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Abstract

In this project hydrogen uptake in thin transition metal films is studied by using thin
vanadium films embedded in an Fe/V superlattice as model system. The change in optical
transmission of white light when varying the hydrogen pressure is investigated as possible
measure of hydrogen concentration. The experiments were done using the newly built setup
at Tandem Laboratory, Uppsala, Sweden, called OSFOLD. With the transmission data
pressure-intensity isotherms were created, and the wavelength dependence of these isotherms
was studied. The results show that optical transmission can be used as an indicator of
hydrogen absorption, in agreement with previous studies on the subject. The hydrogen
absorption/desorption process was shown to be reversible. A wavelength dependence of the
transmission was found, implying that a calibration of transmission to an absolute value of
hydrogen concentration, using for example nuclear reaction analysis, would be wavelength
dependent as well.
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1 Introduction and theoretical background

Hydrogen storage is of interest for a couple of reasons, one of them being a means to store energy.
The world is in the process of transforming towards renewable production of electricity, such as
wind and solar power. One downside of those is that the production cannot be planned, since
they rely on things out of our control: the wind blowing and the sun shining. This gives rise to a
greater need for energy storage. Hydrogen is one such candidate. It can be produced via energy
demanding electrolysis from for example water, and when undergoing exothermic reaction with
oxygen to water it releases energy again. This makes it a candidate as an eco-friendly energy
carrier. Hydrogen is typically stored either as highly pressurised gas, or as cryogenically cooled
liquid. These ways of storing come with issues. The former regarding a low energy density per
mass, and issues of safety since hydrogen is highly explosive. The later one regarding costs, still
low energy density per mass, and issues of safety as well. This provides a motivation to look for
alternative means of storage. One such alternative is to dissolve hydrogen in metals. Since the
hydrogen is then bound in the metal during storage it is inherently safe, and also the volumetric
density can be higher than for both pressurised and liquid hydrogen. By dissolving the hydrogen
in metals one can reach volumetric densities of 150 kg hydrogen per cubic meter [kgH2 m−3],
which can be compared to <40 kgH2 m−3 for pressurised hydrogen, and 70.8 kgH2 m−3 for
liquefied. [4] [6] [18]

Many metals are known to absorb hydrogen forming so called metal hydrides. The hydrogen
in the metal situates itself in interstitial sites. The absorption and desorption of hydrogen
depends on the hydrogen pressure and temperature, and these determine the diffusion rate
and the hydrogen concentration at equilibrium. [1] Although almost all metals can form metal
hydrides, some are more favorable than others as a means to store hydrogen, and vanadium is
one metal particularly good for storing hydrogen under achievable conditions. [6] [13]

When investigating metal hydrides, a method to determine the hydrogen concentration is needed.
Qualitative and quantitative measures of the spatial distribution and interstitial occupancy in
thin films is difficult as hydrogen is the most lightweight element. [10] Neutron reflectometry
can be used to determine absolute deuterium concentrations in thin films during gas loading.
[11] Recently, imaging of hydrogen occupying interstitial sites was achieved with atomic-scale
resolution by aberration-corrected scanning transmission electron microscopy utilizing integrated
differential phase contrast (iDPC-STEM). [3] Nuclear reaction analysis (NRA) allows depth
profiling of hydrogen in thin films on absolute scales, [15] and can also reveal the interstitial site
and vibrational motion in crystalline films. [5]

One robust and indirect way to measure the relative hydrogen content is to measure the optical
transmittance through the sample. [9] When a material is exposed to light, the light is attenuated.
Lambert-Beer’s law gives a relation between material properties and intensity as

I = I0e
−µd, (1)

where d is the length of the path through the material and µ contains material properties. Often
I0 and I correspond to the incident and attenuated light respectively, but in the particular
context of attenuation due to hydrogenation, I0 will be the transmitted light through the sample
when unhydrogenated, and I the transmitted light after hydrogen absorption. Regarding metal
hydrides it has been shown that the dominating contributions in µ are the absorption coefficient
α(λ, c), which depends on wavelength and hydrogen concentration, and the expansion of the metal
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film upon hydrogen absorption, which can be included as a dependence of the concentration in
d. [16] [9] [17] Solving (1) for the concentration dependent parts

ln

(
I0
I

)
= α(λ, c)d(c). (2)

This means that by measuring intensity at varying external conditions one can show how the
concentration varies, as a relative value. In order to get an absolute value one needs to calibrate
the transmission to the absolute concentration, measured using other methods.

