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ABSTRACT
To realize hydrogen as a clean fuel for automobiles, one has to store it on board in a tank
with reasonable size and low mass at ambient temperature. Hydrogen spillover is known to be a
very promising means for hydrogen storage, owing to its appropriate reaction conditions, fast
adsorption/desorption kinetics, as well as ideal binding energy between hydrogen and the
adsorbent. This study is aimed to investigate the effects of surface chemistry of carbon-supported
adsorbents/catalysts on hydrogen storage via spillover. The ultimate goal of such research is to
meet the hydrogen storage target set by the U.S. Department of Energy (5.5 wt.% by 2015 up to
100 bar).
The investigation is focused on the following aspects: 1) the influence of surface
modification of activated carbon (Maxsorb) and Pt precursors on Pt metal particle size; 2) the
synergistic effect of surface oxygen groups and Pt particle size on hydrogen uptake; 3) the
importance of oxygen groups on a modified carbon surface, when the catalytic component is held
constant, by virtue of secondary spillover studies; 4) the evolution of surface oxygen groups in
the presence of trace water during sample pretreatment and its influence on hydrogen storage; 5)
the pressure dependence of hydrogen spillover; 6) desorption of hydrogen at elevated
temperatures.
Carbon-supported catalysts have been synthesized either by directly depositing metal
precursors from acetone solution on a high-surface-area activated carbon (Maxsorb) or by
physically mixing metal catalyst particles with activated carbon granules (AC) or KOH oxidized
AC granules (AC-o). Direct deposition is expected to lead to a better contact between the catalyst
and the support, but the formation of metal particles can be affected by surface oxygen groups;
physical mixing, however, was used to emphasize the role of surface chemistry in spillover
without altering the catalyst. Prior to direct deposition, Maxsorb surfaces have been modified by
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HNO3 and KOH treatment in order to increase the concentration of surface oxygen groups or by
high temperature annealing to remove these groups. Both volumetric and gravimetric methods
have been utilized for the measurement of hydrogen uptake. X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared spectroscopy (FTIR) have been used for the identification,
qualification and quantification of surface oxygen groups. Temperature programmed desorption
combined with mass spectroscopy (TPD-MS) was used to assess hydrogen desorption from the
surface and detect possible decomposition products. Nitrogen adsorption/desorption isotherms
were performed for the measurement of specific surface area and Nonlocal Density Functional
Theory (NLDFT) for pore size distribution. Metal particle size/dispersion has been investigated
by X-ray powder diffraction (XRD) and transmission electron microscopy (TEM). Carbon
crystallite structure was revealed by Raman spectroscopy.
Experimental results show that surface oxygen groups on a secondary carbon support are
of importance in enhancing the uptake of H2 by PtC/AC-o (mixture of a PtC catalyst with AC-o),
achieving ca. 1.4 wt.% at 20 bar and 298 K, the highest hydrogen storage capacity among all
tested materials. The majority (70%) of the enhancement was below 100 mbar, shown by a sharp
rise on the adsorption isotherm. Trace amount of water, present during sample pretreatment,
increase the formation of oxygen functional groups, and presumably of active carbon sites,
leading to the significant enhancement of hydrogen storage at low pressure.
Surface chemistry of the AC affected Pt particle size when the metal is deposited from an
acetone solution of chloroplatinic acid. When the Maxsorb surface is annealed prior to deposition,
surface oxygen groups are significantly reduced, as a consequence of decomposition of some
thermally unstable groups such as carboxylic acids. This leads to smaller metal particle sizes (2
nm) with dispersion approaching 70%, and higher uptake at 1 bar. However, at 70 bar, no
enhancement in hydrogen uptake is found relative to the precursor, demonstrating that
physisorption dominates over spillover at high pressures. Contrary to some literature reports, [1]

v
these results imply that small catalyst particle size (on the order of 2 nm) cannot account for
significant enhancement in high-pressure uptake, as the 70 bar hydrogen uptake of materials with
2 nm Pt particles was indistinguishable from the uptake of materials with 5 nm Pt particles.
Hydrogen enhancement at low pressure is further investigated via a series of experiments
where PtC/AC-o, PdC/AC-o, Pd powder, Pt-C, and AC are cooled at extremely low pressure (10-6
mbar). The molar hydrogen/metal ratio in the materials exceeds unity, and hydrogen desorption
from PtC/AC-o and PdC/AC-o (not seen for samples AC, Pt-C and Pd) at 150 oC supported the
observation of hydrogen adsorption at extremely low pressure. The square root pressure
dependence of hydrogen spillover predicted by previous models was not corroborated by these
experimental results, i.e. low-pressure hydrogen spillover was dependent upon hydrogen supply
rather than pressure. This in turn implies that previous reports of linear hydrogen adsorption
isotherms (in the pressure range of 1-100 bar) [2] for similar samples is not a straightforward
consequence of hydrogen spillover.
Although increased hydrogen uptake at low pressure could lead to pressure savings (i.e.
equal mass loading of hydrogen at significantly reduced pressure) in the practical hydrogen
storage vessels, the desorption isotherm of Pt/AC-o indicates that less than 1/3 of adsorbed
hydrogen is ready for desorption with pressure reduction to 12 mbar at 298 K. XPS and FTIR
surface characterization after H2 desorption suggests strongly bound hydrogen forms hydroxyls
with introduced functional groups on Pt/AC-o. Although no H2O desorption is observed on
PtC/AC-o, PdC/AC-o and Maxsorb-supported Pt with heating to 400 oC, the requirement to
release a portion of adsorbed hydrogen above 100 oC indicates that these materials might still
need to overcome significant engineering hurdles for on-board hydrogen storage.
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Chapter 1
Background

1.1

Introduction to hydrogen storage
Hydrogen is the best fuel for fuel cell powered vehicles.[3] When it is used in fuel cell

cars, it has the potential to simultaneously double the energy efficiency of cars while significantly
reducing air pollution and greenhouse gas emissions as H2O is the only product.[4] However, for
realization of such a hydrogen fuel economy, a key barrier remains to be overcome—hydrogen
storage. DOE required 3.1 kg hydrogen for a driving range greater than 300 miles (500 km) while
meeting packaging, cost, safety, and performance requirements to be competitive with current
vehicles.[4] 5.5 wt.% or 1.8 kWh/kg (at 40~60 oC and <100 bar) has been set as the hydrogen
storage system performance target of 2015.[5]
To reach this goal, there are four possible options: (i) physical storage by compression
and/or liquefaction, (ii) chemical storage in irreversible hydrogen carriers, (iii) reversible metal
and chemical hydrides and, (iv) gas-on-solid adsorption.[6] Compression and liquefaction are
high energy consuming processes and suffer from high leakage and explosion risks. Chemical
hydrogen storage systems, such as hydrolysis reactions, hydrogenation/dehydrogenation reactions,
have high energy densities, potential ease of use, but most of the reactions are irreversible, so
regeneration of the spent materials have to be off-board the vehicle.[7] Metal hydrides (such as
NaAlH4, Li2NH, LiBH4) offer high volumetric capacities of hydrogen. Per unit of volume, they
hold more hydrogen than even liquid hydrogen. They are easy to form and can be kept for a long
time at ambient temperature and pressure.[8] The disadvantages of metal hydrides are slow
adsorption/desorption kinetics, large desorption energy and issues with exposure to air, O2,
contaminants. High-surface-area sorbents (metal-organic frameworks, carbon nanomaterials, etc.)
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have the advantages of fast adsorption/desorption kinetics and low hydrogen biding energy, but
these materials typically require cryogenic conditions to store a large amount of hydrogen.
Recently studies have shown that small amounts of transition metal/metal oxides may activate
certain storage materials, such that synergistic effects can create new adsorption sites and enhance
hydrogen uptake at ambient temperature.[9, 10] The activation has been explained by the concept
of spillover. Significant enhancement in hydrogen storage has thus been achieved.[2, 11, 12] In
the DOE’s target temperature and pressure range, hydrogen binding energy of interest is 10-50
kJ/mol, compared with 4 kJ/mol for hydrogen physisorbed on graphite and more than 100 kJ/mol
for hydrogen bound in hydrides, the binding energies of spilt-over hydrogen on some supports are
in the range of 10-50 kJ/mol.[13] Hydrogen spillover is therefore believed to be a promising way
to reach DOE’s storage goal.
The status of hydrogen storage systems is illustrated in Figure 1-1. In 2010, only two
storage technologies were identified as being susceptible to meet DOE targets: MOF-177 exceeds
2010 target for volumetric capacity, while cryo-compressed H2 exceeds more restrictive 2015
targets for both gravimetric and volumetric capacity.[14]

1.2

1.2.1

Hydrogen spillover

Introduction of hydrogen spillover
Hydrogen spillover involves the transport of active species sorbed or formed on a first

surface onto another surface that does not sorb or form the active species under the same
conditions.[15] It consists of a sequence of steps: 1) hydrogen molecules are adsorbed and
dissociated to active hydrogen species on the surface of the metal; 2) active hydrogen species
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diffuse from the metal to the support surface (surface diffusion from metal to support); 3)
hydrogen species subsequently diffuse on the support surface and are adsorbed on the surface of

Figure 1-1 Status of hydrogen storage

the support (surface diffusion and adsorption); 4) spilt-over hydrogen desorbs from the surface
either by direct desorption (from support) or reverse spillover (from metal).[16] In addition,
Conner et al. suggested that spillover is not limited to the surface immediately adjacent to that of
the metal; it can be extended to other surfaces in contact with the accepting surface (secondary
spillover).[15] The detailed steps of hydrogen spillover were presented in Conner’s review
chapter and are shown below. [16]

H2 + M  H2M

sorption

(0-1)

H2M + M  2HaM

activation of sorbing species

(0-2)

HaM + M’  M + HaM’

exchange

(0-3)
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HaM’ + θ  M’ + Hspθ

spillover to second phase

(0-4)

Hspθ + θ’  θ + Hspθ’

exchange or surface diffusion

(0-5)

Hspθ  Hspθ*

creation of active surface site on second phase

(0-6)

Hspθ*  *+ Pgas

desorption

(0-7)

Here
M, M’

= sites able to adsorb and dissociate H2

Ha

= activated sorbed speies

Hsp

= spilt-over species (usually = Ha)

θ, θ’

= phase unable to sorb H2 directly

Hspθ*, * = possible active site or new phase resulting from θ
Pgas

= possible product of the creation of the new active site (H2)

Occurrence of hydrogen spillover has been demonstrated by a variety of experiments and
characterization methods. The first direct experimental evidence was provided by Khoobiar.[17]
He mixed WO3 with Pt/Al2O3 (0.5 wt.% Pt) catalyst and found that WO3 changed color
(indication of the formation of tungsten bronzes HxWO3) when pure H2 was passed over the
mixture at room temperature, which indicates that H2 dissociates on the metal and the active H
atoms migrate readily from the metal to WO3 and initiate the reduction reaction. In the same year,
Robell et al. discovered that the total number of hydrogen atoms taken up by a platinum-carbon
sample exceeded considerably the sum of the two numbers: hydrogen on the same amount of
carbon and hydrogen on the same amount of platinum under the same conditions.[18] Sermon et
al. calculated hydrogen to metal ratio as an indicator of hydrogen spillover.[19] Typically, when
spillover occurs, the H/Ms ratio (Ms is the total number of surface metal atoms of the catalyst)
will exceed unity. Values of H/M ratio for various unsupported and supported metals are
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available in the review papers of Sermon and Conner.[16, 19] In 1979, Kramer and Andre applied
temperature programmed desorption (TPD) to demonstrate hydrogen spillover on different
substrates and found that atomic hydrogen was generated by H2 dissociative adsorption on
platinum or nickel.[20] Recently, spilt-over hydrogen was identified by inelastic neutron
scattering [21-23] and in-situ electronic study.[24]
Spillover was defined precisely at the first international symposium on spillover in
1983.[15] The 2nd and 3rd symposiums were held in 1989 and 1993, respectively.[15] The major
topics of these symposia included hydrogen spillover involving reactions; the mechanism and rate
of spillover and surface diffusion; the application of spillover in applied catalysis and the design
of catalysts based on phenomena associated with spillover.[15]
Hydrogen spillover has been important to a variety of catalytic reactions, such as
hydrogenation,[25, 26] syngas reactions,[27, 28] hydro-treatment,[29] and isotope exchange.[30]
The role of spillover was recognized in catalyst’s longevity and stability of activity and
selectivity,[31] creation of catalytic centers,[32] and enhancement of reaction rate.[33]
Comprehensive reviews of hydrogen spillover in catalysis are ready available.[15, 19, 34, 35]

1.2.2

Factors influencing hydrogen spillover
The main components in a hydrogen spillover system are the metal (which is the catalyst

and source of spillover), the support (which is the acceptor of spilt-over hydrogen), and spilt-over
hydrogen (which diffuses, adsorbs and desorbs on the surface of metal and support). Factors
influencing the above components will affect hydrogen spillover. Conner summarized the main
factors as follows:[16]
a) Amount and dispersion of metal catalyst;
b) Chemical nature of the source and the acceptor;
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c) Nature and area of contact between the source and the acceptor;
d) Nature of spilt-over hydrogen and its bond with the acceptor sites;
e) Range of the temperatures of hydrogen adsorption;
f) Partial pressure of hydrogen;
g) Possible necessity of a co-catalyst and other proton acceptors;
h) Duration of chemisorption;
i)

Presence of chlorine and sulfur ions.

Metal catalysts, supports, as well as the metal-support interaction and the nature of spiltover hydrogen, have been investigated in a very large number of catalysis studies. The most
widely investigated spillover systems are groups VIII, VI and I metals supported on oxides (e.g.
Al2O3, SiO2, Co3O4, V2O5, UO3, Fe2O3, MoO3, WO3, Re2O7, CrO4, Ni3O4, MnO2, NiO, CuO,
Cu2O, ZnO, CdO, and SnO2),[16] as well as on zeolites and carbon (activated carbons, graphite
nanofibers, carbon nanotubes).[36] The influence of metal deposition amount and the metalsupport interaction has been discussed in Conner’s review chapter.[16] The effect of metal
loading, dispersion, and particle size can be found in the review of Lueking and Jain.[36] The
nature of spilt-over hydrogen has also been an interesting topic and is discussed by Conner and
Falconer [15] and Roland et al. [35]

1.3

Hydrogen storage via spillover
In 1988, Schwarz reported a method of storing hydrogen by sorption on a composite

formed of carbon and a transition metal (group VIII).[37] This method was applied in hydrogen
storage in recent years by Lueking and Yang,[9] and appreciable enhancement of hydrogen
storage has been achieved in subsequent work via spillover on carbon-based materials.[2, 11-13,
38-45] Although spillover research for hydrogen storage focused on the same influencing factors
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outlined above from Conner’s review, the objective is different to reach DOE’s hydrogen storage
goal. The major concerns in hydrogen storage by spillover are the following: 1) How to improve
or maximize hydrogen spillover at ambient or near-ambient conditions? 2) What is the nature of
the H-surface bond, physisorption or chemisorption? 3) Can spilt-over hydrogen desorb at
ambient temperature? 4) Can spilt-over hydrogen desorb in the form of hydrogen molecules
instead of surface species such as water, methane? 5) Is desorption of spilt-over hydrogen fast
enough for on-board applications? 6) Is spillover an equilibrium or kinetically-limited process?
Platinum,[39, 40] palladium,[2, 46] and nickel[47, 48] are widely used for spillover and a
variety of metal deposition methods were attempted to enhance hydrogen uptake. For example,
by physical mixing of carbon nanotubes and supported palladium catalyst, secondary spillover
has been demonstrated and Lueking and Yang.[39] They found that hydrogen uptake was
increased by a factor of three at ambient conditions. To improve contact between metal and
support, Yang and coworkers built a “carbon bridge” (by carbonization of sugar) between the
catalyst and the support.[2] With this technique, they increased hydrogen uptake (of the AX-21
activated carbon) by a factor of 2.9 at 298 K and 100 kPa. Another way to introduce metal onto
the receptor is chemical deposition. For example, Back et al. tested the hydrogen uptake of Pddeposited carbon nanofibers which were prepared by chemical deposition method. They found
that smaller Pd particle size and high surface area of carbon nanofibers facilitated hydrogen
spillover.[49]

Li and Yang deposited Pt nanoparticles on carbon by ultrasound-assisted

impregnation of H2PtCl6 in a solution of acetone. [40] They found that hydrogen storage capacity
was enhanced by a factor of 2 compared to the carbon precursor. In addition, plasma-assisted
deposition was adopted to enhance hydrogen spillover and hydrogen storage capacity of activated
carbon was increased almost 3-fold by deposition with 3 wt.% platinum at 298 K.[50]
The tested supports for hydrogen spillover include multi-walled carbon nanotubes,
single-walled carbon nanotubes,[9, 39] graphite nanofibers,[51] activated carbon,[2] template
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carbon, metal-organic frameworks, covalent organic frameworks, zeolites, mesoporous silica,
etc.[41] The selection of these materials is due to their high surface area and pore volume, or
comparatively high hydrogen storage capacity of pure materials. The focus of this study is on
carbon materials; therefore, the details of other supports are not going to be discussed. More
information about supports can be found in Wang et al.’s review paper. [41]

1.4

1.4.1

Carbon material for hydrogen storage

Carbon surface chemistry
Carbon has various allotropic structures, such as diamond, graphite, fullerene, nanotubes

and carbyne.[52, 53] The complexity and importance of carbon materials have been the subject
of numerous studies and the journal of Carbon. A comprehensive book series, Chemistry and
Physics of Carbon, continues to be published (by Marcel Dekker, Inc. and more recently by CRC
Press) to cover various aspects of carbon materials.
Surface properties of carbon materials are at the heart of all catalytic applications.[54]
The reactivity of the carbon surface is linked to its surface imperfections and defects, which along
with the edges of graphene layers, are the most active sites, owing to the high density of
electrons.[55] On the carbon surface, heteroatoms (e.g. oxygen, nitrogen, sulfur, phosphorus, and
hydrogen) can coexist and form stable surface compounds. Although these surface functional
groups are analogous to organic functional groups, they are located in confined spaces of narrow
pores in extended polycyclic solids and therefore cannot be expected to behave in the same
manner as functional groups in typical organic chemistry reactions.[56]
Among heteroatoms, by far, the most important and abundant is oxygen. Generally,
oxygen functional groups are considered as either acidic or basic. Acidic surface groups are
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formed when carbon surface is exposed to oxygen gas at relatively high temperatures or via
reactions with liquid oxidizing agents at room temperature.[56-58] Acid groups include
carboxylic acid, carboxylic anhydride, lactone, lactol, hydroxyl, carbonyl, quinone or ether, as
shown in Figure 1-2.[59] However, Figueiredo et al. consider carbonyl and ether as neutral or
basic structures.[60] The relation of different functional groups was explained in Boehm’s
paper[59]: Carboxyl groups might form carboxylic anhydrides if they are close together;
Carbonyl groups might condense with hydroxyl groups or carboxyl groups to form lactone groups
or lactols, respectively, if they are in close neighborhood; Single hydroxyl groups on the edge of
graphene layers would have phenolic character; Carbonyl groups could be either in isolated or in
quinone-like fashion; Oxygen could also be substituted for edge carbon atoms and form ethertype groups. These groups exhibit different acid strength: hydroxyls > lactones and lactols >
carboxyl (and their anhydrides).[58] On the other hand, basic groups are formed on an oxidized
surface that has been reduced by heating in an inert atmosphere at high temperature (e.g. 950 oC).
Decomposition of acidic groups during heating leave active sites at the edges of the graphene
layers, which upon cooling in inert atmosphere and re-exposure to air, attract oxygen and form
basic functional groups such as chromene or pyrone (Figure 1-3).[56, 57] The basicity of carbon
have been discussed extensively by Radovic and coworkers[61, 62] and Montes-Morán et al.[63]
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Figure 1-2 Possible structures of surface acidic oxygen groups: (a) carboxylic acid (b) carboxylic
anhydride (c) lactone (d) lactol (e) hydroxyl (f) carbonyl (g) quinone (h) ether [59]

Figure 1-3 Schematic of possible basic groups on activated carbon [58]

1.4.2

Approaches to modify carbon surface chemistry
Oxygen, air, ozone or nitrogen oxides are used in gas-phase oxidation. Table 1-1 is an

attempt to summarize the gas oxidation results in the literature. Gas-phase oxidation is usually
performed at elevated temperature (350 oC – 500 oC) with a continuous gas flow. As a result of
oxidation, a variety of oxygen groups are formed with a predominant population of groups such
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as hydroxyl and carbonyl.[56, 64, 65] Gas-phase oxidation usually results in an increase of BET
surface area and micropore volume.[64, 66] Oxygen plasma treatment is another method of
increasing surface oxygen groups. Oxygen plasma may cause severe damage to the material, form
a very rough surface and lead to the formation of carbonyl and semiquinone groups.[65]
Table 1-1 Carbon oxidation in gas phase
Gas

Materials

Operating
conditions

Detection
methods

Oxygen groups

Change

Ref.

