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Thermal desorption spectroscopy as a quantitative tool to
determine the hydrogen content in solids

F. von Zeppelin, M. Haluška, M. Hirscher∗
Max-Planck-Institut für Metallforschung, Heisenbergstr. 3, 70569 Stuttgart, Germany

Received 22 January 2003; received in revised form 15 March 2003; accepted 17 March 2003

Abstract

Thermal desorption spectroscopy (TDS) utilising a quadrupolar mass spectrometer is a highly sensitive and selective method
to study the hydrogen desorption of hydrogen storage materials. For a quantitative analysis of the hydrogen storage capacity,
the TDS apparatus can be consistently calibrated by using hydrogenated PdGd alloys or TiH2 as standards. Owing to its
hygroscopic nature, the use of CaH2 as calibration standard leads to erroneous results. The chemical reactions during the
thermal desorption of CaH2 are analysed in detail.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Hydrogen storage is the major problem for com-
mercialising fuel cell driven zero emission vehicles.
The discovery of novel nanostructures has initiated a
tremendous research activity in this field. Typically,
the hydrogen storage capacity is determined either
by the volumetric method (Sieverts type apparatus)
or gravimetric measurements. For reliable volumet-
ric measurements, at least 500 mg of a sample are
required which are often not available for nanostruc-
tured materials. Furthermore, these novel nanostruc-
tured materials possess high specific surface areas and
easily absorb different gasses which make gravimetric
measurements extremely difficult and often erroneous.
Thermal desorption spectroscopy (TDS) is highly se-
lective and has an extremely high sensitivity even for
sample masses as low as 1 mg. However, for a quanti-
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tative measurement, the apparatus has to be calibrated
with a well known calibration standard. Wang and
McEnaney[1] calibrated a TDS apparatus for CO and
CO2 using calcium carbonate and calcium oxalate. For
quantitative hydrogen measurements, typically, met-
als containing hydrogen may be applied to calibrate
the output of the quadrupolar mass spectrometer[2,3].
Recently, Fernandez et al.[3] showed that titanium
hydride is well suited as calibration standard. Never-
theless, owing to the arising controversy on hydrogen
storage in carbon nanotubes[4,5], we evaluate differ-
ent standards used in literature[6,7] concerning their
suitability.

2. Experimental details

The hydrogen and water desorption kinetics were
measured using a TDS apparatus which is shown
schematically inFig. 1. In the high-vacuum system,
the sample can be heated up from room temperature
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Fig. 1. Thermal desorption spectroscopy apparatus.

to 1120 K with a variable heating rate using a radi-
ation furnace. The thermocouple is placed outside
the analysing chamber to avoid any influence, how-
ever, under high vacuum to achieve conditions as
close as possible to the sample. The partial pressures
of the examined mass numbers were detected by a
quadrupole mass spectrometer. During the measure-
ment, the pressure inside the vacuum system was in
the range of 10−8 to 10−2 Pa.

In order to determine the absolute value of the num-
ber of desorbed hydrogen atoms, three different kinds
of calibration samples were used: commercial TiH2
pieces and CaH2 powder, as well as bulk samples of
a Pd95Gd5Hx alloy, which has been prepared in the
institute[8].

The hydrogen content of the TiH2 pieces was con-
firmed by chemical analysis to be of the nominal value.
So, the amount of hydrogen within a sample could be
determined by just weighing the sample. Since TiH2
has a relatively high hydrogen content of 4.0 wt.%[9],
only small sample masses of about 10 mg can be used
without giving rise to a too high pressure increase
within the TDS device at the heating rates used (up to
9.6 K/min).

Prior to hydrogenation, the Pd95Gd5 samples were
heated in a high vacuum at 1273 K for 12 h. This
was done in order to completely desorb any hydro-
gen that might have been stored within the sample.
Afterwards, the samples were cleaned in nitrohy-
drochloric acid and acetone to remove oxide layers
on the surface. Then the samples were hydrogenated
at 350 K in a hydrogen atmosphere of 0.004 MPa for
about 20 h and finally cooled down to room temper-
ature. At this hydrogen pressure, no hydride phase

is formed, but the Gd atoms act as trapping cen-
tres for the hydrogen atoms[8], leading to hydrogen
concentrations up to 5 at.%. Owing to this trapping,
the activation enthalpy of long-range diffusion is
slightly higher than in pure Pd and allows to handle
the samples for several minutes at room temperature.
Therefore, the hydrogen content of the Pd95Gd5Hx

samples can be determined by weighing the sam-
ples before and after the TDS measurements, denot-
ing the mass difference to the desorbed amount of
H2.

3. Evaluation of thermal desorption spectra

Typical TDS spectra for hydrogen can be seen in
Fig. 2 for a constant heating rate. On one hand, such
a TDS spectrum delivers a quick overview at which
temperature the desorption takes place and, further-
more, may allow to determine the kinetics of the pro-
cess by applying different heating rates[10]. On the
other hand, the total number of desorbed hydrogen
atoms can be derived from a TDS spectrum if the spec-
trometer had been previously calibrated by a known
standard.

