CARBON 49 (20I1) 4050-4058

B
iCarbgn

available at www.sciencedirect.com

-z
*’ ScienceDirect

journal homepage: www.elsevier.com/locate/carbon

Single Pd atoms in activated carbon fibers and their
contribution to hydrogen storage *

Cristian I. Contescu *°, Klaus van Benthem ®, Sa Li ¢, Cecile S. Bonifacio °,
Stephen ]. Pennycook °, Puru Jena €, Nidia C. Gallego “
@ Oak Ridge National Laboratory, Materials Science and Technology Division, 1 Bethel Valley Road, Oak Ridge, TN 37831, USA

® University of California at Davis, Department of Chemical Engineering and Materials Science, 1 Shields Ave., Davis, CA 95616, USA
¢ Commonwealth University of Virginia, Department of Physics, Richmond, VA 23284, USA

ARTICLE INFO ABSTRACT

Article history:

Received 20 December 2010
Accepted 14 May 2011
Available online 20 May 2011

Palladium-modified activated carbon fibers (Pd-ACF) were synthesized by melt-spinning,
carbonization and activation of an isotropic pitch carbon precursor premixed with an orga-
nometallic Pd compound. The hydrogen uptake at 25 °C and 20 bar on Pd-ACF exceeded the
expected capacity based solely on Pd hydride formation and hydrogen physisorption on the
microporous carbon support. Aberration-corrected scanning transmission electron micros-
copy (STEM) with sub-Angstrom spatial resolution provided unambiguous identification of
isolated Pd atoms occurring in the carbon matrix that coexist with larger Pd particles. First
principles calculations revealed that each single Pd atom can form Kubas-type complexes
by binding up to three H, molecules in the pressure range of adsorption measurements.
Based on Pd atom concentration determined from STEM images, the contribution of vari-
ous mechanisms to the excess hydrogen uptake measured experimentally was evaluated.
With consideration of Kubas binding as a viable mechanism (along with hydride formation
and physisorption to carbon support) the role of hydrogen spillover in this system may be
smaller than previously thought.

© 2011 Elsevier Ltd. All rights reserved.

The mechanism (known as Kubas-type binding) is based on
molecular polarization and multiple c-bonding of H, mole-

1. Introduction

The use of high surface area carbon materials for hydrogen
storage continues to attract interest because of the significant
advantage of carbon being light-weight and reasonably inex-
pensive. However, physisorption of H, on nanoporous carbon,
although significant at cryogenic temperatures, is too weak
(with binding energies between 0.05 and 0.10 eV) and does
not allow significant storage levels at near-ambient tempera-
tures [1]. A possible method for increasing the interaction
strength was suggested by quantum mechanical calculations.

cules with d orbitals of transition metal atoms [2] or ions [3].
It was predicted that decoration of carbon materials with sin-
gle atoms of alkali, alkaline-earth [4-6] or transition metals
(TM) [7-9] would increase adsorption energy to the desired
range of 0.25-0.60 eV, as needed for reversible operation at
near-ambient temperatures and moderate pressures. How-
ever, while theoretical studies predicted high potential for
hydrogen storage on metal-decorated carbon supports, the
experimental verification was beset by difficulties. To the best
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of our knowledge, the only experimental evidence of Kubas-
type complexes for hydrogen storage was reported for orga-
nometallic Ti complexes [10] and mesoporous Ti oxides [11].
Most transition metals tend to cluster or aggregate into nano-
particles rather than remain as isolated atoms. Clustering
lowers the capacity for hydrogen storage and drastically
changes the mechanism: from Kubas binding to single atoms
to chemisorptive dissociation on large particles and, for some
TM, hydride formation [12]. In particular, clustering is both
energetically favorable and kinetically possible for TM atoms
supported on carbon nanostructures (fullerenes, nanotubes)
because carbon-metal interactions are weaker than bulk
cohesive energy and kinetic barriers opposing surface diffu-
sion are absent [13,14].