O2

Char/carbo
n black

350 oC450 oC

DRIFTS

Anhydrides,
lactones, ether
and phenols

N/A

[67]

Greater
increase in
sp3-carbon,
reduction in
sp2-carbon

[65]

MWNTs

400 oC for
15 min

XPS

Mainly increase
in carbonyl/
semiquinone

Carbon
fibers

20 – 600
o
C

NaOH
uptake/MB
adsorption
ratio

Increase of acidic
groups

BET SA no
change

[68]

Activated
carbon
nanofibers
Carbon
nanofibers

400 oC for
30 min

DRIFTS,
XPS

N/A

BET SAa>,
PWb>, MVc>

[66]

FTIR, XPS

C=O containing
surface oxides

BET SA>d,
MV>, PW< e

[64]

XPS

Mainly hydroxyl
and carbonyl
groups

Opening and
thinning of
MWNTs

[65]

N/A

[69]

SA<, MV<

[70]

N/A

[71]

O2
plasma

Air

MWNTs

O3

500 oC for
60 min
In air flow
at around
900 oC for
15 min

Carbon
fibers

100 oC

DRIFTS,
XPS, TPD

Activated
carbon

25 oC for
120 min

TPD, XPS,
Boehm
titration

Char

1-24 h at
100 oC

FTIR

SAa: Surface Area
PWb: Pore width
MVc: Micropore volume
>d: increase

Lactones/carbox
yl, ether/
hydroxyl
Carboxylic
groups (acid,
anhydrides) and
lactone
Low content OH,
high content,
C=O and ether.
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<e: decrease

Liquid-phase oxidation has been more widely used because it can control the reaction
more easily and it proceeds homogeneously on the surface.[65] Compared with gas-phase
oxidation, it is more complex and results in more severe changes in surface chemistry. Common
oxidants are nitric acid, nitric acid/sulfuric acid, hydrogen peroxide, potassium permanganate,
sodium peroxydisulfide. Table 1-2 is an attempt to summarize the relevant liquid-phase oxidation
results in the literature. Oxidation with strong oxidants such as nitric acid, nitric/sulfuric acid will
form carboxyl (such as carboxylic acid and lactone), and hydroxyl groups, whereas with weaker
oxidant such as hydrogen peroxide will have an increase in most oxygen groups, such as hydroxyl,
carboxylic acid,[66, 72, 73] but the increase might be little.[66] In addition, the micropore
volume and surface area may decrease with such liquid-phase oxidation treatment [64, 66, 72],
which is in contrast with some gas-phase oxidation. [64, 66]
Table 1-2 Carbon oxidation in liquid phase
Oxidant

HNO3

HNO3/H
2SO4

Material

Operating
conditions

Detection
methods

Oxygen groups

Change

Ref.

Char and
activated
carbon

60 oC for
1 hr

FTIR

Greater increase in
carboxylic acid
and lactone

SA<, PW>

[74]

Activated
carbon

73%
HNO3 at
RT for 24
hrs

Increase in
carboxylic acid,
lactone and
phenolic hydroxyl

BET SA<,
MPV<

[73,
75]

Activated
granular
carbon

1 N HNO3
reflux for
24 hrs

BET
SA<<a,
MPV <<

[72]

Activated
carbon
fibers

RT for 60
mins

DRIFTS,
XPS

BET SA<,
PW>,
MPV<

[66]

MWNTs

130 oC for
1 hr

XPS

N/A

[65]

Carbon

Concentra

FTIR, XPS

SA<<,

[64]

Boehm and
potentiometri
c titration,
TPD and
DRIFTS
Boehm
titration,
FTIR and
XRD

Mainly increase in
carboxyl groups
and hydroxyl
groups
Mainly phenolic
hydroxyl,
carboxylic acids
Mainly carboxylic
groups and
hydroxyl
Carboxyl groups
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H2O2

(NH4)2S
2O8/H2S
O4

nanofiber
s

ted acid
mixture
refluxing
60 mins

(anhydride) or
carbonyl groups

Activated
carbon
fibers

30% H2O2
25 oC for
60 mins

DRIFTS,
XPS

Activated
carbon

50 oC for
1 hr

Boehm and
potentiometri
c titration,
TPD and
DRIFTS

Activated
granular
carbon

30% H2O2
48 hrs in a
stoppered
bottle

Boehm
titration, and
FTIR

Activated
carbon

Saturated
solution at
25 oC for
24 hrs

Titration,
TPD, FTIR

Activated
carbon

Saturated
solution at
RT for 18
hrs

Boehm and
potentiometri
c titration,
TPD and
DRIFTS

Activated
granular
carbon

Saturated
solution
for 48 hrs

Boehm
titration, and
FTIR

Little increase in
all types: Phenolic
hydroxyl,
carboxylic acids
Increase in
carboxylic acid,
and phenolic
hydroxyl, decrease
in lactone
Carboxyl groups,
carboxylcarbonate, ketone,
ether
Carboxyl groups
increase steady,
phenol groups
increase then
decrease due to
lactone formed
Increase in
carboxylic acid,
and phenolic
hydroxyl, decrease
in lactone
Carboxyl groups,
carboxylcarbonate, ketone,
ether

PW<<,
MPV<<

BET SA<,
PW>,
MPV<

[66]

BET<,
MPV<

[73,
75]

Slightly
decrease in
BET and
MPV

[72]

SA<,
porosity<

[76]

Slightly
decrease in
SA and
MPV

[73,
75]

BET SA<,
MPV<

[72]

<<a: greatly decrease

1.4.3
1.4.3.1

Techniques to detect different types of surface functional groups
Boehm titration
Boehm titration is a powerful, yet simple method for the first screening of carbon surface

chemistry[53]: NaHCO3 (pKa=6.37) neutralizes carboxylic acids, Na2CO3 (pKa=10.25)
neutralizes carboxylic and lactone groups, NaOH (pKa=15.74) neutralizes carboxylic, lactone,
and phenol groups, whereas NaOC2H5 (pKa=20.58) is assumed to neutralize all oxygen species
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mentioned as well as carbonyl groups.[56, 59] Although Boehm titration has been widely used for
quantification of surface oxygen groups, one has to be cautious when using this method owing to
its potential problems: 1) it is not practical when the sample quantity is very small;[77] 2) the
method fails to account for the total amount of oxygen present on the carbon surface as it cannot
titrate ether groups;[60] 3) classification of all groups as oxygen-containing acids and all other
groups containing nitrogen, sulfur, or phosphorus, can be misinterpreted.[56] Experimental
details of this method are readily available [53, 59, 73, 78].
1.4.3.2

Fourier transform infrared spectroscopy (FTIR)
Infrared spectroscopy has been widely applied to various types of carbonaceous materials.

However, because many carbons act as effective black body absorbers, they will markedly
diminish or completely attenuate beam energy throughput.[67] In order to get sufficient signal
intensity, the carbons must be diluted with an appropriate transparent medium. Diffuse
Reflectance FTIR (DRIFTS) is preferable to avoid the problems caused by sample dilution.
Diffuse reflectance occurs when light strikes on the surface of carbon and is partially reflected
and transmitted. Light that passes into carbon may be absorbed or reflected out again. Hence, the
radiation that reflects from carbon materials is composed of surface-reflected and bulk re-emitted
components, which summed are the diffuse reflectance of the material. The interpretation of
spectra is complicated because each group may originate several bands at different wavenumbers;
therefore, each band may include contributions from various groups.[77] Detailed assignments of
various surface oxygen groups are discussed in [66, 67, 69, 77, 79, 80], and summarized in Table
1-3.
Table 1-3 Principal functional groups on carbon surfaces and their corresponding infrared
assignments (DRIFTS)
Group or functionality
C-O in ethers (stretching)

Assignment regions (cm-1)
Reference
1000-1500
1500-2050 2050-3700
1000-1300
[67, 77]

15
Alcohols
Phenolic groups:
C-OH (stretching)
O-H
Carbonates; carboxyl-carbonates
C=C aromatic (stretching)
Quinones
Carboxylic acids
Lactones
Carboxylic anhydrides
C-H(stretching)
C-O (stretching) in carboxylic acids,
anhydrides, lactones, esters, ethers,
phenols, epoxides and carboxylcarbonates
C-C (stretching) of sp3-hybridized
diamond lattice
Polyaromatic C=C (stretching) in sp2hybridized carbons
C=O (stretching) in carboxylic acids,
anhydrides, lactones, esters, carboxylcarbonates, quinones
Various C-H (stretching)
-OH (stretching) in hydroxyl,
carboxylic and phenolic groups
Hydroxyl
Ethers/hydroxyl
Carboxyl
Aliphatics

Lactone/carboxyl
Quinones
Aromatics (C=C)
Carboxylate

1.4.3.3

1049-1276

[67, 77]

1000-1220
1160-1200
1100-1500

[67, 77]
[67, 77]
[67, 77]
[67, 77]
[67, 77]
[67, 77]
[67, 77]
[67, 77]
[67, 77]

1120-1200
1160-1370
980-1300

1590-1600
1585-1600
1550-1680
1665-1760
1675-1790
1740-1880

2500-3300

2600-3000
1100-1450

[79]

1331

[79]

1580

[79]
1550-2050

[79]
2800-3000

[79]

3100-3500

[79]

3389-3459

[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]
[69]

1085-1190
3200-3251
2849-2859
2920-2925
2956-2961
1220-1265

1723-1724
1642-1647
1585-1600
1413-1423

X-ray Photoelectron Spectroscopy (XPS)
XPS is a surface spectroscopy technique providing an estimate of the chemical

composition of the uppermost surface layers of the materials (1-10 micrometers).[77] Usually,
high resolution C1s (284-290 eV) and O 1s (530-540 eV) peaks are used to identify the types of
oxygen groups and to measure their relative abundance on the oxidized carbon surfaces. Graphite
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shows an asymmetric peak centered at 284.66 eV with a long tail extended to the higher energy
region. This peak feature indicates the interactions of the metallic conduction electrons induced
by low energy electron-hole excitations, which are resulting from the absorption of X-rays.[65]
For oxidized carbon materials, the main peak around 284.5 eV originates from both sp2hybridized graphite-like carbon atoms and from carbon atoms bound to hydrogen atoms. A peak
at around 285.1 eV is assigned to sp3-hydridized diamond-like carbon atoms. Peaks with higher
binding energies located at around 286.2, 287.5, 288.9 eV are assigned to carbon atoms forming
one (e.g. hydroxyl), two (carbonyl/semiquinone), and three (carboxylic acid, ester) carbonoxygen bonds, respectively.[65] A typical C1s XPS spectrum of oxidized carbon fibers is shown
in Figure 1-4. Position and assignments of C 1s and O 1s peaks are summarized in Table 1-4.

Figure 1-4 C1s XPS spectrum of oxidized carbon fibers: (I) Phenols, (II) carbonyl groups, (III)
carboxyl groups, (IV) plasma peak [57]
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Table 1-4 Biding energies of C 1s and O 1s regions for the surface functional groups determined
by XPS
Region
C1s

O 1s

C1s

O 1s

C1s

O 1s

O 1s

Group
Graphite, aromatics
Aliphatic, alpha carbons, C-NH2
Alcohols, phenols,
Carbon in keto-enolic equilibria
Keto-groups
Carboxylic groups
Carbonate, CO2
Plasmon loss
C=O
Hydroxyls, ethers and C=O in esters,
anhydrides
C-O in esters, amides, anhydrides
Carboxylic groups
Water
Aromatics and aliphatics
Single C-O bond (alcohol, ether,
phenol, C-OH of an enol-keto group)
Double bonded carbon oxygen groups
(carbonyl, quinone)
Carboxyl groups
Carbonate, CO2
Plasmon
Carbonyl, quinone
Carbonyl oxygen atoms in esters,
anhydrides and oxygen atoms in
hydroxyls or esters
Ether oxygen atoms in esters and
anhydrides
Oxygen atoms in carboxyl groups
adsorbed water and /or oxygen
Graphitic, aromatic (C-C)
C in hydroxyl, ethers (C-OH, C-O-C)
C in carbonyl (C=O)
C in COOR (R=H or alkyl)
π-π* transitions in aromatic
Carbonyl, quinone (C=O)
Hydroxyl, ethers (C-OH, C-O-C)
Anhydride, lactone, carboxylic acids
Chemisorbed H2O or O2
C=O groups
C-OH and/or C-O-C groups
Chemisorbed oxygen and/or water

Binding energy (eV)
284.6 ± 0.3
285.1-285.3
286.1 ± 0.3
286.4 ± 0.3
287.6 ± 0.3
289.1 ± 0.3
290.6 ± 0.3
291.3 ± 0.3
531.1 ± 0.3
532.3 ± 0.3

Reference
[60]
[60]
[60]
[60]
[60]
[60]
[60]
[60]
[60]

533.3 ± 0.3
534.2 ± 0.3
536.1 ± 0.3
284.6-285.1

[60]
[60]
[60]
[81]

286.1

[81]

287.3

[81]

289.1
290.6
291.6
531.0-531.9

[81]
[81]
[81]
[69, 82]

532.3-532.8

[69, 82]

533.1-533.8
534.3-535.4
536.0-536.5
284.6
286.0
287.3
288.6
291.0
530.7
532.1
533.3
535.4
530.4-530.8
532.4-533.1
534.8-535.6

[60]

[69, 82]
[69, 82]
[69]
[70]
[70]
[70]
[70]
[70]
[70]
[70]
[70]
[70]
[78, 83]
[78, 83]
[78, 83]
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1.4.3.4

Temperature programmed desorption (TPD)
This technique provides quantitative information on all types of oxygen functional groups

on the carbon surface but does not provide direct or detailed qualitative information.[73] Usually,
the samples are heated in vacuum or in a helium stream with constant heating rate (e.g., 10
K/min), and the evolved gases (typically H2O, CO2, CO and H2) are determined by the attached
mass spectrometer. The peaks are usually very broad and overlapped, and shift to higher
temperatures with increasing heating rate.[57] It is generally assumed that the CO2 peak results
from carboxylic acids at low temperatures, or lactones at high temperatures; carboxylic
anhydrides simultaneously generate a CO peak and a CO2 peak; phenols, ethers and carbonyls
generate CO peaks.[84] Detailed peak assignments are summarized in Table 1-5. Like other
surface characterization methods, the interpretation of TPD spectra is affected by the type of
carbon used, the oxidation conditions and how TPD experiments are conducted. TPD is a very
convenient way to investigate the stability of surface oxygen complexes.

Table 1-5 Surface oxygen groups detected by TPD and their corresponding TPD gas evolution
temperature ranges
Gas species
CO2

CO

H2O

CO2

CO

Functional groups
Strong acidic carboxylic groups
Weak carboxylic groups, lactones,
lactols, anhydrides
Peroxides
Lactones and anhydrides
Anhydrides
Phenols and hydroquinones
Carbonyls, quinones and ether
Pyrone and chromene
Physisorbed water
Formation of anhydrides
Phenols
Carboxylic acids
Carboxylic anhydries
Lactones
Phenols, carbonyls, quinones, ethers

Temperature (oC)
200-300
350-450

Reference
[69, 85]
[69, 85]

550-600
600-800
350-400
600-700
700-800
>900
150
230
>300
300
500
>750
600

[69, 85]
[69, 85]
[69, 85]
[69, 85]
[69, 85]
[69, 85]
[64]
[64]
[64]
[64]
[64]
[64]
[64]
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H2O
CO2

CO

CO2

CO

1.4.4

Anhydrides
Phenols
Carboxylic acids
Carboxylic anhydries
Lactones
Ketone or aldehyde
Carboxylic anhydrides
Phenol,quinone, ether
Pyrone
Carboxylic acids
Carboxylic anhydrides
Lactones
Carboxylic anhydrides
Phenols
Carbonyl/quinones

280
150-450
340
470
650
280
470
700
>700
100-450
370-620
590-810
380-620
490-730
680-980

[86]
[86]
[86]
[86]
[86]
[86]
[86]
[86]
[86]
[60, 77]
[60, 77]
[60, 77]
[60, 77]
[60, 77]
[60, 77]

