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The design and construction of a low-cost equipment for the study of hydriding/dehydrid-
ing reactions of different materials are presented. This is a Sieverts-type apparatus where a
small amount (0.2–1 g) of solid hydrogen storage materials can be characterized. The appa-
ratus combines the features of double lines (sample and reference) to eliminate small ther-
mal effects on the reservoir and sample-holder volumes, with a Dp = Dpsample � Dpreference
approach to eliminate the need of a differential pressure transducer and to reduce costs.
This apparatus can work from vacuum to 10 MPa hydrogen pressure and from room tem-
perature to 673 K. Pressure, temperature and volume data are transformed by a real gases
equation state and mass balance into hydrogen uptake or release in wt%. Characterization
of typical hydrogen storage materials such as LiAlH4 and Mg is presented to validate the
performance of the apparatus.
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1. Hardware in context

Hydrogen storage technologies are emerging as basic and applied research topics in México. However, the number of
research groups are very few as compared with other hydrogen technologies such as PEM-fuel cells or hydrogen production.
One of the reasons for this is the high cost of specialized materials, safety systems, and apparatus for testing the hydrogen
capture/release properties of solid materials. Thus, an important option is to develop low-cost apparatus for characterization
of hydrogen storage materials. In our case, the apparatus must meet the particular conditions of temperature and pressures
for the hydriding/dehydriding reactions of the materials studied at the Institute of Materials Research (Morelia): from room
temperature to 673 K and from vacuum to 10 MPa hydrogen pressure.

In a general way, the sorption apparatus can be classified as gravimetric or manometric, according to the key variable to
be controlled and recorded: mass (weight) or pressure. Each type of apparatus has advantages and disadvantages regarding
the simplicity of construction, operation, maintenance, working principle, and cost [1–4]. Here, we present details of the con-
struction of a manometric or Sieverts-type apparatus.

Some Sieverts-type apparatus for the study of hydrogen sorption/desorption reactions are composed of a reservoir vol-
ume, a pressure transducer and sample-holder volume (Fig. 1a). Most commercial apparatus use this general configuration
[5,6]. In those apparatus, the key variable is the difference of pressure between the pressure registered at time t (instant)
minus the initial pressure (Dp = pinstant � pinitial). In a second design (Fig. 1b), the apparatus can use a second branch or line,
twin of the first one (sample and reference) [7,8]. There, the key variable is the differential pressure between the sample and
the reference lines. In this last design, the inaccuracies produced by small thermal variations are reduced. However, this
design needs a differential pressure transducer with particular specifications regarding the construction materials, pressure
range and accuracy. This leads to the use of expensive differential transducers. In the present work, we expose a low-cost
alternative for the construction of a double-line apparatus.
2. Hardware description

Fig. 1c presents the basic design of our Sieverts type apparatus. We combined the double-line (sample and reference) con-
figuration to reduce thermal effects, with the use of twin direct pressure transducers to reduce costs. Here the key variable is
the difference of pressure between the pressure at time t (instant) minus the initial pressure at both sample and reference
lines. This translates as a delta of deltas for the pressure change, namely [9]:
Fig. 1.
configu
with tw
Dp ¼ Dpsample � Dpreference ð1Þ

where Dpsample = pinstant-sample � pinitial-sample, and Dpreference = pinstant-reference � pinitial-reference.

At the beginning of the experiment, both (sample and reference) initial pressures are equal. During the experiment, the
pressure of the reference is essentially constant unless small thermal changes happened. Meanwhile, the increase or reduc-
tion in the registered pressure at the sample line beyond the thermal effects indicates the release or the uptake of hydrogen,
i.e. the dehydriding or dehydriding reactions, respectively.
Possible configurations of the manometric apparatus for the characterization of hydrogen hydriding/dehydriding reactions. (a) Single (sample)
ration. (b) Double (sample and reference) configuration with differential pressure transducers [8]. (c) Double (sample and reference) configuration
in direct pressure transducers.
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2.1. Transformation to hydrogen uptake/release in wt%

In the manometric apparatus, the measurements of H2 pressure and temperature along with the knowledge of the void
volume, an appropriate equation state for H2 and a mass balance translate into hydrogen uptake/release in wt%. The calibra-
tion of this type of apparatus is performed to know the void volume at the sample holder and the reservoir [1–4,8]. In this
work, we usually perform the calibration before the actual measurements with the use of argon. However, it also can be done
after the hydriding/dehydriding reactions, depending on the sample stability. The volume of reservoir plus pipes of each line
is 510 cm3, and it is considered constant. Sample void volume is between 3 and 5 cm3. The void volume within the sample-
holder is less than 1% of the volume of the reservoir, thus the main contribution for the hydrogen uptake/release calculation
is the reservoir volume. The quantity of sample normally used is 0.2–1 g, depending on the hydrogen storage capacity or con-
tent of each studied material.

