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Comparison liquid and gaseous H, with other liquid fuels

Higher Heating Value per Volume
for Different Fuel Options
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Volumetric energy density H, is lower than other possible energy carriers

And the other carriers can be contained in more simple conditions
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Hydrogen storage

inside materials

You probably have it at home:

in @ Ni-MH rechargeable battery
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Hydrogen storage requirements

Often the targets of the Department of Energy
of the USA are quoted

. DEPARTMENT OF

ENERGY

www1.eere.energy.gov/hydrogenandfuelcells/storage/current_technology.html
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Hydrogen storage requirements

- High capacity expressed in wt% H, of the system

- High capacity in kg H,/L of the system

- Practical operating conditions (T and P close to RT and 1 Bar)
- Reloadable for many cycles

- Energy efficient

- Fast in loading and unloading

- Safe

- Cheap

- Environmentally sound

See also chapter 9 Gupta
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Gupta

TABLE 11.2
Metal Hydride Requirements for Hydrogen Storage for Mobile Applications
Property Target
Gravimetric storage density >6.5%
Volumetric storage density >6.5%
De/rehydrogenation kinetics Dehydrogenation <3 h
Rehydrogenation <5 min
Rehydrogenation pressure <5MPa
Equilibrium pressure About 0.1 MPa near room temperature
Specific energy (kWh/kg) >2.0
Refueling rate (Kg H,/min) >1.5
Safety As high as possible, that is, no ignition on
exposure to air or water
Cycle lite (cycles) =500
Loss of usable hydrogen (g/h/Kg <0.1
hydrogen stored)
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Table 1 DOE Technical Targets: On-Board Hydrogen Storage Systems

Storage Parameter Units 2007 2010 2015
System Gravimetric Capacity:
Usable, specific-enargy from H, kKWhikg 1.5 2 3
(net useful energy/max system (kg Ho'kg system) (0.045) (0.06}) {0.09)
mass)’
System Volumetric Capacity:
Usable energy density from Hs KWhil 1.2 15 27
(net useful energy/max system (kg Ho/L system) (0.036) (0.045) (0.081)
volume)
B HEWh net B 4 2
féﬁ[ﬁi;@ﬁi&m cost (5/kg Ho) (200) (133) (67)
$/gge at pump -— 2-3 2-3
Durability/Operability
» Operating ambient temperaturs " -20/50 [sun) -30VE0 (swn) 4080 (sun)
¢ Minfmax delivery temperature B -30/85 -400/BE -40i85
» Cycle life {1/4 tank to full) © Cycles 500 1000 1500
» Cycle life variation T % of mean (min) at % confidence /B G030 o0/e0
¢ Min delivery pressure from tank; _ _ _
Fe= fusl cell, I=ICE Afm (abs) BFC / 10ICE 4FC [ 3BICE | 3IFC/ 38ICE
¢ Max delivery pressurs from sank? el Ll Ll Ll
Charging/discharging Rates
» System fill fime (for 5 kgl rmin 10 3 25
# Mlinimmwrn full flow rate . {g's WKW 0.02 0.o2 0.02
# Sfart time to full flow (20 22 5 15 5 5
# Sfart time to full flow (- 20 °C) 5 30 15 15
* Transient response 10%-20%
and 0% -0% s 1.75 0.75 0.75
Fuel Purity (H. from storage) % H: 99.99 (dry basis)
Environmental Health & Safety _
s Permeation & leakage © Scchh Meets or exceeds applicable
» Toxicity - standards
# Safety -
# Loss of useabls H, l 3 I f
{g'hkg Hz stored ; 01 0.05 N t




DOE Targets for Onboard Hydrogen Storage Systems for Light-Duty Vehicles

Table 2 Technical Targets: Onboard Hydrogen Storage Systems

« Toxicity
o Safety
s Loss of useable H."