The role of surface oxygen functional groups in hydrogen storage
Plenty of work has been done to test the influence of surface oxygen groups on molecular

hydrogen storage via physisorption, but discrepancies exist among experimental results. Agarwal
et al. found [87] that there was no correlation between the amount of oxygen present on the
surface and the amount of hydrogen stored per unit area of the carbon samples; however, the
amount of hydrogen adsorbed increased with the surface acidic complexes. Georgakis et al.[88]
evaluated theoretically the adsorption capacity of hydrogen on microporous carbonaceous
materials and reported that hydrogen adsorption was always higher in the pure materials than in
the oxygenated structures owing to three factors: steric hindrance effects, increase of solid weight
for oxygenated model, and weaker oxygen-hydrogen interactions compared to carbon-hydrogen
ones. Takagi et al.[89] found that the hydrogen adsorption capacity of activated carbon fibers was
remarkably deceased after oxidization by (NH4)S2O8 and attributed the changes to inhibition of
hydrogen adsorption on the micropores by the oxygen-containing functional groups. The
maximum hydrogen adsorbed by a series of activated carbons had a 50% decrease at 77 K and
100 kPa after chemical modification by nitric acid, although the decrease of micropore volume
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was insignificant. They concluded that oxygen groups have a small detrimental effect on
hydrogen adsorption, and this is related to the decreased adsorbate-adsorbent and increased
adsorbate-adsorbate interactions. Huang et al. used nitric acid and hydrogen peroxide to oxidize
activated carbons and found that the uptake of oxidized ACs was significantly suppressed when
the acidic group amounts were larger than 0.8 mmol/g.[90] As discussed in section (1.4.2),
oxidation (either in the gas phase or in the liquid phase) will change both surface chemistry and
the structure of carbon materials, both of which will affect hydrogen storage capacity. Therefore,
it is important to consider the effect of porosity and/or surface area change when investigate the
role of surface oxygen groups in hydrogen storage. The discrepancy among such results remains
to be elucidated.
Regarding hydrogen spillover, instead of molecular hydrogen, dissociated hydrogen
species migrate and are subsequently adsorbed on the receptors. Although there is no consensus
on what types of hydrogen species in the spillover process, the most common ones discussed in
the literature are radical or bonded hydrogen. Conner et al. indicated that spilt-over hydrogen
might be in charged, bound, or radical state.[8] In the model proposed by Roland et al., [57] spiltover hydrogen species are represented as electron donors located at the surface. Consequently, H+
ions and H atoms coexist on the surface of the catalyst. Oxidation often increases the number of
acidic sites on the surface of carbons; these acidic sites could act as electron acceptors. Therefore,
more spilt-over hydrogen are adsorbed on the oxidized surface and consequently hydrogen
storage capacity is enhanced. Experimental results have also shown the enhancement in hydrogen
storage via oxygen groups. Graphite oxide (whose surface is populated with carboxylic acid and
hydroxyl groups) deposited with Pd nanoparticles has been reported to show a hydrogen storage
capacity of 0.95 wt.% at 100 atm and 298 K, which is 2.8 times of the storage capacity of oxygen
modified Pd/AX-21 and 3.4 times that of the unmodified Pd/AX-21 sample. Molecular orbital
calculations showed that the presence of oxygen groups increased the binding energies of the
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spilt-over H on graphite plane.[91] Wang et al. found oxygen plasma treatment can enhance more
hydrogen uptake at room temperature and up to 10 MPa on Pt-deposited template carbon than air
oxidation because the former generated mainly semiquinone groups (C=O) while air oxidation
formed mainly hydroxyl groups (C-OH). Different from the previous molecular orbital
calculation results, they showed the binding energy was in the following order: lactone >
semiquinone > carboxyl > basal plane.[44] The increased binding between spilt-over hydrogen
and oxygen groups might have negative consequences for the reversibility of hydrogen storage in
oxygen-modified graphitic materials as water could be the desorption species as Psofogiannakis
and Froudakis indicated. They used a DFT model and identified a possible mechanism for water
formation from spit-over hydrogen interacting surface-bound OH groups. The activation energy
of desorption of H2 from two OH groups is ~ 50 kcal/mol, but only 10 kcal/mol for the desorption
of H2O.[92] They suggested more experimental work to confirm the possibility and necessary
conditions for water formation.[92]
The role of surface oxygen groups has also been interpreted to lower the activation
energy of spilt-over hydrogen migration from metal to the supports. Take hydrogen spillover in a
Pt-carbon system as an example. Hydrogen dissociation and diffusion on Pt are very fast
processes, which occur readily at room temperature.[93] The migration of hydrogen from Pt to
carbon surface involves large activation energy because of the large binding energy between the
metal Pt and the hydrogen adatom, which is larger than 50 kcal/mol.[94, 95] However, the
activation energy of this step might be significantly lowered if carbon surface was functionalized
with oxygen. Psofogiannakis et al. showed that the migration from Pt to the O atom in the vicinity
of Pt cluster has an energy barrier of 9 kcal/mol to be crossed.[92] The small barrier indicates that
the process is facile at intermediate temperatures. Chen et al. came with similar conclusion when
they studied Pt deposited MoO3.[96]
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In summary, the mechanism of this process is complicated not only by the multiple
inseparable hydrogen spillover steps but also the types of carbon and oxygen groups. More
studies are indispensable to understand the role of oxygen groups in hydrogen spillover.

1.5

1.5.1

This study

Scope of this study
Surface chemistry of carbon materials has a big impact on its application in different

areas. Therefore, besides investigation in structural defects of carbon materials, and interfacial
contact between metal catalyst and carbon, some research interest has been directed to study the
effect of surface functional groups on hydrogen storage via spillover, particular since Dillon et al.
reported promising results of hydrogen storage in single-wall carbon nanotubes,[97] and after
spillover was shown to be effective in enhancing hydrogen storage.[39] To the best of our
knowledge, we are the first group who reported the findings about surface functional groups on
spillover.[98] We discovered that hydrogen storage capacity was significantly enhanced when
carbon support AC was replaced by KOH-oxidized AC and reported the results at 236th ACS
National Meeting in 2008. The study was reorganized and published on the Journal of Physical
Chemistry C,[99] and is included in this work as Chapter 2. Also in this follow-up study, H2O
was identified as an important co-catalyst to facilitate the evolution of surface groups and played
an irreplaceable role in the enhancement. Subsequently, studies about carbon surface chemistry
and spillover were reported by others.[44, 91]
When metal particles size was indicated by Tsao. et al to be crucial to hydrogen spillover
[1] and supported by Stuckert et al.[100], we felt while investigating particle size on spillover,
one cannot exclude the role of oxygen groups on metal dispersion/particle size when chemical
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deposition procedures were applied. Rooted from this, a detailed evaluation of the effect of
oxygen groups on spillover is conducted with the primary focus on their influence on metal
dispersion. The overall impact of oxygen groups is evaluated by overall hydrogen storage
capacity of the materials. The details of the research are available in Chapter 3.
With more and more research being conducted on hydrogen spillover, the significant
difference in the shapes of reported isotherms has drawn our attention. Chapter 4 was aimed to
give a plausible explanation about the discrepancy in isotherms. The observation and calculation
of hydrogen adsorption at extremely low pressure are another focus of this chapter. In addition,
the application of Langmuir’s dissociative adsorption theory on spillover was also discussed.
The desorption behavior (including temperature and chemical identity of the evolved
species) after hydrogen adsorption via spillover has always been a key question for the spillover
process, particularly since molecular modeling studies have suggested spilt-over hydrogen bound
to oxygen species may evolve as water.[92] An important aspect of this research has been to
determine the nature of evolved species upon desorption with TPD-MS experiments.
Experimental results about desorption are included in Chapter 2, 3 and 4.

1.5.2

Objectives
The ultimate objective of this study is to realize DOE’s hydrogen storage targets via

spillover. While working towards this goal, the research has been narrowed down and
concentrated on understanding the mechanism of spillover via discovering the role of surface
chemistry of the supports on spillover. Experiments were designed to identify the specific groups
beneficial for hydrogen storage and useful for metal dispersion; characterization techniques were
applied to monitor the development of the groups at hydrogen adsorption and desorption; both
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gravimetric and volumetric measurements were carried out to evaluate the impact of these groups
on hydrogen storage capacity.

1.5.3

Hypothesis
Hydrogen spillover is driven by surface diffusion, primarily a low pressure process. The

enhancement in uptake by oxygen groups is realized at low pressure.
Adding carbonyl/quinone and basic oxygen groups (by annealing) can increase hydrogen
uptake as these groups have the ability to accept hydrogen protons, possible spilt-over hydrogen
species.[35]
Depending on the bonding of spilt-over hydrogen with the surface, desorption of
hydrogen may not be realized at room temperature.
Surface oxygen groups can enhance hydrogen storage by increasing the overall spilt-over
hydrogen and surface interaction and/or number of binding sites.

1.5.4

Approach
Two widely-used sample synthesis methods were applied: 1) mixing and grinding a

commercially-available catalyst with carbon supports (Chapter 2 and 4); 2) deposition of nano Pt
particles directly on carbon via a wet chloroplatinic acid and acetone solution deposition
technique (Chapter 3). The former provides a convenient way to remain the surface chemistry of
carbon during sample synthesis; while the latter gives a better contact between metal and the
substrate.
As summarized in Chapter 1, a variety of approaches are available for surface
modification of carbon materials. To best serve our research purposes and minimize changes to
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the carbon structures, 4 means were selected (Chapter 3): KOH (1 M) and HNO3 (68-70%)
oxidation at room temperature (for the purpose of adding oxygen groups) and anneal at 730 oC
and 1000 oC under inert environment or vacuum (to remove surface groups).
Volumetric analysis measures the adsorption of hydrogen by pressure change in a fixed
volume. Thermogravimetric analysis directly measures the mass changes as a function of
temperature and time when adsorption gas contacts the sample. Both techniques have advantages
and inevitable disadvantages (Chapter 4 and Appendix C). We have done testing on both to offer
a more comprehensive profile for some samples and also cross-check the two pieces of equipment
in our lab.
XPS is a reliable characterization technique to identify surface oxygen groups and
quantify the percentage of surface atoms. It is the major tool used in this study. Two methods
were tested to evaluate metal dispersion on carbon: the extrapolation method based on the
adsorption isotherms and curve-fitting of XRD patterns. The later was chosen for the evaluation
owing to the increased error of the extrapolation method by spillover at low pressure. TPD-MS
was applied to investigate the desorption behavior of spilt-over hydrogen.

1.5.5

Thesis organization
The thesis is written in a way that each chapter (2-4) contains a separate journal paper

with the one in Chapter 2 has been published on the Journal of Physical Chemistry C.[99] The
papers in Chapter 3 and 4 are ready for submission to Carbon and International Journal of
Hydrogen Energy, respectively.
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1.6

Other published work
Except the work presented in the thesis, some interesting work has been included in the

publications by other authors.

1.6.1

In situ high pressure Raman spectroscopy
The in situ Raman characterization technique has been developed to characterize

hydrogen spillover on 1% Pt-deposited single-walled carbon nanotubes at high pressure (up to
100 bar). In brief, the tested samples were reduced in a custom-made flow reactor, then
transferred to a high-pressure capillary device in an inert atmosphere. The sample was inserted
into a quartz capillary (0.030 '' ID x 1/16'' OD) with one end closed. The open end of the capillary
was then attached to a small pressurized chamber with a pressure gauge and a valve attached. All
the above procedures are completed in the glove box. High pressure H2 can be released to the
capillary when Raman experiments are performed. Raman spectra were collected on Renishaw
inVia spectrometers with Leica DM LM microscope and a thermal electrically cooled CCD
detector. 244 nm (UV) was obtained with a frequency doubled argon laser, while 514 nm (green)
was obtained from an argon ion laser and 633 nm (red) excitation from a HeNe ion laser. At least
three measurements were done per sample to probe different sample locations and check for
reproducibility. The results show a very subtle change in Raman spectra prior and post the
exposure of sample to high pressure hydrogen gas.
This in situ Raman technique has been successfully applied to characterize the solubility
of fluorinated polyphosphazenesin in liquid carbon dioxide and has been published on Polymer
Engineering & Science.[101] Recently, it has been used to detect the basal plane hydrogenation in
Pt-deposited activated carbon by Liu et al.[102]
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1.6.2

Synthesis of Carbide-derived-carbons (CDCs)
The original intent was to use CDCs as a nanoporous carbon support for hydrogen

spillover and explore incomplete removal of the metal of the metal carbide precursor so that this
metal may serve as the dissociation catalyst in the hydrogen spillover process. Synthesis of CDCs
is based on the work of Gogotsi et al.[103] The carbide precursor was placed into the quartz tube
of a vertical tube furnace. The tube was then heated to the desired temperatures (600 oC and 800
o

C) under Argon purge. Once the desired temperature was reached, chlorine gas (GTS, 99.5%)

was passed through the tube at a flow rate of 10-15 cm3/min. After chlorination, the furnace was
cooled to room temperature under Argon purge. The precursors applied were Titanium carbide
(TiC) and Boron carbide (B4C). The synthesis time ranged from 3 hrs to 6 hrs. Some synthesized
samples were annealed in H2 at 600 oC for 2 hrs.
CDCs synthesized in this manner have been used as sensors to detect NH3, N2O, and
room air at room temperature and pressures up to 760 Torr. The role of structure, surface area,
and porosity on sensor response has been discussed and published on Langmuir.[104]

1.6.3

Influence of grinding on the structure of CuBTC
A microporous metal organic framework CuBTC, was physically mixed with a 5%Pt-C

catalyst (STREM chemicals). Physical mixing was performed for 30 min in various ways,
including a) hand grinding with a mortar and pestle (b) inside a glove box, and (c) in air; and (d)
using a rotary mixer/ball mill in air (sample to ball ratio 1:40 at ∼240 rpm; 30 mL plastic bottles
with 1.62 mm ZrO balls). In all cases, the weight ratio between the CuBTC and PtC was held
constant at 9:1, and samples were stored in a desiccator connected to a vacuum pump.
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The XRD patterns (Figure 1-5) of the physical mixture show that grinding in air can
easily break the integrity of the structure of CuBTC. CuBTC can possibly keep the significant
integrity when ground in a glove box depending on glove box conditions. Ball mill in air with the
current set-up will not change the crystallite structure of CuBTC. Details are available at [105].

Figure 1-5 PXRD patterns of as-prepared Cu-BTC and PtC/CuBTC composite: (a) as prepared
Cu-BTC; PtC/CuBTC prepared by hand grinding in a low oxygen glove box (b and b’
represented samples ground by different people) and (c and c’) hand grinding in air; (d) ball
milling in air; (e) sample b after H2 adsorption measurements. The intensity of line a has been
reduced by a factor of 3 relative to the others for scaling. All samples are measured in PXRD with
solvent except line e. All data (except line c) have been normalized to the intensity of the feature
at 11.6 o.

1.6.4

Adsorption in flowing hydrogen gas
This wok was a collaboration with Institute of Nuclear Energy Research (INER) in

Taiwan. The original intent of this collaboration was to investigate the adsorption behavior of AC
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and a Pt-AC (provided by INER) in flowing H2 (flow mode) and compare to static mode. The
sequence of gas flow was designed in a way to mimic the adsorption condition of the gravimetric
setup at INER. Generally, H2 flows at a rate of 30 mL/min. The static isotherms from this
investigation were included in a publication in the Journal of Physical Chemistry Letters,[23] and
served as the basis for the measurement conditions of neutron scattering studies and also as
justification that the observed drop in the H2 signal at 14.7 meV could not be attributed solely to
adsorption to the metal.
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Chapter 2
The Effect of Surface Oxygen Groups and Water on Hydrogen Spillover
in Pt-deposited Activated Carbon

2.1

Abstract
The synergistic role of increased oxygen functional groups and water on hydrogen

adsorption via hydrogen spillover are explored. A potassium hydroxide (KOH) treatment is used
to increase the surface density of oxygen groups on a high surface area activated carbon (AC),
which serves as a secondary receptor for hydrogen spillover after physical mixing with a common
Pt-based spillover catalyst. Consistent with previous results, XPS shows that KOH treatment
increases atomic concentration of oxygen and the fraction of carbonyl/quinone groups on the
surface of the AC. Increased surface density of oxygen groups leads to a significant enhancement
of hydrogen spillover at pressures less than 100 mbar. At 300K, the hydrogen uptake is 1.1 wt.%
at 100 mbar and increases to 1.4 wt.% at 20 bar. However, only 0.4 wt.% of this is desorbable via
a pressure reduction at room temperature, and appreciable spillover is observed only when trace
water is present during pretreatment. The trace water is believed to affect the development of
active surface sites, based on characterization of the development of oxygen groups by XPS and
FTIR. The synergistic role of oxygen groups and water, and a plausible mechanism on the effect
on hydrogen isotherms is discussed.
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2.2

Introduction to hydrogen storage
Hydrogen spillover, which has been observed in a variety of catalytic reactions, such as

hydrogenation,[25, 26] syngas reactions,[27, 28] and hydrotreatment reaction,[29] among others,
is a well-known phenomenon in catalysis. The role of spillover was recognized in catalyst’s
longevity and stability of activity and selectivity,[31] creation of catalytic centers,[32] and
enhancement of reaction rate.[33] Comprehensive reviews of spillover in catalysis have been
published,[15, 19, 31, 34] including those specific to hydrogen storage.[36, 41] Hydrogen
spillover was applied in hydrogen storage in recent years by Lueking and Yang,[9] and
appreciable enhancement of hydrogen storage by hydrogen spillover have been achieved by the
following work.[2, 11, 12, 38] Hydrogen spillover is a process composed of multiple steps,
including: catalyzed hydrogen dissociation, surface diffusion from the catalyst to a surface that
would otherwise be unable to directly adsorb dissociated hydrogen, possible chemisorption of the
dissociated hydrogen species to the support, and recombination and subsequent desorption of
mobile hydrogen species from the support (The generic term ‘species’ is used, as the exact nature
of spilt-over hydrogen is unclear in the literature, with H3, H+ ions, H atoms, and coexistence of
H+ and H atom possible depending upon the nature of the surface[35]). The balance of these
competing processes determines the overall hydrogen content on a surface. As such, hydrogen
spillover differs from simple physisorption or chemisorption for which there is direct
equilibration between the bulk gas phase and the active adsorption sites. Although hydrogen
spillover includes both chemisorption and physisorption as steps in its mechanistic sequence, the
process of surface diffusion effectively decouples the interaction between the gas phase and the
active surface sites. This decoupling leads to dependence on structural features that affect
hydrogen supply to the surface (e.g., catalyst size, dispersion, interface, diffusion pathway) versus
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the probability of chemisorption (number of active surface sites; binding energy with hydrogen)
versus the probability of recombination. The premise in utilizing hydrogen spillover to enhance
overall hydrogen uptake is that either the population of mobile hydrogen species is appreciable
with continual resupply from the catalyst, and/or the dissociated active hydrogen species migrate
to and are retained by surface sites to which they weakly chemisorb. To improve overall uptake
via hydrogen spillover, research has included investigation of interfacial contact between metal
catalyst and support,[2, 12] metal deposition efficiencies,[40, 49] structure of the support,[106,
107] substitutional deposition of the support with heteroatoms,[108-111] or altering the surface
chemistry of the support (discussed below).
In catalysis, the reduction of a large number of metal oxides has been improved by
hydrogen spillover.[16] In particular, tungsten and molybdenum oxide hydrogen bronzes have
been thoroughly studied since Khoobiar’s initial experiments.[17] It is also well documented that
surface oxygen groups — specifically terminal hydroxyls — can facilitate hydrogen spillover to
zeolites,[112] silica, and alumina.[113-115] The oxygen groups act to either stabilize the spiltover hydrogen,[112, 116] or provide bridges by which H atoms can migrate over the support
surface to occupy active sites previously inaccessible to them.[115] However, the desorption of
spilt-over hydrogen may occur via dehydroxylation of the support in such cases.[112] There is
significantly less data on how surface functional groups on carbon-based supports will affect
hydrogen spillover. Wang et al. modified a carbon receptor with oxygen groups and found that
the presence of oxygen groups increased the binding energies of the spilt-over H on graphite.[91]
Theoretical calculations showed increased hydrogen binding energy upon the oxidation of the
carbon surface[41] and possible routes for decreasing diffusion barriers.[92] The first objective of
this study is to report the effect of added oxygen groups on hydrogen spillover, with emphasis on
investigation of the chemical identity of specific surface oxygen functional groups. To this end,
we use a modified alkaline treatment to increase the number of oxygen functional groups on the
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surface and use multiple characterization techniques to understand the nature of the oxygen
species active in accepting spilt-over hydrogen. The low temperature alkaline treatment, modified
from Chiang et al.,[117] is expected to increase hydroxyl, carboxyl, and carbonyl groups on the
surface of an activated carbon. This work is a follow-up from a published conference proceeding
from 2008.[98]
In preparation of this work and verification of the magnitude of these results, we have
found interesting effects on the role of trace water present during pretreatment. The role of water,
as will be discussed, plays a role in surface modification during pretreatment, rather than (or in
addition to) directly affecting adsorption. Although water is generally considered as a detrimental
contaminant to hydrogen storage,[118, 119] water is also known as a necessary co-catalyst to
activate hydrogen spillover,[94, 120, 121] and its presence during pretreatment and/or
adsorption[15, 115] may play a role in subsequent hydrogen spillover uptake in a process akin to
the bridge-building process developed by Yang et al.[2, 12] The second objective of the paper is
thus to explore the role of water, and its synergistic role in the development of surface chemistry
and subsequent effect on hydrogen storage via the spillover phenomenon.