The registered temperatures and pressures are converted to hydrogen uptake/release in wt% after the following formula
[10]:
wt%ðH2Þ ¼ 100 � MH2 � Dp � Vsample

m � R � Tsample � Zfact
þ 100 � MH2 � Dp � Vreservoir

m � R � Treservoir � Zfact
ð2Þ
whereMH2 is the hydrogenmolar mass (2.01588 g mol�1).Dp is defined in Eq. (1). ThisDp performs as a differential pres-
sure transducer and helps reducing small (0.1 kPa) variations of the pressures caused by thermal effects. V and T are the void
volume (in cm3) and temperature (in Kelvin) of the reservoir and sample holder at the sample line. Due to void volumes are
small we preferred to keep them in cm3 and not in the SI unit, m3.m is the sample mass in g; R is the gas constant, and Zfact is
the hydrogen compressibility factor [11,12]. The hydrogen compressibility factor can be calculated for a Hemmes real gas by
using:
pþ aðpÞ
Va

m

� �
Vm � bðpÞð Þ ¼ R � T ð3Þ
where b and a have a p (in bar) dependence:
a pð Þ ¼ exp 19:599�0:8946�ln pð Þ�exp �18:608þ2:6013�ln pð Þð Þ½ � forp > 1 barð Þ ð4Þ

b pð Þ ¼
P8

i¼0bi � ln pð Þiðp � 100 barÞ
b 100ð Þðp < 100 barÞ

( )
ð5Þ
where the bi values are given in Table 1.
Meanwhile, a, the exponent of Vm in the first term of Eq. (3), has a T dependence. For T � 300 K:
a Tð Þ ¼ 2:9315� 1:531� 10�3 � T þ 4:154� 10�6 � T2 ð6Þ

For T > 300 K, take a(300).
Pressures in Eq. (2) can be used in bar together with Eqs. (3)–(6). The formulae for the calculation of the compressibility

factor originally were reported in bar and we recommend use it in bar [11,12]. In this case R = 83.14459 cm3 bar K�1 mol�1.
The calculation of Zfact can be implemented as a macro in excel, python or other code, by using iterative root finders such

as the regula falsi, Newton-Rapson, etc. [13]. The first step is to solve Eq. (3) for the molar volume using Eqs. (4), (5) and (6)
for each measurement of p and T under an appropriate accuracy level for the reservoir and the sample holder. Then Zfact for
the reservoir and the sample holder can be obtained by using:
Zfact ¼ p � Vm

R � T Z ¼ p � Vm

R � T ð7Þ
As an iterative method, the calculation of the compressibility factor can be time and effort consuming. As an alternative, a
virial-type equation by Lemmon-Huber-Leachman [14] can be used:
Z ¼ 1þ
X9
i¼1

ai
100K
T

� �bi p
1MPa

� �ci ð8Þ
Table 1
bi values for Hemmes equation of state [11,12].

bi values bi values

b0 20.285 b5 �0.12385414
b1 �7.44171 b6 9.8570583 � 10�3

b2 7.318565 b7 �4.1153723 � 10�4

b3 �3.463717 b8 7.02499 � 10�6

b4 0.87372903



Table 2
Coefficients for the Lemmon-Huber-Leachman equation [14].

i a1 bi ci

1 0.05888460 1.325 1.0
2 �0.06136111 1.87 1.0
3 �0.002650473 2.5 2.0
4 0.002731125 2.8 2.0
5 0.001802374 2.938 2.42
6 �0.001150707 3.14 2.63
7 0.9588528 � 10�4 3.37 3.0
8 �0.1109040 � 10�6 3.75 4.0
9 0.1264403 � 10�9 4.0 5.0
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where the temperature is in K and pressure is in MPa. Table 2 gives the coefficients for Eq. (8). We use and recommend
this method due to the simplicity of the calculation and the good results observed. If this method is used, remember that R in
Eq. (2) must be 8.314459 cm3 MPa K�1 mol�1.

The supplementary file ZETA contains some calculated values of Z for several equations of state. The selected values of
pressure and temperature are in the range of operation of our Sieverts-type apparatus.

2.2. Mechanical design

The configuration of Fig. 1c was translated into the mechanical design (shown in Fig. 2a and supplementary files). The
second part of the design work was the selection of the pieces for construction. Pipes, vessels, valves, and accessories were
selected based on the temperature and pressure of operation; i.e. up to 10 MPa and 673.15 K. The selection included the
application of Eq. (9) for vessels. The required thickness of vessels (reservoirs) were calculated following the ASME code [15]:
t ¼ pR
2SEþ 0:4p

ð9Þ
where, p is the service pressure in psi (10 MPa = 1450.37 psi). R is the internal radius of the tank in inches: R = 0.9019 in
(data from Swagelok�). S = 13200, and E = 0.45 [15]. From Eq. (9) a value of 1.93 mm thickness was required. The vessel
thickness was selected as 2.24 mm. The selected brand for pipes, vessels, valves, and accessories was Swagelok�. All pieces
were made of 316L stainless steel. All valves are manual.