Palladium is a particular case because of its capacity to
form an interstitial hydride (B-PdH, ;) that saturates quickly
at room temperature and low H, pressures. This phase was
identified as the active phase of Pd-based hydrogenation cat-
alysts. With lowering the size of Pd nanoparticles, the H/Pd
ratio in p-hydride diminishes from the bulk value (0.67) [15],
but the pressure range of phase transformation at room tem-
perature does not change [16]. Several groups reported that
Pd-containing carbon materials have higher H, capacity at
near-ambient temperatures than their Pd-free analogs, in
spite of an apparent blockage of porosity available for physi-
sorption [16-23]. According to numerous reports, the net in-
crease in hydrogen uptake exceeds the amount consumed
with hydride formation at the temperature and pressure con-
ditions of the experiment. The difference was attributed to a
cooperative effect between palladium particles and the car-
bon support [16,17] initiated by hydrogen spillover [18-23].
The latter is a well known mechanism of catalytic hydrogena-
tion and involves H, dissociation on Pd and migration of H
atoms to remote sites on the support. Indirect proof for H
spillover in Pd-carbon materials came from neutron scatter-
ing measurements which showed formation of new C-H
bonds after exposure to hydrogen at near-room temperature
[24]. On the other hand, simulations have shown that migra-
tion of H atoms from Pd, clusters to a carbon support is favor-
able with some restrictive conditions [25,26], whereas single
Pd atoms on graphenes and carbon nanotubes can bind at
least two H, molecules per Pd site in Kubas complexes [27].
Therefore, if single Pd atoms could be stabilized on high sur-
face area carbons, they may contribute multiple o-bonding
per metal atom with binding energies higher than physisorp-
tion, which would enhance the capacity of carbon near room
temperatures and at moderate pressures.

In this paper we report successful synthesis of Pd-modified
activated carbon fibers (Pd-ACF) with a large fraction of Pd as
isolated single atoms. Positive identification of single Pd
atoms and microstructural details of the carbon matrix sup-
port were obtained from atomic resolution aberration-cor-
rected scanning transmission electron microscopy (STEM).
Based on theoretical study of o-bonding of H, to single Pd
atoms on graphene, we attempt a first quantitative assess-
ment of the contribution of various competing mechanisms
for hydrogen storage in Pd-ACF. Addition of Pd causes an in-
crease of about 25-30% of the hydrogen capacity compared
to Pd-free activated carbon (at 25 °C and 20 bar). While a com-
bination of Kubas-binding and hydride formation may explain

this result in part, they cannot account quantitatively for all
excess uptake measured experimentally. This leaves room
for H spillover but in lower proportion than previously be-
lieved. A major fraction of adsorbed hydrogen is physisorbed
on the carbon support.

2. Experimental details and computational
techniques

2.1.  Materials synthesis and hydrogen uptake

Pd-containing and Pd-free ACF were synthesized at Clemson
University from isotropic petroleum pitch using the same
general procedure described previously [28,29]. The carbon
source was the same isotropic petroleum pitch procured
from Chungnam National University, Daejon, Korea which
was used in a previous work [29]; however this material is
different from the gas-extracted fraction of an domestic
pitch used in another publication [24]. An organometallic
compound, palladium (II) acetylacetonate, was homoge-
neously mixed with pitch at a temperature just below the
pitch softening temperature (230 °C). After melt-spinning at
250°C the fibers were stabilized by slow oxidation in air
(165-265 °C), and then heat-treated at 840 °C under a flow
of CO, for simultaneous carbonization and physical activa-
tion. This treatment, which shortens the exposure time to
high temperatures, was found [28,30] to produce Pd-ACF
materials with smaller average size of metal particles, and
at the same time, to maximize BET surface area and porosity
of resulting materials, compared with those obtained
through separate steps of carbonization in N, followed by
physical activation in CO, [29]. The estimated burn-off (rela-
tive to the calculated weight after carbonization) was 40% for
ACF and 45% for Pd-ACF. Physical parameters measured with
N, adsorption at 77 K and CO, adsorption at 273 K are simi-
lar for both samples (Table 1), which allowed us to assume
that the physisorption properties of the carbon support did
not change after addition of Pd. More details about the syn-
thesis process and the quantitative calculations based on it
are provided in the Supplementary information file available
on-line.

