt-Pt/Rh139, thermocouple.

The desorption spectra were recorded by means of a Bayard-
Alpert gauge, through which the desorbed gas was evacuated.
This allowed us to measure directly the density of desorbed
molecules related to the desorption rate. A polycrystalline
plate of copper with a surface area of 4.2 cm? was used as the
adsorbent. The sample was spot-welded to the junction point
of Pt-Pt/Rh139%, thermocouple wire, 0.05 mm in diameter, and
was hung down in the desorption cell by the wire so as to
minimize the temperature fluctuation and the desorption from
the thermocouple. The sample after the bakeout was reduced
in a flow of hydrogen of pressures between 10-3—10-¢ Torr
at 570—670 K for 48 h and then outgassed at 773 K until no
further gas evolution could be detected. The surface cleanli-
ness was judged by the reproducibility of measurements
after the reduction-outgas cycle. The surface with a constant
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activity could then be obtained by reducing and outgassing
several times at 773 K in vacuo better than 5x 10-1° Torr.
To avoid the wall effect, the sample was heated directly by
infrared irradiation supplied from a halogen reflector lamp,
Osram Model 15V 150W. The infrared light beam was
dispersed on the copper plate. The heating rate was adjusted
in a range 0.2—4 K s~! using a constant-current power supply.
Hydrogen pressures measured by the ion gauge were calibrated
with nitrogen of equivalent pressures using the published value
of the sensitivity ratio, Sy,/Sy,=0.44.1) After the copper
surface was exposed to hydrogen of 1x 10-5—1x 108 Torr
for 45 minutes at room temperature and was evacuated to
5—10x 1071 Torr at 193 K, the surface temperature was
raised linearly with time up to 570 K.

Results

Since the detailed discussions on the basis for deter-
mining kinetic parameters from desorption spectra have
already been given,!'?:1® only the salient features will
be outlined here.

An accurate knowledge of the effective pumping speed
is necessary to determine the absolute values of kinetic
parameters for desorption. From the following
procedure, the pumping speed, § (cm3 s—1), was deter-
mined for hydrogen. The mass balance of gases present
in a vacuum system requires the following equation
to hold:

dpP

and AP=P— P,

where P and P, are the operating and background
pressures in the system, respectively, V is the volume
of the system, and Q is the external influx of gases (in
Torr cm=3s-1). Accordingly, by introducing hydrogen
gas into the closed vacuum system at a constant rate,
the influx was evaluated from the increasing rate of
pressure:

dpP

Then the system was evacuated and after the pressure
attained an equilibrium value, P,,, S was determined
by using the relation

S= (Peq_Po)/Q' (3)
From the measurements stated above, § was evaluated
to be 2.3 10% cm?s~! in a pressure range between 10-8
and 10-¢ Torr.

Figure 2 illustrates the typical desorption spectra of
hydrogen and deuterium adsorbed at the same fraction
of coverage on a surface. Only one peak was observed
in each spectrum; the peak of D, appeared at the
temperature higher than that of H, by about 10 K.
The temperature at peak maximum shifted to the lower
temperature side with increased amount of adsorption
under a constant rate of temperature increase and
showed the same trend of shift with a decrease of the
rate of temperature rise under a constant amount of
adsorption.  The increase of surface coverage, for
example from 1.4Xx101 to 2.0x10“ atomcm-2 of
hydrogen, shifted the peak maximum from 355 to 327
K at the rate of temperature rise of 1.2 K s~1, and the
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Fig. 2. Thermal desorption spectra of hydrogen and
deuterium on copper surface.

increase in the rate from 0.17 to 3.2 K s~ brought about
the increase in the peak temperature from 330 to 368 K
at the constant coverage of 1.8 x10'® H-atom cm~2.

