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HIGHLIGHTS

e Hydrogen content of TiCls;-doped
NaAlH,; compacts was monitored
via FTIR-ATR spectra.

eChanges in  pellet surface
morphology during cycling affect
the measurements.

¢ Different approaches to ensure
long-term signal-coupling were
applied and compared.

e For samples involving gas sorption
and material conversion, a small
contact area improves the ATR
measurement.

e Relevant for “fuel level sensors” for
various metal hydride storage
systems.
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ABSTRACT

The hydrogen content during ab-/desorption of complex metal hydrides can be monitored
via FTIR-ATR spectroscopy. Through cycling, the surface morphology of the pellet sample
may alter due to the various material changes (e.g., granularity, volume, composition) and
contribute to the spectral changes in an undesirable way.

Therefore, the desorption of the first reaction step of TiCl;-doped NaAlH, compacts was
investigated in terms of optical signal stability. It was found that optical signal degradation
occurs with an increasing number of ab-/desorption cycles. Different hydrogen cycling
procedures identified changes in temperature during cycling to further degrade the signal.
Using SEM and SFM measurements, a roughening of the pellet surface was observed as an
effect of cycling. For reliable optical monitoring, different approaches to ensure long-term
signal-coupling have been applied and their benefits compared. Thereby, dimensional
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Hydrogen content sensor

Optical hydrogen sensor signal quality.

changes in the surface flatness were found to be the dominant factor controlling the optical

Spectroscopy The experimental results allow a more adequate operation of the measurement method
and may be relevant for similar optical sensing applications, especially for “fuel level
sensors” needed for various solid-state hydrogen storage systems.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

N within the material and not directly measurable (volumetric
Introduction

Hydrogen as a safe, sustainable, and efficient energy carrier is
a widely anticipated option to establish a clean-energy econ-
omy in the future [1,2]. Although its gravimetric energy den-
sity is superior to that of diesel or gasoline, the volumetric
storage densities that can be achieved by conventional
methods of liquefaction and high-pressure storage are
comparatively low [3]. In this context, solid-state storage
using metal hydrides offers an opportunity to store hydrogen
in an efficient and safe way at low refueling costs by
increasing the volumetric hydrogen density at moderate
operation pressures and temperatures [4—7].

One of the most prominent and widely investigated com-
plex metal hydrides is sodium alanate (NaAlH,) [5,8—11].
Among other potential hydrides, the material is characterized
by its advantageous thermodynamics, high reversibility and
easy availability of raw materials [12—14]. The hydrogen
release and uptake proceed in a two-step solid-solid reaction
with a combined storage density of 5.6 wt% H, (theoretical
value):

3 NaAlH, = NasAlHg + 2 Al + 3H, (3.7 wt%) (1)

2 NazAlHg = 6 NaH + 2 Al + 3H, (1.9 wt%) 2)

In order to enable the overall reaction to proceed revers-
ibly, a dopant needs to be added to the pristine material as a
catalyst. Since the catalyst is not involved in the storing pro-
cess, the kinetic improvement is associated with a decrease in
storage capacity. Therefore, the addition of 2—4 mol% catalyst
provides a favorable balance between enhanced kinetics and
remaining storage capacity [15]. In particular titanium-based
dopants like TiCl; and TiCl, have been very influential
among others [15—18].

Another aspect that affects the ab-/desorption process is
the heat transfer from the reaction enthalpy. The thermal
conductivity of powdery hydride beds is in the range of 1
Wm~* K~ or even below [19]. A simple way to increase the
thermal conductivity and the volumetric storage density can
be found by compaction of the loose powder into pellets
[20,21]. Moreover, pellets offer much easier handling, and the
reactivity with oxygen or humidity is drastically reduced
compared to the powdery material [22,23].

For commercial use of metal hydride storage systems,
reliable and straightforward access to the used hydrogen ca-
pacity is required—the filling level. Recording the amount of
stored hydrogen is challenging since the hydrogen is bound

methods require a prior acquisition of the amount of
hydrogen added; weighing involves high accuracy due to the
high backload of the tank system and needs to be insensitive
against shocks). Former studies on the hydrogen desorption of
NaAlH, pellets showed that the hydrogen charging level could
be tracked by the change of the vibrational bands' intensities
via FTIR (Fourier Transform Infrared) spectroscopy [24,25].
Due to the high absorbance of the material, the ATR (Attenu-
ated Total Reflection) method was chosen. The method makes
use of the evanescent wave that forms at the interface of a
highly refractive optical element and a lower refractive sam-
ple into which the evanescent field penetrates (see Fig. 1). If
there is any absorption, the evanescent wave may be absorbed
to a certain degree. The remaining field is then totally reflected
and carries the spectral fingerprint of the material (for more
details, see Refs. [26,27]). In order to provide a reasonable op-
tical signal, the alanate sample needs to be in tight contact
with the optical element. The contact has to be kept securely
throughout all hydrogen loading and unloading cycles. Even if
the cycling stability of NaAlH, is reported to be excellent [28],
most of the investigations on the powder and compacted
samples were performed volumetrically with a Sieverts type
apparatus or by thermogravimetric analysis (TGA) and were
not focused on the optical behavior of the material during