Hydrogen sorption isotherms were measured at 25 °C by
the microgravimetric method using IGA 01 from Hiden Isoc-
hema. A typical example is plotted in Fig. 1 for pure ACF and
Pd-modified ACF. The samples (~80-90 mg) were outgased
in situ at 300°C for 12 h prior to measurements. Research
grade H, (99.9999%) was used, which was passed through a
liquid N, trap to retain condensable impurities. Gas com-
pressibility corrections were made using the Peng-Robinson
equation of state. Buoyancy corrections were made based
on helium density measurements (Quantachrome ultrapyc-
nometer) for ACF (1.77 g/cm?) and Pd-ACF (1.86 g/cm®) before
activation, adjusted correspondingly for the actual Pd weight
fraction (2.55%) in the activated sample with 45% burn-off.
See Supplementary information file for details. A value of
0.01 g/cm® was assumed for the density of adsorbed hydro-
gen, which was obtained by comparing the maximum H, up-
take measured gravimetrically with the micropore volume,
and represents 15% of the density of liquid hydrogen
(0.071 g/cm?). In our experimental conditions (low uptake,
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Table 1 - Physical properties of Pd-free and Pd-modified activated carbon fibers.

Surface area® Total pore volume® Micropore volume® Ultramicropore volume?
(m?/g) (cm?/g) (cm®/g) (cm?/g)
ACF 1996 0.86 0.80 0.32
Pd-ACF 1990 0.91 0.83 0.29
2 BET method.
® N, adsorption at p/p, = 0.995.
¢ d<2nm from N, adsorption at 77 K, DFT-NL method.
4 d<0.7 nm from CO, adsorption at 273 K, DFT-NL method.
2.2. Structural characterization
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Fig. 1 - Hydrogen isotherms measured at 25 °G for ACF
(circles) and Pd-ACF (solid diamonds, adsorption; open
diamonds, desorption) and the amounts expected for Pd-
ACF if (1) all Pd is converted to PdH, ¢; (dot-dashed line) and
(2) atomic Pd forms Kubas complexes with pressure-
dependent stoichiometry, and Pd nanoparticles convert to
Pd hydride (red line, see text for details). The inset shows a
scanning electron microscope image of Pd-ACF,
demonstrating that Pd particles (bright intensities) are
homogeneously distributed throughout the volume of
carbon fibers. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version
of this article.)

moderate pressure, room temperature) the total adsorption
is practically indistinguishably close to the true surface ex-
cess adsorption as defined by Gibbs. The accuracy of IGA
measurements was estimated at +0.01 wt.% for the condi-
tions used in these tests (100 mg sample, maximum pressure
20 bar, room temperature). The approach to equilibrium after
each incremental increase in hydrogen pressure was dynam-
ically monitored in real time by the IGA software. The equil-
ibration was fast, and the weight approached asymptotically
a stable value in less than 15min. Examples of kinetic
curves for H, adsorption on Pd-ACF are provided in the Sup-
plementary information file. The weight readings were veri-
fied through quantitative measurement of Pd hydride
formation from Pd nanopowder.

For STEM investigations, fibers were ground in a methanol
slurry and drop deposited onto holey carbon film mounted
on TEM specimen grids. Annular dark-field (ADF) STEM
images, often referred to as Z-contrast images, are sensitive
to heavy elements since the scattering cross-section is
roughly proportional to the squared atomic number Z? of
the illuminated species [31]. Bright-field (BF) STEM images
are sensitive to lighter elements, so that simultaneous acqui-
sition of ADF and BF signals with pixel-to-pixel correlation is
efficient for the investigation of carbon microstructures in the
presence of catalytic Pd particles. Experiments were carried
out using the aberration-corrected HB 603 U dedicated STEM
that is operated at 300 keV and provides electron probe sizes
below 1 A [32]. In addition, energy dispersive X-ray spectros-
copy was carried out with a Hitachi HD-2000 STEM to confirm
that impurity concentrations were insignificant in the investi-
gated samples.