Scchh

{g/h)kg H; stored

Storage Parameter Units 2010 2017 Ultimate

System Gravimetric Capacity: kKWhikg 15 1.8 2.5
Usable, specific-energy from Hz (net (kg Hz'kg {0.045) (0.055) (0.075)
useful energy/max system mass) * system)

System Volumetric Capacity: KWhiL 0.9 1.3 2.3
Usable energy density from Hz (net (kg Hz/L system) (0.028) (0.040) (0.070)
useful energy/max system volume)

Storage System Cost b- $/kWh net TBD TBD TBD

($/kg Hz) (TBD) (TBD) (TBD)
* Fuel cost © $/gge at pump 3-7 2-4 2-4
Durability/Operability:
« Operating ambient temperature ° °C -30/50 {sun) -40/60 (sun) -40/80 (sun)
o Min/max delivery temperature °C -40/85 -40/85 -40/85
+ Operational cycle life (1/4 tank to full) Cycles 1000 1500 1500
* Min delivery pressure from storage
system; FC= fuel cell, ICE= internal bar (abs) S5FC/5ICE BFCALICE JFCA5ICE
{:ombus_tic:n engine
. :.”yas’t‘edrs.""e“" pressure from storage bar (abs) 12 FCAO0ICE 12 FC/100 ICE 12 FC/100 ICE
« Onboard Efficiency g 90 30 0
+ “Well" to Powerplant Efficiency % &0 60 &0
Charging / Discharging Rates:
+ System fill time (5 kg) min 4.2 33 25
(kg Ha/min) (1.2) (1.5) (2.0)
¢ Minimum full flow rate {g/s)kW 0.02 0.02 0.02
s Start time to full flow (20°C) ® 5 5 5 5
+ Start time to full flow (-20°C) 3 s 15 15 15
. Trar;sient response 10%-90% and 90% - s 0.75 0.75 0.75
0%
_ i . SAE J2719 and ISO/PDTS 14687-2
Fuel Purity (H- from storage) % H» (99.97% dry basis)
Environmental Health & Safety:
« Permeation & leakage

Meets or exceads applicable standards

01

0.05

0.05

Useful constants: 0.2778 KWh/MJT; 33.3 kWh'kg H:: 1 kg H: = 1 gal gasoline equivalent.

Newer list with
targets: goals

are set at less

high values

e
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Hydrogen storage requirements
(targets 2009)

Capacity of the systemn : 0.045, i.e. 4.5 wt% 2010
0.055, i.e. 5.5 wt% 2017

The system includes container, storage material, tubes, filters, shutters.
However, if in the following capacities of materials are quoted it are

capacities of only that material, but in principle also the rest should be
taken into account.

I ————
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Hydrogen Storage inside materials

— An interaction is needed to bind the H, or H inside the material.
We will look into various interaction types with interactions
ranging from weak to strong.

Binding energies of interest:
10 - 50 kJ/mol

graphite-H, \

Metal hydrides
/su - 100 ki/mol

Chemical hydrides
»«~ > 100 kJ/mol

physisorption Methane
(4 ka;na:/_\ \ (~ 400 ki/mol)

“I(uhas" binding [‘spillover”
Enhanced phvsisnrptinrd Ay
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The interaction strengths have a direct effect on the operating conditions

R. van Helmolt, U. Eberle / Journal of Power Sources 165 {2007) 833-843

Liquid Cryo-  Interstitial Compressed Alanate = Salt-like

hydrogen = adsorption = metal hydride = hydrogen - metal hydrideé
LH,  Activatedcarbon 'theieme/  cGH,  Nal, MgH,  H0

100 matwt.% = 6.5 matwts 2matwt%  l0Omatwt.% = S5S5matwt%  7S5matwt® 0 1l matwt®

Operating temperature

70-170°C 330°C »» 1000°C

y -200°C

Corresponding energy to release hydrogen in MJ per kg H,
0.45 3.5 15 n/a 23 37

~Increasing interaction strength —
R
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Stated otherwise: depending on the interactions the system stores H, or H:

Storage Media
i gas
E Weak
i ;
5 physical storage = Interactions
3 liquid
D H, molecules
E
_ adsorbed
~ I
in metals
Strong
I chemical storage , Interactions
8 < in complexes
5 H atoms
m Ll
chemical
reactions
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Starting from the weak interaction side:
Hydrogen storage via surface adsorption

Nanocarbons

Metal organic frameworks

&
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Hydrogen Storage using weak interactions:
surface adsorption, physisorption
Gupta Chapter 12.