cycling [23,28—37].
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Fig. 1 — Schematic representation of the measurement
setup (po = ambient pressure, p; = sample pressure).
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Thus, this work aimed to investigate the optical cycling
stability of 2 mol% TiCl;-doped sodium aluminum hydride
compacts for long-term monitoring of the filling level. Partic-
ular emphasis was given to the surface morphology of the
compacts as the contact between the interface of the NaAlH,
sample and the optical ATR element represents the crucial
linking point for the optical data acquisition. Also, the mate-
rial was observed in terms of different cycling treatments with
varying thermal process sequences and how these affect the
optical signal and desorption behavior of NaAlH, compacts.
Therefore, the hydrogen desorption measurements of the
NaAlH, phase were performed under isothermal and isobaric
conditions by FTIR-ATR-spectroscopy parallel to gravimetry to
follow the solid-solid reaction from the NaAlH, (tetragonal) to
the NasAlHg (monoclinic) compound.

Experimental
Material preparation

NaAlH, (hydrogen storage grade) and TiCl; dopant were used
as received from Sigma Aldrich. The dopant was added by a dry
milling process in a planetary ball mill (3 g NaAlH,, 2 mol%
TiCls, 20 milling balls of 10 mm diameter made of hardened
steel, 1 h milling time at a rotational speed of 350 rpm with a
cooling interval of 0.5 h after each 0.5 h of milling). Subse-
quently, the milled powder material was exposed to a
hydrogen atmosphere (10 MPa, 120 °C, 2 h) to ensure a fully
loaded material.

Samples were prepared by compacting 500 mg of the
powder material at a pressure of 250 MPa (unless otherwise
specified) into a cylindrical mold. Compaction formed a pellet
(@ = 10 mm, h = 5 mm) with a smooth and visually reflective
surface (substantial for a profound contact between ATR unit
and sample). The material handling steps were performedin a
glove box with a nitrogen atmosphere (O, < 20 ppm,
H,0 < 0.5 ppm). For more information, refer to Ref. [38].

Measurement equipment and procedure

Parallel FTIR-ATR-spectroscopy and gravimetry

The spectroscopic and gravimetric hydrogen desorption
measurements were performed with an FTIR-spectrometer

“Spectrum 65” from PerkinElmer© and a “Cubis MSE524P-100-
DU” balance from Sartorius© with a modified windshield.

H, supply |:|
= >

Additionally, the spectrometer was equipped with a “Seagull”
reflection-accessory from Harrick ScientificO to measure the
compacts in ATR reflection mode. Each spectroscopic mea-
surement was taken by one single scan with a resolution of
4 cm™! to maintain a fast data acquisition (<10 s). The tem-
perature was remotely controlled by a radiative heating sys-
tem installed inside the spectrometer's sample chamber.

In order to separate the sample from the surrounding at-
mosphere, a self-developed high-pressure ATR cuvette was
used as schematically depicted in Fig. 1. The sample is pressed
against the ATR unit by a contact spring to compensate vol-
ume changes of the NaAlH, material during hydrogen ab-/
desorption [5]. To protect the ATR unit made of zinc selenide
against solid-solid reactions and mechanical stress, a dia-
mond platelet of 100 pm thickness is used as a separating layer
between the ATR unit and sample. Due to the optics used, a
slightly elliptical spot with a diameter of =6 mm is formed on
the sample. In this way, the spectral measurement is averaged
over a sufficiently large area, eliminating sample-specific de-
viations of local measuring points.

Prior to desorption measurements, the cuvette was pres-
surized with 40 MPa of nitrogen to prevent a partial hydrogen
release during the preheating period to the intended temper-
ature. After reaching the desorption temperature, the pres-
sure was released to start the desorption process. A check
valve with a backpressure of 7 kPa was used to avoid access to
the surrounding atmosphere. A more detailed explanation
can be found elsewhere [25,38].

The ATR cuvette was mounted into a cycling setup for an
automated cycling procedure, as schematically presented in
Fig. 2. Thereby, the sample pellet can remain inside the cuvette
and stay in constant contact with the ATR element. A complete
cycle consists of one hydrogen absorption and one desorption
step (here, only for the first reaction following Eq. (1)). The pa-
rameters used for absorption were 10 MPa at 120 °C for 2 h and
with the same temperature and time against a backpressure of
7 kPa for desorption. To provide a fully loaded material,
hydrogen pressure was kept at 10 MPa until a temperature
below 30 °C was reached after the final absorption step.