2.3. Simulations of Pd(H,), @ graphene structure

The so-called Kubas interaction between dihydrogen and sup-
ported TM atoms or positively charged metal ions involves
forward charge donation of the ¢ bonding electrons in H, to
partially filled d orbitals of TM atoms and back-donation from
the metal atom to the ¢” anti-bonding orbital of H, [2]. In addi-
tion, metal cations can bind hydrogen quasi-molecularly by a
charge polarization mechanism [3]. First principles calcula-
tion was used to answer the question on how many hydrogen
molecules can a Pd atom bind when supported on graphene.
After determining the preferred site of a Pd atom on graphene
and the corresponding binding energy, hydrogen molecules
were gradually introduced until no variations in distance be-
tween Pd and graphene was recorded before and after hydro-
gen loading.

The relaxation and electronic structure were calculated
using Vienna ab initio simulation package (VASP) [33] and
the projector augmented wave (PAW) [34] method. The PAW
GGA [35] potentials with the valence states 4d and 5s for Pd,
and 2s and 2p for C were used. High precision calculations
with a cutoff energy of 500 eV for the plane-wave basis were
performed. The atomic coordinates were optimized with the
shape and volume of the supercell fixed. For sampling the
irreducible wedge of the Brillouin zone we used k-point grids
of 1x1x1 for the graphene calculations. In all calculations,
self-consistency was achieved with a tolerance in the total
energy of at least 0.1 meV. Spin-polarized calculations were
carried out, and Pd-doped carbon is found to be nonmagnetic.
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3. Results and discussion

3.1. Structural analysis

ADF STEM imaging of Pd-ACF revealed a median Pd particles
diameter of (9.66 = 1.50) nm throughout the volume of the fi-
bers with roughly 66% of the metal particles smaller than
5nm. Fig. 2 shows a pair of simultaneously acquired ADF
and BF images. The ADF image (Fig. 2a) shows a Pd nanopar-
ticle with a size of roughly 5 nm, while the BF image (Fig. 2b)
reveals lattice fringes for the Pd-ACF. In some areas, the car-
bon microstructure exhibits local short-range ordering with
up to five quasi-parallel graphene sheets, while in other areas
image contrasts indicate disordered or even amorphous
carbon.

In areas where the projected specimen thickness is suffi-
ciently small, ADF STEM images revealed highly localized
areas with bright intensities and diameters below 1A (see
Fig. 3a). The simultaneously acquired BF-STEM images
(Fig. 3b) are not sensitive to single Pd atoms, but offer detailed
information about the carbon microstructure that supports
the isolated catalyst atoms. A quantitative analysis of image
intensities combined with through-focal series image acquisi-
tion [36-40] unambiguously identified such image intensities
to represent single Pd atoms dispersed in the microporous
carbon structure (see following paper [41] in this issue). The
potential formation of dimers, trimers, etc. was not observed.
Analysis of many different areas on multiple STEM samples
[41] showed that single Pd atoms are positioned in several
reoccurring structural arrangements identified in the carbon
microstructure. Most frequently identified structures com-
prise open volumes between diverging graphene sheets, posi-
tions surrounded by multiple graphene layers with almost
concentric arrangement, or locations in rather amorphous
carbon zones with no graphitic fringes visible at short dis-
tance. More details and images of these reoccurring struc-
tures are presented in a separate letter [41].

The presence of single Pd atoms is related to the particular
synthesis route chosen for Pd-ACF [29]. Rather than deposit-
ing the metal on preformed carbon substrates, as other

groups have done [16-19], we added the Pd acetylacetonate
complex, Pd(acac),, to the carbonaceous pitch precursor before
melt-spinning and carbonization. This has important conse-
quences because the Pd”* ions formed through thermal
decomposition of the organometallic precursor interact with
the polyaromatic hydrocarbons in pitch and modify the
resulting microstructure in carbon [42]. Recently published
first-principles simulation [43] revealed the chain of chemical
transformations during thermal processing (at 500 °C) of Pd
(acac), mixture with a polyaromatic hydrocarbon, chrysene,
one of the main components of the isotropic pitch variety
used in this study [44]. The results show that after decompo-
sition of the Pd(acac), complex, one acetylacetonate fragment
cross-links to a chrysene molecule, while Pd is first associated
with the second acac ligand and eventually develops ¢ bond-
ing to another chrysene molecule. As a result, some fraction
of palladium is maintained in atomic dispersion state, as
shown by our microscopy results. The work cited [43] vali-
dates our working hypothesis on the development of strong
interactions between Pd** and the carbon precursor prior to
carbonization [29,42]. The observation of single Pd atoms rep-
resents indirect evidence for strong interactions of single
atoms with the support, similar with observations reported
for other catalytic systems [38-40,45-47]. However, clustering
and aggregation could not be avoided during thermal pro-
cesses (carbonization, activation) and a large fraction of palla-
dium forms nanometer-size particles which reduce to metal
even before exposure to hydrogen [48].