The Langmuir Isotherm

Whenever a gas is in contact with a solid there will be an
equilibrium established between the molecules in the
gas phase and the corresponding adsorbed species
(molecules or atoms) which are bound to the surface

of the solrd.

Irvin Langmuir
~ 1900

Langmuir made significant advances in the fields of physics and chemistry and
was in 1932 awarded the Nobel Prize for his work in surface chemistry.
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Derivation Langmuir isotherm

Gas with the same temperature T
Free gas molecules

O —
O © ©

Adsorbed gas
o @ molecules

00 oo 00 % oooo 00

Surface with temperature T

- Assume that 7 molecules hit the surface per m? and per s.

- Assume that they stay on average a time 1 bound at the surface

- Then there are on average o molecules at the surface with
o=nt

I ———
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- Typically the residence time t will be dependent on the adsorption
interaction strength E_
- with increasing T the value of 1 will go down as:

E

ads

— KgT
T =T,e¢

o
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- If we now assume that there is a fixed, limited number of sites g,
available and a molecule only sticks to the surface when it hits a free site
o becomes:

B g g,Nnr
o=nl-—|r or g =
O o, +tnr

g

Where (1_ 0'0) equals the chance to hit an empty spot on the surface.

- If we define @ = g as the ‘surface coverage’ we get:
nr
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It can be shown that n= Ny P

2rmmRT
nhr
So 0 can be rewritten as:  g=__ %0 —__KP
L (1+kP)
00

Where k is defined as: -

k = NM r = NM To ke

2rmmRT 0, ~2rmRT g,
_ kP
(1+kP)

describes the coverage 6 as function of P at a constant T, and is called a
Langmuir adsorption isotherm

I ————
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Langmuir adsorption isotherms: used to measure adsorption energy

Also kP:L
(1-96)
Therefore when 0 is constant also Ink+InP =c
with
N, T, e E..
Ink = * —InT+Ine"BT —C——InT+
( J ] 2 B 1
d—
(ampj :_(alnkj = ! + Eadsz =+ Eadsz for low T. With —T:—i2
aT ), oT 2T kT KT dT T

olnP _ _E
oL/T) ), K

So from a graph of InP at a constant coverage @ versus 1/T one obtains
the adsorption energy E_,

I ———
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Fractional coverage, 8

0.2

0 | | I
0 2 4 6 8 10
p/atm

28.25 The Langmuir isotherm for non-dissociative

adsorption for different values of K. SO different T's

Au\&
e \
2
C
= 4.0
\
3.8 \\
3.6 \0\\
sal \
40 42 44 46 48 50

10° K/T

28.26 The isosteric enthalpy of adsorption can be
obtained from the slope of the plot of Inp against
I/T, where p is the pressure needed to achieve the
specified surface coverage. The data used are from

fExample 28.2.

Which point is highest T?
Left graph: most right point (has therefore lowest adsorption) 4
Right graph: most left point (needs therefore highest pressure to reach TU D elft

the same coverage)



Heat of Adsorption; measurement in the lab
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Heat of Adsorption

35
| —— MOF-5
301 =—77K
'ig.' 2 5. 100K
N 0,0
2 2,04 .
o )
S 1,51 05-
@ . ]
S 1,0- 1,0-
S @@ ]
* 0’5- A-1,5-
0;0.'l'l'l'l'l'l'l'l'l' E
00 02 04 06 08 10 12 1,4 16 18 20 -2,0-
Pressure [bar] .
i . 2,5-
Clausius-Clapeyron equation: .
-3,0 ———¥v——r"—7—-—1—+—1—+
10 11 12 13 14 15 16
(alnP _ Q 1000/T
oT RT?
J At 0.7wt.% Q. =3.42 kJ/mol H,

=
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Langmuir isotherm for dissociating gasses

- If gas A, dissociates upon adsorption, forming 2 A atoms, each of them needs

to find an empty spot. Chance is proportional to k,PN(1-6)-.