Surface morphology

Scanning force microscopy (SFM) measurements were per-
formed in an argon-filled glove box (O, and H,O < 0.1 ppm)
using an “MPF-3D” from Oxford Instruments [39]. Sample pro-
tection was realized by means of a sealed Ar filled box to
transfer samples from the FTIR-ATR system to the glove box.
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Fig. 2 — Schematic representation of the cycling setup for an automated cycling process with pressure (0—10 MPa) and
temperature (20—200 °C) control. The ATR cuvette from Fig. 1 is placed inside a heating jacket (marked red) and connected to
the gas piping. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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For topography imaging, tapping mode was used (OTESPA,
nominal resonance frequency 300 kHz, and nominal spring
constant 26 Nm™).

Scanning electron microscope (SEM) images were taken
using a “JSM-6380LF” from Jeol. During the transfer process, the
samples were briefly exposed to the atmosphere (5-10 s). Some
slight surface reactions occurred, but these can be considered
negligible for the qualitative comparison of the surface struc-
ture. However, if the contact with air is too long, the material's
morphology can be significantly changed (cracking), even if no
apparent macroscopic reaction is present [40].

Results and discussion
FTIR-ATR-spectroscopic measurements

The hydrogen desorption of sodium alanate has been
measured in-situ by gravimetry parallel to FTIR-ATR spec-
troscopy. The spectral measurement was performed in the
600 cm ™" to 2200 cm ™! region. The most prominent vibrational
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bands for that region were attributed to the Al-H stretch
modes of the tetrahedral NaAlH,-phase (1620—1680 cm %) and
of the octahedral NasAlHg-phase (1250—1320 cm ™) [41—44]. A
more specific description can be found in Refs. [25,41]. Previous
works showed that the spectral intensity changes of the
Na3zAlHg phase correlate to the amount of released hydrogen of
the gravimetrical measurement. Therefore, the purely optical
signal can indicate the hydrogen filling level of the material
[24,38]. It should be mentioned that the relatively significant
intensity changes in the range of 1800—2000 cm ' are not
assigned to a specific vibrational band. The intensity changes
possibly arise from the different refractive indices of the
respective phases and the resulting change in reflection by the
ATR method. Nevertheless, these changes are also suitable for
monitoring the loading state, mainly due to the high-intensity
changes between fully loaded and unloaded material.

The typical ATR spectra of the hydrogen desorption of the
NaAlH, phase are shown in Fig. 3a for the first desorption
cycle. The upper curve corresponds to the starting point
(0 min, red) of the desorption process of a fully-loaded pellet.
The lower curve (90 min, green) coincides to the end of the first
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Fig. 3 — FTIR-ATR measurement of hydrogen desorption of TiCl;-doped NaAlH, pellets: a) spectra for the first cycle, b)
spectra for cycle 15, where each cycle was measured with the FTIR-ATR setup, and c) spectra for cycle 15, where the optical
measurement was performed after every fifth cycle (cycling between the spectral measurements was performed with the

cycling setup).
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reaction step (Eq. (1)). During the desorption process, the
upper spectrum gradually changes into the lower spectrum
(NaAlH; => NasAlHg), releasing a hydrogen amount of about
3 wt% (gravimetric measurement). Note that there is a slight
deviation from a continuous intensity increase in the range of
1630 cm ! (NaAlH,) at the beginning of the desorption process
until the orange curve (20 min) is reached. This can be
attributed to a slightly improved contacting of the sample to
the ATR element after the nitrogen backpressure has been
released (for more details, see Ref. [38]).

Compared to the first cycle, significant changes in
desorption characteristics can occur with increased cycling
steps. The changes may result from the pulverization and
aggregation of the powder grains and the formation of new
diffusion pathways and gas channels. Moreover, irreversible
phase separations and encapsulations may lead to a reduced
storage capacity (e.g., areas of increased aluminum concen-
tration [28]). The majority of these mechanisms take place
within the first ten cycles (activation of the material towards a
steady desorption behavior) [23,37].

Accompanying the changes in the desorption characteris-
tics due to cycling, changes in the spectral measurements were
also observed. These can be so extensive that the spectral
phase transformation could no longer be traced, as shown in
Fig. 3b (no specific absorption bands visible, only baseline
shifts). As a result, purely optical measurement can no longer
be used. The irregular signal quality revealed another aspect for
samples with the same cycles. Samples for which each
desorption was measured by the FTIR-ATR spectroscopic setup
(Fig. 3b) showed a much faster optical signal degradation than
those for which the optical signal was recorded at larger in-
tervals, as demonstrated in Fig. 3c for the measurement of
every fifth cycle. Hence, the intensity signal showed a quasi-
dependence on the number of measurements in the FTIR-
ATR setup instead of the number of material cycles. The low
energy input of the infrared radiation rules out an influence of
the FTIR spectrometer. A potential cause of the phenomenon is
the temperature changes between the desorption runs within
the FTIR-ATR setup. The cuvette, including the pellet, has to
cool down to room temperature after desorption for further
handling. In contrast, the cycling procedure in the cycling setup
between the spectral measurements was performed at a con-
stant temperature for the ab-/desorption steps.