2.3

2.3.1

Experimental methods

Material synthesis
A high surface area activated carbon (AC, The Kansai Coke & Chemicals Co.) was

selected for additional surface modification. This AC is originally prepared by alkali-metal
activation of a graphitized petroleum coke. To further increase surface oxygen groups, the asreceived AC was treated with KOH, drawing from a procedure adapted from that reported by
Chiang et al.[117] The procedure was modified to use KOH rather than NaOH because KOH is
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widely used in the modification of carbon material for hydrogen storage.[106, 122] In brief, the
AC was impregnated with 1 M potassium hydroxide (KOH, EMD chemicals, Inc.) in a KOH to
AC weight ratio 4:1, magnetically stirred for 12 h at room temperature, washed to neutral,
filtered, then dried at 373K. The resulting material after KOH activation will be referred to as
AC-o.
The presence of oxygen groups is expected to affect the dispersion of the Pt catalyst, thus
secondary spillover studies were used to emphasize the role of surface chemistry without altering
the ‘supply’ of the hydrogen species from the catalyst. The secondary carbon support (either AC
or AC-o) was mixed with a Pt catalyst supported on activated carbon (5% Pt-C, STEM
Chemicals), in a ratio of Pt-C to AC fixed at 1:9,[2] then ground with an agate mortar and pestle
for 30 min (PtC/AC or PtC/AC-o). In each series of experiments described below, samples within
the series are from the same batch of synthesis.

2.3.2

Characterization
BET specific surface area and total pore volume were calculated from nitrogen

adsorption/desorption isotherms at 77K with Micromeritics ASAP 2020. The micropore volumes
were calculated from CO2 isotherms using the Dubinin-Astakhov (DA) equation. Before both N2
and CO2 isotherms, the samples were outgassed at 2 mm Hg for 6 hrs at 423 K.
The chemical bonding information of the modified surface was obtained by X-ray
photoelectron spectroscopy (XPS) (Axis Ultra; Kratos). X-ray source for the measurement was
monochromatic Al-Kα. The working pressure was maintained under 10−8 Torr. 80 eV pass energy
was used for surveys and 20 eV was for high-resolution scans. For calibration purpose, the C (1s)
electron bond energy was referred at 284.6 eV, which is corresponding to graphitic carbon.[123]
O to C atomic ratios were approximated from the XPS survey spectra by using the ratio of areas
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under the most intense photoelectron peak of each element. As the spot diameter of XPS is in mm
scale, typically single spots were used. Two different preparations of AC and AC-o were used (as
noted below) in the quantification of the O:C ratios, to demonstrate sample variability. Samples
were exposed to air prior to characterization. We make the assumption that air exposure during
sample transfer is expected to have minimal effect on the surface groups that remain chemically
bound to the surface and could not be desorbed; our data show similar results regardless of time
between synthesis/adsorption and characterization.
Diffuse reflectance infrared spectra (DRIFTS) were collected on a Magna-IR 750 Nicolet
FTIR spectrometer in the range of 500-4000 cm-1. All the spectra were collected at 50 oC.
Samples were exposed to air prior to characterization.

2.3.3

Adsorption procedures
To emphasize the role of water, two experimental set-ups are described. The first (Set-up

1) is based on the results in our earlier conference preprint, and the second (Set-up 2) has been
designed to emphasize the role of water on subsequent hydrogen adsorption results. Sample
pretreatment and adsorption isotherms were conducted on an Intelligent Gravimetric Analyzer
(IGA)-003 (Hiden Isochema), capable of pressures up to 20 bar and temperatures up to ~ 500 oC.
Sample pretreatment was conducted in flowing gases, while all adsorption isotherms (H2 and He;
dry and wet) were conducted in a static environment to eliminate drag effects. The static mode
maintains pressure in the system by using electronically controlled inlet and outlet valves that
maintain the desired pressure in the system. A turbomolecular pump is attached to IGA, allowing
for a vacuum pretreatment at pressure of 10-6 mbar. Sample buoyancy corrections were made by
using helium density measurements of the sample after the hydrogen isotherms were complete;
thus, helium adsorption at room temperature is assumed to be minimal. Hydrogen
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adsorption/desorption isotherms were conducted at 25 oC at pressures under 20 bar. In our system,
the balance chamber is maintained at 45 oC for stability, while the outline lines to vacuum are
heated at ~ 50 ˚C to minimize retention in the system of hydrogen and other contaminants that
evolve from the samples. Adsorption temperature was maintained by water bath. Data were
collected at each pressure point until the mass was stabilized to within a 99% tolerance or for a
maximum of 40 minutes, whichever was first. The precision of the IGA is ± 0.01 wt.% for 100
mg sample at 20 bar (± 10 µg).[124]

Figure 2-1 Gas line for Set-up 1 versus 2 from gas cylinders to gas adsorption instrument. In Setup 1, 3A zeolite purifier was installed in each gas line to absorb moisture in UHP H2. In Set-up 2,
the line labeled ‘Direct’ allows for admission of chemical-grade-purity (99.9999%) H2 for
adsorption measurements exception of a small region of overlap with “Indirect” line; as the
volume of overlap is small (ca. 5 % of indirect line), residual water in the overlap section is as
small as neglectable. “Indirect” line includes the addition of water via the He-bubbler system.
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Samples were pretreated using methods similar to those of Srinivas and Rao[125]: the
samples were first reduced in flowing hydrogen (30 mL/min) at 250 oC for 6 h and then degassed
in ultrahigh vacuum (10-6 mbar) at 400 oC for 8 hrs, in certain instances the pretreatment times
were varied as indicated. In Set-up 1, ultra-high-purity hydrogen (UHP, 99.999%) and helium
(99.995%) were used for all pretreatments and measurements. Molecular sieve 3A purifiers were
used on each gas stream in Set-up 1 to ensure purity was maintained in all experiments (see
Figure 2-1). In Set-up 2, H2 with increased purity (i.e. chemical grade 99.9999%) was used
without sending the gas through the 3A zeolite column. Set-up 2 also used a T-purge regulator
and new gas delivery lines to the point of entry to the IGA system (see Figure 2-1). This set-up
was then modified to intentionally add water to the system by adding a water bubbler to a parallel
He line; the water bubbler was installed in He line rather than H2 line due to safety concerns and
is maintained at room temperature. With the Set-up 2 shown in Figure 2-1, a “Wet H2”
pretreatment is obtained as follows: first the indirect line is saturated with water using a He
carrier gas that passes through the bubbler into the system at 30 mL/min for 2 hrs. The sample is
then pretreated as described in Set-up 1 (i.e. 30 mL/min H2 at 250 oC for 6 h; then 10-6 mbar at
400 oC for 8 h). The “Wet H2” during pretreatment is thus obtained by residual water in the
indirect line, and decreases as the experiment proceeds. In Set-up 1, with the use of the 3A zeolite
column, the same quality of H2 was used in pretreatment and adsorption. In Set-up 2, chemicalgrade hydrogen was used for adsorption; in certain instances water was added through presaturation of the lines using saturated He in a manner similar to that described above for the
pretreatment step. For clarity, Set-up 2 experiments are as follows:
a) H2 for both pretreatment and isotherms are dry (‘d’) chemical-grade hydrogen and delivered
by the direct line, no H2O was added in either stage (dPtC/AC-o);
b) H2O was added only in the pretreatment stage by means of wet (‘w’) H2, chemical-grade H2
was used for isotherms (wPtC/AC-o). Wet H2 was delivered by the indirect line during
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pretreatment, but chemical-grade H2 was delivered by the direct line during hydrogen
adsorption;
c) PtC/AC-o was pretreated in the same way as in b. A H2O isotherm was collected after the
pretreatment. H2O was sent through the indirect line using He as a carrier gas by water
bubbler. As before, the isotherm was collected in static mode;
d) c was followed by H2 isotherm.
An attached mass spectrometer (MS, Hiden, DSMS type HPR-20) was used to determine
the water content at various stages. The inlet to the MS was placed at either the vacuum pump
located at the outlet to the system such that it acted as a residual gas analyzer (RGA) during
vacuum pretreatment, or at the outlet to the weighing chamber when the system was pressurized
or operating in flow mode such that it operated as a TPD-MS (IGA mode). The pressure of water
in the adsorption chamber was estimated by normalizing the ratios of the He and H2O MS signals
to the saturation pressures of water at the given conditions.

2.4

Results and discussion

2.4.1
2.4.1.1

Carbon oxidation via KOH treatment and Set-up 1 results
Effect of carbon oxidation on surface chemistry and physisorption
The textural properties of AC and AC-o (Table 2-1), indicate the KOH activation process

decreases the BET surface area, pore volume (total and micro-), while decreasing the average
pore diameter. The properties are consistent with the idea that oxygen groups may block access of
N2 to some pores at 77K. The XPS survey spectra of both AC and AC-o (Figure 2-2) exhibit the
O 1s and C 1s peaks; K 2s peak is observed in AC-o, a sign of residue from the KOH treatment.
Quantification of the XPS survey spectra (Table 2-2) shows that the KOH-activation increases the
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atomic concentration of O on the surface: O to C atomic ratio increased from 0.23 or AC to 0.28
for AC-o (In a separate preparation of AC and AC-o, the O to C atomic ratio increased from 0.19
for AC to 0.28 for AC-o. The increase of oxygen content is about 32 %, which is close to the data
presented in the paper from which the KOH oxidation technique is based[117]). High resolution
C 1s (Figure 2-3) and O 1s XPS spectra (Figure 2-4) show the increase in the surface O groups in
AC-o are either carbonyl or quinone groups (peak II in Figure 2-3; peak I in Figure 2-4). KOH
treatment has thus increased the number of oxygen functional groups, and increased the relative
proportion of carbonyl or quinone groups. As stated above, the KOH treatment is an adaptation of
a method reported by Chiang et al.[117] that used NaOH treatment. Chiang et al. reported that
NaOH treatment added hydroxyls, carboxylic acids, and lesser amounts of carbonyl groups, citing
primarily Boehm titration, shifts in IR spectra, and electrophoretic mobility. As the
characterization methods differ, it is difficult to directly compare the results of the alkaline
treatment here with the findings of Chiang et al.
Table 2-1 Summary of textural properties of as-received and surface modified samples
Sample
code
AC
AC-o
5% Pt-C
PtC/AC-o
a

SBETa
(m2/g)
3145
2720
651
2286

VN2b
(cm3/g)
1.35
1.13
0.18
0.97

Smicroc
(m2/g)
512
486
380
445

Vmicrod
(cm3/g)
0.14
0.13
0.10
0.12

Wavee
(nm)
0.56
0.52
0.54
0.52

Densityf
(g/cm3)
1.96
2.01
2.50
2.20

BET specific surface area
Total pore volume; nitrogen used as the adsorbed phase
c
Specific surface area of micropores
d
Micropore volume; CO2 used as the adsorbed phase
e
Average pore width estimated from Smicro and Vmicro by assuming a slit-shaped pore
f
Helium density (true density)
b
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Figure 2-2 XPS survey spectra of (a) AC and (b) AC-o. Both of the spectra exhibited O 1s and C
1s peaks. AC-o has an extra K 2s peak.

Figure 2-3 High resolution C 1s XPS spectra of (a) AC and (b) AC-o. Peak I (288.8 eV) is
assigned to carbon carboxyl or ester groups[126-128], peak II (287.3 eV) is assigned to carbon in
carbonyl or quinone groups[126, 127].
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Figure 2-4 High resolution O 1s XPS spectra (dotted line) and curve fitting (solid line) of (A) AC
and (B) AC-o. Peak I (531.1-531.6 eV) is assigned to oxygen in carbonyl or quinone groups.[127,
129] Peak II (~533.1eV) is assigned to oxygen atoms in esters, carboxylic anhydrides and oxygen
atoms in hydroxyls or ethers.[129, 130] Peak III indicates adsorbed water or oxygen.[84]

42
The decreased surface area, decreased pore size, and increased surface oxygen functional
groups had negligible effect on the H2 adsorption at 298K (Figure 2-5), with the isotherms of AC
and AC-o indistinguishable. Although XPS indicates the residual K in AC-o has increased (Table
2-2), the negligible effect on physisorption up to 20 bar suggests the K does not induce
polarization-enhanced physisorption in this case, as demonstrated elsewhere.[131]

1.6

H2 Adsorbed (wt.%)

1.4
1.2
PtC/AC-o
PtC/AC
5% Pt-C
AC-o
AC

1.0
0.8
0.6
0.4
0.2
0.0
0

5

10

15

20

Pressure (bar)
Figure 2-5 Effect of carbon oxidation in Set-up 1: Hydrogen isotherms (25 oC) of AC, AC-o, 5%
Pt-C, and PtC/AC-o. The isotherm of PtC/AC-o is indicative of hydrogen spillover, in that the
hydrogen uptake of the physical mixture of the Pt-C catalyst and the secondary AC-o support
exceed that expected if their individual contributions were additive. Isotherm of AC and AC-o are
overlapping with each other. Solid signs are representing adsorption, hollow signs are for
desorption. Lines are used to lead the eyes.
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Table 2-2 Surface composition of as-received AC, KOH-modified AC (AC-o) and PtC/AC-o at
different experiment stages
Sample code
AC
AC-o
PtC/AC (as-received)
dPtC/AC-oa
wPtC/AC-ob

C 1s (%)
81.15
72.94
74.70
75.04
72.65

O 1s (%)
18.85
20.48
20.88
19.97
22.23

K 2s (%)
0
6.58
3.84
4.58
4.68

Pt 4f (%)
0
0
0.58
0.40
0.44

O:Cc
0.23
0.28
0.28
0.27
0.30

a

PtC/AC-o pretreated in dry hydrogen; characterization after H2 adsorption
PtC/AC-o pretreated in wet hydrogen (see text); characterization after H2 adsorption
c
Atomic ratio of oxygen to carbon
b

2.4.1.2

Effect of surface oxygen groups on hydrogen spillover
The oxygen functional groups introduced by the KOH activation process had a

pronounced effect on the hydrogen uptake when the carbon was mixed with the Pt-C spillover
catalyst (Figure 2-5; Set-up 1, UHP hydrogen with an in-line 3A zeolite trap). Prior to oxidation,
the hydrogen adsorption of PtC/AC exceeds the capacity that is expected if the individual AC and
the Pt-C catalyst are considered additive, exceeding the weighted average of the mixture by a
factor of 1.8 at 20 bar. The uptake reported here translates to a hydrogen to total metal ratio
(H:MT) ratio of 0.90 for Pt-C and 36 for PtC/AC at 100 mbar. The H:MT is commonly used in the
catalyst field as evidence for hydrogen spillover, and here, gives a clear indication spillover
increases upon the addition of the secondary AC receptor. The enhancement in hydrogen uptake
due to mixing a catalyst with a secondary receptor is typical for hydrogen spillover systems, for
example, Lueking and Yang [39] and Lachawiec et al.[2] reported spillover phenomenon of nanostructured carbon materials that were synthesized by mixing the carbon nanotubes with a small
amount of carbon supported catalyst and showed an enhancement factor[39] of 3 and 1.1 at 1 bar
and ~298 K, respectively.
The hydrogen adsorption of PtC/AC-o is significantly more pronounced, particularly at
pressures less than 100 mbar. At 100 mbar, the uptake of PtC/AC-o exceeds the weighted
capacity of its constituent components by a factor of 7. The H:MT for PtC/AC-o at 100 mbar is
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444, indicating the degree of spillover is significantly enhanced by the KOH oxidation treatment.
At 20 bar, the overall uptake of PtC/AC-o is 1.4 wt.%, however, the uptake is not completely
reversible: after the last desorption point at 12 mbar, PtC/AC-o retains 1 wt.% of the adsorbed
mass on the surface. In contrast, PtC/AC, retains 0.086% after pressure reduction to 12 mbar.
Thus, the amount reversibly desorbed from PtC/AC-o is 0.4 wt.%, 0.21 wt.% from PtC/AC, and
0.15 wt.% from AC and AC-o. Thus, by difference, there is 0.25 wt.% for PtC/AC-o and 0.06 wt.%
for PtC/AC in readily desorbable hydrogen that cannot be attributed to physisorption to the
secondary support. (Considering possible physisorption to the carbon in Pt-C has negligible effect
on this calculation.) The implications for this are discussed in Section 2.4.4.
The sharp rise at low pressure, followed by a near plateau of the isotherm at ~1 bar, is
similar to results reported by Ansón et al.[46] for various nanoporous carbons mixed with Pd that
exhibited hydrogen spillover (i.e. H:Pd > 0.6 at P<200 Torr). The slope of the isotherms at high
pressure (P>1bar) are similar for all samples, and such behavior suggests hydrogen spillover
occurs at low pressures only. (Similarity of isotherm slope at high pressure was the classic test
for spillover in early work by Benson and Boudart.[132]) The plateau at 1 bar is dissimilar to
results typically reported on high-pressure volumetric systems up to 100 bar;[2] this may be
attributed to a lack of enhanced physisorption at pressures in excess of 1 bar or due to shorter
equilibration time in our work. The former is highly sample dependent and may be due to
differences in surface chemistry, porosity, metal-support interface, etc. The latter seems unlikely,
given the relative differences and the time profile of our measurements. A more detailed
examination of the role of oxygen groups in hydrogen spillover is discussed in a later section,
after we first consider the possible role of trace H2O contamination in these results.
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2.4.2
2.4.2.1