Assuming ideal gas behaviour, the hydrogen partial
pressurep is given by

p(t) · Q = n(t) · RT, (1)

whereQ is the pumping speed of the system,n the
molar gas flux at the mass spectrometer with temper-
atureT at timet, andR is the gas constant.

Since we are using a turbo molecular pump,Q can
be considered constant over the whole pressure range.
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Fig. 2. Thermal desorption spectra of Pd95Gd5H4 and TiH2 (heating rate: 5 K/min).

Thus, integration ofEq. (1)delivers

Q ·
∫ t1

t0

p(t) dt = RT ·
∫ t1

t0

n(t) dt, (2)

wheret0 andt1 are starting and ending times, respec-
tively, of the measurement.

The left-hand integral ofEq. (2) is the areaA un-
der the desorption curve, while the right-hand integral
gives the total numberN of the atoms which were des-
orbed during the measurement.Eq. (2)can be written
as

N = Q

RT
· A. (3)

Therefore, a TDS device can be calibrated by mea-
suring the desorption spectrum of a sample which re-
leases a known amount of hydrogen atoms during the
measurement. Using such a standard, it is possible to
determine the so-calledcalibration constant, i.e. the
proportionality constant betweenN andA. Of course,
one has to assure that the amount of the released hy-
drogen gives rise to a pressure increase that lies within
the linear range of operation of the mass spectrome-
ter. Ideal materials for calibration are metal hydrides,
since they contain an amount of hydrogen which can
be easily determined with a microbalance and is re-
leased while heating. For an easy handling, the hydride

should be stable at room temperature and non-reactive
under atmospheric conditions.

4. Experimental results

Fig. 2 shows the characteristic hydrogen desorp-
tion spectra of Pd95Gd5H4 and TiH2 for a heating rate
of 5 K/min. During the measurements, the signal of
mass number 18, H2O, was always monitored, how-
ever, showed no signal above the background level.
The maximum desorption of Pd95Gd5H4 occurs at
about 500 K whereas the decomposition of TiH2 starts
above 650 K with a maximum rate between 800 and
850 K. The area under the desorption curve is propor-
tional to the total number of H atoms desorbed (see
Section 3). The mass of the Pd95Gd5H4 sample was
about 1 g corresponding to about 340�g of hydrogen
and in the case of TiH2 about 6.5 mg corresponding
to about 260�g hydrogen.

Furthermore, the linear response of the signal of the
mass spectrometer was tested by introducing different
amounts of TiH2, i.e. hydrogen, into the system. Over
a wide range from 40 to 260�g of hydrogen the system
shows a linear dependence, yielding the calibration
constant (Fig. 3). Additionally, the calibration constant
was determined over a range of the heating rates from
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Fig. 3. Dependence of
∫

p(H2) dt on the TiH2 mass.

1 to 10 K/min, showing no inuence within the error
limits (Fig. 4).

The third type of sample which was examined was
CaH2 powder. The hydrogen and water desorption
spectra of CaH2 with a heating rate of 5 K/min is
shown inFig. 5. The sample was exposed to air prior

Fig. 4. Dependence of the calibration constant on the heating rate.

to the TDS measurement only in order to determine its
mass with a microbalance. The spectrum shows two
maxima of hydrogen desorption. The first one at 660 K
is accompanied by a large maximum of water desorp-
tion at the same temperature. At 970 K, there is a sec-
ond and very large maximum of hydrogen desorption,
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Fig. 5. Thermal desorption spectrum of CaH2 with respect to hydrogen and water (heating rate: 5 K/min).

Fig. 6. Thermal desorption spectrum of CaH2 with respect to hydrogen and water after exposure to air for 8 h (heating rate: 5 K/min).

but no water desorption can be observed at this tem-
perature. From room temperature to 370 K, an addi-
tional small peak of water desorption can be seen.

After exposure of CaH2 to air for several hours, the
hydrogen and water desorption spectra change dra-
matically: while the hydrogen desorption maximum at
970 K decreases, the maximum at 660 K increases, ac-
companied by a huge increase of the water desorption
(Fig. 6).Table 1gives the number of desorbed hydro-

Table 1
Number of desorbed hydrogen atoms per mg sample mass after
different times of deposition to air

n1 (660 K) n2 (970 K)

0 h 4.3 × 1018 2.2 × 1019

4 h 5.5 × 1018 9.5 × 1018

8 h 6.0 × 1018 8.0 × 1018

24 h 5.6 × 1018 6.4 × 1018
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gen atoms per milligram of sample mass during the
peaks at 660 and 970 K after different exposure times
to air.

5. Discussion

For a reliable calibration of the TDS apparatus, a
known amount of hydrogen has to be introduced into
the high-vacuum system. This can be achieved by us-
ing a hydrogen-containing material which releases the
hydrogen during heating. The evolution of the hydro-
gen should give rise to a pressure increase only within
the range of linear operation of the mass spectrome-
ter. Nevertheless, the signal should be well above the
background level. By choosing the appropriate mass
of the material, both, Pd95Gd5Hx and TiH2 samples
desorbing 100–400�g of hydrogen, can be easily pre-
pared. With these samples the TDS apparatus can be
consistently calibrated for a quantitative analysis with
an error of less than±5%.