Since the ATR method is based on the close contact be-
tween the ATR element and the sample, pellet images were
observed before the first desorption step and after optical
signal loss due to cycling, as shown in Fig. 4. The freshly
compacted pellet shows a high reflectance and thus a high-
quality optical surface, whereas the cycled pellet reveals a
dull appearance (similar to a roughened surface). These
findings are also consistent with the observations made by
Lozano et al. [23] and Sutic et al. [37]. Therefore, the signal
loss may be attributed to a lack of contact with the ATR
crystal. The origin of this behavior may have many causes
(material changes, synthesis parameters, measurement
conditions). However, the signal quality is always sample-
dependent and may vary from sample to sample. The pri-
mary influence is exerted by the optical surface quality and
homogeneous material distribution. According to the work
of PoHrMANN et al. [20,45,46], optical cross-section observa-
tions for different hydride materials revealed no evident
inhomogeneity for pellet diameters below 14 mm. None-
theless, for a scaled-up pellet geometry (77 mm diameter,
NaAlH,), differences in packing density can occur due to
inhomogeneous powder distribution within the press die
and non-uniform compaction conditions as presented by
Boreies et al. [47].

In summary, two observations were particularly stri-
king—on the one hand, a less reflecting appearance of the
pellet surface and, on the other hand, the irregular signal
quality that might be affected by the thermal treatment of the
material. Therefore, a more detailed investigation of the origin
of the signal loss was carried out, which is discussed in the
following sections.

Effects of thermal treatment during cycling

In order to verify a temperature effect, samples were treated
with 30 cycles of hydrogen ab-/desorption with different
process sequences within the cycling setup. Part of the
samples was cycled at a constant temperature of 120 °C, and
another part with an additional cooling step and subsequent
reheating to 120 °C between the individual ab-/desorption
steps, as shown in Fig. 5a and b, respectively. A fast cooling
to ambient temperature was realized by means of control-
lable fans. After cycling, the spectral measurement was

fresh

Fig. 4 — Images of a pellet before the first desorption (left) and after spectral signal loss due to cycling (right), as shown in

Fig. 3.
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Fig. 5 — Exemplary process sequences for cycling a NaAlH, pellet inside the ATR cuvette a) without a cooling step at constant
temperature and b) with an intermediate cooling step down to 30 °C between hydrogen absorption (T,,s = 120 °C, 10 MPa H,,
2 h) and desorption (T4s = 120 °C, 7 kPa backpressure, 2 h).

performed within the FTIR-ATR setup with the procedure The characteristic results of the spectral measurements
described previously (no further spectral measurements are presented in Fig. 6. For cycling, at a constant temperature,
were taken between the cycles 1-30). Fig. 6a shows the spectra of the first desorption and Fig. 6b the
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Fig. 6 — FTIR-ATR spectra of hydrogen desorption of 2 mol% TiCl;-doped NaAlH, pellets at Tp.s = 95 °C and backpressure of
7 kPa. Measurements of a) cycle 1 and b) cycle 30 for a sample with constant temperature (Tc,. = 120 °C) between the
individual ab/-desorption steps during cycling (cf. Fig. 2a). Measurements of c) cycle 1 and d) cycle 30 for a sample with a
cooling sequence (Tcyc = 30 °C.120 °C) between the individual ab-/desorption steps during cycling (cf. Fig. 2b).
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ycle 20

__—"TCycle 28

Fig. 7 — Images of 2 mol% TiCl;-doped NaAlH, compacts after 20 cycles (left) and after 28 cycles (right).

corresponding spectra of cycle 30. Even after 30 cycles, the
spectral intensity changes of the vibrational bands are trace-
able. In contrast, Fig. 6c and d show the results of the
comparative spectral measurements for the first and 30th
desorption in which an intermediate cooling step was per-
formed. In this case, the spectra for cycle 30 show much
weaker intensity changes during hydrogen release. The
gravimetric measurement for both cases (with and without
cooling step) showed hydrogen desorption of =2.0 wt%.
Therefore, a signal deficiency due to a lack of hydrogen
loading can be excluded, even if a decrease in capacity is
noticeable due to cycling.

Thus, the optical signal degradation arises, at least as one
potential reason, from the thermal changes between oper-
ating conditions for ab-/desorption (>100 °C) and non-
operating conditions (ambient temperature) of the alanate
material. It seems reasonable that the material is more
stressed by the temperature changes, similar to aging. In
addition, recurrent heating and cooling can cause a stronger
volume contraction, which places tremendous stress on the
material. Desorption kinetics also appear to be affected by the
different heat treatments, as there are variations in desorp-
tion times. Van HasseL et al. [48] reported a reduction of the
hydrogen storage capacity with a slower rate of hydrogen ab-/
desorption after long-term exposure to 180 °C. This was
explained by reduced catalytic activity, material agglomera-
tions, and larger crystallites due to material aging. DiETERICH
et al. [49] investigated the cycling characteristics (>1000 cy-
cles) of an intermetallic hydride with different cycling pa-
rameters. Thereby the material underwent different heat
treatments, too. They concluded that absorption time in-
fluences hydrogen uptake toward constant capacity. Although
a temperature effect was not explicitly considered, it may also
be present in their work and affect hydrogen uptake.