In this project the transmission spectra of hydrogen absorbing thin vanadium films embedded
in a Fe/V superlattice will be studied. The experiments will be done using OSFOLD (Optical
Setup for Gas Loading), a newly developed setup at Tandem Laboratory, Uppsala, Sweden, and
this will be the first time such a study is done using this setup. The optical measurements will be
used to construct pressure-intensity isotherms, plotting the logarithm of (I0/I) against pressure.
For those isotherms the dependence of wavelength will be studied.

2 The OSFOLD equipment

OSFOLD is shown schematically in figure 1. In short, its main parts are: the sample cham-
ber, with a heating jacket and two thermocouples; the temperature control unit; the lamp and
spectrometer with intermediate lenses; the pressure gauges; the supply line; the vacuum system;
and the software collecting and showing the data. The controllable parameters are hydrogen
pressure and temperature, and the quantity which is measured is optical transmittance through
the sample.

Software receiving &
showing data 

Spectrometer

Lamp

Lenses

Vacuum
system

Empty  
chamber 

Pressure
gauge P3

Pressure
gauge P2

Temperature
control unit

Sample
chamber 

Supply line

Figure 1: Schematic picture showing the OSFOLD setup.
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Figure 2: Schematic picture showing the optical setup, with the sample chamber and
sample depicted in the middle of the figure.

In the sample chamber, the sample is placed with its two planes facing towards the two transpar-
ent view ports of the chamber. Through these the probing light enters and leaves the chamber,
interfering with the sample in between. The optical setup is shown in figure 2. The light source
emits white light at wavelengths ranging from 400 nm to 2400 nm with its power density peak
at about 1000 nm. The light is collimated and focused by two biconvex lenses onto the sample,
and behind the sample the light is again collimated and refocused into the spectrometer by two
more biconvex lenses. The spectrometer measures intensity at wavelengths ranging from 359 to
939 nm.

On top of the sample chamber a Pfeiffer CMR 261 pressure gauge (see [8]) is mounted, which
will be denoted by P3. The nominal range for P3 is 0.1 to 1100 mbar. The upper temperature
limit for P3 when in operation is 50°C. The sample chamber is separated by a valve to the larger
empty chamber, and there a Pfeiffer PKR 360 pressure gauge ([7]) is mounted, which will be
denoted by P2. The pressure reading of P2 is dependent on the gas type. The measuring range
for hydrogen is 10−9 to approximately 2.0 mbar. More on this in section 3.2 (Calibration of
pressure gauges).

K-type thermocouples are connected to the sampleholder and the outer wall of the sample cham-
ber. A heating band is surrounding the chamber, and the whole chamber is covered in aluminium
foil. The thermocouples and the heating band are connected to a temperature control unit using
PID control. To the control unit a desired temperature is given, as well as a highest allowed
temperature of the heating band, and the software automatically adjusts the heating so as to
keep the sample at the desired temperature. A third thermocouple is connected to the flange
of the P3 pressure gauge, and is used to monitor the temperature of the flange, so that it stays
within the operational temperature range. This thermocouple is not connected to the control
unit.

The sample chamber is connected to a supply line, which connects to a hydrogen gas bottle. In
between the supply line and the chamber a hand driven valve allows for very fine tuning of the
amount of hydrogen released into the chamber.

The larger empty chamber is connected to the vacuum system, which consists of a roughing
vacuum pump and a turbo molecular pump. The larger chamber can be closed off from the
vacuum system.

The pressure gauges and the spectrometer are connected to a custom built LABVIEW software,
[12] which gathers and displays data at chosen time intervals. It allows for time-resolved data
acquisition of pressure, integrated intensity and intensity per wavelength.
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3 Method

3.1 The Fe/V superlattice sample

For the experiment a superlattice of alternating layers of Fe and V was used. The Fe/V layers
were previously grown by DC magnetron sputtering on a 10x10 mm single crystalline MgO
substrate. The full sample was additionally covered with a thin top layer of Pd, to facilitate
hydrogen absorption and desorption by catalyzing the dissociation of molecular hydrogen during
absorption and preventing oxidation of the top layers. [14] The layout of the sample is: MgO /
[V 14 ML/ Fe 2 ML]23 V 14 ML/ Pd 7 nm. Here ML is short for monolayer. More details on
the making of the superlattice can be found in [2], and a schematic depiction of the sample is
presented in figure 3.