- Likewise, chance for reassembling and desorption proportional to: k (N 6)?
The sum leads to:

dé
e =k,P{N(1- H)}2 -k, (NO)? in equilibrium d 6/dt = 0 and its
1
solution is 9= (kp)>
- 1
1+(kp)2
With k=k_/k,

I —————
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1.0~ 10

In principle the shape of the isotherm
could tell if a diatomic molecule like H,
dissociates upon adsorption or not.

In practice H, only dissociates on certain
catalyst surfaces like Pt.

It does not dissociate on for instance
graphitic surfaces.

Fractional coverage, 6

p/atm

28.24 The Langmuir isotherm for dissociative
adsorption (X, — 2X) for different values of K.
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Additional monolayers adsorption:

the BET isotherm

If the molecules adsorb in a monolayer only, we
have the Langmuir isotherms. If on top of such
monolayer additional monolayers can be adsorbed
(before it becomes ordinary liquid) we come into
the regime of the BET isotherm.

BET: Brunauer, Emmett, Teller

V CZ

Vien  ((1-c2)(1-(1-0)2)

With z=P/P* where P* equals the vapour pressure
of the liquefied gas at the same temperature.

1

— 0 0.2 0.4 0.6 0.8
C — e( Eads Evap)/ KT z=p/p*
. . 18.27 Plots of the BET isotherm for different values
Where Eads - Evap IS the dlfference bEtween of c. The vtalue <t)f V/V mon trises indefinitely because
adsorption energy in the layer and the normal | roate may condense on the covered

condensation energy in the liquid.

-
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Additional monolayers adsorption:

Would you expect that to be relevant for hydrogen storage?

In principle not because: if one monolayer is present the

second monolayer only feels H, molecules.
-the van der Waals interaction is that low between H, molecules

that the boiling point is only 20 K at 1Bar...

I ————
]
TUDelft



We are now equipped to understand hydrogen storage
via surface adsorption

I ———————
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Hydrogen storage in porous materials using surface adsorption
Also look into Gupta Ch 12

]
TUDelft



Warning: high storage of hydrogen in nanotubes appears false

Storage o in_si1gle-walled carbon nanotubes,

Hydrogen sto in-single-walled carbon nanotubes at room temperature,

High H-2 uptake ' carbon nanotubes under ambient pressure and
moderate temperat cience 285 (1999) 91.
Times Cited:
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Adsorption capacity of H, on nano carbons

Capacity: @ 77K & 2Bar | Sa\'.U\'a\i‘On
> 150-
o
Nanotubes ~ 1 wt.% c',—,
Activated C ~ 2 wt.% % 100-
o
b 0 Example measurement:
2 %073/ adsorbed amount depending
N - on pressure
Nanotubes are not 0L _ . | .
special, claims of 0 500 1000
storage of up to 20 H, Pressure [mbar]

wt.% are false...

I ———
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Adsorption energy of H, on nano carbons

- The stronger the adsorption interaction, the higher the
temperature is at which H, is released from the surface. From
the hydrogen pressure above the sample an adsorption
energy can be estimated

of ~560K for all types ' 3 types of |
of carbon. L0 Nanocarbons i
= -activated carbon
S 0.2 -nanotubes g
g ) . 3
~ nanotubes do not e nanofibres \ 7
adsorb hydrogen any better g °"
o AR
Z Q)
than other carbons 00

O 20 40 60 80
Temperature [K]

Schimmel et al. Chem Eur J 9 (2003) 4764 -i-‘u Delft



Activated carbons

Production by pyrolysis of organic

materials or artificial nanostructured e

polymers

AWV Spolﬂmjn
20 20000« TLD 49 1145

z ol > :
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Why is there only low adsorption in nanotubes while you would
expect a large surface to be available: t_; ;

- they spontaneously form bundles
which makes the surface area small — Fee s o
- when opened they can spontaneouslys = ===
close again, they can even coalesce, .+ -7
forming larger tubes

o9, Only outer
S 4
OS5 88000 Surface
oSo accessible

Annealing and welding during
electron irradiation in electron
microscope

Science 288, 1226-1229 (2000)
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Molecular dynamics simulations

Modeling of molecular motions based on the physical interactions
between atoms.
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Adsorption of H, in between tubes?
No: tubes leave apparently too little space in between the tubes.