Mass balance during the desorption requires that Q
in Eq. 1 is replaced by the rate of desorption from the
surface:

rS = £ S5 _ SAP, )

where N is the number of desorbing molecules per unit
area, A is the surface area and, C is a conversion factor
in a unit of molecule K Torr-! cm~3, which is equal
to 3.2 108 at 300 K. In the normal UHV system with
large pumping speed, the ratio V/S is negligibly small
and therefore the desorption rate becomes approximately
proportional to the pressure increase:

v _ ¢
= SSAP. )
The amount of adsorbed hydrogen, N, (molecule cm—2)

is given by

N, = —Cﬁg APdr. (6)
4 )
The value of the integral in the right hand side of Eq. 6
is proportional to the area of the desorption peak.

The desorption rate per unit surface area is expressed
as

Ry= S =y exp (= EJRT), )

where » is the pre-exponential factor, Ey is the activation
energy of desorption, n is the number of adsorbed atoms
per unit area, and x is the reaction order with respect
to the adsorbed species. The desorption was operated
in a linear temperature rise with time, i.e., T=T,+p,
where f is a coefficient of temperature rise. The differen-
tiation of Eq. 7 with temperature shows that the tem-
perature, T, at which the desorption spectrum gives
a peak maximum can be correlated with the factors »,
Ey4, B, and x by the following equation:

EyRT; = (x ni* v[p) exp (— Ey/RTy,) (8)
where n;, is the number of adsorbed particles remaining
at Tp,. Then, it is found that

E E,
log (Tlf) = 5503 o7 T 18 Ryt

©)
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Fig. 4. Invariance of activation energy of desorption
with surface concentration.
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For a constant initial coverage, E4 and n, would be
unchanged even if B is varied. A plot of log (7T3/p)
versus 1/ T, gives a straight line with slope of £4/2.303 R.
This relationship is shown in Fig. 3 for adsorbed hy-
drogen and deuterium at the initial coverages of 6.4+
0.2x 1018 H-atom cm—2 and 7.240.3x10*® D-atom
cm~2, respectively. Figure 4 summarizes the activation
energy of desorption as a function of the amount of
desorption: Values of E4 for H,, as shown by open
circles, were constant at 68.6+8.0 k] mol-* up to a
surface concentration of 1.6x101* atomcm~2  The
filled circle in Fig. 4 shows the activation energy of
desorption for D,. The obtained value of the energy was
73.6+8.0 k] mol-1, which is slightly greater than that
for H,.

When the thermal desorption is carried out at
constant f, the shifts of T}, shown in Fig. 2 lead to the
determination of reaction order. Equation 8 can be
rearranged to
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E,
2.303 RT,,

BE;
xvR

2log T, — = (1—x) log n,, + log (10)
Because E4 is constant with coverage, as seen from
Fig. 4, a plot of (2log Tp,—E4/2.303 RTy,) versus log

n, gives a straight line with a slope of 1—x, where

ng, is given by
Ny = QSM APdt.
4 Juta)

(11)

The results are shown in Fig. 5. From the slope, the
desorption order , x was evaluated to be 2.040.2.
The values of E4 and x permitied us to calculate
the frequency factor of desorption from the intercept
of Fig. 2. This value of v was found to be 1.04-0.5 x 10-4.
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Fig. 5. A plotof (2 log T, — 230%7,—> vs. log ng,.

Discussion

The present study proves that the thermal desorption
is a useful method for determining the desorption
kinetics. However, in typical adsorption systems many
complicated situations occur;'¥) there may be several
different adsorbed states even for a single adsorbed
species. In addition, the activation-energy of desorption
may depend on the concentration of adsorbed species
and on the structures of surfaces. Transition metals
such as W, Ni, Pt efc. have been found to show com-
plicated desorption spectra of hydrogen because of
superposed peaks.?%15 It is, therefore, desirable to
use more simple systems in order to perform the precise
analysis of the desorption mechanism. In the present
study, the desorption spectra on copper showed a
single peak which shifted to the higher temperature side
with the decreased coverage of surface. The activation
energy of desorption was unchanged up to the surface
concentration of 1.6 X 10'* atom cm~2 or 6z=0.6 when
the saturated amount was estimated at 2.8 X 1014 atom
cm~28 (Fig. 4) and the desorption order was given by
integer number as 2 (Fig. 5). All of these findings lead
us to conclude that the chemisorption of hydrogen
takes place dissociatively on a copper surface and that
the interaction among adsorbed hydrogen atoms is
quite weak.