2.3. Sample-holder design

The body of the sample holder is a simple design, quite common to other hydriding/dehydriding apparatus. The body of
the sample holder (Fig. 2b) was machined in a single piece of 316L stainless steel and welded to Swagelok� VCR fittings. The
Fig. 2. (a) Mechanical design of the apparatus, and (b) design of the body of sample-holder.
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wall thickness is 7.2 mm, thick enough to support the conditions of pressure and temperature. In our design, the sample
holder is complemented with a diaphragm valve (Fig. 2a, piece SH-1) for protection of the samples against moisture and oxy-
gen, and connected with VCR fittings to the apparatus. The volume of this accessory is considered in the reservoir volume
since this piece is not inside the oven during experiments. The oven can be moved up and down to adjust its position for
experiments.
2.4. Electrical design

All the electronic components work with an input AC of 120 V and 60 Hz. The most power-consuming part is the oven. It
is composed essentially of a 480 W electric resistance. The second power-consuming part is the heater of the reservoirs. It is
composed of two (twin) 100 W electric resistances connected to the same temperature controller. The rest of components
are common solid state relays and electric breakers. The electric diagram is presented at Fig. 3.
2.5. Instrumentation

The instrumentation of the apparatus is: i) 2 highly-precise pressure transducers (10 MPa, 0.01% FS, series 33X, Keller),
both transducers include temperature probes. ii) 3 high-precision controllers of temperature for the oven (sample and ref-
erence) and reservoirs (sample and reference). All temperature controllers are TK-series of Autonics. The temperature con-
trollers and pressure transducers can collect data as quickly as one reading every millisecond. However, they are normally
settled to take readings every 5 s. The temperature controllers and pressure transducers have a connection to a computer via
USB (Tables 3 and 4).
120 VAC
S

N

ED-6-2 (EMERGENCY STOP)

ED-6-1 (GENERAL SWITCH) M
1 MD-11 (VACUUM PUMP)

1 2 3 4 1 2 3 4 5 6
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ED-3-1 (Q1)
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TK2

+ -

12 VCD

3X2X
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2st
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11 +

12 - 43

23 -

24 +

11 12

109

I-4-1 (Pressure transd. 1)

PC

I-4-2 (Pressure transd. 2)

I-5-1 USB connector I-5-2 USB connector

Fig. 3. Electric diagram of the apparatus.

Table 3
Design files summary.

Design file name File type Open source license Location of the file

Mechanical design: machine Solid works (Fig. 2a) Attribution-Share Alike 4.0 International https://osf.io/zqvps/
Electrical design: ELECTRICO 2da revision ProfiCAD (Fig. 3) Attribution-Share Alike 4.0 International https://osf.io/zqvps/

https://osf.io/zqvps/
https://osf.io/zqvps/


Fig. 4. The Sieverts-type apparatus designed and constructed at the Morelia-IIM of the UNAM, Mexico.
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With these characteristics, our Sieverts-type apparatus can be used for the characterization of hydriding/dehydriding
reactions in materials such as:

� Borohydrides, alanates, Mg-MgH2, reactive hydride composites, etc.

Our Sieverts-type apparatus can perform:

� Temperature programmed adsorption (hydriding) experiments
� Temperature programmed desorption (dehydriding) experiments
� Hydriding/dehydriding experiments under isothermal conditions

Physically, the apparatus looked as shown in Fig. 4 before installing the thermal isolation and external plastic panels.

3. Design files

Mechanical design. This file contains the details about the mechanical design, including detailed piece numbering. Electri-
cal design. This file contains the electric diagram, including detailed piece numbering.

4. Bill of materials

The design and construction of the apparatus lasted approximately 2.5 years. The purchases were performed in Mexican
pesos (MXP), an average exchange of 18 MXP for 1 USD was considered (Table 4).

5. Build instructions

5.1. Mechanical construction: construction of the main structure of the apparatus

� Connect the MD-1 vessels to the MD-9 connectors to change from¼ in NTP to ¼ in ISO finishes, at both ends of the vessels.
At the lower end of each vessel, an MD-4 valve must be attached by means of a small pipe (2.5 cm) and ferrule-nut cou-
ples. The ferrules and nuts come with each accessory (valves, tee, cross, etc.). At the upper part of vessels connect an MD-5
tee by means of a small pipe (2.5 cm).

� The upper branch of each tee holds a 7 cm long pipe that is attached in turn to an MD-10 connector. This, in turn, must
hold an I-4-pressure transducer.

� The remaining branch must connect to a 51 cm pipe welded to an MD-7 welding VCR fitting with its respective VCR nut
(MD-8 VCR nut). This VCR fitting connects to the diaphragm valve of sample holder (SH-1 valves).



Table 4
Bill of materials.