3.2.  Simulations of s-bonded H, to single Pd atoms on
graphene

The objective of our calculations was to determine the stoi-
chiometry, binding energies, and the structure of Kubas-type
complexes formed from binding of multiple H, molecules to
single Pd atoms on graphene. Calculations were carried out
in two steps: (1) H, interactions with a bare Pd atom, and (2)
H, interaction with a Pd atom supported on graphene.
When hydrogen molecules are interacted with a bare Pd
atom, they all bind in molecular form, although the H-H

Fig. 2 - Pair of simultaneously acquired ADF (a) and BF (b) STEM images. The bright image contrasts in (a) represent a Pd
nanoparticle. The BF image (b) is sensitive to the carbon microstructure and shows several domains with quasi-parallel
graphene layers. The dotted line in (b) marks the location of the Pd nanoparticles.
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Fig. 3 - Pair of ADF (a) and BF (b) STEM images to correlate the location of single Pd atoms (encircled) with the supporting
carbon microstructure. In (b), carbon atoms are represented by bright fringes due to a positive defocus parameter.

bonds are stretched from their normal value of 0.76 A (Fig. 4).
The extent of stretching depends upon the number of H, mol-
ecules (n) attached. The first H, molecule is stretched the
most. As n increases, the H-H distance diminishes and the
Pd-H bond length increases. These changes are reflected in
the binding energies of H, which decrease as n increases.
The average binding energies are given in Table 2. Three H,
molecules bind to the Pd atom in a planar structure with
Pd-H distance of 1.77 A and H-H distance of 0.85 A. A Pd atom
can bind maximum 3H, molecules with average binding en-
ergy of 0.86 eV/H,. Further addition of H, leads to a metasta-
ble state where H, is at a distance of 2.40 A from the Pd atom
and the H-H distance is 0.76 A.

Next we studied hydrogen interaction with a Pd atom sup-
ported on graphene. To study the preferred site of Pd on
graphene we started by placing the Pd atom on various sites.
We considered three sites: on top of the hexagonal hollow
site, above the carbon site, and above the C-C bridge site.
Binding energies were calculated for each of these configura-
tions. The Pd atom moved to the top of the bridge site irre-
spective of the starting configuration. The resulting binding
energy of Pd to graphene, namely 1.04 eV, is smaller than H,
binding energy of 1.11 eV to a bare Pd atom. This shows that
Pd would prefer to bind to H, rather than to graphene. The

0.85

0.85

177

O'SS(X.// 0.85
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Fig. 4 - Geometry of (a) PdH, (C,y point group), (b) Pd(H2), (D24
point group), (c) Pd(H,); (Dsn pint group) and (d) Pd(H,)4 (C1
point group).

preferred C-C bridge site of Pd is in agreement with recent
calculation [49]. The distance between Pd and the nearest C
atom is 2.20 A.