In the case of the Pd95Gd5Hx alloy, the hydrogen
mass has to be determined by weighing the sample
prior and after the TDS measurement. For TiH2, the
composition has to be determined by chemical analysis
and the mass of the sample once, prior to the TDS
measurement.

For Pd95Gd5Hx, a reproducible charging procedure
is rather complicated containing several steps (see
Section 2) and the charged samples have to be stored
under liquid nitrogen. On the other hand, owing to
its high desorption temperature, TiH2 is stable at
room temperature over years at laboratory conditions.
Therefore, for routine calibration, the use of TiH2
may be advantageous.

After a successful and consistent calibration using
Pd95Gd5Hx and TiH2, we examined the desorption be-
haviour of CaH2. Fig. 5shows the desorption spectrum
of CaH2 shortly exposed to air for weighing. In com-
parison to TiH2, this spectrum consists of two maxima
and during the first desorption maximum water is de-
tected in addition to hydrogen. Exposed to air, CaH2
absorbs moisture by[11]

CaH2 + 2H2O → Ca(OH)2 + 2H2. (4)

During the TDS heating run, the Ca(OH)2 decomposes
above 520 K:

Ca(OH)2 → CaO+ H2O. (5)

One part of the water may evaporate and the remain-
ing part reacts with CaH2 leading to the evolution of
hydrogen:

H2O + CaH2 → CaO+ 2H2. (6)

The decomposition of the remaining CaH2 into Ca and
H causes the hydrogen desorption peak at 970 K:

CaH2 → Ca+ H2. (7)

Owing to this hygroscopic behaviour of CaH2, any
exposure to air changes the composition depending on
humidity and time.

Taking into account these reactions, it is possible
to calculate a phase diagram of the hydrogen desorp-
tion in dependence of the composition of CaH2 and
Ca(OH)2 (Fig. 7). The dashed line gives the hydrogen
evolution due to the decomposition of Ca(OH)2, ac-
cording toEq. (5)and the assumption that all H2O re-
acts with CaH2 according toEq. (6). The dotted line is
the hydrogen evolution due to decomposition of CaH2
which remained after the first reaction. The sum of
both reactions is given by the solid line. For the com-
positionx = 0.5 and less CaH2, all CaH2 may react
with water during the first step.

Furthermore, the initial composition of each sam-
ple can be determined by evaluating the number of
desorbed hydrogen atoms for the two desorption max-
ima. Then the number of CaH2 molecules,nhyd., can
be determined applyingEqs. (6) and (7)according to

nhyd. = 1
2n1 + n2, (8)

where n1 and n2 are the numbers of hydrogen
molecules desorbed in the first and second maximum,
respectively. Knowingnhyd., the mass of CaH2 is
known and the difference to the total sample mass
is denoted to Ca(OH)2. The experimental values
determined for the first (open circles) and second
desorption maximum (closed circles) are included in
the phase diagram (Fig. 7). Since not all H2O of the
decomposition of Ca(OH)2 reacts with CaH2, the ex-
perimental values for the H2 evolution during the first
maximum are below the dashed line. Consequently,
more CaH2 remains and decomposes during the sec-
ond maximum and therefore, the measured values are
above the dotted line. However, the total hydrogen
desorption (‘×’ in Fig. 7), i.e. the sum of the first and
the second maximum, is lower than the solid line.
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Fig. 7. Phase diagram of H2 desorption and composition ofxCaH2 + (1 − x)Ca(OH)2.

If someone is not aware of the hygroscopic na-
ture of CaH2 and uses it as calibration standard, this
person will account the sample mass as the mass of
CaH2 and denote the total amount of hydrogen des-
orbed to CaH2. Under these circumstances, the cali-
bration will be erroneous depending on the fraction
of Ca(OH)2 in the sample as shown inFig. 8. For
pure CaH2 the calibration will be correct correspond-
ing to a calibration factor of 1. However, with in-

Fig. 8. Dependence of the calibration factor on the composition onxCaH2 + (1 − x)Ca(OH)2.

creasing Ca(OH)2 content, the factor increases. The
line represents the total hydrogen desorption accord-
ing to the solid line inFig. 7. Practically, the devia-
tion from the correct value is even worse, since the
total desorption is actually smaller than the theoreti-
cal maximum value as shown by the crosses inFig. 8.
In the present case, already after 8 h exposure to air,
the error in the calibration factor exceeds a factor
of 2.
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6. Conclusions

For a quantitative analysis of the hydrogen storage
capacity, the TDS apparatus can be calibrated by intro-
ducing a well-known amount of hydrogen molecules
into the high-vacuum system. By choosing the ap-
propriate mass of the hydrogen containing metal, the
use of PdGdHx or TiH2 as calibration standard al-
lows a quantitative analysis with an error of less than
±5%. In contrast, the use of hygroscopic hydrides,
e.g. CaH2, leads to an erroneous calibration due to
the reaction with moisture during the sample han-
dling.
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