V

Fe

MgO

Pd

Figure 3: Schematic picture showing the sample. As it is depicted the light will go
through the sample horizontally.

3.2 Calibration of pressure gauges

The readings of the P2 pressure gauge is dependent of the gas in which it measures. As a
standard the pressure gauge is calibrated for air. Figure 4a shows how the readings in other gas
types deviate from the true value.

In order to correct for these deviations a fit was constructed by digitizing the calibration curve
with the software Origin. A fifth order polynomial was chosen (it gave the highest R-square
value), and the graphic fit together with the numerical values of the coefficients is presented in
figure 4b. It was made by manually entering data points on top of the hydrogen line in the graph,
which had been imported into Origin. By matching the scale of the graph to number of pixels,
Origin made a fit using the inserted data points. The fitted function converts the measurement
reading to the effective pressure.

The pressure gauge P2 was recently factory calibrated, so the zero-point offset was assumed
to be correct, however the zero-point offset of pressure gauge P3 needed recalibration. The
atmospheric pressure is known to be approximately 1013 mbar. By opening the sample chamber
to atmosphere the readings were determined to be more or less correct in the high pressure
region. By taking the pressure down to the pressure region shared by P3 and P2, the fine tuning
of the zero point offset was made by matching the readings to those of P2 (after applying the
gas type correction). The calibration was made by turning a physical screw on top of the gauge.
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(a) (b)

Figure 4: (a) Gas type dependent effective pressure readings for the pressure gauge P2,
where the x-axis shows the real pressure and the y-axis the readings given by the gauge.
(reproduced from [7]) (b) Digitized calibration curve for hydrogen gas and polynomial
fitting curve. The data points were manually entered on an overlap of the curve for
hydrogen seen in figure 4a, in the software Origin. The scale of the graph was matched
to the number of pixels.

3.3 Measurements

All measurements were conducted with the sample temperature set at 140°C in the temperature
control unit. The highest allowed temperature of the heating band was set at 210°C. For the very
low pressures the temperature of the sample holder fluctuated between 138°C and 142°C. Above
0.4 mbar the temperature was stable at 140°C (the temperate control unit shows temperature in
whole degrees, i.e. no decimals, and stable here means that it constantly showed 140°C).

The data for pressure and integrated intensity over all wavelengths was recorded by the software
once every second, while data for a full spectrum was recorded once every 30 seconds. These
measurements were taken in order to compare the transmission through the sample when unhy-
drogenated and hydrogenated. It might be worth mentioning that of all the incoming light a few
percent got transmitted, in both cases.

Measurements were done over the course of two days. During the night all systems and compo-
nents were left on, and data was gathered during the night as well. The pressure in the sample
chamber during the night was 0.4 mbar.

Measurements for intensity were taken at different hydrogen pressures, beginning at UHV (about
10−7 mbar) and successively increasing up to 100 mbar. The pressure was then decreased again
down to UHV (again about 10−7 mbar) in steps. The pressure points at which data was recorded
were done in the following order: UHV, 0.01, 0.05, 0.2, 0.4, 0.6, 0.8, 1.2, 2, 4, 10, 18.2, 30, 50, 100,
0.8, 0.685, 0.5, 0.45, 0.35, 0.3, 0.15, 0.1, UHV. All in mbar. Measurements at 0.8 mbar and UHV
were taken a second time when decreasing the pressure, among the other new pressure points.
When the desired pressures were reached, the system was allowed to equilibrate, in the sense
that sample temperature, hydrogen pressure and transmittance took on stable values. Pressure
gauge P2 was used for the pressures up to 1.2 mbar, and P3 for the pressures above 1.2 mbar.
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Figure 5: The pressure data gathered by P2 and P3 from the end of the 0.4 mbar
measurement and onwards. The y-axis is cut off at 3.0 mbar and the x-axis starts at
60 000 s, in order to make details visible. One can see a systematic difference in the
readings of P2 and P3 in their shared region

