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In the news at Syracuse University

September 11, 1990
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One month later

October 22, 1990
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The thrust of this project at ORNL is the 
development of a broader science foundation for 
identification of the atomistic mechanisms of 

metal-assisted hydrogen storage in 
nanostructured carbons.

Do carbon materials modified with metals 
have potential for hydrogen storage at

near-ambient temperatures?
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Modeling and Simulations

Hydrogen Storage on Carbons Materials
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Molecular properties of H2

• Non-polar molecule
− Shortest bond distance with only 2 electrons
− Very low spatial extent of electron clouds

• Very weak van der Waals potential
− Dispersive interaction is very weak
− Binding energy in H2…H2 dimer is ~0.003 eV
− Critical temperature is Tc = 33 K

• Dissociation energy of H2 into 2 H atoms is large (4.7 eV)

Molecular adsorption is very 
weak at room temperature

Dissociative adsorption requires 
large activation energy
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Where / How can H2 be stored on carbons ?

• Molecular H2:
− Very week interaction with flat graphite surface
− Intercalation between rigid graphite sheets is energetically unfavorable and 

kinetically impeded.
• Interlayer distance in graphite (3.35 Å) cannot accommodate H2 molecules (4.06 Å) 

− Stronger interaction is expected between parallel graphite walls (i.e. slit-
shaped pores) of appropriate width.

• Atomic H:
− On graphite-like materials can find reactive sites for chemical bonding 

(chemisorption)
• Zig-zag edges more reactive than armchair edges
• Difficult to desorb if binding to carbon occurs (chemisorption) 

− Is stable if intercalated between relaxed graphite layers.

• Possible strategy:
− First dissociate H2. Then (somehow) induce H atoms to stick to carbon sheets 

• Will H atoms recombine to form H2 ?

− Expand graphite lattice (somehow) or create nanopores with appropriate width
• What is the appropriate width for maximum adsorption energy ?

Dino et al., Solid State Commun. 2004; 
Dino et al., Journal Nanosci Nanotech. 2004
Dino et al., J. Soc. Phys. Japan, 2003; J. Appl. Phys. 2003
Miura et al., J. Appl. Phys. 2003
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Simulation of H2 uptake at selected T and P 

• Model material:
− Graphene sheets (with carbon atoms in sp2 hybridization) are a common structural 

component of most carbon materials 
− Although nanoporous (activated) carbon is not graphitizable, short-range order of 

graphene sheets is often present
− We used graphite as a model system for theoretical calculations

• Questions:
− How much uptake could be achieved in an ideal graphite-like model system ? 
− How is H2 uptake related to carbon structure ?
− What is the effect of (near-ambient) temperatures and moderate pressure ?

• Strategy:
− First-principles calculations of C-H2 interaction potential
− Grand Canonical Monte Carlo (GCMC) simulation at selected temperature and 

pressure
• GCMC properly takes into account all interactions, and mimics experimental 

setup.
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Hydrogen storage between graphene layers is energetically 
possible only at large interlayer expansions
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• First-principles calculations predict 
that the interlayer spacing has to be 
pre-expanded in order to obtain 
stable absorption states (negative 
H2 absorption energy). 

• The “best” interlayer distance is in 
the range of 5 – 6 A.

Equilibrium interlayer 
spacing of graphite = 3.3 Å

First-principles calculations

• We used density functional theory (DFT) and ultrasoft
pseudopotential (USPP) methods in the local density 
approximation (LDA). 

• We used Vienna Simulation Package (VASP) to solve 
local density functional equations. 

• We considered two energy contributions: the energy 
of H2 molecules interacting with the solid and the 
lattice strain. 
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First-principles calculations compared reasonably with semi-
empirical potentials, enabling Monte Carlo simulations
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When H2 forms a bound state, the absorption energy from first-principles 
calculations lies between the results of the two potentials.

• How large is the H2 uptake at given temperature and pressure ?
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GCMC simulation results for hydrogen between parallel  
graphene layers

• Uptake at T=298K & P=5 MPa is at most 2.3 wt%.
• Maximum uptake occurs at 90% expansion interlayer distance
• Interlayer spacing corresponds to actual pore widths in activated carbons
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The results suggest that maximum H2
uptake (at ambient temperature) occurs 
for an interlayer spacing (or pore width in 
activated carbons) of 6.2 – 6.4 Å.