A more detailed consideration of the effect of different
temperature treatments is beyond the scope of this work and

was therefore not pursued further. It is worth noting that
repeated measurements yielded similar results. Although the
experiments revealed a characteristic behavior, more so-
phisticated and comprehensive investigations on the role of
temperature treatment need to be performed to provide a
distinct quantitative description with respect to accuracy and
reproducibility. The results of such studies may contribute to
a more detailed understanding of material behavior under real
operating conditions.

Surface characteristics

Since the contacting of the pellet to the ATR unit represents
the linking point to the optical data acquisition, the surface
was investigated by quantifying its roughness via scanning
force microscopy and imaging its morphology optically, and
using a scanning electron microscope.

Freshly compacted samples (e.g., Fig. 4) were used as a
reference and compared to cycled pellets (Fig. 7). In order to
maintain a characteristic roughness value, each sample sur-
face was studied at five different regions with a scan size of
25 um?. From each scan, the root mean square (rms) rough-
ness (Rg) and the maximum roughness depth between the
highest to lowest topographic point (Rmax) Were calculated
(Table 1). Since the measurements are primarily for qualita-
tive comparison, an error analysis is not discussed further.

For the freshly pressed NaAlH, samples, a mean rms-
roughness of 43 + 6 nm for the pristine (undoped) and a
slightly increased value of 62 + 11 nm for the TiCl;-doped
material was found. Thus, the dopant and the doping pro-
cedure do not influence roughness to a large extent. For the
sample treated with 20 cycles, a separate roughness analysis
of the outer edge area and the center was performed due to
the different surface reflections for those regions. The reflec-
tive inner part and dull outer region showed a deviating
roughness of 86 + 66 nm and 166 + 55 nm, respectively. A

Table 1 — Mean surface roughness of NaAlH, pellet samples (total scan area: 5 x 25 um?; cf. Fig. 4 for an uncycled and Fig. 7

for the cycled samples).

Sample Cycle R4 [nm] Rimax [nm)]

L. (pristine) 0 43+6 0.53 + 0.08

IL. (TiCls) 0 62 + 11 0.54 +0.15

IIL. (TiCls) (center) (edge) 20 86 + 66 166 + 55 0.77 + 0.60 1.15 + 0.23
IV. (TiCls) 28 154 + 71 1.09 + 0.49
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Fig. 8 — Surface roughness after 30 cycles for a pellet a) at constant temperature and b) with a cooling sequence during

cycling (total scan area corresponds to 5 x 900 pum?).

similar value to the outer region was obtained for the sample
treated with 28 cycles. Compared to freshly produced sam-
ples, the cycled samples exhibit an increased roughness and a
significantly higher variation between the analyzed regions.
The increase in roughness of cycled samples appears to be
moderate. However, even small gaps will resultin a significant
signal loss for the ATR method. This becomes more obvious
when taking the corresponding Rpa.x values into account.
Here, the considered cycled samples showed no or only poorly
evaluable optical signals during desorption.

The surface roughness analysis was also carried out for the
pellets with different tempering procedures from Fig. 6 with a
scan size of 900 um? for each region. For the pellet without a
cooling step (Fig. 8a), a mean rms roughness of 276 + 69 nm
and for the pellet including a cooling step (Fig. 8b), a value of

(d)

295 + 184 nm was measured. The Rpyax values range up to
2.70 um. The roughness values of both samples are quite
similar. In particular, the pellet which was cooled and
exhibited a weak optical signal showed the highest R, value
(scan position four). However, both samples show a signifi-
cantly increased surface roughness (=280 nm) compared to a
freshly compacted pellet (=60 nm).

In addition to the surface roughness analysis, imaging
methods were used for qualitative surface observation. Fig. 9
shows the microscope images of the surface of both samples
with and without a cooling interval from Fig. 6. The sample
without a cooling step (Fig. 9a—c) appears to be of poor op-
tical quality since the sample with cooling (Fig. 9d—f) has a
more uniform appearance. Regardless, the highly reflective
areas (whitish) from Fig. 9a still indicate a good optical

Fig. 9 — Microscope images of the surfaces of the pellet without (a—c) and with a cooling process (d—f) after cycling: a) and d)
image with perpendicular light exposure, b) and e) image with a slight tilt angle of 15° to avoid direct light reflections from

the exposure field, c) and f) detail view of the pellet surface.
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surface quality. In contrast, the surface from Fig. 9d and e
has a dull appearance, which is also apparent in the close-up
image of Fig. 9f.