Next, the influence of Pd atoms on hydrogen uptake was
studied by adding H, molecules to each Pd atom successively
and optimizing the corresponding geometry (Fig. 5). The first
H, is bonded to Pd atom in a quasi-molecular form with H-H
distance of 0.86 A and Pd-H distance of 1.72 A. The Pd atom is
2.18 A away from the nearest G atom on the graphene surface.
Since Pd atom is bonded both to graphene and H,, the binding
between Pd and H, molecule is reduced to 0.96eV from
1.11 eV corresponding to bonding of H, to a free Pd atom.
With the addition of the second H, molecule, Pd moves
slightly away from graphene surface, namely at 2.49 A, with
Pd-H distance of 1.75A and H-H distance of 0.85A. Upon
the addition of the third molecule, the Pd(H,); complex con-
tinues to move away from the graphene surface to a Pd-C dis-
tance of 3.68 A. The three hydrogen molecules bind to the Pd
atom at an average Pd-H distance of 1.77 A. The H-H distance
remains nearly the same at 0.85 A. After the fourth H, mole-
cule is added the resulting Pd(H,)4 cluster moves even further
away from the graphene surface. The distance between Pd
and nearest carbon on the surface is 3.8 A. The fourth H, mol-
ecule is at a distance of 2.39 A from the Pd atom and the H-H
distance reduces to 0.76 A. To explain why the Pd(H,), com-
plex moves away from graphene when three of more H, mol-
ecules are attached, we compare in Table 2 the following
energies: (1) the binding energy of a free Pd bound to nH,,
(AEPY), = PA(H,), — Pd — nH, and (2) the binding energy of Pd
bound to both nH, and graphene, (AE*4), = Pd(H,), @ graph-
ene — Pd — graphene — nH,. Table 2 shows that the affinity
of Pd(H,), binding to graphene decreases with increasing n.
Pd(H,), (n=1 and 2) prefer to bind to graphene surface, since
AEP9€ is higher than AEPY. But starting from the third H, mol-
ecule, AEPYC is almost equal to AEPY, which suggests that the
interaction between Pd(H,), (n = 3 and 4) and graphene is neg-
ligible. The above energies together with the average binding
energies of H, to bare and graphene-stabilized Pd atoms, E

and EP9€, are given in Table 2. The latter were defined as
follows:
Epd _ Pd(HQ)" —Pd - VIHQ

n

n
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Table 2 - AEPY, AEPC, average binding energies for H, in Pd(H,), and Pd(H,), @ graphene Kubas-type complexes, and

estimated equilibrium pressures for formation of Pd(H,), @ graphene at 300 K.

n AE*? (eV) AEPI€ (eV) E™ (eV) EPIC (eV) P (bar)
1 1.11 1.99 1.11 0.96 6x10 2
2 2.08 2.21 1.04 0.59 8x10°8
3 2.58 2.63 0.86 0.53 1.62
4 2.64 2.68 0.66 0.41 1x10°
Fig. 5 - Geometry of Pd(H,),, complexes on Pd-decorated graphene.
and (2) Insitu X-ray diffraction studies by Bhat et al. [48] demon-

EPaC _ Pd(H,), @ graphene — Pd @ graphene — nH,
no n

3.3. Quantitative analysis of storage mechanisms and
formation of Kubas-type complexes

Adsorption isotherms for ACF and Pd-ACF measured at 25 °C
are shown in Fig. 1. Pd-ACF exhibits a significantly larger
hydrogen uptake capacity than ACF, despite comparable sur-
face areas and porosity (Table 1). Four competing mechanisms
should be considered to explain the data: (1) physisorption on
carbon support, (2) hydride formation in large Pd particles, (3)
H spillover and subsequent chemisorption to carbon or
recombination to physisorbed H,, and (4) multiple Kubas-type
bonding to isolated Pd atoms. They are compared next.

(1) At higher pressure, physisorption on carbon support is
dominant even at room temperature. Since Pd-ACF
has practically the same surface area and porosity as
Pd-free ACF (Table 1), it can be assumed that, at each
pressure, physisorption on carbon in Pd-ACF is ade-
quately represented by the hydrogen uptake on ACF.
The uptake in excess of the amount adsorbed on sup-
port is the contribution of added Pd.

strated that hydrogen storage on Pd-ACF is accompa-
nied by transformation of metallic Pd nanoparticles to
Pd B-hydride. Assuming that the entire Pd content of
Pd-ACF (i.e. 2.55 wt.%) was converted to B-PdHp; upon
exposure to hydrogen, the expected hydrogen uptake
(on carbon support and in Pd hydride combined) should
follow the dotted line in Fig. 1. However, adsorption
measured at 20 bar is approximately 25-30% higher. This
unaccounted difference may in reality be even larger
based on reports that the H/Pd ratio in nanosized p-PdH,
particles may be lower than in the bulk (x<0.67).
Pd hydride nanoparticles, destabilized by multiple con-
tacts with activated carbon may release H atoms easier
than the bulk hydride [48] which may initiate H spillover.
Hydrogen atoms spilled over to the support may bind
strongly to unsaturated carbon atoms, as confirmed in
this system by inelastic neutron spectroscopy [24].
Chemisorption to carbon is undesired because it may
cause a small amount of hydrogen to be unavailable
for desorption by simply lowering the pressure, as
indeed observed from Fig. 1.