Designator Component Number Cost per
unit-USD

Total cost-
USD

Source of materials Material type

Mechanical
design (MD)

MD-1. Vessel for reservoirs 2 (MD-1-1 and MD-1-2) 210 420 Swagelok �

316L-HDF4-500-PD
316L Stainless
steel

MD-2. Pipe 1 (various segments) 125 125 Swagelok �

SS-T4-S-035-20
316L Stainless
steel

MD-3. Needle valve 2 (MD-3-1 and MD-3-2) 225 450 Swagelok �

SS-14DKS4
316L Stainless
steel

MD-4. Valve 4 (MD-4-1, MD-4-2, MD-4-3 and
MD-4-4)

450 1800 Swagelok �

SS-4P4T-M1
316L Stainless
steel

MD-5. Tee 3 (MD-5-1, MD-5-2, and MD-5-3) 26 78 Swagelok �

SS-400-3
316L Stainless
steel

MD-6. Cross union 1 25 25 Swagelok �

SS-400-4
316L Stainless
steel

MD-7. Welding VCR fittings 2 (MD-7-1 and MD-7-2) 8 16 Swagelok �

SS-8-CVR-3
316L Stainless
steel

MD-8. VCR Nut 2 (MD-8-1 and MD-8-2) 5 10 Swagelok �

SS-4-VCR-1
316L Stainless
steel

MD-9. Connector NPT 4 (MD-9-1, MD-9-2, MD-9-3 and
MD-9-4)

20 80 Swagelok �

SS-400-1-4
316L Stainless
steel

MD-10. Connector 2 (MD-10-1 and MD-10-2) 30 60 Swagelok �

SS-400-7-6RJ
316L Stainless
steel

MD-11. Vacuum Pump 1 420 420 Yellow J 1/2HP 7CFM
bullet. Serie: 156,789

316L Stainless
steel

MD-12. Aluminum box,
thermal insulation and plastic
for panels

1 100 100 Generic at local
hardware store

Aluminum,
glass fiber,
acrylic.

MD-13. Elevator 1 525 0
(donation)

Swiss Boy lab jacks.
Aldrich Z635537

Aluminum

Sample-holder SH-1. Diaphragm valve 2 (SH-1-1 and SH-1-2) 405 810 Swagelok �

SS-DLVCR4-PX
316L Stainless
steel

SH-2. VCR connector 2 (SH-2-1 and SH-2-2) 55 110 Swagelok �

SS-4-WVCR-6-400
316L Stainless
steel

SH-3. Body, machining and
welding.

2 (SH-3-1 and SH-3-2) 27.5 55 Local distributor of
metals.

316L Stainless
steel

SH-4. VCR filter 2 (each experiment) 10.5 21 Swagelok �

SS-4-VCR-2-2M
316L Stainless
steel

Electrical design ED-1. Oven 1 370 370 Glass-Col Heating
Mantle. Aldrich
Z505897-1EA

Aluminum

ED-2. Heaters (100 W
resistances (R1 and R2))

2 (ED-2-1 and ED-2-2) 27.5 55 Band resistance. Local
engineering service.

Aluminum

ED-3. Breakers 3 (ED-3-1, ED-3-2 and ED-3-3) 20 60 Eaton 20 A. Local
electronic store.

Metal/plastic

ED-4. Solid state relays 3 (ED-4-1, ED-4-2 and ED-4-3) 50 150 Siemens 20 A. Local
electronic store

Metal/plastic

ED-5. Cable 3 (meters) 2 6 Local electronic store Metal/plastic
ED-6. Switches 5 (various models) ((ED-6-1, ED-6-

2, ED-6-3, ED-6-4, ED-6-5 and ED-
6-6)

1 5 Local electronic store Metal/plastic

Instrumentation I-1. Temperature controller PID 3 (I-1-1, I-1-2 and I-1-3) 100 300 TK4-serie. Autonics. Metal/plastic
I-2. USB connector of
temperature controller

3 (I-2-1, I-2-2 and I-2-3) 111 333 USB Cable. Autonics Metal/plastic

I-3. Thermocouple J 3 (I-3-1, I-3-2 and I-3-3) 31 93 Local engineering
service/calibration.

Metal

I-4. Pressure transducer 2 (I-4-1 and I-4-2) 1515 3030 KELLER PA-33X/0-100
bar/RS485 4-20 mA/
0,01%FS

316L Stainless
steel

I-5. USB connector of Pressure
transducer

2 (I-5-1 and I-5-2) 230 460 KELLER K114-B Metal/plastic

PC 1 500 500 DELL-PC Metal/plastic
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� The reservoir volume of each line (sample and reference) is defined from the MD-4 valve up to the diaphragm valve of the
sample-holder, including the branch that connects the pressure transducer. The relevant volume for calculations, i.e., the
vessel volume plus that of pipes and accessories was measured with pure water and compared to a calculation based on
the manufacturer specifications. This volume is considered constant, namely, 510 cm3.

� At the bottom of the arrangement, the two twin vessels are connected to an MD-5 tee by means of a 10 cm pipe. The pipe
is folded 90�. The third branch of this MD-5 Tee is connected to the main inlet valve (MD-4-3).
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� This, in turn, is connected to the MD-6 cross union to distribute pipes for vacuum, vent, argon inlet and hydrogen lines.
The hydrogen and argon inlets have MD-5 valves. On the other hand, the vacuum and argon lines have MD-3 needle
valves for better control of outlet flows. The longitude and space distribution of pipes connecting these pieces are free,
since that this volume is not used for calculations.