Supplementary to optical microscopy, different cycling
conditions of pellet samples were compared by scanning
electron microscopy. Fig. 10a—c shows the micrographs of a
freshly compacted NaAlH, pellet, and Fig. 10d—f shows the
micrographs of a pellet after 27 cycles of hydrogen ab-/
desorption. For the uncycled sample, a wholly closed surface
is obtained with individual protruding grains. In other words,
the grains are embedded in a base layer of material. The size of
the grains is mainly in the range of approx. 1-10 pm. The
structure of the cycled sample resembles that of a sponge with
pores (black dots) with a size of approx. 1—2 um. The pore
formation can be regarded as a result of hydrogen release
during desorption.

The combined surface observations by optical microscopy,
SFM, and SEM measures conclude that a surface roughening
occurs by cycling. In this case, the signal deterioration results
from a successively worsening contact between the sample
surface and the ATR element. On the one hand, the contact
loss can be ascribed to the change in porosity by simple
geometrical contraction. On the other hand, the observed
temperature effect for the cycling conditions may be assigned
to a “kinetic surface roughening” process.

Similarly, Lozano et al. [23] observed a change in the surface
structure of cycled NaAlH, compacts in which cracks and
channels were formed, and Sutic et al. [37], as well as THomAs
et al. [40], demonstrated pore formation. A likewise behavior
with great geometrical and surface changes was also observed
for compacts of other hydride materials and mixed compos-
ites [49,50].

10kV  x 1000

50 um 10kV

10kv  x500 x 1000

10 pm

lo_um

All these findings have an increase in volume (swelling)
due to cycling in common. Only a few studies considered the
case of confined pellets. Continuing on from their previous
research, Suiic et al. showed that NaAlH, pellets confined by
aluminum tubing had a 50% less decrease in density with
similar desorption characteristics to unconfined pellets [51].
Van HasseL et al. [48] showed that a pellet reinforced with an
aluminum mesh increased the strength by 20-40% with
reduced expansion. Concerning the current investigations, no
significant volume increase of the pellets could be detected.
Therefore, it is assumed that the material expansion mainly
takes place in the residual porosity due to the confinement by
the sample chamber of the ATR cuvette. In this case, a locally
deviating swelling (even if small) can also contribute to a lack
of contact, further discussed in the following section.

Measures for signal preservation of cycled NaAlH, compacts

Since the temperature changes for hydrogen ab-/desorption
cannot be circumvented, or in other words, since the storage
application is not permanently operated at an elevated tem-
perature level (>100 °C), it is necessary to find thermally in-
dependent measures to maintain the optical signal quality to
monitor the filling-level. Therefore, several approaches have
been tested, summarized in Table 2 with the results.

While the first two approaches did not lead to any im-
provements in the context of the applied investigations, the
latter two proved to be more instructive. Although the third
approach of pre-cycling and enhanced contacting by a low-
ered absorption pressure stabilized the optical signal for low
cycle numbers (<10), signal deterioration reappeared at higher
cycles. Moreover, pressure conditions of about 10 MPa H, are

? 2O

10kV  x3000 Spm HSRM ¥

10kv  x3000 5pum

Fig. 10 — SEM images of the surface of a freshly compacted 2 mol% TiCl;-doped NaAlH, pellet: a) 500, b) 1000 x and c) 3000 x
magnification. Surface images of a similar pellet after 27 cycles of hydrogen ab-/desorption: d) 500, €) 1000 x and f) 3000 x

magnification.
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Table 2 — Overview of the applied approaches to maintain the optical signal's quality during cycling.

Measure

Description

1. Additives for an improved signal coupling between a sample and
ATR element

II. Increased compaction pressure during pellet production

III. Pre-cycling of the material and adjusting the process
parameters

IV. Surface smoothing of cycled samples through re-compaction

V. Adjustment of the pellet geometry

Approach: Level out irregularities or pores in the sample surface
with highly refractive additives — here, diamond nanopowder.
Result: No improvement but deterioration of the optical signal
since the admixture acted like a release agent and led to a reduced
internal bonding of the material (consequence: increased surface
roughening or embrittlement).

Approach: Elevated compaction pressure (875 MPa) for the pellets'
more substantial dimensional stability.

Result: No improvement, since the properties of pellets with high
compaction equalize to those with lower compaction in the course
of cycling (see also [23]).

Approach: First, increasing the contact between pellet and ATR
element by a reduced H, pressure during absorption (p; => from
10 MPa to 7 MPa => higher contact force from spring, cf. Fig. 1).
Second, reducing the effect of material transformations by pre-
cycled pellets (10 cycles, then re-ground and re-compacted).
Result: Spectral intensity changes can remain accessible for small
numbers of cycles (<10), but further degradation became apparent
at higher cycle numbers.

Approach: Re-compaction of cycled pellets with a guiding device.
Result: The smoothed surfaces showed a comparable appearance
to freshly produced pellets with well-reflecting surfaces (also a
closed surface with comparable roughness of =70 nm). However,
the surface became wavy, not allowing sufficient contacting with
the ATR element.