Introduced water -- Set-up 2 results
Effect of introduced water on spillover and adsorption
Given the high low-pressure uptake of PtC/AC-o, and the potential hydrophilic nature of

the oxidized sample, the potential effect of trace water contamination was explored. Water has
been shown to affect hydrogen adsorption, even when high purity H2 is used.[118, 119] The
effect of water in hydrogen storage is particularly pronounced for gravimetric measurements due
to the 9-fold mass increase in signal for H2O adsorption. Although 3A zeolite was intended to
remove trace water from the system, after the incorporation of a mass spectrometer to our IGA
system, we have found this process may be effective only immediately after the pretreatment of
the column, likely due to poor contact time between the gas and zeolite, channeling through the
column, and/or saturation of the material. As described above, Set-up 2 was designed to
intentionally add water at various stages in the experiment.
First, a “dry” H2 isotherm after “dry” pretreatment (i.e. Set-up 2a) was obtained (i.e.
dPtC/AC-o). As described above, Set-up 2 upgraded to chemical-grade purity H2, removed the
3A zeoltie column, and included a T-purge regulator and a change of delivery lines. The Set-up 2
upgrades led to a nominal trace H2O content of 2 mbar, compared to a typical water content of 7
mbar in Set-up 1. Reduction of trace water with the equipment change led to a significant
decrease in the low-pressure uptake for dPtC/AC-o, decreasing to 0.06 wt.% at 100 mbar (Figure
2-6Ia), a significant reduction from the 1.1 wt.% at similar conditions from Set-up 1 (Figure 2-5).
However, it was not clear if the decrease was due to the presence of trace water in pretreatment or
adsorption, particularly given past reports of the importance of water as a co-catalyst bridge
during pretreatment in hydrogen spillover materials.[94, 120]
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Figure 2-6 Isotherms of PtC/AC-o (25 oC) obtained in Set-up 2. (a) H2 adsorption after dry
pretreatment, dPtC/AC-o; (b) H2 adsorption after wet pretreatment (see text), wPtC/AC-o; (c)
H2O adsorption after wet pretreatment (x-axis shows the total pressure of He/ H2O mixture); and
(d) H2 adsorption following evacuation after H2O adsorption for (c). Data in (I) is plotted as total
pressure of the system; Data in (II) is plotted versus partial pressure of H2O, which is the true
thermodynamic representation of adsorption for water; For (b), all mass adsorbed was assumed
attributable to water. Water partial pressure is estimated with the aid of the mass spectrometer
(detailed calculations available in Appendix B).
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Water was next added during pretreatment using “wet H2” as described in the Methods
section (i.e. wPtC/AC-o). As water was added over a finite time, the partial pressure of H2O was
found to be 7.9 mbar at the start of the pretreatment, and had decreased to 4.0 mbar after 360
minutes of the H2 reduction step at 250 ˚C in pretreatment. Adding trace water to the pretreatment
stage regained the features of the Set-up 1 isotherm, increasing the uptake of wPtC/AC-o to 0.75
wt.% at 100 mbar (Figure 2-6Ia), a 10-fold increase relative to dry pretreatment conditions
(Figure 2-6Ia) and comparable to the Set-up 1 conditions (i.e. 1.1 wt.%, Figure 2-5). After
desorption to 12 mbar, 0.59 wt.% H2 remains on the sample (for clarity, desorption is not shown
in Figure 2-6I).
Next, trace water was added during pretreatment using “wet H2”, and the adsorption
isotherm of H2O was obtained using He as a carrier gas during the adsorption step (i.e. Set-up 2c).
H2 was absent during the adsorption step, and the isotherm data is plotted versus the total pressure
of H2O/He stream. The shape of the H2O isotherm (Figure 2-6Ic) is markedly different than the
shape of the H2 isotherm (Figure 2-6Ib): Notably, the sharp low pressure uptake is absent for H2O
adsorption with the weight increase only 0.035 % at 100 mbar. At higher pressures, the
magnitude of the water adsorption is significantly larger than that of H2 (up to 8 wt.%), and there
is no plateau. Converting wt.% uptake in Figure 2-6Ib and c to mmol/g, assuming H2O is the
adsorbed species in plot (b), Figure 2-6II was plotted. The isotherm shape of Figure 2-6IIb and c
is very different, and thus it is not reasonable to attribute adsorption of (b) to water. The different
shape of water isotherm is due to two factors: first, water is a condensable fluid at these
conditions and thus has greater driving force to adsorb, and second, water undergoes known
cooperative adsorption effects due to stronger adsorbate-adsorbate interactions relative to
adsorbate-adsorbent interactions. This latter point gives rise to the typical sigmoidal or S-shaped
(Type V) adsorption isotherm, shown both here and for H2O adsorption on activated carbons.[58,
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133] For H2, the shape of the wPtC/AC-o isotherm (Figure 2-5 and Figure 2-6Ib) is typical of
chemisorption. For example, the H2 isotherm on platinum has similar shape,[134] but of course,
the high H:M ratio for the samples that include the carbon support indicates additional surface
coverage due to hydrogen spillover. The isotherm plateau for H2 isotherm after the wet
pretreatment (i.e. Set-up 2, Figure 2-6Ib) supports a negligible adsorption of H2O for this system.
It is not clear, however, whether this is due to negligible H2O in the system or competition
between hydrogen and H2O for adsorption sites. The results strongly indicate that water plays an
important role in the pretreatment, but the presence of water during adsorption may lead to very
different adsorption behavior.
At the conclusion of the H2O/He adsorption isotherm, the material was evacuated for
several hours at room temperature, and H2 was introduced into the system. With this relatively
moderate pretreatment, the mass of the material did not return to baseline, and residual 2 wt.%
water was present at the conclusion of the regeneration step. Upon introduction of H2, the amount
of additional hydrogen adsorbed is 0.027 wt.% at 100 mbar (Figure 2-6Id; or 0.028 wt.% based
on the dry adsorbent mass), suggesting that pre-adsorbed H2O may block or inactivate adsorption
sites that would be active for H2 adsorption. The potential blocking effect of water adsorption has
implications for regenerability or poisoning of spillover materials in real world applications.
2.4.2.2

Surface characterization results (Set-up 2)
PtC/AC-o (as-synthesized), dPtC/AC-o and wPtC/AC-o were characterized with XPS and

FTIR, with the latter two after adsorption. Quantification of the XPS survey spectra (Table 2-2)
show that the O to C atomic ratio (O:C) decreases slightly after the dry pretreatment and increases
slightly after the wet pretreatment. The changes in O:C reflect the relative mass loss during the
pretreatment step (discussed in more detail below). Characterization with FTIR shows three
bands in the spectra of as-synthesized PtC/AC-o (Figure 2-7a): 1605 cm-1 is attributed to
quinones/C=C carbon framework;[67, 135] 1710 cm-1 is attributed to carbonyl/quinone
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groups;[84] the broad envelope ranging from 1000 to 1350 cm-1 is related to aliphatic and
aromatic ether functionalities.[67, 135] The effect of pretreatment and adsorption is most
pronounced for wPtC/AC-o (Figure 2-7c): the intensity of carbonyl/quinone group peak at 1710
cm-1 diminishes (inset), which is in agreement with XPS results. Further, wPtC/AC-o has a broad
band at 1000-1200 cm-1 (inset), indicative of a C-OH stretching mode, which is larger than the
other samples. Peaks at 2800-3000 cm-1 are indicative of carbon-hydrogen bonds, and a subtle
increase is found after adsorption in both dPtC/AC-o and wPtC/AC-o. Although subtle, any such
carbon-hydrogen bonds that remain after desorption and air exposure are likely bound to highly
reactive carbon edge sites that were generated during pretreatment.

Figure 2-7 FTIR spectra of (a) as-synthesized PtC/AC-o, (b) after dry pretreatment and H2
adsorption, dPtC/AC-o; and (c) after wet pretreatment and H2 adsorption, wPtC/AC-o. All spectra
were collected at 50 oC. Inset is the spectra after subtracting of background.
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2.4.3
2.4.3.1

Evolution of oxygen surface functional groups
Effect of KOH oxidation on carbon surface chemistry
To reiterate, KOH treatment increases the surface content of oxygen functional groups

(Table 2-2), and the relative fraction of carbonyl or quinone-type groups is increased. Ultimately,
the oxidation treatment leads to high low-pressure hydrogen spillover during adsorption. After
the H2 adsorption-desorption cycle, XPS and FTIR both suggest the non-desorbable H2 (1 wt.%
for PtC/AC-o in Set-up 1; 0.59 wt.% for wPtC/AC-o in Set-up 2) is in the form of hydroxyls. We
note that carbonyl groups may be hydrogenated to form hydroxyl groups.[136] Characterization
post-adsorption would obviously not probe the nature of the readily desorbed hydrogen present
for spillover samples (e.g. ~0.25 wt.% for PtC/AC-o in Set-up 1), and this readily desorbed
fraction cannot be attributed to chemisorption or physisorption. By the process of deduction and
considering theoretically predicted binding energies, we speculate that spillover hydrogen loosely
bound to carbon sites (previously referred to as ‘riding modes’[21]) contribute to this 0.25 wt.%
desorbable H2.
2.4.3.2

Effect of trace water during pretreatment
The pronounced low-pressure hydrogen uptake is observed for oxidized samples only

when trace water is found in pretreatment (i.e. Set-up 1 and wPtC/AC-o in Set-up 2). However,
the behavior cannot be attributed to the presence of water during adsorption (Figure 2-6I&II). The
ex situ characterization methods complicate identification of the surface functionalities directly
after pretreatment. However, indirect evidence of the effect of surface chemistry can be induced
from comparison of the as-synthesized to the dry or wet pretreated samples after hydrogen
adsorption. Three effects will be discussed: (1) the introduction of O groups during pretreatment;
(2) the role of water in dehydration of other groups; and (3) the possible reaction between H2O
and carbon. First, the O:C ratio for dPtC/AC-o is relatively stable between preparation and post-
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sorption characterization (Table 2-2). In contrast, the O:C ratio increases for wPtC/AC-o
suggesting the presence of water has added oxygen groups. In both dry and wet pretreatments, the
nature of the oxygen groups has changed, as reflected by an increase in Peak II oxygen on the
surface (O atoms in esters, carboxylic anhydrides and oxygen atoms in hydroxyls or ethers[129,
130]) after sorption (Figure 2-8). This increase indicates introduction of these groups during
pretreatment (particularly for ‘wet’ with its increased O:C), and/or conversion of Peak I oxygen
groups (carbonyl/quinones) to Type II groups. Generally, the number of oxygen groups on a
carbon surface is expected to decrease with heating in an inert gas,[86, 133] and carboxyl groups
(–COO) correlate to CO2 evolution are expected to evolve at temperatures as low as 150 ˚C.[133]
However, the evolution/modification of surface functional groups is more complicated when
treated in H2. For example, Kundu et al.[86] analyzed the evolution of gaseous species when
oxidized carbon nanotubes are treated in H2, and note the possibility for dehydration of COOH
and COH between 150-400 ˚C; reactive carbon edge sites remaining after dehydration would be
expected to form C-H in the presence of H2. One might also suspect direct reduction of oxygen
groups in hydrogen to form water. However, in our case, water evolution is not observed during
pretreatment (Figure 2-10 ~ Figure 2-12). Rather, a decreasing water MS signal during the wet
pretreatment (relative to the dry pretreatment) suggests that water might participate in a reaction
on the carbon surface (Figure 2-12). Additional evidence for the speculated reaction is provided
by the IGA weight profile during pretreatment (Figure 2-9 and Table 2-3): Although mass loss is
highly variable between sample batches, comparing sample pretreated in wet H2 conditions
(wPtC/AC-o) to that in dry H2 (dPtC/AC-o) indicates the former always has significantly more
weight loss during pretreatment (ranging from 8 to 14 wt.% for wet treatment, compared to 3
wt.% for dry).
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Figure 2-8 High resolution O 1s XPS spectra (dotted line) and curve fitting (solid line) of (a) assynthesized PtC/AC-o, (b) after dry pretreatment and H2 adsorption, dPtC/AC-o; and (c) after wet
pretreatment and H2 adsorption, wPtC/AC-o. Peak II increases in two post-adsorption samples.
The area ratio of peak II to peak I for the three samples is 0.82, 1.07 and 1.49, respectively.
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Figure 2-9 Weight changes during sample pretreatment, corresponding to samples shown in
Figure 2-6Ia, Ib and Ic. Zones indicate pressure status in the chamber. Zone I: outgas and then
ramp to 1 bar; zone II, keep at 1 bar; zone III, outgas to 0 bar; zone IV, keep outgas at 0 bar.
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Figure 2-10 Gas evolution during pretreatment of PtC/AC-o in UHP H2 (99.999%) at (A) 250 oC,
and (B) subsequent heating to 400 oC after 6 hrs at 250 oC. Data shown here are a separate
experiment than that shown in the paper and meant to be representative of the gas evolution
during the “wet” pretreatment, i.e. Figure 2-5 and Figure 2-6Ib and c. Mass spectra in flowing H2
(A) collected in IGA mode; spectra in vacuum (B) collected in RGA mode (see Methods); slight
differences in baseline between the two figures are attributed to this hardware change. H2Ox102
indicates H2O signal has been multiplied by 102.
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Figure 2-11 Gas evolution during pretreatment of PtC/AC-o in Scientific Grade (99.9999%) H2 at
(A) 250 oC, and (B) subsequent heating to 400 oC after 6 hrs at 250 oC. Data shown here are a
separate experiment than that shown in the paper and meant to be representative of the gas
evolution during the “dry” pretreatment, i.e. Figure 2-6Ia. Mass spectra in flowing H2 (A)
collected in IGA mode; spectra in vacuum (B) collected in RGA mode; slight differences in
baseline between the two figures are attributed to this hardware change. Figure 2-10 and Figure
2-11 will show no difference if plotted versus time, as temperature and time have a linear
relationship (5 oC /min). Comparing CO spectra in Figure 2-10A and Figure 2-11A, CO signal
increases in UHP H2 reduction process (Figure 2-10A) and keeps the same in scientific H2
reduction process (Figure 2-11A).
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Figure 2-12 H2O and CO evolution during pretreatment of PtC/AC-o in UHP (99.999%) H2 (a)
and Scientific Grade (99.9999%) H2 (b). All MS signals are calibrated by weight. The lower of
H2O signal (a_H2O) cannot be explained by drying of gas lines as the same purity of H2 gas was
flowing in the overall hydrogen reduction process i.e. 250 oC for 6 hrs.

Table 2-3 Weight change during pretreatment
Pretreatment
UHP H2
(99.999%)
(Figure 2-10)
Scientific H2
(99.9999%)
(Figure 2-11)
dPtC/AC-o
(Figure 2-6Ia)
wPtC/AC-o
(Figure 2-6Ib)
wPtC/AC-o
(Figure 2-6Ic)
a
b

o

o

W@26
C, 1 bar

o

W@ end of 250
C reduction, 1 bar

W@ end of 400
o
C outgas, 0 bar

Weight
lossa %

Weight
lossb, %

54.29

50.44

47.91

11.74

5.02

52.27

48.22

46.48

11.07

3.60

48.87

47.58

47.29

3.23

0.61

50.17

47.52

46.14

8.01

2.88

59.75

56.95

13.73

4.68

66.02
o

o

: (W@26 C-W@ end of 400 C)/ W@26 C*100%
: (W@ end of 250 oC reduction -W@ end of 400 oC)/ W@ end of 250 oC reduction*100%
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It is also possible that water may hydrolyze (possibly catalyzed by the Pt), and form
additional carbon-oxygen bonds at other locations on the surface. A similar formation of hydroxyl
groups from oxygen species was suggested by Ambs et al. for a platinum-alumina material.[115]
Advanced in situ characterization would be needed to differentiate these possibilities in order to
conclusively determine the effect of these different functional groups on hydrogen spillover.
In summary, relative to dPtC/AC-o, wPtC/AC-o had a higher hydrogen uptake during
adsorption, higher residual chemisorbed hydrogen after desorption, and a greater intensity of Peak
II vs. Peak I in post-sorption XPS. wPtC/AC-o had an increased O:C ratio after adsorption and
increased evidence for possible water reaction on the carbon surface. Although it is clear that
oxygen groups are added, and that water participates in this process, the net effect on carbon
surface chemistry is less clear. Prior activation by an oxidative treatment (e.g. KOH) may also
increase carbon reactivity. Although the exact nature of the active functional groups at the onset
of adsorption is unknown without in situ characterization, XPS suggests the carbonyl/quinone
convert to hydroxyls during the hydrogen spillover process. The mechanisms by which these
active oxygen (and/or carbon-) groups are expected to increase low-pressure hydrogen spillover
are discussed below.

2.4.4

Role of oxygen groups in hydrogen spillover—proposed mechanisms
Increased oxygen groups, particularly of carbonyl/quinone type, have been shown to

correlate with increased low-pressure hydrogen spillover. Several experimental[91, 98] and
theoretical[92] studies that have attempted to increase the number of oxygen groups on spillover
materials reported adding surface oxygen can improve hydrogen spillover and stabilize spilt-over
hydrogen.[35, 91, 137, 138] In particular, a recent paper by Yang et al. showed that the oxygen
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groups, especially semiquinone group, increased the reversible hydrogen storage capacity
significantly.[44] However, the role of oxygen groups in hydrogen spillover needs further study,
explanations for this effect can be categorized as follows (I) bridge-building; (II) surface binding
and chemical kinetics; and (III) oxidation and reduction. In terms of (I), surface oxygen groups
may provide diffusion paths, in a method analogous to a ‘bridging’[94] and/or a “brigade”[15].
Theoretically, adjacent oxygen groups increase binding energies between hydrogen and carbon
surfaces[91] as well as bind directly to semiquinone or lactone groups.[44] Hydroxyl groups or
ethers may lower the energy path for diffusion.[92] In terms of (II), Lueking et al. [124] showed
increased binding energy leads to increased surface coverage using a Monte Carlo analysis of the
kinetics of this spillover reaction sequence assuming a ‘loosely bound’ hydrogen spillover state,
as demonstrated experimentally by Mitchell et al. via inelastic neutron scattering.[21] Hydrogen
species bound to the surface with sufficient energy could account for the ~ 1 wt.% residual
chemisorbed hydrogen found as surface hydroxyls in post-adsorption XPS characterization. In
terms of (III), oxidation (either the KOH treatment or the subsequent ‘wet’ pretreatment) is
expected to modify the electronic properties of the surface. Oxidation-reduction reactions on
carbon surfaces have been reviewed,[139] but the process is complicated by not only the type of
carbon and oxygen groups, but also their proximity and ability to stabilize any introduced
charges. More characterization is needed to verify this idea.

2.4.5

Optimization of surface functional groups for spillover
Here, we characterize but do not necessarily control or adapt synthesis to give

preferential formation to a particular type of oxygen group. Yang et al. recently suggest
semiquinone groups are the ideal receptor of spilt-over hydrogen, as lactone groups will lead to
irreversible hydrogen adsorption because of stronger binding energy.[44] Psofogiannakis et

59
al’s[92] simulation showed that desorption of spilt-over hydrogen bound to oxygen functional
groups desorbs more favorably as water rather than molecular hydrogen. If true, this would have
obvious negative consequences for the reversibility of hydrogen storage in oxygen-modified
carbon materials. Whether the hydrogen that remains chemically bound to the surface after
pressure reduction to 12 mbar will desorb as H2 or H2O will be the subject of a subsequent paper.
We anticipate this will depend on the nature of the oxygen functional groups, and different
oxidation methods may bring about different oxygen groups. Further experimental work include
temperature programmed desorption experiment on various oxygen functional groups to identify
desorbed species and check the formation of water on the surface. For now, the increase in the
amount of readily desorbable hydrogen with oxidation (0.25 wt.% for PtC/AC-o vs. 0.06% for
PtC/AC) seems to support Hypothesis II.