� Before operation, all joints were tested for leaks. Once in operation, the joints are periodically tested for leaks.
� The mechanical components were fixed inside of an aluminum box. The aluminum box was divided into two compart-
ments. One at the back for the mechanical components (83 cm � 55 cm � 40 cm) and one at the front for electrical com-
ponents (83 cm � 55 cm � 20 cm).

5.2. Sample-holder construction

� The construction of the sample holder is relatively easy. First, a hole was drilled in a 316L stainless steel cold-rolled piece
(SH-3), its dimensions are indicated at the corresponding diagram-file. Then, this piece was welded to a VCR connector
(SH-2) to form the body of the sample holder. The volume of the body of the sample-holder is 6.6 cm3. This piece must
comply with the norms for pressure vessels and the welding must be inspected before use. Finally, this piece is connected
to a diaphragm valve (SH-1). Between the body of the sample holder and the valve, an SH-4 VCR filter is placed. In turn,
the whole sample holder is attached to the apparatus by the upper end of the diaphragm valve (SH-1), using another SH-4
VCR filter. The two filters are replaced every time a different sample is tested.

5.3. Assembly of the electrical components

� The electrical connections must follow the diagram in Fig. 3. Essentially the apparatus is composed of the main switch, an
emergency stop, oven, reservoir heaters, and vacuum pump switches. The oven, heaters, and vacuum pump have an indi-
vidual manual switch. For the oven and reservoir heaters, the switches are connected to the breakers, then to solid state
relays, and finally to the resistances. The reservoirs heaters are both connected to the I-1-2 temperature controller. Mean-
while the I-1-1 temperature controller is just sensing. The configuration can be quickly changed to both temperature con-
trollers controlling.

5.4. Instrumentation

� The temperature controllers (I-1-1, I-1-2, and I-1-3) are powered as indicated by the electrical diagram. All of them need a
temperature probe; our selection for this was 3 thermocouples type J (I-3-1, I-3-2 and I-3-3). The temperature controllers
are run (programming of test temperature, heating rate, etc.) by means of a PC and a USB connector (I-2-1, I-2-2, and I-2-
3). The software is DAQmaster of Autonics. It is recommended to read the user manual of this software.

� The pressure transducers (I-4-1 and I-4-2) are powered by the PC through USB connector (I-5-1 and I-5-2). Data are col-
lected by means of the Control Center Series 30 software of Keller. It is recommended to read the user manual of this
software.

� Temperature and pressure instruments work fine regarding the quantity of data collected and frequency/speed of data
collection. However, from our particular experience temperature controllers of Autonics frequently have connection
problems at the time of setting-up the experiments, i. e., at the time of first connection.

6. Operation instructions

Below we describe the operation instructions. The pressure are given in absolute values in kPa or MPa and Kelvin for tem-
perature. Unless otherwise indicated, the volume values are expressed in cm3.

a) System preparation. Weigh the sample. The recommended weight of the sample is between 0.2 and 1 g. For example,
for a Mg sample, about 0.7–1 g is recommended. Place the sample in the body of the sample holder. The sample holder
must be neatly clean. Attach the sample-holder body to the diaphragm valve, tighten properly. All these operations
must be performed in an argon-filled glove-box if the materials are oxygen and moisture sensitive. Close the valve
and transfer to the apparatus, tighten properly to ensure no leaks. The sample holder at the reference side is normally
kept in place.

b) Power on the apparatus and PC. Open the DAQmaster and Keller software for temperature and pressure records,
respectively. From this point, the pressures and temperatures must be recorded at all time. A good recording rate is
a set of readings of pressures and temperatures every 5 sec. In the current state of the apparatus, the collected data
is processed first by the Keller and Autonics software and then exported manually to an excel datasheet. A further
improvement would include data processing by using specialized software such as LabVIEW or equivalent.

c) Warm up the reservoirs to any temperature above ambient temperature, a value between 293.15 and 318.15 K is rec-
ommended. Warm up the oven at the same temperature. At our lab, the ambient temperature is constant at 291.15 K,
thus an apparatus temperature between 296.15 and 298.15 K is frequently used.
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d) Evacuate the air in the apparatus by three successive cycles of vacuum and argon inlet at 0.2–0.6 MPa (0.6 MPa is rec-
ommended). The diaphragm valve that connects the apparatus and the sample-holder at the sample side must be
closed during the procedure. The diaphragm valve that connects the apparatus and the sample-holder at the reference
side must remain open during the procedure. Close the main valve (MD-4-3) at the end of the procedure leaving the
apparatus full of argon (0.6 MPa).

e) Calibration of void volume. Once the pressure and temperature are stable, record manually (log book) these values.
Open the diaphragm valve that connects the apparatus and the sample-holder at the sample side. Record manually
(log book) the new values of pressure and temperature. Alternatively, you can record the exact time before and after
expansion, and later read the data from the DAQmaster and Keller files. Apply the following formula to estimate the
void volume at the sample holder:
p1 � V1