Approach: First, forming a thin pellet (<1 mm) less resistant to
bending and can contact the ATR element more tightly. Second,
reducing the pellet diameter to enlarge the contact pressure to the
ATR element and decrease the influence of waviness due to a
smaller surface area.

Result: Handling of the pressing device did not allow uniform
powder distribution for thin pellets, which led to wedge-shaped
geometries and poor contacting. Smaller pellets showed a more
stable signal quality.

still required for fast hydrogenation kinetics. At this point, it
should be clarified that the contact pressure is already at a
high level and is limited to a range that the optics can with-
stand (also, wear and tear appeared on the cuvette, and some
diamond platelets fractured under the load).

A guiding device was used to reinsert cycled pellets into the
press die for surface smoothing by re-compaction. The pres-
sure required was 375—500 MPa, which exceeds the contact
pressures of the ATR cuvette many times (=7.4 MPa) and the
pressure initially used for compaction (250 MPa). The

smoothed surfaces showed a similar appearance to freshly
produced pellets, as presented in Fig. 11. In addition, the
surface roughness was measured via SFM in a similar pro-
cedure to those of section Surface characteristics with five
measuring points along a line. Table 3 shows the results with
an rms roughness of about 80 nm, approximately in the same
range as a freshly prepared sample of about 60 nm. Moreover,
the maximum roughness depths of about 1 um are well below
those of cycled samples with =2.7 um after 30 cycles. For
better comparability, a sample was also observed by SEM after

375 MPa

500 MPa

Fig. 11 — Surface images of cycled TiCl;-doped NaAlH, pellets re-pressed with 375 MPa (left) and 500 MPa (right) of

compaction pressure.
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Table 3 — Mean values of surface roughness

measurement of re-pressed pellets from Fig. 11 (total
scan area: 5 x 900 pm?).

Pellet Rq [nm] Rmax [pm]
375 MPa 83 + 42 1,07 + 0,47
500 MPa 80 + 28 1,26 + 0,42

21 cycles and re-pressing at 500 MPa. The results showed a
comparable structure to uncycled pellets from Fig. 10a—c with
a closed surface and protruding grains. Although, consider-
ably more larger particles >10 um were present. Nevertheless,
no trenches or pores that could significantly hinder contact
with the ATR element were observed.

Despite the re-pressed samples' well-appearing optical
surface characteristics, no detectable spectral changes could
be recorded via the FTIR-ATR setup. A more detailed look at
the samples revealed that the pellet surface appears micro-
scopically smooth but becomes uneven in the overall texture.
The effect may be illustrated by the behavior of a pellet like a
spring during re-compaction. In this case, a pellet is tensioned
elastically when the compaction pressure is applied, and not
only plastically, like one would prefer (cf. [20]). When the
pressure is released, this may lead to a relaxation of the ma-
terial, which manifests in a surface of high unevenness or
waviness. This, in turn, does not allow sufficient contact with
the ATR element. Similarly, a local swelling during cycling can
lead to a wavy surface and geometric deformation. Another
drawback arises from the easy damage or breakage of a pellet
during insertion or removal from the press die. Moreover, the
method is quite inconvenient, as the pellet would have to be

(a)

E
=
=
kKl
20
° / flatness
e
pellet diameter
/ macroscopic dimension [mm]
A
£
=
E
i _ roughness
e &
* waviness

microscopic dimension [um]

(regularly) removed to smooth the surface, e.g., for the use in a
filling-level sensor.

The results showed that the surface roughness needs to be
considered at different length scales (see Fig. 12a). Roughness
measured by SFM represents the surface variation in-depth
and height of peaks and notches on a microscopic scale, i.e.,
a lateral scale up to 100 um. Waviness, describes surface ir-
regularities on a macroscopic scale, i.e., millimeters to centi-
meters. Concerning the ATR measurement, microscopic and
macroscopic length scales can play a role. For a wavy sample,
only partial contact with the ATR element can be established
(Fig. 12b). Then at this scale, also the microscopic roughness
plays a role as the ATR signal can only be obtained at the
contact areas. The presence of a significant waviness and
structural deformation can already be seen by the optical re-
flections of the pellet surface, especially for the sample after
28 cycles (Fig. 7). Therefore, the results suggest that waviness
in the sample surface is the dominating factor. This also
agrees with the previously shown observations for samples
after 30 cycles (Fig. 8), as their roughness was determined in a
comparable range regardless of treatment.