2.5

Conclusion
In the current study, XPS characterization results show that KOH treatment produces

oxygen groups on an activated carbon sample, with a large fraction being quinone type groups.
The oxidation treatment has a negligible effect on physisorption, but leads to a significant
enhancement of hydrogen adsorption in the presence of a hydrogen-dissociation catalyst, i.e.
hydrogen spillover. Gravimetric adsorption measurements show hydrogen spillover to the
oxidized surface is pronounced at low pressures (P<100 mbar), with a H:MT ratio of 444, and a 7fold increase in overall hydrogen uptake relative to its constituents. The presence of water during
pretreatment is necessary to realize this low-pressure enhancement, and significant hydrogen
spillover was not observed when scientific grade hydrogen was used during pretreatment. We
speculate this is due to increased oxygen functional groups formed during pretreatment in the
presence of water and/or active carbon sites formed via water reaction on the carbon surface. The
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mechanism for the water-assisted pretreatment needs further clarification, as does its alignment
with several proposed mechanisms on the effect of surface chemistry on hydrogen spillover. The
pronounced low-pressure effect agrees with other publications,[46, 140] but is expected to be
highly dependent on the nature of the sample. The current results indicate that oxidation of the
surface of the support will facilitate low-pressure, ambient-temperature hydrogen spillover, but
may not necessarily lead to hydrogen that readily desorbs at ambient temperature. XPS and FTIR
surface characterization after H2 desorption suggests strongly bound hydrogen forms hydroxyls
with introduced functional groups, there is only a vague indication of new carbon-hydrogen
bonds. A certain fraction of hydrogen is found to be loosely bound, in that it readily desorbs with
pressure reduction and cannot be accounted for by physisorption to the carbon materials.
However, the state of this loosely bound hydrogen cannot be determined without in situ methods.
On-going work is looking at the effect of surface sites on the temperature of desorption and on
the nature of the desorbed species. The lack of hydrogen desorption without heating leads to
practical engineering hurdles for hydrogen storage and also highlights that both adsorption and
desorption isotherms should be considered in the evaluation of modified carbon materials. The
results also show that the oxidation of carbon species to facilitate hydrogen spillover is dependent
upon both the amount and the nature of surface oxygen species.
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Chapter 3
The Effect of Carbon Surface on Deposited-Pt and Hydrogen Storage

3.1

Abstract
This study is aimed to investigate the effect of surface oxygen groups of an activated

carbon (AC) substrate on metal catalyst dispersion and hydrogen adsorption via the hydrogen
spillover process. The AC surface was modified either by low-temperature chemical oxidation
(HNO3 or KOH treatments) designed to increase oxygen groups or by high temperature
treatments designed to decrease oxygen groups (annealing in Argon or vacuum). XPS verified the
oxidation increased surface oxygen, with HNO3 increasing the relative concentration of
carboxylic and phenolic groups, and the KOH treatment increasing carbonyl and/or quinone
groups. XPS demonstrated an anneal at 950 ◦C eliminated most surface oxygen groups, with the
likely exception of pyrone and chromene; an anneal at 730 ◦C did not completely eliminate such
groups as lactone, anhydrides, and carbonyl/quinone groups. Raman spectroscopy demonstrated
all treatments tended to increase the order of the AC substrate, which is attributed to removal of
amorphous carbon. Pt-deposition tended to decrease both surface area and microporosity. XRD
demonstrated a moderate effect of AC surface chemistry on metal particle size and dispersion,
and a large effect if the Pt precursor reacted with trace alkali metals. Catalyst particle size was on
the order of 2 nm, with dispersion approaching 70% for the annealed samples. Despite small and
well-dispersed metal particles the hydrogen adsorption was enhanced only at pressures below 1
bar. Although oxidation increased the heat of adsorption at 298K at low coverages, the annealed
samples demonstrated the highest hydrogen uptake at all pressures. The surface modification
treatments used here did not lead to high enhancement at high pressure via hydrogen spillover.
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The results also suggest catalyst particle size alone cannot account for differences in highpressure uptake reported in various laboratories.

3.2

Introduction
In recent years, hydrogen spillover has become a growing research branch of hydrogen

storage.[36, 41] Hydrogen storage via spillover is a complex process that includes physisorption,
dissociation on an associated catalyst, surface diffusion, chemisorption, and recombination.[15,
22, 141] The mechanism likely involves strongly bound chemisorbed hydrogen[22, 23, 142], that
may transition to a mobile state and desorb.[95, 102] The mobility and reversibility of spilt-over
hydrogen is affected by surface chemistry and structure of carbon support. In our recent work,
spectroscopic fingerprint of chemisorbed hydrogen was reversible to activated carbon and largely
irreversible to the basal plane of graphene.[102] Hydrogen spillover has been reported to
significantly increase the hydrogen storage capacity of some traditional carbon materials.[2, 134]
The enhancement was attributed to the increased structure defects of the adsorbents,[106, 107]
improved interfacial contact between metal catalyst and support,[2, 12] higher metal deposition
efficiencies,[40, 49] and surface oxygen groups.[44, 99] In the discussion of the literature, it is
important to differentiate between surface functionalities that are introduced prior to deposition
(discussed here) versus changes in oxygen groups that are made to a secondary support that is
physically mixed with the catalyst (discussed previously [99]). For instance, Wang et al. reported
that H2 storage capacity of Pt-deposited templated carbon was increased from 1.17 wt.% (without
O2 treatment) to 1.74 wt.% (by oxygen plasma treatment prior to metal deposition) at 298 K and
10 MPa.[44] Enhancement in hydrogen uptake was also seen for Pd/AX-21: hydrogen storage
capacity of air oxidized Pd/AX-21 is 1.15 wt % at 298 K and 10 MPa, a 17% increase relative to
Pd/AX-21 without oxidation at similar conditions.[91]
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Clearly, this enhanced adsorption via hydrogen spillover by surface oxygen groups seems
opposite from the literature that surface oxygen groups have adverse effect on hydrogen
physisorption. For instance, Takagi et al. found that the hydrogen adsorption capacity of activated
carbon fibers at 77 and 303K over the hydrogen pressure range 0–3.5 MPa was remarkably
deceased after oxidization by (NH4)S2O8 and attributed the changes of hydrogen adsorption
capacity to the inhibition of hydrogen adsorption on the micropores by the oxygen-containing
functional groups.[89] Zhao et al. showed the maximum hydrogen adsorbed by a series of
activated carbons (ACs) had a 50% decrease at 77 K and 100 kPa after chemical modification by
nitric acid, although the decrease of micropore volumes was insignificant. They concluded that
oxygen groups have a small detrimental effect on hydrogen adsorption, which is related to the
decreased adsorbate-adsorbent and increased adsorbate-adsorbate interactions.[143] Georgakis et
al. evaluated theoretically that the adsorption capacity of hydrogen on microporous active carbons
and reported that hydrogen adsorption was always higher in the pure materials than in the
oxygenated structures owing to three factors: steric hindrance effects, increase of solid weight for
oxygenated model, and weaker oxygen-hydrogen interactions compared to carbon-hydrogen
ones.[88] Li and Lueking found oxidation by KOH has little effect on hydrogen physisorption of
activated carbon at 298 K and up to 20 bar.[99] Only a few reports support the facilitative effect
of oxygen groups on hydrogen physical adsorption. For instance, Agarwal et al. conducted H2
adsorption studies at 78 K and pressures up to 40 atmosphere on nine commercial activated
carbon samples and discovered that there was no correlation between the amount of total oxygen
present on the surface and the amount of hydrogen stored per unit area of the carbon samples,
however, a correlation between the surface acidic complexes and hydrogen adsorption was
found.[87] The discrepancy among the results remains to be elucidated, but the general review of
the literature indicate surface oxygen groups have little or detrimental effect on hydrogen
physisorption.
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Surface oxygen groups are formed when heteroatom oxygen are incorporated on the
carbon surface and form stable surface compounds. These groups will affect the surface
chemistry and reactivity of carbon materials. Surface oxygen groups are generally considered as
either acidic or basic. Acidic surface groups are formed when carbon surface is exposed to
oxygen gas at relatively high temperatures or via reactions with liquid oxidizing agents at room
temperature [56-58], this is the basis for HNO3 and KOH treatments used in this work. Acid
groups include carboxylic acid, carboxylic anhydride, lactone, lactol, hydroxyl, carbonyl, quinone
and ether,[59] although some consider carbonyl and ether neutral or precursors for basic
structures.[60] The acid strength of the groups are in the following sequence: hydroxyls >
lactones and lactols > carboxyl (and their anhydrides).[58] Basic groups are usually formed on an
oxidized surface that has been reduced by heating in an inert atmosphere at high temperature (e.g.
950 oC).[56] During heating, decomposition of acidic groups leave active sites at the edges of the
graphene layers, which upon cooling in inert atmosphere and re-exposure to air, attract oxygen
and form basic functional groups such as chromene or pyrone.[56, 57] The basicity of carbon
have been discussed extensively by Menendez et al. [61, 62] and Montes-Morán et al.[63] The
high temperature annealing treatments used in this work are expected to remove acidic groups
and/or form basic functional groups. The importance of carbon surface oxygen groups has been
investigated in a variety of research areas such as metal dispersion [144], liquid-phase adsorption
of nitrogen compounds [145] and aromatics[146], removal of heavy metal ions[147], gas-phase
adsorption of water vapor[133], etc.
Recently, Stadie et al. investigated the hydrogen storage capacity of Pt-deposited
superactivated carbon at 296 K using a Sieverts apparatus, but didn’t see an increase in
gravimetric storage capacity over the undeposited superactivated carbon.[148] Later Stuckert et al.
claimed that the enhancement of hydrogen uptake via spillover can only be achieved when
common pitfalls in sample preparation steps (such as ultrasonication, passivation and
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pretreatment) are avoided.[100] However, comparing the work in the two publications, no
apparent difference was seen in the preparation steps, but a big potential difference in surface
chemistry of the carboneous substrates were noticed. The difference might from synthesis process
of these carbon materials as they have been provided by two different companies. Distinction in
storage condition is also expected: Maxsorb MSC-30 superactivated carbon used by Stadie et al.
was stored at 393K under vacuum in a BUCHI glass oven. Although the storage condition is
unclear for AX-21 in Stuckert et al.’s report, it is possible that this material was stored in excess
of 8 years prior to testing as AX-21 was used by this group as early as 2004, and synthesis of this
material was discontinued. Surface chemistry of activated carbon is known to change with time.
The objective of the current study is to further investigate the role of carbon surface chemistry on
hydrogen storage via hydrogen spillover. A series of surface modification approaches were
applied to a commercial available activated carbon (Maxsorb) samples: these samples were either
annealed in Ar or under vacuum at high temperature to remove oxygen groups or treated with
HNO3 and KOH to add oxygen groups (as discussed above). After surface modification, Pt
particles were then dispersed on the surface-modified carbons and hydrogen storage capacity was
measured. As hydrogen spillover is a complex multi-step process, the effect of oxygen groups on
spillover is evaluated by overall hydrogen capacity of the material; while the surfaces are
characterized for metal dispersion, particle size, surface chemistry, and carbon structure.

3.3

3.3.1

Experimental methods

Sample preparation
Maxsorb is a commercially available activated carbon, which has been prepared by KOH

activation of carbon precursors at ~800 oC (Tokyo Zairyo Co.) After receipt, Maxsorb is stored
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under atmospheric conditions until surface modification. The surface modification of as-received
Maxsorb was carried as follows:
a) M: as-received Maxsorb;
b) MAr: As-received Maxsorb was contained in a quartz boat that was placed in a quartz tube.
The sample was heated to 950 °C in flowing (150 mL/min) ultrahigh-purity Argon and then
cooled to room temperature in the flowing Argon after held at 950 oC for 3hrs. A similar
procedure can be found in [149];
c) MV: As-received Maxsorb was annealed in vacuum at 730 oC for 3hrs in a quartz tube, as
illustrated in [78];
d) MKOH: As-received Maxsorb was mixed with KOH (1:4) to make H2O solution, which was
stirred magnetically overnight at room temperature. KOH-treated Maxsorb was then washed
with DI water to neutral and dry in oven (~100 oC) overnight. Similar KOH activation
procedure was illustrated in [117];
e) MHNO3: As-received Maxsorb was magnetically stirred with concentrated HNO3 (68-70%) at
room temperature for 24 hrs. The sample was then washed with DI water to neutral and dry in
the oven (~100 oC). Similar HNO3 activation procedure was illustrated in [75].
Pt metal was deposited on as-received and surface-modified Maxsorb in a procedure
adapted from[100]: about 200 mg as-received Maxsorb (a) or modified Maxsorb (b-e) were
degassed under vacuum at 200 oC overnight. The well-dried Maxsorb was dispersed into acetone
(50 mL) and stirred 1 hour at room temperature in a 125 mL Erlenmeyer flask. ~ 26.55 mg
H2PtCl6·6H2O (STREM, 99.9%) was dissolved in 4 mL acetone. Diluted H2PtCl6 was added into
Maxsorb/acetone solution at a rate of 20 second per drop. Dropping usually took about one hour.
The solution was then sonicated (1 hour), stirred (1 hour) and dried at ~60 oC overnight. The dry
sample was transferred into a quartz tube and further dried at 80 oC for 2 hrs in flowing UHP Ar
(~30 mL/min). The sample was then ramped in UHP H2 to 300 oC at a rate of 1 oC/min, reduced

67
in H2 at 300 oC for 2 hrs, slowly cooled to room temperature in H2, and passivated with flowing
Ar (30 mL/min) overnight. The Pt-deposited Maxsorb samples were named Pt/M, Pt/MAr, Pt/MV,
Pt/MKOH, and Pt/MHNO3, with Maxsorb notation defined above. The hydrogen reduced samples
were stored in an argon-filled glove box for further experiments or characterization. Selected
samples (Pt/MV and Pt/MHNO3) were used sequentially for isotherms on different equipment, and
in general, no effect on analysis was found if a sample was reused. Dates samples were run versus
tested are listed in Appendix E.
Stadie et al.[148] used similar Pt-deposition methods. The major difference in the two
synthesis procedures are as follows: 1) the carbon precursor (Maxsorb MSC-30 superactivated
carbon) they used was kept at 393 K under vacuum; ours was kept in air; 2) 2 mL solution
consisting of 50 mg H2PtCl6 in acetone was added dropwise to the stirring MSC-30 solution over
5min; we added about 26.55 mg H2PtCl6 catalyst precursor over 1 hr; 3) Prior to hydrogen
adsorption, the samples were degassed in vacuum at 573 K for 12 hr by them; we degassed at 623
K for 12 hr.

3.3.2

Experiments, characterizations and calculations
Low pressure (0-760 mmHg) hydrogen adsorption measurements were conducted on

Micromeritics 2020 at room temperature with a water bath to stabilize temperature. At low
pressure (P<25 mmHg), isotherms are collected by introducing a 0.2 cc/g fixed-dose, after which
pressure is set based on a user-specified pressure table. Above 25 mmHg, the pressure setting is
maintained by the equipment within 3 mmHg. The time for each measurement is based on
pressure stability (within 0.01%), with checks every 45 s. Due to differences in times necessary to
achieve stability at each point, total adsorption time for each sample varied considerably (see
Table 3-4). Before hydrogen adsorption measurements, samples were degassed at 350 oC in high
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vacuum (~8µmHg) for 12 h. After isotherms at room temperature were collected, samples were
outgassed in vacuum at 350 oC for 8 hrs for a subsequent 0 oC isotherm.
Isosteric heat of adsorption was calculated based on hydrogen isotherms at room
temperature and 0 oC. Isotherms in the desired pressure range (above isotherm knee associated
with chemisorption to Pt, i.e. 125-760 mmHg) were linear fit to get the relation of amount of
hydrogen adsorbed. The ln(P) versus (1/T) were plotted for Qst calculation:

Qst = − R (

d ln P
)n
d (1 / T )

(3-1)

R is universal gas constant.
After 0 oC H2 isotherms and another 8-hour outgas at 350 oC, N2 adsorption/desorption
isotherms were collected at 77 K on Micromeritics 2020 for determination of the specific surface
area and pore volume of the samples by the Brunauer-Emmett-Teller (BET) and nonlocal density
function theory (NLDFT). In general, a pressure range P/P0=0.05~0.3 was selected to ensure that
the C value was greater than 0 and the correlation coefficient was greater than 0.998. Pore size
distribution was estimated using NLDFT model (slit pores).
Medium pressure (up to 20 bar) hydrogen adsorption measurements were conducted on a
gravimetric setup Intelligent Gravimetric Analyzer (IGA)-003 (Hiden Isochema), capable of
pressures up to 20 bar and temperatures up to ~ 500 oC. The balance chamber of IGA is
maintained at 45 oC for stability, while the outlet lines from the sample chamber to vacuum are
heated at ~ 50 ˚C to minimize retention in the system of hydrogen and other contaminants that
evolve from the samples. A turbomolecular pump (Edwards, EXT 70H) backed by a diaphragm
pump (Edwards, A74601983) is attached to the IGA, allowing for a vacuum pretreatment at
pressure of 10-6 mbar. All samples were outgassed at 350 oC for 12 hrs prior to isotherms.
Hydrogen isotherms were performed at 25 oC (temperature was maintained by a water/ethylene
glycol circulator) in the static mode that maintains desired pressure in the system by using
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electronically controlled inlet and outlet valves. At each pressure point, adsorption/desorption
was performed for minimum 60 minutes (based on [150]); equilibrium was assured until the mass
was stabilized to within a 99% tolerance or for a maximum of 120 minutes, whichever was first.
The precision of the IGA is ± 0.01 wt.% for 100 mg sample at 20 bar (± 10 µg).[124] Helium
density of the samples was calculated from a He isotherm up to 20 bar after hydrogen isotherm,
this assumes helium adsorption at room temperature is negligible. Sample buoyancy corrections
for the H2 isotherms were relative to the He density measurements.
Temperature-programmed desorption (TPD) combined with mass spectrometric (MS)
analysis was performed after H2 isotherms on IGA, prior to any He tests that were performed. The
inlet of the attached MS (Hiden, Dynamic Sampling Mass Spectrometer type, HPR-20,
Secondary Electron Multiplier detector with lowest detection limit 10-13 microtorr) was placed at
the vacuum pump located at the outlet to the system. In a typical run, sample was outgassed for
90-100 minutes after last pressure point (~8 mbar) on the hydrogen desorption isotherm. In
principle, one could assess the weight of the sample at the end of this degas period, however, drag
forces induced by the pump along with temperature fluctuations during this period demonstrated
that mass changes due to desorption could not be determined within the accuracy needed to
calculate mass desorbed. An extended outgas time was aimed to reduce a high hydrogen
background that was caused by the small capacity backing pump. MS spectra were collected
while the sample was heated up to pretreatment temperature (350 oC) at 5 oC/min in vacuum.
High pressure (70 bar) hydrogen adsorption measurements were conducted on a custom
built volumetric differential Sievert’s apparatus. A single-step adsorption isotherm at 70 bar was
conducted as a screening method. Before hydrogen isotherms, samples were pretreated under
vacuum (10-6 mbar) at 350 oC for 12 hrs. After hydrogen adsorption, the sample was outgassed
overnight (10-2 Torr) at room temperature, and then a He blank experiment (under identical
conditions) was to determine the free space. H2 adsorption capacities were corrected by
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considering helium adsorption with the method by Sircar after He blank test, as described
previously.[151, 152] H2 adsorption isotherms at 1 bar and 20 bar were not corrected in such way
as He adsorption at this pressure range is negligible.1 Error bars shown in the figure are from a
numeric analysis using an error propagation program that is based upon a Jacobian matrix in a
Mathematica program utilizing the root sum square method of propagating error (Appendix G).
The chemical bonding information of the modified surface was obtained by X-ray
photoelectron spectroscopy (XPS) (Axis Ultra; Kratos). X-ray source for the measurement was
monochromatic Al-Kα. The working pressure was maintained under 10−8 Torr. 80 eV pass energy
was used for surveys and 20 eV was for high-resolution scans. For calibration purpose, the C (1s)
electron bond energy was referred at 284.6 eV, which is corresponding to graphitic carbon.[123]
O to C atomic ratios were approximated from the XPS survey spectra by using the ratio of areas
under the most intense photoelectron peak of each element. Pt-deposited samples for XPS
characterization have been H2-reduced and Argon-passivated. Samples were stored in Ar-filled
vials during transportation but exposed in air before XPS analysis.
XRD measurements of the samples were carried out with a Scintag Model X2 θ/θ
goniometer with Cu radiation Kα1/Kα2 and Si (Li) Peltier detector operated at 45 kV and 40 mA.
Instrumental error (in terms of 2θ and instrumental peak broadening) was accounted for using
NIST 640c silicon as an external reference sample. Scherrer equation was applied to calculate
metal crystallite size:

Crystallite Size = K λ / ( β cos θ )

(3-2)

Where K is the shape factor (0.85 used as our instrument default), λ is the radiation
wavelength (0.15418 nm for CuKα radiation), β is the line broadening of a particular peak due to

1

Henry’s law constant for AX-21 (that is similar to Maxorb in terms of large surface area) is
0.013 mmol/g·atm at 298 K, which suggests adsorption of 0.26 mmol/g He at 20 bar and 0.91 mmol/g at 70
bar.
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the crystallite size, θ is the angle of the diffraction peak. β is usually corrected by Warren’s
correction:

β = ( B2 − b2 )1/2

(3-3)

Where B is the peak width at half height and b is the instrumental broadening obtained by
running a NIST 640c silicon standard under identical instrumental conditions.[153] Profile fitting
for determination of crystallite size was performed with MDI Jade software (Materials Data Inc.,
Livermore, CA) with R value 20-22 %.
Metal dispersion (the fraction of total amount of metal atoms that exist as surface atoms,
DM) has been calculated by metal crystallite size (d) according to Vannice: [154]

DM = 0.6(VM / AM ) / d (nm)

(3-4)

Where VM and AM are volume and area occupied by a bulk metal atom, d is crystallite
size in nm. Substituting in values of VM and AM for Pt leads to:

DM = 1.1 / d ( nm )

(3-5)
This metal dispersion was used to determine the atomic ratio of adsorbed H to surface Pt
atoms (H:Ms) from the adsorption isotherm at any given pressure and temperature. Vannice states
a reasonable size range for most metal size determined by XRD technique is 30-500 Å [154],
based on the ability to obtain a discernible diffraction pattern. Most calculated values in this
paper fall below this range so should be treated as an estimate.
TEM was used a complementary characterization method to show the Pt particle size.
The images were taken on a JEOL EM-2010 (20 to 200 kV variable in 100 V steps) with Gatan
interline transfer CCD camera for high resolution. Samples were sonicated in ethanol for 10
minutes before loaded on a copper grid.
Raman spectra were collected on Renishaw inVia spectrometers with Leica DM LM
microscope and a thermal electrically cooled CCD detector. 514 nm (green) was obtained from an
argon ion laser. The spectrometry was calibrated with a silicon wafer at 520 cm-1. All spectra
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were recorded with integration time 30 seconds and 5 accumulations with 100 % of 10 mW
power. As Maxsorb have heterogeneous surfaces, representative spectra are shown, and the
various statistics reported (e.g., peak ratios and full-width half maximum (FWHM)) are based
upon the standard deviation of 3-5 measurements. Raman spectra are fit to using 3 Lorentzian
(D1, 1360cm-1, D4:1180cm-1 and G:1590cm-1) and 1 Gaussian (D3: 1500cm-1), as described by
Sadezky et al. [155] This fitting procedure was found to be most suitable for the given spectra.
Representative fitting results are in Appendix D.