1.35 nm

Dc ~0.21 nm

B
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The book (Gupta) presents theoretical simulations with very high
storage capacities, based on idealized carbon structures.

Idealized carbon structures:

30
6.0wi %, 24 kg m” (p=3.79 MPa ) |

20 —Q .

—0—SWNT(C) ]

5 —O—SWNT (L) 7

10 § *—D ]
[ ——P
—*—G

Y .
6o 2 4 6 8 10 12 14 16 18 20 22

Pressure, MPa

Fig. 3 A snapshot of hydrogen adsorbed in the idealized hexagonal
bundle of the (10.10) carbon nanotubes at 3.8 MPa and 77 K.

.
5
Book p 414, PhysChemChemPhys 9 (2007) 1786 TUDelft



Note, however: the idealized structures have not been realized in
practice. This is because the carbon cannot be structured at will,
nanotubes stick together without H, being able to get in between,
etc.

Although it looks pretty
this does not happen!

- No H, in between tubes
- No H2 inside the tubes

M-
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What went wrong with this nanotube research?

- detection of hydrogen: by weighing. This is not easy: all
contaminants are heavier than H, and adsorbs much better
e.g. water adsorbs well at RT on nanotubes and is 9 times
heavier per molecule.

- assumption that nanotubes are very different from ‘ordinary’
nanostructured activated carbons

- contamination with some catalyst elements like Ti that store H,
so hydrogen was detected

- early nanotube samples contained mainly soot next to minority
of tubes. All H, adsorption was attributed to few % tubes.

T
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Another nano carbon: Cg,

Cgo FCC crystal

Large cavities

4
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Adsorption of H, in between C., Buckey balls?

Yes: one H, fits in

certain pores in

between C,,’s that have

0.41 nm diameter (so

that tells you how

much space is needed). 2

1.6

1.2

Resulting storage 084

capacity: 1 H, on 60 C's
1/(1+60*12) gives low 04
wt%...

Physical Review B 60 (1999) 6439.

%
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Hydrogen storage capacity is proportional to surface area of the
carbon materials.

2.0 0
This is at 77K, 1Bar

1.5

H/(H+C) (mass%)

The specific surface area
is usually determined

by measuring the BET
isotherm of nitrogen gas

1,000 2,000
Specific surface area (m? g')

Figure 2 Reversibly stored amount of hydrogen on various carbon materials versus
the specific surface area of the samples. Circles represent nanotube samples (best-fit
line indicated), triangles represent other nanostructured carbon samples'.

R B
Schlapbach,Zuttel, Nature 414 (2001) 353. .i.‘u Delft



PHYSICAL REVIEW LETTERS week ending

PRL 94, 175501 (2005) 6 MAY 2005

Titanium-Decorated Carbon Nanotubes as a Potential High-Capacity Hvdrogen Storage Medium

T. Yildirim' and S. Ciraci’
INIST Center for Neutron Research, National Institute of Standards and Technology, Gaithersburg, Maryland 20899, USA

2Physics Department, Bilkent University, 06800 Bilkent, Ankara, Turkey
(Received 5 November 2004; published 5 May 2003)

We report a first-principles study, which demonstrates that a single Ti atom coated on a single-walled
nanotube (SWNT) binds up to four hydrogen molecules. The first H, adsorption is dissociative with no
energy barrier while the other three adsorptions are molecular with significantly elongated H-H bonds. At
high Ti coverage we show that a SWNT can strongly adsorb up to 8 wt % hydrogen. These results advance
our fundamental understanding of dissociative adsorption of hydrogen in nanostructures and suggest new
routes to better storage and catalyst materials.