To reduce the influence of sample waviness, adjusting the
pellet geometry was followed. A thin pellet (<1 mm) is less
resistant to bending and should better attach to the ATR sur-
face. However, thickness deviations in the range of +0.2 mm
were found for thin pellets using a thickness gauge, which
counteracted a sufficient optical contact. Besides, PoHLMANN
et al. [20] reported that the formation of pellets with a thick-
ness below 1.5 mm was not feasible due to structural integrity.
Therefore, unlike the handling equipment used, a more
advanced preparation technique is a prerequisite to achieve a
uniform powder distribution in the press die for the

(b)

ATR element

Fig. 12 — a) Schematic representation of macroscopic sample flatness vs. microscopic surface roughness and waviness. b)
Associated contacting of a pellet to the ATR element with a close-up of the sample surface.
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compaction of thin pellets with high uniformity in thickness.
Another option to improve optical contact may be using
smaller pellet diameters to reduce the influence of waviness
due to a decreased surface area. Moreover, small diameters
lead to a higher contact pressure at constant contact force.
Pressing a compact ATR element into the sample, as has
already been tested with a fiber-bound probe from ArtPhotonics
[52], can also be a feasible approach to reduce the contact area.
At the same time, it is crucial to ensure a reasonably large
recording area to average over a large number of particles.

The obtained findings were considered for applying the
ATR method for filling level detection in a metal hydride tank
system. For this purpose, the pellet geometry was reduced to a
diameter of 5 mm to achieve a more uniform and stable
contacting. More than 50 cycles could be run through within a
sensor prototype without noticeable signal degradation. A
detailed presentation of the filling level sensor will be given in
future work. However, at this point, a design aspect of the ATR
cuvettes used should be discussed, which was implemented
differently on the sensor prototype. The pellet inside the ATR
cuvette is in a separate gas room to the contact spring, sub-
jected to ambient pressure (also see Fig. 1 and Ref. [38]).
Therefore, the contact spring has to work against the internal
pressure of the cuvette. As a result, an alternating contact
pressure occurs with the ab-/desorption steps passed through.
In contrast, the sample and contact spring of the sensor pro-
totype are located in the same gas room, which means that
the contacting is not affected by pressure changes. Conse-
quently, a more uniform and constant contacting is realized,
providing a more stable optical data acquisition for long-term
monitoring.

Conclusion

The hydrogen desorption behavior of TiCl;-doped NaAlH,
compacts at elevated cycle numbers (>10) was investigated
by a parallel FTIR-ATR spectroscopic and gravimetric mea-
surement method with a cycling setup for hydrogen ab-/
desorption. An optical signal degradation and even a com-
plete signal loss became apparent during cycling. Tempera-
ture changes between operating conditions (>100 °C) and
non-operating conditions (room temperature) of the alanate
material were identified to promote the optical signal degra-
dation. Although neither loss of structural integrity nor
decrepitation or disaggregation of the pellets occurred within
30 cycles, changes in the pellets' surface morphology were
evident by visual inspection. Using SEM and SFM measure-
ments, a surface roughening and pore formation induced by
cycling was found. Thereby, the resulting poor contact be-
tween the sample and the ATR element can lead to optical
signal degradation.

Through various approaches to ensure reliable optical
signal detection, it was found that dimensional changes in the
surface flatness of the pellets play a dominant role compared
to the surface roughness. When signal quality is poor, at-
tempts are usually made to increase the contact area for the
ATR method, e.g., using a multi-bounce ATR unit. Here in turn,
the findings suggest that the contact area should be reduced,
since the influence of flatness increases with surface area.

This follows from the fact that NaAlH, represents a strong
absorber and the achieved signal-to-noise ratios through
single reflection are of reasonable quality. Consequently,
multiple reflections would further reduce the signal quality
due to the strong absorption and thus low signal strength. A
reduced contact area can be achieved by using small pellet
diameters (3 = 5 mm) or partially contacted sample areas.
Furthermore, the observations indicated that for a more du-
rable signal acquisition an alternating contact force, as occurs
within the ATR cuvettes, should be circumvented. This can be
achieved by setting up the contacting device and sample in
the same gas room when alternating gas pressures are
necessary for sorption mechanisms. Of course, the measures
described are not limited to the studies applied and can be
implemented to other materials (in-/excluding sorption pro-
cesses) or similar measurement methods.

Due to the remaining potential of long-term signal degra-
dation, future investigations by means of surface profilometry
or similar measuring methods should be used to capture the
overall surface characteristics, especially in terms of flatness/
waviness. Moreover, it needs to be clarified how far a varying
elemental surface composition can affect the optical signal
(e.g., an enhanced Al concentration on the particle surface, cf.
[40]). To enhance the optical contact, a further viable route
could be high-energy ball milling during synthesis to obtain
powder material in the nanometer range. This can resultin a
more homogeneous pellet formation with highly uniform
surface characteristics. A similar effect might be achieved by
direct thermal as well as gas sorption treatment of the ma-
terial within the press die during compaction. Another
concept could be the direct material deposition of NaAlH, onto
the ATR element by a sputter process to create a strong
interconnection between the materials.

The experiments underline that the ATR method, which is
widely used in practice, requires a more sophisticated
handling when accompanied by sorption mechanisms and
temperature changes. Up to this point, a small contact area in
the range of 1 mm®-2.5 mm? with constant contact pressure
seems to be the most suitable approach. Although no long-
term stable signals could yet be obtained, the applied
methods and findings contribute to improve the measure-
ment procedure and to find suitable measures for permanent
signal acquisition.
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