3.4

3.4.1

Results and discussion

Texture properties of carbon materials

As shown in Figure 3-1, the nitrogen adsorption/desorption isotherms of as-received Maxsorb and
Pt-deposited modified Maxsorb are not typical type I isotherms. After a sharp increase at low
pressure, all isotherms have a linear rise with P/P0 up to 0.4, which indicates the presence of
considerably wider micropores [156, 157] and/or wider micropore size distribution.[158] No
obvious hysteresis was observed for any N2 isotherms. The pore size distributions (PSDs)
obtained on the basis of NLDFT are presented in Figure 3-2. All samples possess a portion of
micropores (< 2 nm) and a larger fraction of narrow mesopores with pore size around 2-3 nm.
The mesoporosity and non-hysteresis from N2 isotherms indicate the mesopores are wide open so
that the evaporation takes place at the same P/P0 as the adsorption process.[72] The textural
properties of as-received Maxsorb and Pt-deposited modified Maxsorb were summarized in Table
3-1. Platinum deposition reduced BET surface area of Maxsorb about 5.7 %, which can be
attributed to metal blocking of pores. Despite of the low temperature oxidation technique used,
the Pt-deposited Maxsorbs with “added” oxygen groups (Pt/MHNO3 and Pt/MKOH) have
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appreciable changes in the surface area and pore volume relative to the unmodified Pt/M.
Decreased surface area and pore volume with oxidation has been attributed to blocking of
adsorption sites and/or diffusion pathways of N2 molecules.[72]. The high temperature anneal in
Ar had the highest reduction in surface area (Pt/MAr), suggesting pore collapse during the high
temperature (950 oC) treatment[77]. Treatment at vacuum at lower temperature (730 oC) has a
much less pronounced effect. Changes are seen both in mesopore and micropore volume, as
shown in Figure 3-1 and Figure 3-2, but it seems the changes in micropore volume are
insignificant (Table 3-1).

Figure 3-1 N2 adsorption isotherms at 77 K. Inset is the plot of the same figure with only lower
P/P0 range in log scale.
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Table 3-1 Summary of textural properties of as-received and surface modified Maxsorb samples
Sample code
Maxsorb
a Pt/M
b Pt/MAr
c Pt/MV
d Pt/MKOH
e Pt/MHNO3

SBETa
(m2/g)
3277
3090
2686
2954
2934
2785

VN2b
(cm3/g)
1.79
1.70
1.47
1.63
1.63
1.55

Smicroc
(m2/g)
1455
1353
1344
1298
1303
1238

Vmicrod
(cm3/g)
0.75
0.71
0.68
0.69
0.67
0.65

a

BET specific surface area, tested pressure range 0.05-0.3 P/P0
Total pore volume; nitrogen used as the adsorbed phase
c
Specific surface area of micropores (<20 Å) by NLDFT model with N2 as adsorbed phase
d
Micropore volume by NLDFT model with N2 as adsorbed phase
b

0.16
0.14

Incremental Pore Volume

0.16

Maxsorb
a Pt/M
b Pt/MAr

0.12

c Pt/MV

0.10

e Pt/MHNO3

0.12
0.08

d Pt/MKOH

0.04
0.00

0.08

0

10

0.06

20
30
40
Pore Width (Angstroms)

50

0.04
0.02
0.00
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Figure 3-2 Pore Size distribution using NLDFT model with N2 as adsorbents at small micropore
range (<10 Å), inset figure is pore size distribution at 0-50 Å.
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3.4.2

Raman
The intrinsic crystalline structures of as-received Maxsorb and modified Maxsorb have

been investigated by Raman spectroscopy. Carbonaceous materials usually have two
characteristic modes in the first-order Raman spectra: D peak (D1, ~1350 cm-1) and G peak
(~1580-1600 cm-1).[159] G mode is assigned to ‘in plane’ displacement of the carbons in the
hexagonal sheets; while D mode is found when disorder is introduced into the graphite
structure.[160] Some disordered and amorphous carbons also show additional peaks at ~1180 cm1

(D4), ~1500 cm-1 (D3) and ~1620 cm-1 (D2).[155] Ratio of AD1/AG and FWHM of D1 peak are

representative of degree of disorder [159] and the distribution of crystallite sizes,[160]
respectively.

Figure 3-3 Raman spectra curve fitting results of as-received (M) and modified Maxsorb (MAr,
MV, MKOH and MHNO3) before metal deposition with 514 nm laser excitation. The top left figure
(All) is included to demonstrate the difference between the main peaks of the five spectra is very
slight. Data was presented in Appendix D.
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Fitting results of Raman spectra of the surface modified Maxsorb prior to Pt deposition in
the range of 800-2000 cm-1 using 3L (D1, D4 and G) and 1G (D3); 4G (D1, D3, D4 and G) are
demonstrated in Figure 3-3. All investigated Maxsorb show a broad D band, indicating high
degree of disorder. The spectra are similar to that of charcoal in [161] and commercially available
carbon blacks in [160]. As-received Maxsorb has a AD1/AG around 2.0 for laser excitation of 514
nm, which places it within the NC (nanocrystalline)-Graphite group in the classification scheme
developed for amorphous carbons.[159] Generally speaking, surface modification of Maxsorb
hasn’t dramatically changed the carbon structure (Figure 3-3 All), although some changes in the
AD1/AG ratio and FWHM of the D band are observed (Figure 3-4). Annealing AC in high
temperature is expected to remove unstable acidic groups and restructure disordered carbon,
resulting in a lower D to G ratio.[162, 163] This was observed not only for the high temperature
annealing treatments (vacuum and Ar), but also after KOH or concentered HNO3 treatments. The
reduced AD1/AG after oxidation may be due to the elimination of some amorphous carbon during
oxidation and then removed after the oxidation stage. A similar technique is used to purify carbon
nanotubes.[164] All treatments decrease the FWHM of the D1 mode, which suggests a smaller
distribution of crystallite sizes after modification. Combined with the trends of AD1/AG, this can
be attributed to removal of oxygen groups or amorphous carbon by annealing and acid/base
treatments. The large error bar in the FWHM of Pt/MKOH suggests greater heterogeneity on its
surface.

3.4.3

XPS
The XP survey spectra of investigated Pt-deposited carbon samples in Figure 3-5 and

Table 3-2 indicate all samples containing platinum, carbon and oxygen. Pt/MKOH and Pt/MHNO3
have additional surface element sodium, which seems to be from the washing water as these
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samples included water contact and the others did not. Pt/MKOH shows two more distinct
characteristics: first, a small amount of potassium and chlorine are exclusively seen in Pt/MKOH;
second, Pt/MKOH shows much higher surface composition of platinum than others, as shown in
Table 3-2. Potassium in Pt/MKOH is from KOH treatment, and chlorine is likely from the
precursor H2PtCl6, but it is intriguing why Cl is only seen in Pt/MKOH. The unexpected high
surface composition of platinum in Pt/MKOH will be addressed in the following sections.

Figure 3-4 Area ratio of D1 peak (1350 cm-1) and G Peak (1590 cm-1) and full width at half
maximum of D1 peak were obtained from curve fitting of Raman spectra of M, MAr, MV, MKOH
and MHNO3 before metal deposition. Error bars represent standard deviation for multiple spots.
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Table 3-2 Surface composition of Pt-deposited Maxsorb after H2 reduction and Ar passivation
Pt 4f
C 1s
O 1s
(%)
(%)
(%)
a Pt/M
89.2
7.57
3.23
b Pt/MAr
93.06
3.85
3.09
c Pt/MV
90.6
6.51
3.25
d Pt/MKOH
69.01
10.23
13.58
80.92
14.91
2.72
e Pt/MHNO3
a
atomic ratio of oxygen to carbon
b
atomic ratio of Pt to carbon
Sample code

Na 1s
(%)
1.95
1.45

K 2s
(%)
2.23
-

Cl 2s
(%)
3.01
-

O:Ca

Pt/Cb

0.09
0.04
0.07
0.15
0.18

0.036
0.033
0.036
0.196
0.034

Figure 3-5 XPS survey spectra of Pt/M (a), Pt/MAr (b), Pt/MV (c), Pt/MKOH (d) and Pt/MHNO3 (e)
after H2 reduction and Ar passivation.

Consistent with the papers from which the surface modification methods are based [78,
149], high temperature annealing reduced the oxygen content of the sample while KOH and
HNO3 treatment increased the oxygen content [75, 117], as seen in Table 3-2. High resolution O
1s spectra in Figure 3-6 provide qualitative information about types of oxygen groups on the
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surface. In the literature, Peak I (531.1-531.6 eV) is usually assigned to oxygen in carbonyl or
quinone groups [78, 165]; Peak II (~533.1eV) is assigned to oxygen atoms in carboxylic groups,
such as carboxylic acid and anhydride or lactone and oxygen atoms in phenolic hydroxyl or ether
[78, 129, 130, 165]; Peak III could be adsorbed water or oxygen.[78, 84, 165] As all investigated
Pt-deposited carbon samples have been reduced at 300 oC, at which carboxylic acid has
decomposed [64, 69, 85], it is reasonable to exclude carboxylic acid from peak II of all samples in
Figure 3-6.

e Pt/MHNO3

28.66% (I)

12% (III)

d Pt/MKOH

53.34% (II)
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Figure 3-6 High resolution O 1s spectra of Pt/M (a), Pt/MAr (b), Pt/MV (c), Pt/MKOH (d) and
Pt/MHNO3 (e).
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Peak I to II ratio were calculated to show the relative concentration of specific surface
functional groups. Both HNO3 and KOH treatment increased the concentration of surface oxygen
(Table 3-2); however, they changed the oxygen groups differently. Using Pt/M as a benchmark,
Pt/MHNO3 has a decreased peak I to II ratio, suggesting more carboxylic groups and phenolic
hydroxyl groups added [73, 75]. In contrast, the peak I to II ratio of Pt/MKOH increased by 35%
relative to Pt/M, indicating more carbonyl and/or quinone groups formed. The low peak I to II
ratio of Pt/MAr is consistent with the removal of most of surface oxygen groups, except basic
groups such as pyrone and chromene, which are removed at much higher temperature [69, 85].
Comparatively, annealing at lower temperature (730 oC) results in slightly lower oxygen content
and peak I to II ratio: lactone, anhydrides, and carbonyl/quinone groups on Pt/MV might not be
completely removed at this temperature.[69, 85]
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3.4.4

XRD

Figure 3-7 Powder X-ray diffraction patterns of Pt/M (a), Pt/MAr (b), Pt/MV (c), Pt/MKOH (d) and
Pt/MHNO3 (e). Peaks at 2θ = 39.7o (111) and 46.1o (200) were attributed to Pt with a face-centered
cubic (fcc) structure. Pt/M (a) and Pt/MV (c) show a subtle peak at around 44o, which belongs to
the hexagonal graphite structures (10). Pt/MKOH (d) shows an additional peak at 28.3o, which was
from silicon sample holder.
Table 3-3 Crystallite size calculation (via XRD) and metal dispersion
2θa

d(Å)b

FWHMc

Pt/M (a)
39.3
2.29
4.28
Pt/MAr (b)
39.9
2.25
5.26
Pt/MV (c)
39.6
2.28
3.96
Pt/MKOH (d)
39.7
2.27
1.38
Pt/MHNO3 (e)
39.4
2.29
3.14
a
Bragg angle
b
d-spacing
c
Full Width at Half Maximum of Peak at 2θ≈39
d
crystallite size of Pt, based on Equation 3-2
e
Equation 3-5

Crystallite
Size (nm)d
2.0
1.6
2.1
6.3
2.7

Metal
Dispersione
0.55
0.69
0.52
0.17
0.41
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XRD diffraction patterns (Figure 3-7) were applied to characterize the crystallite
structure of platinum and estimate crystallite size, as summarized in Table 3-3. The crystal size of
Pt/M, Pt/MV and Pt/MAr, which represents an average, are comparable (~2 nm), demonstrating the
thermal anneal has little effect on the metal dispersion. The particle size of Pt/MHNO3 is increased
to 3 nm, whereas Pt/MKOH is increased to 6 nm. The data suggests that high O:C ratio leads to
higher metal particle size, as Pt/MHNO3 and Pt/MKOH have highest O:C ratios in XPS and largest
particle sizes from XRD. The TEM and HRTEM images of Pt/M are shown in Figure 3-8. The
XPS intensity ratio of Pt/C (as in Table 3-2), which is proportional to dispersion on materials with
similar repartition,[166] is quite similar for all materials with the exception of Pt/MKOH. The high
XPS IPt:IC intensity ratio observed for Pt/MKOH (~ 6-fold, relative to the other samples) suggests
the H2PtCl6 did not penetrate into the interior of the particle, which is consistent with precipitation
of K2PtCl6 on the surface, particularly as XRD and H2 adsorption estimates of dispersion did not
support a high dispersion for Pt/MKOH.
The significant increase in Pt particle size for Pt/MKOH was further investigated by
collecting XRD for additional samples prior to H2 reduction. MKOH has a broad peak of graphite
(10) at 2θ≈44o, as shown in Figure 3-9, as is the case Pt/MAr and Pt/MHNO3 prior to reduction. In
contrast, Pt-deposited MKOH (before reduction) shows crystallite structure of potassium platinum
chloride (K2PtCl6, inset Figure 3-9). Although unexpected, it appears that [PtCl6]2- ions react with
potassium ions that were left by KOH treatment. K2PtCl6 has low solubility in acetone at room
temperature and crystalized on the surface when acetone was evaporated. The subsequent H2
reduction at 300 oC decomposed K2PtCl6 to large Pt particle on the surface, and was also
associated with 3% of chlorine seen on the surface by XPS.
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Figure 3-8 TEM image of Pt/M. Inset is HRTEM image.

Comparing MKOH (a) to Pt/MAr (b) and Pt/MHNO3 (c) in Figure 3-9: (b) and (c) have shown
a very broad graphite peak centered around 2θ=26o, that is more significant than (a). It seems that
Argon and HNO3 treatments likely removed some amorphous carbon, slightly sharpening the
fingerprint of very small graphite particles. However, comparing (b) and (c) to the corresponding
post H2 redution XRD patterns ((b) and (e) in Figure 3-7, it is odd that these graphite peaks were
removed after H2 reduction. This very slight change can possibly be attributed to the fact that
Pt/MAr and Pt/MHNO3 in Figure 3-7 and Figure 3-9 were from different batches of the same AC
source.
To summarize the effect of treatment on surface chemistry, Pt/MAr with less total and less
acidic oxygen groups has a higher metal dispersion; while Pt/MHNO3 with more acidic groups has
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lower metal dispersion. Side reactions between potassium and platinic acid precursor have led to
poor metal dispersion of Pt/MKOH.

Figure 3-9 XRD patterns of KOH-treated Maxsorb (a) MKOH, (b) Pt/MAr, (c) Pt/MHNO3, and (d)
Pt/MKOH. The three Pt-deposited samples are prior to hydrogen reduction. All these samples have
been made in a new batch. Inset shows XRD standard pattern of K2PtCl6.

3.4.5

H2 adsorption at low pressure range (0-760 mmHg)
H2 adsorption isotherms at low pressure (< 1 bar) and room temperature are shown in

Figure 3-10. These isotherms can be used to calculate metal dispersion DM, by extrapolation of
the linear portion of the isotherms in the range of 125-760 mmHg to zero equilibrium
pressure.[23, 167], but this method is clearly flawed when hydrogen spillover occurs; therefore,
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metal dispersion was calculated from the XRD, as described above. However, it is interesting to
compare the ‘low-pressure’ knee (e.g. adsorption at 25 mmHg) of the low-pressure hydrogen
isotherm with the metal dispersion calculated via XRD. The latter is an average, and not sensitive
to very small particles, whereas the former is an indication of activity of all active metal sites, as
well as low-pressure spillover. The knee is tabulated to assess the activity of the catalyst at low
pressure, which is typically associated with adsorption to the catalyst, but may also include lowpressure spillover. From Table 3-4, metal dispersion increases with low pressure knee with the
only exception of Pt/MV, which indicates either the low pressure spillover is more pronounced on
this sample or some very small size Pt particles have not been able to be picked up by XRD.

Table 3-4 H2 uptake of Maxsorb and Pt-deposited Maxsorb at low pressure (0-760 mmHg) and
296 K

M
Pt/M (a)
Pt/MAr (b)
Pt/MV (c)
Pt/MKOH (d)
Pt/MHNO3 (e)

Ads cc/g
(25 mmHga)

Des cc/g
(25 mmHg)

H2 uptake
(760 mmHg)

0.11
0.93
1.25
1.55
0.40
0.76

0.16
1.65
1.90
2.32
0.55
1.18

2.06
4.21
3.85
4.44
2.08
2.87

Total
Adsorption
Time (hr)
7:04
10:16
16:08
17:32
9:14
9:26

H:Ptsurf.b
(1 bar)

Qstc
(kJ/mol)

1.51
1.14
1.81
0.51
1.00

9.8
10.8
11.7
12.3
29.9
18.9

a

25 mmHg was chosen as the first pressure point in the pressure table.

b

Surface Pt is based on XRD calculations.

c

Qst at high loading.
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Figure 3-10 Low pressure hydrogen uptake of as-received Maxsorb and Pt-deposited Maxsorb
samples at room temperature (296 K).