R � T1
¼ p2 � V2

R � T2
ð10Þ
f) p1 and p2 are the pressures before and after the opening of the diaphragm valve (expansion). T1 is the temperature
before expansion, T2 is the temperature after the expansion (usually the change is very small). R is the ideal gas con-
stant. V2 = V1 + Vsample, where V2 is the total void volume, V1 is the reservoir void volume (vessel, pipes and accessories,
it is taken constant as 510 cm3) and Vsample is the void volume of the sample holder (the same as in Eq. (2)). Solve for
Vsample. This value is considered very important for further calculations. However, based on the data analysis and expe-
rience, the reservoir volume has more influence on the calculation of hydrogen released/stored (Eq. (2)). This occurs
when the reservoir volume is big compared with the sample-holder void volume. Thus the void volume at the sample
holder accounts approximately for less than 1% of the calculation.

g) The calculation of the void volume assumes that there is no argon sorption by the material and that the argon behaves
as an ideal gas. This means that i) the number of argon moles is identical before and after the expansion (n1 = n2), and
that ii) the relationship of Eq. (10) can be used.

h) Alternatively, one can pressurize the whole reservoir plus sample holder (higher than 0.6 MPa). Then, close the dia-
phragm valve and release the gas at the reservoir down to a very low value (for example to equal the atmospheric
pressure, 81.3 kPa (absolute pressure at Morelia City)). This leaves the sample holder under pressure and the reservoir
volume at low pressure. Once at thermal equilibrium, open the diaphragm valve, register the change of pressure and
apply Eq. (10).

i) Open all valves and evacuate the argon until vacuum is reached in all the apparatus, including sample-holders. For
example, in vacuum, an absolute pressure of 0.2 kPa can be reached by our vacuum pump (MD-11 part).

j) Temperature programmed desorption or sorption. Set the initial working pressure. It is large for hydriding reactions
(normally between 2.5 and 5.0 MPa for our materials). It is low for dehydriding reactions (0–0.5 MPa for our materi-
als). Close all valves but the diaphragm valve that connects the apparatus and the sample holder at both lines (sample
and reference).

k) Set the target temperature and the heating rate. In our experiments, heating rates of 1, 5 or 10 K/min are frequently
used. The Autonics program will reach the test temperature and then keep it constant until further instructions.

l) Let the system react to the desired level.
m) After the reaction, let the system cool down to room temperature. With the Autonics software one can program a cool-

ing rate or just let cooling occur.
n) Release the remaining pressure, then fill the apparatus with argon at low pressure.
o) Close the diaphragm valve that connects the apparatus with the sample holder. Free the sample holder, transfer it to

the glove box and recover the sample for further characterization.
p) Isothermal experiments. For isothermal experiments follow the same procedure until step (i). Then set an adequate

pressure for ‘‘protecting” the material during heating. For hydrogenation experiments, choose a pressure below the
equilibrium pressure at the temperature of test or low enough to avoid hydrogenation. For dehydrogenation experi-
ments, choose a pressure above the equilibrium pressure at the temperature of test or high enough to avoid dehydro-
genation. Close the diaphragm valves.

q) Set the test temperature and the heating rate. In our experiments heating rates of 1, 5 or 10 K/min are frequently used.
The Autonics program will reach the target temperature and then keep it constant until further instructions.

r) Once at the temperature for hydrogenation, set the pressure slightly above to the experiment pressure at reservoirs.
This can lead to small temperature disturbances at the reservoir, allow for stabilization. Once the temperature has sta-
bilized, open both diaphragm valves at the same time. This is the time zero of reaction.

s) For dehydrogenation, set the pressure slightly below the experiment pressure at reservoirs. This can lead to small tem-
perature disturbances at the reservoir, allow for stabilization. Once the temperature has stabilized, open both dia-
phragm valves at the same time. This is the time zero of reaction.

t) To complete the cycling repeat steps (r) and (s) as many times as needed.
u) Data treatment. Alike the manual operation, data treatment is also a manual procedure, for now. We use an excel data-

sheet to calculate the hydrogen uptake/release (Fig. 5). First, the raw data of the DAQmaster and Keller software for



Fig. 5. Example of calculation of quantity of hydrogen uptake.
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temperature and pressure must be exported to an Excel readable format. Then, the initial point (zero-time) of the
experiment must be recognized. We normally select the zero-time of reaction as the time of the beginning of heating
for temperature programmed adsorption and temperature programmed desorption experiments. For hydriding/dehy-
driding experiments under isothermal conditions, the zero is the time of opening of the diaphragm valves. Then copy
the data to the datasheet and apply Eqs. (1), (2) and (8) to obtain the hydrogen uptake or release. Remember to update
the value of the mass of sample, the calibrated void volume, and to include a proper exchange of K instead of �Celsius
for temperature.