Figure 5 presents the time-resolved hydrogen pressure in the sample chamber at 140°C, from the
end of the 0.4 mbar measurement all the way to the final measurement in UHV conditions. The
y-axis is cut off at 3.0 mbar, and the x-axis starts at 60 000 s, in order to make details visible
(the 0.4 mbar measurement was the long one taken overnight). This figure makes apparent a
systematic offset in the zero-point calibration of pressure gauge P3, which is overall similar in
size. The P2 zero-point calibration is assumed to be correct, as mentioned in section 3.2. One can
also see an oscillatory behavior in the readings of pressure gauge P3, which are as most extreme
at the final measurement in UHV conditions. This is below the measuring range of the gauge
(0.1 to 1100 mbar), which likely explains those oscillations. The oscillations in the readings at
higher pressures, within the measuring range, are likely due to small temperature oscillations in
the sample chamber. Also, the temperature of the flange of the gauge itself was at about 50°C
during the whole experiment, which is right at the upper edge of the permissible temperature
range of the gauge when in operation.
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Figure 6: The pressure data gathered by P2 and P3 from the end of the 0.4 mbar
measurement and onwards, with the y-axis cut off at 3.0 mbar. Here the mean of the
offset between P2 and P3 in their shared region is added to the P3 measurements.

In order to correct for the observed zero-point offset of P3 a mean of the difference to the readings
of P2 was taken for the pressures 0.2 up 1.2 mbar (measurement when increasing pressure), and
0.8 to 0.1 mbar (measurements when decreasing pressure). This mean was added to the P3
readings and the result is presented in figure 6.

3.4 Error estimation

Apart from the offset of P3, all errors connected to the readings were assumed to be statistical
errors, i.e. random and independent.

The error in the measurement from P2 stem from the reading error of the gauge and the error
of the coefficients in the fitting function. The equation of the fit and the corresponding errors
of the coefficients are given in figure 4b. The accuracy of the gauge is according to the man-
ual approximately ±30 %. [7] The error of the P2 measurements were estimated according to
equation (3), where x is the measured pressure value, m the intercept of the fit and the B:s the
coefficients in the fit,

δP2(x,m,B1, B2, B3, B4, B5) =

√(
∂P2

∂x
δx

)2

+

(
∂P2

∂m
δm

)2

+ ...+

(
∂P2

∂B5
δB5

)2

. (3)

The error of P3 was obtained simply by taking the standard deviation of the measurements over
the respective pressure intervals.
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The uncertainty of ln(I0/I) was obtained by making an error propagation, where the uncertainties
in I and I0 were estimated by taking the standard deviation of the intensity measurements for
the respective pressure intervals. The uncertainty was estimated according to

δ

(
ln

(
I0
I

))
=

√(
1

I0
δI0

)2

+

(
1

I
δI

)2

. (4)

4 Results and discussion
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Figure 7: Comparison of all spectra. The spectra for the UHV condition is the one with
the highest intensity, at all wavelengths. The intensity then decreases with increasing
pressure.

Figure 7 presents non-normalised transmission spectra for all pressures, showing intensity as a
function of wavelength. For each pressure interval all data points for intensity at each respective
wavelength were extracted, and a mean taken over those respective readings. The curve with the
highest intensities is the first measurement in UHV, and one can see that the intensity decreases
with increasing pressures. The decrease in intensity holds for all wavelengths measured on (apart
from the lower wavelengths, which has zero transmission). The amount of transmitted light quite
clearly has a dependence of wavelength, with its peak at about 830 nm. The general shape of
the spectra stem from the spectrum of the light source. The overall shape of these spectra does
not seem to change with pressure, at this scale. The decrease in transmission is associated with
the absorption of hydrogen via the absorption coefficient and the film expansion (equation (2)).
The overall decrease in transmission agrees well with observations in previous studies such as [9],
[17], [4].
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Figure 8: Comparison of the UHV-spectra and 0.8 mbar-spectra, for the two respective
measurements.