Aga et al., Phys. Rev. B (2007) submitted
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Development of Metal-Containing 
Activated Carbon Fibers

Materials Synthesis
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We start from pitch – a by-product of oil refining

Crude Oil

Gas, 
Distillates

Vacuum 
Residua

Fluid 
Catalytic 
Cracking

Heavy 
Gas Oil 
Fraction

Lights

Heat-
Soaking

Heavy Oils
FCC Decant 

Oil

Isotropic 
Pitch

Oligomer distribution in pitch from
MALDI-TOF mass spectrometry

Pitches have highly condensed, 
polycyclic aromatic nature

Cervo and Thies, Chem. Eng. Technol. (2007) 30: 742-48
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Characterization / Application

Activation

Activated carbon fibers

Oxidation / Stabilization

Carbonization

Mixing

Melt-spinning

Isotropic pitch

Metal salt
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Development of basic understanding necessary for 
controlled synthesis of metal-doped carbons

• Control over synthesis ensures high quality results

• Employ dense gas extraction (DGE) to control molecular 
composition of carbon precursors

• Using these “pitches-by-design” determine the precise 
relationship between pitch chemistry, process conditions, 
final pore structure, and H2 sorption characteristics of 
metal-doped activated carbon fibers

(in progress)
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“Pitches by design” with controlled molecular composition 
by dense gas extraction
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Objectives:
• Control of oligomer distribution in fiber 
precursor materials 

Narrow oligomer distribution was 
obtained in two-step extraction

One-step extraction

Two-step extraction

• What is the effect on porosity development 
after carbonization and activation ?

Cervo et al. J.Amer.Cer.Soc. (submitted) 2007
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Characterization / Application
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Understanding transformations during carbonization 
by use of in-situ XRD techniques

• Short range ordering of polycondensed aromatic structures of pitch is maintained 
throughout the carbonization process

• PdO is stable up to ~ 250 oC, where a dispersed Pd-carbide phase is formed
• Pd metal is formed above 750 oC
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Effect of Pd salt precursor on development of carbon 
structure during carbonization (in-situ XRD)
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STEM characterization of Pd-containing ACF
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Understanding particle growth during carbonization and 
activation (in situ TGA under N2 or CO2)

Oxidized fiber

30 nm

800 ºC, Ar

30 nm

1000 ºC, Ar

30 nm

Activated, 900 ºC, CO2

30 nm

0

0.02

0.04

0.06

0.08

0.1

0 200 400 600 800

Temperature (oC)

D
er

iv
. W

ei
gh

t (
%

/o C
)

K-230, in Ar
K-230, in CO2
K-230-Pd, in Ar
K-230-Pd, in CO2

PdO
Pd

Carbonization

Activation in CO2

60

70

80

90

100

0 200 400 600 800

Temperature (oC)

W
ei

gh
t L

os
s 

(%
)

K-230, in Ar
K-230, in CO2
K-230-Pd, in Ar
K-230-Pd, in CO2

250 ºC, Ar

30 nm

Wu et al., CARBON. (submitted) 2007



OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

In order to limit Pd sintering: “Direct Activation”

DA samples (43 – 46 % B/O)

S BET 1520 m2/g
V pores N2 0.86 cc/g
V μ pores DR 0.70 cc/g
V narrow μp 0.32 cc/g

Two-step samples (40 % B/O)

S BET 1200 m2/g
V pores N2 0.64 cc/g
V μ pores DR 0.29 cc/g
V narrow μp 0.13 cc/g

• Combining carbonization and CO2 activation in one single, low temperature, 
process (“Direct Activation”, DA) resulted in better surface properties.  

• The effect on Pd sintering is being evaluated.
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Development of nanoporosity by CO2 activation
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Tuning narrow nanopores during CO2 activation 
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Effect of Pd on Hydrogen Uptake 
on Activated Carbon Fibers

Hydrogen Sorption Measurements
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Effect of activation level and temperature on H2
adsorption - Pd-free ACF

• The amounts of H2 adsorbed increase with the 
activation level.