DOTI: 10.1103/PhysRevLett.94.175501 PACS numbers: 81.07.De, 68.43.-h, 84.60.Ve

Graphene nanostructures as tunable storage media
for molecular hydrogen

Serguei Patchkovskii®, John 5. Tse®, Sergei N. Yurchenke®, Lyuben Zhechkow®, Thomas Heinef, and Gotthard Seifert

*Staade Instiiute for Molsoular Sclencas, Mationsl Ressarch Courdl Canada, 100 Susssx Drive, Crttaws, ON, Canada K14 0RE: and Sinstito fur Physikalischa
Chernle und Hektrochemle, Technischa Unkersdtit Dresden, Co01042 Cresden, Gemmany

Still theoreticians proposed

Edited by Jamss L. Dy, Michigan Staie Unbesrsity, Easi Lansing, M, and approved June 2, 2005 {recebesd for roview February 8, 2008

that hydrogen should

stick to the carbon or
modified titanium decorated
carbon...

Many methods have been proposed for efflclent storage of mo-
lecular hydregen for fuel cell applications. However, desplte In-
terse research ertorts, the twin U.5. Department of Energy qoak of
6.5% mass ratlo and 62 kosm' volume density has not besn
achleved elther sxperimentally or vla theoretical simulations on
reversible model systems. Carbon-Dased matenials, such as carbon
nanotubes, have always been regarded a5 the most attractive
physisorption substrates for the storage of hydrogen. Theoretical
studles on varlous model graphitic systems. however, falled to
reach the eushve goal. Here, we show that Insufflclently acourate
carbon-H; Interaction poteritials, together wWith the neglect and
Incompleta treatment of the quantum effects In pravious theorst-
Icallmvestigations, led to misleading conclusions for the absorption
capacity. & Proper account of the contribition of quantum efrects
to the free energy and the equillbrium constant for hydrogen
asorption suggest that the U.S. Department of Ensrgy specifica-
ton can b= approached In 3 graphite-based physisorptlon system,
The theoretical predictlon can be reallzed by optimizing the struc-
twres of nano-graphite platelets (graphens), which are light-
welght, theap, chemically Inert, and environmentally benlgn.

aquilibrium corstants | bydrogen storage | quantum sffects

temperaties (=200-300 K. An adequate description of the
moizn of Hght Hz molecale in the soft, anharmonic potential of a
graphitic system B a premequisite for accumte prediction of the
equilibdim corsrant and, therefore, the binding capacity of mo-
lecular hydrogen in thesa systems (200, Although he thermody-
namic behavior of the free Hy gas in the 200- 1o 300K iemperatune
range is essentially classical, this & no loager teue in the presence of
soft extemal potentials. Guanium behavior of ydrogen adwrbed
in narrow pores manifests wsalf in the quantum sieving effecs (215,
which persir up o 300 K (22}, Inclusion of the quantm effects in
the free energy & & nontivial computational peoblem. Tt imclves
soiving the Schridinger equation for the motion of the Iwdrogen
atomes on a complicated potential energy surface (FES).

Mathods

A compurationally tactable model of graphene & provided by
quanmim-mechanical descriprion of H-PAH interactions: with

post-Hartree—Fock treatment of eleciron correlation (14, 18), We
caleulare the Hy-benzene PES using second-coder Miatle r—Plessen
&wn perturbation theory (16}, Intemction energes and e PES

ape in the Ha—berzene system ame sensitive 1o the choice of the
pdanmum funcuuns and baﬂs el super]:mmon o fESSEJ
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Continued speculation (theory only): Ti decorated carbon nanotubes

a CgTiHg (5.3 wt% ) b C,TiHg (7.7 wt% )

FIG. 3 (color online). Two high-density hydrogen coverage on
a Ti-coated (8, 0) nanotube.

- TiC is formed, not nanoporous and very stable ]
- Or Ti forms Ti metal particles, which leads to TiH, hydride T U Delft



Conclusion nanocarbons:

- hydrogen storage occurs only at low temperatures because the
adsorption interaction is ~ 550K or ~ 5 kJ/mol. Good for applications at low T
only (<80K).