Supported by identification of single Pd atoms, Kubas
binding in Pd-ACF is a likely hypothesis which is being
examined quantitatively next. Analysis of multiple
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images recorded from numerous TEM samples revealed
[40] that overall concentration of isolated Pd atoms
within carbon matrix is roughly 0.05 atoms/nm®. Con-
sidering the overall Pd concentration of 2.55 wt.% and
the solid density of Pd-ACF (1.90 g/cm®), we conclude
that roughly 18 wt.% of total Pd present in the sample
is in atomic form and can potentially form c-bonded
Kubas complexes with multiple H, per Pd atom.

The modeling results presented above indicate that single
Pd atoms on flat graphene sheets may bind up to 4H, mole-
cules per atom. However, the stability of Kubas complexes
Pd(H,), @ graphene is expected to decrease with increase of
n. Table 2 shows the binding energy, Efldc, of each additional
H, and the corresponding equilibrium hydrogen pressure for
formation of each new adduct, p,. The latter was calculated
by applying the van’t Hoff equation to the chemical equilib-
rium describing formation of Pd(H,), immobilized on graph-
ene, Pd @ graphene + nH, = Pd(H,), @ graphene:

YILEC nAs

nlnp, = —InkK, = o R
B

where K, is the equilibrium constant for formation of
Pd(H,),, ks is Boltzmann constant, R is the gas constant,
T=300K, and AS is the change in entropy. Correct evalua-
tion of the latter is critical for the accuracy of estimation.
Following Durgun et al. [9] we used AS=-75.5J/molK for
the entropy change from H, gas at 1 bar to liquid form. This
value is in the range of entropy changes estimated for H,
adsorption on microporous carbon (66.5-76.5]J/molK) [50].
As shown in Table 2, the first two H, molecules have high
binding energies (0.96 and 0.59 eV) and correspondingly it
is expected that exposure to very low pressure of H, would
yield Pd(H,),. The equilibrium pressure estimated for addi-
tion of the third H, molecule (binding energy 0.53eV) is
1.6 bar, and therefore formation of Pd(H,); is expected in
the experimental range of hydrogen measurements reported
in Fig. 1. Addition of the fourth H,requires pressure outside
the experimental range.

Application of the GGA modeling results presented above
to the Pd-ACF materials investigated in this study leads to
the continuous red line in Fig. 1. It presents the expected
hydrogen uptake from combined contributions of (1) physi-
sorption to the carbon substrate; (2) 82 wt.% of total Pd in
nanoparticles forming PdH,¢7; and (3) 18 wt.% of total Pd as
isolated atoms forming Kubas complexes Pd(H,),. The pres-
sure dependence of n has been accounted for, based on data
from Table 2. The plot overrates the experimentally observed
H, uptake at low pressures, but underestimates it in the high
pressure range. Given the obvious differences between the lo-
cal environment of Pd atoms in the carbon matrix (Fig. 3) and
the idealized graphene geometry used for modeling (Fig. 5),
the agreement between GGA predictions and experiment is
fairly good. The increasing slope of the isotherm in the high
pressure regime may be an evidence that other processes,
usually grouped under the umbrella name of spillover, may
be active at high pressures (since the fourth H, molecule is
not expected to bind within the pressure range of our mea-