Figure 8 presents only the spectra for the two respective measurements at 0.8 mbar and UHV
conditions. The first measurements were taken when increasing the hydrogen pressure, and the
second measurements when decreasing again. At this scale the spectra matches up well, which
would indicate that nothing changed in the sample or in the setup during the experiment, and
that the hydrogen absorption and desorption are reversible processes.
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Figure 9: Comparison of all spectra, with the intensity normalised to the UHV readings
(I0). The intensity decreases with increasing pressure.

Figure 9 shows all spectra normalised to the first measurement at UHV. The wavelengths below
508 nm and above 912 nm have been omitted in order to avoid division by near zero. In
this figure one can see a wavelength dependence in absorption, not seen in the non-normalised
spectra. There is a dip in transmission appearing at about 575 nm, where the size of the
dip increases with increasing pressure. At about 630 nm the transmission decreases less with
increasing pressure, but its only evident for pressures higher than 0.45 mbar. Also for the lowest
and highest wavelengths there is a clear increase of the size of the decrease in transmission with
increasing pressure. In the region between 675 and 850 nm the shape of the spectra are very
similar for all pressures. One can also note that the transmission reduces more per increase in
pressure for the intermediate pressures.
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Figure 10: Comparison of the normalised UHV-spectra and 0.8 mbar-spectra, for the
two respective measurements.

Figure 10 presents again only the spectra for the two measurements at 0.8 mbar and UHV
respectively, but now normalised to the first measurement in UHV. The spectra still matches
up fairly well, but at this scale there might be some small indication that the transmission is
overall slightly lower for the second measurements (when decreasing the pressure). The curves
of UHV and 0.8 mbar denoted 2nd appears to be slightly lower than their respective 1st. If one
takes the mean and standard deviation of their respective differences one gets 0.00125 (mean)
and 0.00525 (std) for UHV (they are dimensionless), and 0.00345 (mean) and 0.00360 (std) for
0.8 mbar. This gives that the mean of the difference is within one standard deviation for both
UHV and 0.8 mbar, meaning the difference is within statistical error.
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Figure 11: Intensity readings for an isotherm at varying pressures, where an integrated
intensity of all wavelengths between 359 and 939 nm have been used. The data points
which were taken when decreasing the pressure are highlighted in orange. For compar-
ison data points taken by K. Komander in 2019 are shown, [4] with her measurements
being done at 140°C as well, but only using 625 nm light.

Figure 11 presents an isotherm where the integrated intensity of all wavelengths has been used.
The x-axis gives the logarithm of the intensity of the first measurement in UHV (I0) divided by
the intensity at subsequent pressures. The y-axis is logarithmic in scale, and gives the pressure.
The temperature was 140°C. In blue one sees the data gathered using OSFOLD. In green one
sees data gathered by K. Komander in 2019, doing a similar experiment where she also kept her
sample chamber at 140°C, but only used light of 625 nm. [4] Highlighted in orange are the data
points which were measured when decreasing the pressure. Since I0 gave the highest intensity,
an increase on the x-axis corresponds to a decrease in intensity and transmission. Again, a
lower transmission is related to a higher hydrogen concentration. One can see that the data
from K. Komander and the data gathered using OSFOLD matches up quite well. Our isotherm
shows an apparent higher transmission for the higher pressures compared to the isotherm from
K. Komander, seen in the leftward shift of the data points there. This might also be due to
incorrect pressure readings, although the difference is about half an order of magnitude at its
largest, which seems rather much. Looking at the two lowest data points taken when decreasing
the pressure, one can see that they appear to be shifted to the right, towards lower transmission,
compared to their neighboring data points taken when increasing pressure. In the normalised
spectra of UHV and 0.8 mbar (figure 10) one saw a potential shift to lower transmission for
the decreasing pressure data (although not statistically certain), it might be the same thing
which appears here. Comparing to K. Komander’s results, one can also note that the intensity
is generally shifted to the right (lower transmission) in the ”plateau”-region between 0.025 and
0.10 on the x-axis.