7. Validation and characterization

7.1. Temperature programed desorption (TPD)/LiAlH4 material

The TPD method is used to investigate the events that take place in a material while its temperature is changed in a con-
trolled manner [16]. TPD is quite common in the area of hydrogen storage. Thus, our apparatus should perform this type of
experiments. LiAlH4 is a well-known hydrogen storage material due to its facile dehydrogenation but almost impossible
complete re-hydrogenation. Pure (and not milled) LiAlH4 undergoes a phase transition at 433.15–450.15 K before undergo-
ing a first dehydrogenation reaction to give Li3AlH6 and Al at 460.15–491.15 K (Eq. (11)). A second dehydrogenation reaction
was observed to occur at 501.15–555.15 K to give LiH and Al (Eq. (12)) [17,18]:
LiAlH4 ! 1=3 Li3AlH6 þ 2=3 Al þ H2 ð11Þ
1=3 Li3AlH6 ! LiH þ 1=3Al þ 1=2 H2 ð12Þ

Together, both reactions provide for a hydrogen release of 7.9 wt%. Additionally, ball milling [19] and the use of acceler-

ators for the dehydrogenation reaction can reduce the dehydrogenation temperature. In our case, cryogenic milling was used
to preserve the delicate LiAlH4 during milling. Still more, in our research group, the cryo-milling has been particularly effec-
tive to improve hydrogen storage properties. The results of the dehydrogenation of cryo-ball milled LiAlH4 are presented in
Fig. 6. Frame (a) presents the foundation of this work: the use of a delta of deltas for the pressure (Eq. (1)). The subtraction of
DPreference from the DPsample and the application of Eq. (2) leads to the curve of Fig. 6b, where the two reaction steps (Eqs. (11)
and (12)) can be observed. The temperature at the middle of the first dehydrogenation wave (peak at the first derivative plot
of the inset in frame b) is 427 K. Meanwhile, the second dehydrogenation peak temperature is located at 461 K. However,
reporting the onset temperatures is more common. The onset temperatures are located roughly 15 K before the peak tem-
peratures. The total quantity of released hydrogen was 7.5 wt%.

X-ray Diffraction (XRD) (Fig. 6c) and Fourier Transformed Infrared Spectroscopy (FT-IR) (Fig. 6d) confirm the occurrence
of the dehydrogenation reaction. All the peaks of the blue-line diffractogram of the frame (c) corresponds to LiAlH4 (ICSD-
191838) [20]. The orange line presents the diffractogram of the dehydrogenated material, where the peaks correspond to the
mixture of Al and LiH (ICSD-60600 and ICSD-61749). They present very similar crystal-cell size and the same symmetry
space group, thus only a set of diffraction peaks are observed. The shape of the background and two peaks at roughly 22�
and 26� are the Kapton contribution. In turn, frame (d) presents the FT-IR response. The [AlH4]� ion presents two internal
active modes in the infrared: the Al-H bending mode (600–1100 cm�1) and the Al-H stretching mode (1600–2000 cm�1)
[20]. The cryo-ball milled LiAlH4 presented both peaks, while at the dehydrogenated material only marginal (residual)
response was obtained.

In general, TPD experiments are relatively easy to perform. Thus the first results of our apparatus were TPD experiments
on 2LiBH4 + Al/additive [9].

7.2. Temperature programed sorption (TPS)/Mg material

Similar to TPD, following a sorption or hydrogenation reaction by means of controlled heating during exposition to
medium-high hydrogen pressures is highly desirable. Some high-pressure calorimeters can perform this type of experi-
ments. Our apparatus should also perform this type of experiments.
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Mg is the most commonly studied hydrogen storage material, due to its relatively low-cost, easy conditioning (ball-
milling) for hydrogen storage purposes and reversibility. Fig. 7a presents the first 3 hydrogenation reactions of Mg, limited
to a time-window of 4 h. In between each of them, dehydrogenation was performed in dynamic vacuum. The first hydro-
genation reached 2.3 wt%; the second 4.8 wt% and the third 5.1 wt%. The values are consistent with a progressive activation
of the material. They are in the range of other Mg-materials produced by the same research group [21]. Small variations of
the measured hydrogen uptake are due to the low quantity of sample used for this particular experiment. Larger samples
usually lead to the reduction of these variations. The XRD of the milled and hydrogenated materials corroborate the partial
hydrogenation of Mg after the 3rd hydrogenation. The diffraction pattern of hydrogenated Mg is composed of MgH2,
non-reacted Mg, and MgO. The MgO is commonly observed after heating Mg samples due to the crystallization of surface
oxides [21].
7.3. Isothermal cycling experiments

The addition of some materials can lead to an improvement of the hydrogenation/dehydrogenation kinetics or the reduc-
tion of on-set temperatures. That is the case of the addition of nano/micro particles of Ni and C-nanotubes to a Mg matrix
[22]. Nonetheless, sometimes these materials need a longer process of activation. Frames (a) and (b) of Fig. 8 present the
activation cycle, with heating ramp, of a sample of Mg-Ni-C-nanotubes. The activation procedure consisted in the exposition
to 2.6 MPa hydrogen pressure (absolute) and heating up to 648.15 K for several hours. Then, the sample was dehydrogenated
at 0.1 MPa (absolute) and 623.15 K, also with heating ramp of 10 K/min.