In the previous studies of hydrogen adsorption and
H,-D, equilibration, it was found that the isothermal
adsorption of hydrogen. on a copper surface can be
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interpreted in terms of the Langmuir equation for
dissociative adsorption.®® This behavior of adsorption
was also verified by TD measurements. The activation
energy of desorption evaluated by TD agreed well
with that obtained from the kinetic measurement, 7144
k] mol-1.  Further, the desorption rate constant at
287 K was evaluated by using the values of activation
energy and the frequency factor as 3.34+2.0 x 10-17 cm?
molecule—! s~1, which is also consistent with the value
7.946.0 X 1017 obtained in the previous study. In the
desorption of deuterium, T, was higher than that of H,
for the same fraction of coverage and E; was also
greater than that for H,, indicating the presence of a
normal isotope effect on desorption. The value of E4
for D, agreed with the previously obtained value within
the experimental error.

In the analysis of the desorption spectrum, the
magnitude of the evolution rate, relative to the changing
rate of the accumulation in the system, takes an essential
role is determining whether Eq. 5 exactly reflects the
desorption process or not. When the difference between
these two rates is not so large, Eq. 5 is not valid and its
use would result in a lower value for the activation
energy of desorption than the true one. In order to
make the above situation clear, an exact simulation of
Eqgs. 4 and 7 for the second order desorption was
performed by using a computer. As is seen from Figs. 6
and 7, the position of peak maximum shifted to the
higher temperature side with the decrease of the pump-
ing speed. The analysis of desorption spectra by using
Eq. 9 resulted in the decrease of the apparent activation
energy to 40.5 k] mol-! at 10 cm3s~. Such a depres-
sion of the energy seems to be the main reason why an
incorrect energy value was obtained by using the usual
high vacuum system with low evacuation conductance.'?)
The desorption spectrum simulated at the speed of
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Fig. 6. Effect of pumping speed on desorption spectra.
The spectra were simulated for different pumping
speed, S (cm? s~1) by using Eqs. 4 and 7 in the text.

E,;: 68.6 k] mol-2, »: 1x10-4, f: 1 K s, ny: 1x101
atom cm~2, 4: 4.2 cm?, V: 410 cm?.
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Fig. 7. Calculated activation energy of desorption as
a function of pumping speed. Parameters used in
the calculation were the same as those of Fig. 6 except
that 8 is changed from 0.2 to 2 K s~1. A dashed line
shows the true value of activation energy of desorption.

2300 cm3s—1 accorded with that calculated from Eq. 5
within 0.1 K. This large difference of the two rates in
the present study permitted us to determine exactly
the kinetic parameters and mechanism of the desorption.
In addition, the pressure gauge was located directly
in front of the source of gas evolution; thus the pressure
inside the cell and its change on heating was accurately
followed and recorded by the gauge. It is to be noted
that the same caution should be used for the gas chro-
matographic TD measurement with respect to the
magnitude of the flow rate of the carrier.

Balooch et al. found that the activation energy for the
adsorption of hydrogen on a copper surface depends
on the crystallographic planes, as shown in the sequence
E,(111)=E,(100) >E,(113).9 The present study
cannot tell whether the desorption rate depends on the
lattice planes or not. However, a single adsorbed state
was observed on the polycrystalline copper used, and
it is likely that the annealed surface exposed preferen-
tially the (100) plane on which hydrogen is mainly
adsorbed.

Classical trajectory calculations were applied to the
adsorption of hydrogen on copper®!® and made
possible the microscopic analysis of the process of
dissociative adsorption. The desorption of the molecule
from the surface is also interesting in view of the energy
transfer from the lattice vibration to the vibration of
adsorbed atoms and to the motion of molecules released
from the surface. The results obtained here will be
available for such microscopic descriptions of the
behavior of adsorbed atoms. Trajectory calculation
studies for the desorption of hydrogen from a copper
surface are now in progress and will be published
elsewhere.
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