• The H2 uptake is proportional with the nanopore
volume. The best correlation was found with the 
volume of narrow nanopores (< 7 Å) based on 
NLDFT-CO2 results.

• Lower amounts adsorbed at higher temperature.

Effect of activation level (T=25 oC)
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Pd-modified carbons (Pd-ACF) show enhanced H2 uptake
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The enhancement of H2 adsorption is more than 
what would be expected if the only mechanisms 
were direct physisorption on carbon and 
formation of Pd hydride (PdH0.7).

H excess / Pd is a measure of efficiency of spillover
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Effect of temperature on H2 adsorption on Pd-ACF
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The endothermic process is observed in 
the range of pressures and temperatures 
where Pd is fully converted to the H-rich 
β-PdH0.7 phase. 

• This is an indirect proof of the 
catalytic role of Pd in the spillover 
mechanism.
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• Adsorbed amounts are higher at lower 
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• Exothermic process (physisorption)
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• Hydrogen uptake is higher at higher 

temperatures.
• Endothermic process: What is its nature?
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Enthalpy changes accompanying H2 uptake
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Enthalpy changes were calculated as a 
function of H2 uptake between 25 – 80 oC

Hydrogen uptake on Pd-modified ACF starts 
endothermic at low coverage…

ΔH  = + 25 kJ/mol

…and quickly becomes exothermic at high 
coverage.

ΔH  = - 10 kJ/mol
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Understanding the Mechanism of 
Metal-assisted Hydrogen Uptake

Connecting the Dots 
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INS results: H2 physisorbed at 77K is trapped in narrow 
nanopores
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2.5%

Equation: y=y0 + (A/(w*sqrt(PI/2)))*exp(-2*((x-xc)/w)^2)
y0 0 ±0
xc1 13.99214 ±0.106
w1 1.61991 ±0.07474
A1 20309.83218 ±2989.3406
xc2 15.05561 ±0.03587
w2 1.35436 ±0.02456
A2 26176.24586 ±2982.32006
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This confirms the role of narrow nanopores (5-7 Å) for 
physisorption of H2, as predicted by the theoretical model.
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Inelastic energy loss spectra probing hindered 
rotation of H2 confined in narrow nanopores

DGE-Pd-43 DA
H2 adsorption at 77 K
INS measured at 4 K

Splitting consistent with <7 Å pores
Georgiev et al. Carbon (2005)
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INS results show formation of new C-H bonds – a direct 
proof of spillover mechanism
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H2
rotation Molecular recoil and PdH

features
C-C and C-H vibrations

Negative difference 
shows missing physisorbed H2 molecules

Positive difference 
shows new PdH features and new C-H bonds  

• 2.5 wt% loading at 77K
• Heating at 80oC for 24 hrs
• Spectra recorded at 5K
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Surface and bulk effects in the Pd-H2 system

H + Pd

H2 + Pd

½ E diss = 2.3 eV

E ads = - 0.46 eV

E diff = 0.05 eV

Chemisorbed H  
surface state 

Chemisorbed H2
surface state

Mobile subsurface 
and bulk H states

Dissociation is 
not activated 

E surf

ΔH bulk abs = - 0.20 eV

Pd surface saturates quickly with chemisorbed H atoms.
Subsurface states form at (or above) room temperature.
Concentration in the bulk depends on P and T

α-Pd hydride phase PdH0.03

β-Pd hydride phase PdH0.66
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Adapted after Eberhardt et al, Phys. Rev. Letters (1981);
Eberhardt and Plummer Phys. Rev. B. (1983);
Jewell and Davis, Applied Catalysis (2006)
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Hypothesized mechanism 

Surface diffusion path ( < RT):

• Fast, dissociative H chemisorption
• Adsorbed H atoms quickly saturate Pd surface. 
• Spillover causes H “leaking” from Pd surface (θ < 1)

Bulk diffusion path ( > RT):

• Subsurface and bulk dissolution begin after saturation of the 
surface. 

• Phase equilibrium depends on temperature and pressure. 
• Release of H atoms from β-Pd hydride is endothermic            

(-ΔHabs = 36 kJ/mol).