After the activation, the material was kept at 623.15 K and two hydrogenation/dehydrogenation cycles were performed
by alternating a hydrogen pressure of 1.6 MPa and 0.1 MPa (absolute), respectively. Fig. 8(c) and (d) present these cycles.
These cycling experiments were restrained to 1.5 h under hydrogenation conditions and 1.5 h under dehydrogenations con-
ditions. A progressive reduction of the time of reactions, particularly during hydrogenation, was observed. However, the first
isothermal dehydrogenation was not complete after 1.5 h, thus it was forced by applying dynamic vacuum for 15 min.
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Despite of that, we can consider that the hydrogenation and dehydrogenation reactions are reversible in terms of the quan-
tity of hydrogen stored/release. Also, the reaction is quicker than the reaction of Mg materials without additives.

7.4. Sample preparation and characterization

Well-known materials and some new materials for hydrogen storage were prepared and tested for hydrogenation/dehy-
drogenation in our apparatus. Belowwe present the details of the sample preparation and testing. Additionally, the materials
were characterized before and after the hydrogenation or dehydrogenation reactions by means of XRD or FT-IR. XRD
characterization was performed in a D2phaser diffractometer (CuKa = 1.540598 Å). The powders were compacted in a
dedicated sample-holder, and then they were covered with a Kapton foil for protection against ambient oxygen and
moisture. Data processing and phase identification were performed with Diffract Suite Eva and MAUD software. ICSD
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(Inorganic Crystal Structure Database, Karlsruhe) or COD (Crystallography Open Database) databases were used for phase
identification. FT-IR characterization was performed in a Nicolet iS10 of Thermo Fisher Scientific. The studied materials were
compacted in KBr pellets. The KBr was purchased from Sigma-Aldrich and dried just before the pellet preparation. About 2.5
mg of each material was dispersed in 50 mg of dry KBr. FT-IR data was collected in Attenuated Total Reflectance (ATR) mode.

7.4.1. LiAlH4

Powders of LiAlH4 were purchased from Sigma Aldrich (95% purity) and used as received. The LiAlH4 was ball milled in a
Cryomill (Retsch) for 10 min with liquid-N2 cooling and 30 Hz of frequency of vibration. The ball to powder ratio was 15:1,
zirconium oxide balls were used. The preparation of the sample, and the sealing of milling vial were performed in an argon
glove box. Dehydrogenation of cryo-milled LiAlH4 was performed in temperature programmed desorption mode (TPD). After
appropriate connection of the sample holder to the apparatus, purging of possible residual air, and argon expansion for
volume calibration (steps (a) to (j)), an initial pressure of 0.2 MPa (absolute) was used. Then, the oven temperature was
increased from room temperature to 533.16 K at 1 K/min heating rate.

7.4.2. Mg
Chips of Mg were purchased from Sigma-Aldrich (99.98%purity) and used as received. The Mg chips were ball milled in a

Cryomill (Retsch) at room temperature for 60 min and 30 Hz of frequency of vibration. The ball to powder ratio was 11:1,
zirconium oxide balls were used. 3 wt% of methanol was used as milling agent as reported in a previous work [22]. The
preparation of sample, and the sealing of the milling vial were performed in an argon glove box. Hydrogenation of Mg
was performed in temperature programmed sorption mode. After appropriate connection of the sample holder to the appa-
ratus, purging of possible residuary air, and argon expansion for volume calibration (steps (a) to (j)), an initial pressure of 2.6
MPa (absolute) was used. Then, the oven temperature was increased from room temperature to 623.15 K at 5 K/min heating
rate. Dehydrogenations were performed in dynamic vacuum.

7.4.3. Mg-Ni-C nanotubes
This material was fabricated using Mg powder (Riedel de Haen, 99% purity), Ni (Sigma-Aldrich, 99.8% purity, less than 1

mm), Nb2O5 (Sigma-Aldrich, 99.99% purity), and MWNT (Sigma-Aldrich, �98% purity). The powders were ball milled in a
planetary mill during 1 h at 250 RPM. After proper sample weighing and transfer to the apparatus without oxygen contact,
and purging of possible residual air, and argon expansion for volume calibration (steps (a) to (j)), an pre-activation was per-
formed. The pre-activation consisted in the heating up to 350 �C in dynamic vacuum for 3 h, and then cooling down to room
temperature. After that, an activation cycle of hydrogenation/dehydrogenation was performed by means of TPS (648.15 K
and 2.6 MPa (absolute) and TPD (623.15 K and 0.1 MPa (absolute)). Then the steps (p) to (t) were performed to complete
two cycles at 623.15 K, and 1.6 MPa (absolute) bar for hydrogenation, and 0.1 MPa (absolute) for dehydrogenation.
8. Conclusions and perspectives

The results presented for hydrogen uptake/release in different materials demonstrated the feasibility of the construction
and good performance of a low-cost apparatus for hydrogen storage studies. The apparatus compile several years of trial-
errors, experience and efforts. The combination of the features of double lines (sample and reference) with a Dp = Dpsample

� Dpreference approach, resulted in an effective way to eliminate small thermal effects, and the need of a differential pressure
transducer, and finally to reduce costs. Further improvements in the apparatus must be performed in the near future. For
example, the substitution of manual valves for automatic valves and the implementation of operation, data collection and
data management in a single software.
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