- The adsorption capacity is proportional to the accessible surface
area of the nano materials. Because nanotubes form

bundles they have lower surface area than the best activated
carbons.

- Unfortunately researcher have reported record storage capacities based
on experimental errors.

T
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Metal Organic Frameworks MOFs:
fully ordered crystalline nanoporous materials

O O

Terephthalic acid in MOF-5

“MOF-5"
T A
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Highly porous Metal Organic Frameworks

A AL
i », -

e ]

2
-
38
kli‘
-

MOF-5 Rosi et al, Science 2003

B —
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The COO groups
form a cluster with
4 Zn ions and one
central O atom

]
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MOFs

- metal ion clusters bound by organic linker molecules with acid groups
- The framework is quite stable because of:
- the preference for certain coordinations of the metal ions by O’s
- the rigidity of the linker molecules
- different organic linkers can be used, making the pores larger/smaller
- surface area’s up to 4500 m2g! are reported
(larger than activated carbons max~2200 m2g1)

Science 300 (2003) 1127. 'i"U Delft
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Figure 6. Dihydrogen adsorption 1sotherms measured at various temperatures for fa) [IRMOF-1. (&) IBMOFE-11, () MOF-74, and (d) HEUST-1. Note the
different scales cn ordinate axes. Adsorption data are shown as closed trianglesdesorption as open triangles. and connecting traces are guides for the eve.
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In MOF5 about 1.5 wt% H, can be stored at 77K and 1 Bar.

At elevated pressures much larger storage is possible:
Up to 11.5 wt% at 120 Bar and 77K
(J. Am. Chem. Soc. 129 (2007) 14176)
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Important questions:

- what is adsorption interaction strength?

- where is hydrogen adsorbed in the material?

- stability of materials under hydrogen loading and unloading

- stability of materials under influence of impurities from e.qg. air

e T
]
TUDelft
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Macroscopic adsorption measurements
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From the pressure as a function of temperature one can obtain
an adsorption temperature using Langmuir theory.

For MOF5: maximum ~ 850K

Compare nano carbons ~ 550 K

%
Chem.Phys. 317 (2005) 113. TUDelft



Molecular dynamics

H, molecules in MOF5 at
150K
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Basic results MOF’s

- adsorption capacities up to ~11.5 wt. % can be obtained at 77K
and 120 Bar
- adsorption takes place at low T
- hydrogen can be loaded and unloaded in a fast way
- different adsorption sites are present:
-next to metal clusters
-next to organic spacer molecules
-on a second ‘layer’ in the pores
- adsorption energies are largest near the metal cluster:
~ 800K maximum next to Zn of MOFS5,
~ 500K next to organic spacers
- surprising changes in the lattice can occur (next week).

T
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What is n7on slide 18?
Elementary kinetic theory: relate nto quantities we know, PV, 7T

Momentum transfer p of molecules / unit time gives a force:

Momentum transfer p, of molecules with density n, mass m, certain velocity
V-, during time interval ¢, and on surface A:

. 2 when molecule bounces back elastically
p,=2mv., (n,vo,tA)=2mn, v, tA
Sum over all v&:  p=)_ 2n,mv2,tA= Nmv2,tA
/‘ Nis now the total density

Only %2 the molecules fly towards surface A

2 2 2 — 2 —\,2 2 2 2 —\,2
In general: VDA—§V because V| =V, =V, and V, +V, +V, =V
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What is n ? continued

So p :%NmFtA

The pressure P delivered by the momentum transfer equals the momentum
transfer p divided by the time £ and the surface area A:

p=1nmv
3

: . 1— —)\2
From the Maxwell equations one can derive that §v2 = gﬂ(v)

so P= é ITNm(\_/)Z

e
]
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What is n ? continued
(v) = | 8P _ [8PVy _ /8ﬂ
7INmM 7N, M 7m

using PV,,=N,RT . (N, number of molec in a mole, V,, mol. volume, N=density)
Now we finally come to 5, the flux onto a certain surface area.

1./ _ 1N,/ _1N,P [8RT _ N,P
OO e

[ 4 results after integration over all possible angles

a7
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