12



0.00 0.05 0.10 0.15 0.20 0.25 0.30
Intensity as ln(I0/I)

10 2

10 1

100

101

102

103

Pr
es

su
re

 [m
ba

r]
Isotherm using OSFOLD, T = 140°C, 625 nm light

"Moving down" pressure points
K. Komander 2019 (625 nm)
OSFOLD (625 nm)

Figure 12: Intensity readings for an isotherm at varying pressures, where only the
intensity readings for 625 nm have been used. The data points which were taken when
decreasing the pressure are highlighted in orange. For comparison data points taken
by Kristina Komander in 2019 are shown as well, with her measurements being done
at 140°C and using 625 nm light.

Figure 12 presents an isotherm where only the intensity data from the the 625 nm wavelength
has been used. One can see that the match to K. Komander’s data is not as good as when using
all wavelengths, even though both data sets now is based on the same wavelength of the light.
The uncertainties of the intensity in our data points are larger in this isotherm compared to
the isotherm based on all wavelengths. This might explain the larger deviations. Here the data
points taken when decreasing pressure also more clearly appears to be shifted to the right, to
lower transmission. Due to the error propagation the uncertainty in ln(I0/I) will be larger for
lower intensities, which probably explains the larger uncertainty here. In figure 7 one sees that
the transmitted intensity for 625 nm is low compared to for example 800 nm.
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Figure 13: Intensity readings for an isotherm at varying pressures, where only the
intensity readings for 800 nm have been used. The data points which were taken when
decreasing the pressure are highlighted in orange. For comparison data points taken
by Kristina Komander in 2019 are shown as well, with her measurements being done
at 140°C and using 625 nm light.

Figure 13 presents an isotherm where only intensity data of 800 nm have been used. 800 nm is
in the wavelength region where the change in transmission with pressure is very similar for all
pressures (wavelengths between 675 and 850 nm in figure 9), and it it also one of the wavelenghts
with the highest transmitted intensities in the spectra (figure 7). The uncertainty in intensity
is smaller compared to 625 nm. Also our data matches up well to the data from K. Komander
in and before the plateau-region. One can see no indication that the data points taken when
decreasing the pressure deviate. The shift to the left (larger transmission) for the higher pressures
is more evident here compared to the isotherm where all wavelengths were used.

5 Conclusions and a look ahead

It has been shown that optical transmission can be used as an indicator of hydrogen absorption,
which fits previous studies such as [16], [17], [9], [4].

The optical results showed the changes of the transmitted intensity upon hydrogen absorption
to be reversible in the sense that when returning to a pressure previously measured on, the
transmission was the same. By the connection of transmission to hydrogen concentration, this
implies that hydrogen absorption and desorption is a reversible process. The reversibility is one
very important aspect when it comes to the potential usage of metal hydrides as energy storage,
since the hydrogen has to be able to be both loaded and unloaded, and preferably so many times.

The changes of the transmitted intensity upon hydrogen absorption is found to be wavelength
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dependent. In the normalised spectra one could see wavelength-regions with differing changes
in transmission with increasing pressures. Around 520, 575 and 910 nm the size of the decrease
in transmission increased with increasing pressure. In the region around 630 nm the size of the
decrease in transmission instead decreased with increasing pressures. Between 675 and 850 nm
the shape of the spectra were very similar with increasing pressures. Also the pressure-intensity
isotherms showed a dependence of wavelength. In order to calibrate changes in transmitted
intensity to an absolute value of hydrogen concentration one would have to perform additional
quantification measurements, such as nuclear reaction analysis (NRA). [15] Since the transmis-
sion shows a wavelength dependence, the calibration to hydrogen concentration would also be
wavelength dependent.

The usage of the OSFOLD setup worked out well for controlled hydrogen absorption experiments.
Some improvements of the setup may be proposed for future experiments. A new positioning of
the P3 pressure gauge gauge should be tried, as a means to lower the temperature of the flange.
If this does not make the readings less oscillatory, a replacement of the gauge might have to
be considered. A way to record time-resolved temperature would be a useful feature for future
experiments. Also, the acquisition time of the transmission spectra should be increased in order
to gain more statistically stable data.

These are small steps towards a better understanding of the optical properties of metal hydrides
under hydrogen absorption. And this in turn provides small steps towards a better understanding
of the potential of metal hydrides as a means to store hydrogen. With a better understanding
of the optical properties comes a more reliable and accessible way of determining hydrogen
concentration, which in turn can help further the understanding of the behaviour of the hydrides
under hydrogen absorption and desorption.
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