surements). A similar slope change (which continues to high-
er pressures) was reported for example by Li and Yang [51] in
their study of H, adsorption on AX-21 and Pt-modified AX-21
carbons. They proposed a mechanism to explain pressure-
dependent diffusivity of spilt-over hydrogen and the non-lin-
ear shape of isotherms. Such experimental isotherms (similar
to that of Fig. 1) are frequently found for high surface area
adsorbents containing not only Pd [16-24] but other metals
as well [51-53]. However, the increase in slope of the continu-
ous curve in Fig. 1 over a pressure range where binding of the
third H, molecule to the ideal structures of Fig. 5 is complete
while binding of the forth H, molecule is not expected may
simply reflect the deviation of real material from the ideal flat
structures assumed for modeling. Obviously, Pd atoms in the
Pd-ACF matrix are structurally and energetically non-equiva-
lent, as shown by the STEM images analyzed elsewhere [41].
In reality, graphenes are curved and wrinkled, with Pd atoms
occupying positions on either the concave or convex side.
This is expected to induce significant differences in the bind-
ing energy of Pd atoms to graphenes, with strong conse-
quences on the binding energy of H, to Pd atoms [9,27]. If
deviations from EF4¢ values listed in Table 2 occur in the real
Pd-ACF system, they would broaden the distribution of equi-
librium formation pressure P of various Pd(H,), species. Last,
occurrence of few atoms clusters, although not identified in
our sample by electron microscopy, is not totally excluded.
Calculations showed that interaction of molecular H, and
small Pd clusters supported on carbon leads to dissociative
adsorption of the first molecule, and migration of H atoms rel-
ative to the cluster [25,26,54,55]. Work continues in this direc-
tion and more results will be presented in a future
publication.

4, Conclusion

With the experimental means available to us today, we can
provide only indirect arguments that Kubas-type complexes,
Pd(H,), @ graphene, may occur in our system. Our intention
is to project a new light on this additional mechanism that
has not been discussed in sufficient details so far. We hope
that our analysis and conclusion will incite further discus-
sions which will elucidate the much debated mechanisms
leading to enhanced hydrogen uptake in microporous adsor-
bents modified with TM catalysts.

We started from positive identification by high-resolution
STEM of isolated Pd atoms dispersed and stabilized in the
structure of activated carbon fibers, as reported in a separate
letter. This is the experimental evidence that a necessary
condition for the complexation mechanism to occur is met.
We argue that the stabilization of single Pd atoms in Pd-
ACF is the result of our particular synthesis procedure. For
this synthesis, the Pd(acac), precursor was mixed with the
isotropic pitch precursor prior to all thermal treatment pro-
cesses, which contributed to stabilization of a fraction of Pd
as isolated atoms. Hydrogen adsorption measurements
showed that Pd-modified ACF exhibit a 25-30% increase of
hydrogen uptake at 25°C and 20bar, which cannot be

1 1i S, Jena P. Pd-assisted hydrogen adsorption on graphene and carbon nanotubes, to be published (2010).
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explained by formation of PdHy ¢, alone. First principle mod-
eling showed that single Pd atoms on flat graphene structures
are able to molecularly bind up to three H, molecules per Pd
atom in the pressure range studied, forming Kubas-type com-
plexes with H,:Pd ratio larger than that of Pd hydride. Calcu-
lations of binding energies allowed us to estimate that the
pressures corresponding to binding of first three H, mole-
cules to Pd atoms are in the range of our experimental data.
Based on these elements, we submitted that formation of Ku-
bas-type complexes is a viable mechanism in our system, and
we examined its relation with other accepted mechanisms
(physisorption, hydride formation, spillover). We hypothe-
sized that in favorable conditions Kubas-type binding occurs
in parallel and overlapped with all other mechanisms ac-
cepted so far. Since quantitative analysis of STEM images
determined that about 18% of all Pd is present in atomic
form, we used this result to compare the contribution of Ku-
bas complexes to the total H, uptake. The total adsorption
calculated from combined H, physisorption to carbon sup-
port, hydride formation in Pd nanoparticles, and multiple
binding of molecular H, to single Pd atoms was evaluated
as a function of pressure. The agreement with measured
adsorption data is fairly well, given the inherent differences
between idealized model structures and the real system.
Physisorption on carbon support dominates all other mecha-
nisms, but in the high pressure range, a positive deviation of
experimental data shows that these three mechanisms alone
cannot fully explain the results. Since the separate contribu-
tions of physisorption and hydride formation are easily
quantified, we propose that the complexation mechanism
may explain some of the unaccounted excess uptake which
so far was harbored under the umbrella name of spillover.
The results and modeling suggest that spillover has increas-
ing participation at high pressures, while complexation
dominates at low and medium pressures. Therefore the con-
tribution of spillover to the excess uptake in the initial
pressure range might be smaller than previously thought
for Pd-modified carbon where sample’s history allowed sta-
bilization of single transition metal atoms.
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