Very weak molecular 
adsorption on flat, 

external carbon 
surface

A few H atoms form 
new C-H bonds

(chemisorption)

Most H atoms 
recombine to  
molecular H2  

(physisorption)

Physical 
adsorption from 
gas phase

Narrow micropores of 
appropriate width

Transition of surface H-states to subsurface states occurs at (or around) room temperature.

Eberhardt et al, Phys. Rev. Letters (1981); 
Jewell and Davis, Applied Catalysis (2006)
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Data suggest that a change of mechanism for H2 uptake 
occurs as a function of temperature
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Hypothesis: 
Change of H2 uptake mechanism correlates with properties in H-Pd system

• Above T=?: Decomposition of Pd hydride and release of H atoms from bulk and subsurface states is 
helped by temperature (endothermic) and is limited to low pressures. 

• Below T=?: Surface diffusion path generates H atoms at a high rate, which migrate on carbon 
through narrow channels, otherwise inaccessible to H2. 

H excess / Pd is a quantifier of 
spillover efficiency

Do such channels exist ?
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In-depth Observation of Carbon 
Microstructures by HRTEM

Support from Atomic Scale 
Characterization
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TS

G

G

G

G

Ordered and disordered carbon domains observed in 
the nanostructure

5 nm

Pd

Pd = Pd particle
G = Small domains of parallel (but imperfect) graphene layers 
TS = Larger domains of turbostratic carbon 

Z-contrast modeHigh-Resolution STEM
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Isolated Pd atoms are embedded between strained 
graphene structures 

Simultaneously recorded images with pixel-to-pixel correlation 

“Building blocks”

Dislocation Onion-like Narrow channels
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Current understanding of the mechanism

• Data collected so far indicate that the mechanism of metal-assisted 
uptake of H2 on nanostructured carbons has two main components:

− Physical adsorption on the carbon support
• Exothermic process, regressed by temperature 
• Requires optimal pore widths 

− Spillover (dissociation, surface diffusion, stabilization)
• Apparently an endothermic process, occurring over a limited pressure and 

temperature range 
• This process apparently mirrors the α ↔ β phase equilibrium in Pd hydride

• On the increase of temperature the two mechanisms compete each other

• Increase of pressure has a small effect on spillover, but promotes 
physical adsorption

An intermediate temperature range probably exists where spillover is 
still a fast process, and physisorption is not yet regressed. 
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Is spillover useful ? 
- For catalytic reactions:

H2 R R - H

H

YES ! 



OAK RIDGE NATIONAL LABORATORY
U. S. DEPARTMENT OF ENERGY

Is spillover useful ?
- For hydrogen storage: 

H2

H H2

H2

IT DEPENDS ! 

Reverse spillover (?)
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Temperature effects: two competing routes 

H2

H H2

H2 H2

H H2

H2

Low temperature:

Higher storage capacity by 
physisorption

High temperature:

Lower storage capacity by 
physisorption, but faster 

reaction on Pd
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On-going work
• Understand kinetics and detailed mechanism of spillover effect

− Study H2 adsorption at near-ambient and sub-ambient temperatures where kinetic advantage of spillover 
and thermodynamic advantage of physisorption may coexist synergistically

• Further understand the role of pore sizes on H2 adsorption by evaluating highly nanoporous
carbons (both, with and without Pd) with controlled porosity distribution

− Perform SANS studies to identify where H2 is stored in nanoporous carbons

• Study and identify the effect of temperature and the role of Pd on spillover 

− Continue INS experiments at various tests temperatures utilizing both Pd-containing and Pd-free carbon 
materials

− The new vibration neutron spectroscopy instrument (VISION) in construction at SNS will be used at high 
flux intensity and higher sensitivity

• Understand the effect of Pd cluster size on spillover 
− Simulate dissociation of H2 on Pd clusters and on isolated atoms

− Identify the minimum Pd cluster size for H2 dissociation to occur 

• Study Pd-phase changes and structural changes in carbon under exposure to high-pressure H2 
using in-situ high-pressure XRD 

• Determine the role of Pd particles in the development of local order/disorder in carbon structure;  
and their effect on H2 uptake by in-depth microstructure examination using high resolution 
electron microscopy techniques  

− Image analysis and EELS analysis of carbon and Pd-carbon nanostructures and correlation of properties