The effect of carbon surface functional groups on the interaction of Pt precursor with
carbon support during the synthesis of Pt-deposited carbon catalyst has been reported and
discussed, generally for deposition from aqueous solutions.[144, 168-173] Deposition from
acetone solutions of chloroplatinic acid has been studied in much less depth.[174, 175] Generally,
surface oxygen groups can affect metal dispersion in terms of 1) decreasing the hydrophobicity of
the carbon thus making the surface more accessible to aqueous solutions;[168] 2) changing the
acid-base properties of carbon samples therefore altering the reaction with acidic/basic solution of
metal precursors;[170] 3) keeping metal precursors from approaching the surface of the support
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owing to the steric effects of a large quantity of surface oxygen groups; 4) fixation of the acidic
groups on the surface of the active carbons increases the negative surface charge density;[102]
and 5) acidic groups can cause the sintering of metal particles during metal precursor
decomposition and metal particle reduction at above 250 oC [144]. In another report, when
graphite oxide (containing surface carboxylic aid and hydroxyl groups) and PdCl2 aqueous
solution were used, improvement of metal dispersion and hydrogen uptake were observed as Pd
(2+) can anchor acid groups that carry negative changes.[91] Deposition from acetone solutions
may lead to competitive adsorption,[175] and consequently, alteration in how the platinum
precursor interacts with basal plane carbons versus edge-site oxygen groups. The rate of uptake
of the platinum complex into an activated carbon is influenced by this competitive adsorption,
and consequently smaller and more uniform metal particles can form with slow diffusion of
platinum into the AC precursor.[174] In the current study, as H2PtCl6 acid and non-aqueous
acetone are used as metal precursor and solvent, respectively, the favorable effect of surface acid
groups (as stated in 1 and 2) and the role of charge density (case 3) are not applicable, and only
steric hindrance (case 4), decomposition during sintering (case 5), and competitive adsorption
play a role.
As listed in Table 3-4, except Pt/MKOH, all other samples Pt/M, Pt/MAr, Pt/MV, and
Pt/MHNO3 have enhanced H2 uptake of Maxsorb, by a factor of 2.04, 1.87, 2.16 and 1.39,
respectively at 1 bar. The uptake of Pt/M and Pt/MV are comparable to the reported data, and the
height of the catalyst ‘knee’ is also comparable (i.e. Wang et al. report an uptake of ~ 1.6 cc/g at
~ 0.1 atm) suggesting catalyst particle size is similar to the previous report.[134] As surface
modification decreased surface area and pore volume of Maxsorb, the enhancement would be
more appreciable if compared with modified Maxsorb. Hydrogen atom to surface Pt atom ratio
has been calculated and listed in Table 3-4. A H: Ptsurf greater than 1 is a convenient indication of
the occurrence of hydrogen spillover as surface Pt atom is expected to bind one hydrogen

88
atom.[176, 177] Except Pt/MKOH, H:Ptsurf of all Pt-deposited Maxsorb is ≥ 1, consistent with
occurrence of hydrogen spillover.
H2 adsorption/desorption hysteresis were observed for several low pressure isotherms
(Figure 3-10). Very little hysteresis is observed for Maxsorb and Pt/MKOH. Hysteresis between
adsorption and desorption tended to correlate with long adsorption time and high hydrogen
uptake. As adsorption time on this equipment is based upon stability tests, these trends are
consistent with hydrogen spillover being a slow process. As chemisorption to platinum and room
temperature physisorption to carbon are rapid, the hysteresis that shown in the isotherms by Ptdeposited Maxsorb may be indicative of slow hydrogen spillover, which consists of spilt-over
hydrogen migration, diffusion and recombination, resulting in the slower kinetics than
physisorption.
The isosteric heat (Qst) of H2 adsorption on selected samples (M, Pt/MAr, and Pt/MHNO3)
was calculated from 296 K and 273 K isotherms and Clausius-Claypron equation (Figure 3-11). It
is important to note that the data were fit in the range beyond that expected for Pt coverage, thus
the reported Qst does not include direct chemisorption to Pt. Qst of Maxsorb decreases with H2
loading, as is typical on a heterogeneous surface. At high loading (2.0 cc/g), Qst of Maxsorb is
about 9.8 kJ/mol, which is a little higher than AX-21 and carbon nanotubes measured at
cryogenic temperature [178], but comparable to that of a chemical activated ultramicroporous
carbon measured at ambient temperatures.[131] Heat of adsorption is dependent upon the
temperature at which it is measured, even for chemisorption to Pt.[179] Pt-deposition and surface
modification increased Qst on both annealed and oxygen-functionalized surfaces. At high loadings,
Qst of Pt/MAr, and Pt/MHNO3 are 11.7 kJ/mol (3.8 cc/g), and 18.9 kJ/mol (2.4 cc/g), respectively
(as shown in Table 3-4). The obtained Qst of Pt/MAr is comparable to reported heats of adsorption
of Pt-deposited carbons [44, 134], but the Qst of Pt/MHNO3 is higher than literature data, which
could be attributed to polarization-enhanced physisorption [131] by the Na alkali metal residue
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from the HNO3 deposited during chemical activation, and/or increased binding energy of spiltover hydrogen atoms on the oxygen groups by surface oxidation [44]. The Qst of Pt/MKOH (29.9
kJ/mol at 2 cc/g) is significantly higher than that reported by polarization-enhanced physisorption
and more explanation is needed due to the decomposition of K2PtCl6 that led to the deposition of
the metal particles.
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Figure 3-11 Hydrogen isotherms of M, Pt/MAr and Pt/MHNO3 at 296 K and 273 K. Solid signs
denote isotherm at 296 K and hollow signs denotes isotherm at 273 K (on the left). Isosteric heats
of adsorption of the three samples are shown on the right.
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In conclusion, oxidation increases the heat of adsorption to Maxsorb, although it does not
increase the overall uptake. For comparison to other measured Qst for spillover samples, Wang et
al. reported that oxidation (via plasma treatment) increased the Qst of templated carbon to 10-30
kJ/mol in the coverage range after the low-pressure catalyst knee and the uptake.[44] Similar
phenomena were seen on

Ru, Pt and Ni-deposited templated carbons.[134]

However, Pt

deposited AX-21 (by hydrogen reduction) has a higher heat of adsorption but a lower uptake than
a plasma-reduced one [13]; here, the lower heat of adsorption of the latter was attributed to the
lower energy barrier of hydrogen spillover from Pt particles to carbon, demonstrating that heat of
adsorption measurements for spillover materials are not necessarily straightforward.
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3.4.6

H2 adsorption at medium pressure range (0-20 bar)
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Figure 3-12 Gravimetric H2 isotherms of as-received Maxsorb and Pt-deposited Maxsorb at room
temperature (298 K) up to 20 bar. Empty symbols indicate desorption. Error bar is ± 0.02 wt.% at
20 bar.

Hydrogen isotherms up to 20 bar were performed on a commercial gravimetric setup IGA.
Consistent with the low pressure hydrogen uptake results, Pt/M, Pt/MAr, and Pt/MV have
enhanced hydrogen uptake of Maxsorb by a factor of 1.12, 1.05, and 1.15 at 20 bar, however, the
enhancement at these intermediate pressures is only slightly higher than the error bar of the
equipment, which is ± 0.02 wt.% for 50 mg sample at 20 bar. Primary evidence for enhancement
due to spillover is observed at pressures less than 1 bar. The adsorption-desorption hysteresis
found in Figure 3-12 is within the error bar of the equipment at pressures above ~1 bar. Unlike
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the volumetric equipment, experimental time is fixed and hysteresis cannot be attributed to
leakage. Although hysteresis is not pronounced, some residual hydrogen remains after the final
desorption point at 10 mbar. Even after an extended outgas (performed for the TPD, described
below), some hydrogen remained on the sample: 0.020, 0.021, 0.024, -0.093, and 0.008 mg left
for Pt/M, Pt/MAr, Pt/MV, Pt/MKOH, and Pt/MHNO3. There is some uncertainty in these weight
numbers due to effect of drag force during outgas.
The hysteresis of the isotherms at zero pressure raises a question as to whether all
adsorbed hydrogen can be desorbed at room temperature, especially for samples that have
abundant surface oxygen groups, on which spilt-over hydrogen could form stronger bond with the
surface.[99] To clarify this question, after the last desorption point at 10 mbar, all samples were
outgassed at room temperature for 90-100 min. Samples were then heated at a rate of 5 oC/min to
assess the temperature at which this residual hydrogen desorbed.
Notably, there is an obvious hydrogen desorption peak at 100-125 oC in MS spectrum of
Pt/MAr, but no apparent H2 desorption peak in other samples (Figure 3-13). The lack of H2
desorption peak can be attributed to either: 1) desorption during the long outgas time; or 2) high
hydrogen background due to insufficient pumping of the chamber. The former point precludes
conclusive analysis of the H2 TPD data. The mass loss data during the outgas is inconclusive due
to drag forces caused by the pump and temperature fluctuations once the temperature bath has
been removed.
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Figure 3-13 H2 and H2O signals collected after H2 isotherm and 90-100 min outgas at room
temperature. Temperature ramp rate was 5 oC/min. Only Pt/MAr shows a H2 desorption peak at
around 125 oC. No water peaks are shown by these samples.

Perhaps more enlightening is that mass spectra of H2O (Figure 3-13) showed no evidence
for H2O desorption for any sample up to the pretreatment temperature. Masses corresponding to
CO, CO2, and CH4 were also monitored with no evidence for evolution of these species with
heating. A control experiment with a different Pt-deposited activated carbon sample [23] that
was pretreated at 200 oC under vacuum for 5 hrs and tested under similar conditions did show the
expected evolution of H2O (Figure 3-14), suggesting if H2O (and other species) had evolved, the
mass spec should have been able to detect them. The lack of evidence for H2O, CO, CO2, and
CH4 evolution during heating indicates spilt-over hydrogen didn’t desorb as H2O, and did not
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form carboxylic acid during H2 adsorption, as the dehydration temperature of carboxylic acid is
250 oC.[86] In summary, H2 and H2O mass spectra of the sample indicates no carboxylic acid is
formed when hydrogen adsorption on Pt-deposited Maxsorb. This agrees with additional
experiments (data not shown) in which sequential low-pressure adsorption experiments, with
intermittent pretreatment, show converge of the isotherms.

0.030

Gas signal (microtorr)

0.025
H2
H2O

0.020
0.015
0.010
0.005
0.000
100

200

300

400

o

Temperature ( C)

Figure 3-14 TPD-MS spectrum of a different Pt-deposited activated carbon in a control
experiment.
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3.4.7

H2 adsorption at high pressure range (70 bar)
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Figure 3-15 H2 uptake of Maxsorb (M), Pt/M, Pt/MAr (Ar), Pt/MV (V), Pt/MKOH (KOH) and
Pt/MHNO3 (HNO3) at 70 bar and room temperature with respect to surface area, oxygen to carbon
atomic ratio and Pt particle size. Error bars represent those calculated by propagation of error
(details in Appendix G).

High pressure (70 bar) hydrogen storage capacity was measured on a custom built
differential volumetric setup. The high-pressure measurement allows us to better assess the
ultimate capacity of the material at conditions closer to the pressure limits set by the U.S.
Department of Energy. Figure 3-15 was intended to compare the influence of surface area,
surface oxygen groups and metal particle size on H2 storage in metal-deposited materials. In
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Figure 3-15, Pt/M, Pt/MAr, Pt/MV, Pt/MKOH and Pt/MHNO3 have enhanced hydrogen uptake of
Maxsorb by a factor of 1.20, 1.28, 1.34, 1.12 and 1.22, but obviously, the enhancement of Ptdeposited Maxsorb is in the error bar of the volumetric measurements. Kinetic data are available
in Appendix F.
Stuckert et al. [100] and Tsao et al. [180] emphasized the significant role of uniform
dispersion of metal particles and small particle size on hydrogen spillover. The latter paper, in
particular, pointed out metal particle size no larger than 2 nm was crucial for the enhancement of
hydrogen uptake. However, Pt/MAr that has the smallest particle size didn’t show much
enhancement to the carbon support, as seen in Figure 3-15. Or the possible enhancement has been
offset by the reduction of specific surface area (by 7.6 %). The large particles on Pt/MKOH pull
down the overall uptake, but still within the equipment error bar.
Oxygen-enriched Pt/MHNO3 and oxygen-removed Pt-deposited Maxsorb (Pt/MAr and
Pt/MV) exhibit very close hydrogen storage capacity at 70 bar, showing the role of oxygen groups
on overall hydrogen uptake at high pressure is not significant. Abundant surface oxygen groups
on Pt/MHNO3 might have positive effect on hydrogen spillover, as what have been mentioned in
the previous context; however, the larger Pt particle size resulted from the oxygen groups played
a stronger negative role in the whole process of hydrogen spillover, plus an additional negative
point of oxygen groups by blocking of pores for physisorption.
Generally speaking, surface chemistry of carbon support is the key for metal-deposition
but not crucial for hydrogen uptake via spillover at high pressure. A large portion of adsorption at
high pressure for Pt-deposited Maxsorb might be physisorption, on which the specific surface
area of the materials plays a more important role.[181]
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3.4.8

Current results compared to those in the literature
The discrepancy between the results reported by Stuckert et al. [100] and Stadie et al.[148]

were noticed and mentioned in the introduction. We found our results, both the uptake at low
pressure and high pressure, present more similarity to Stadie’s. For instance, hydrogen uptake of
Pt/MHNO3 at 1 bar is around 0.025 wt.%, which is the same to that of Pt-MSC-30. MSC-30 has an
uptake of 0.64 wt.% at 70 bar, close to Maxsorb without He correction , i.e. 0.56 wt.% (the
former’s surface area is 1.04 times of the latter).
Difference in surface chemistry of Pt-MSC-30 and Pt/AX-21 (by Stuckert) could result in
the discrepancy in uptake at low pressure. As we have shown, surface modification improved
hydrogen uptake of Pt-deposited Maxsorb to 0.04 wt.%, i.e. 4.44 cc/g for Pt/MV at 1 bar. Pt/AX21 might have groups beneficial for spillover, as those on Pt/MV, although the uptake capacity of
the latter is still not comparable to that of the former, which is around 5.5 cc/g.
At high pressure, the discrepancy in uptake could result from the error bar. Pt/M has an
uptake of 0.9 wt.% at 70 bar, about 1.2 times of Maxsorb and close to Pt/AX-21 (by Stuckert et
al), but the enhancement is in the error bar of our volumetric equipment. Stadie et al. specifically
discussed the error bar by background adsorption in their empty sample holder. They found the
error bar is about ± 0.3 wt.% at room temperature over long steps when 0.2 g sample was used.
Therefore, to ensure that Pt-deposited samples can make improvement in adsorption at high
pressure, one has to carefully calculate the error bar of the equipment. The error bar is not
available in Stuckert et al’s publication.[100]
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3.5

Summary and conclusion
In this study, high surface area activated carbon (AC) Maxsorb was modified by high

temperature annealing which decreased the oxygen functional groups, and HNO3 and KOH
oxidations which increased the oxygen functional groups. XPS was used to quantify and
determine the nature of the oxygen functional groups on the modified Maxsorb after Pt deposition,
the effect of the treatment on the surface area, pore volume, crystallite structure of the
Pt/Maxsorb was investigated by N2 adsorption/desorption isotherms and Raman spectroscopy.
XRD was used as the primary tool to characterize the morphology of the catalysts. Hydrogen
adsorption capacity was investigated on gravimetric and volumetric equipment at three pressure
ranges. The results were summarized as follows:
1) Carbon nanocrystallite structure was slightly changed by 950 oC annealing and acid/base
treatment. All treatments result in a decreased D to G ratio: annealing at high temperature
tends to remove unstable oxygen groups on the surface and re-construct disordered carbon;
oxidation treatments, followed by heating at 100 ◦C eliminate some amorphous carbon in
Maxsorb.
2) Surface modification and Pt deposition decreased the specific surface area and pore volume
of Pt-deposited Maxsorb relative to its precursor The high temperature anneal (950 oC in
Argon) and strong oxidative treatment (68-70% HNO3) had the largest effect, reducing the
surface area by 18% and 15%, respectively.
3) Of the treatments studied, the high temperature Ar anneal provided the smallest crystallite
size (by XRD), when Pt nanoparticles were deposited via a wet chloroplatinic acid and
acetone solution deposition technique. The small catalyst size led to a high hydrogen uptake
at low pressure, associated with uptake to the catalyst and possible low-pressure spillover.
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4) Trace potassium after KOH treatment had a large detrimental effect on the metal deposition
technique used in the current study. Large particles of Pt are formed after H2 reduction of
crystallite K2PtCl6 that was produced from potassium residue and PtCl62- ions.
5) Pt-deposition increased the heat of adsorption to the carbon surface. The largest effect was
observed for the oxidized samples. Higher heats of adsorption did not correlate to high
hydrogen adsorption capacity beyond the low-pressure catalyst knee.
6) Hydrogen uptake on all Pt-deposited Maxsorb (Pt/M, Pt/Mv, Pt/MAr) showed a higher
hydrogen storage capacity relative to that of undeposited Maxsorb at low pressure (< 1 bar);
the enhancement was not significant at pressures above 20 bar.
7) In temperature-programmed desorption, hydrogen evolution was observed for Pt/MAr at a
temperature of about 125 oC. The H2 desorption signal tended to be obscured by a high H2
background level. Notably, no H2O, CO, CO2, or CH4 evolved with heating.
8) Surface chemistry of carbon support is crucial for metal-deposition and hydrogen uptake via
spillover at low pressure.
9) Physisorption dominates hydrogen adsorption at high pressure for Pt-deposited Maxsorb;
therefore, the specific surface area of the materials plays a more important role.
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Chapter 4
Evidence for Hydrogen Spillover at Extremely Low Pressure for Pt- and
Pd- supported on Carbon Materials

4.1

Abstract
The mechanism of hydrogen spillover has long been explained by a chemical kinetics

analysis, which leads to a square root pressure dependence (i.e. P0.5) of the spillover process,
suggesting the uptake will be appreciably increased as pressures are extrapolated to those of
interest for DOE hydrogen storage targets (i.e. 100 bar). However, using a high-pressure
gravimetric balance, we have experimentally observed mass uptake that can only be attributed to
hydrogen spillover at extremely low pressures (i.e. 10-6 mbar), inconsistent with models that
predict a P0.5 pressure dependence. The uptake is observed for samples containing metal and
carbon, and not observed for inert samples or carbon samples without metal. Our results also
indicate overall uptake calculated in gravimetric adsorption measurements might be different
from that by volumetric ones: for the latter case, the low-pressure spillover is not detectable.
Mechanistic implications of hydrogen spillover for hydrogen storage are also discussed.

4.2

Introduction
Hydrogen spillover is a surface diffusion process in which a catalytic entity that is

capable of dissociative adsorption provides a supply of hydrogen to a region of its support which
would otherwise be unable to initiate the dissociative chemisorption process. Hydrogen spillover
has long been accepted in the field of catalysis and is responsible for multiple reactions that
would not otherwise occur, the simplest being the formation of a tungsten bronze after migration
of dissociated hydrogen from Pt to a WO3 support, accompanied by a characteristic color-

101
change[17]. The hydrogen spillover mechanism has been credited for the significant enhancement
in experimentally determined hydrogen uptake at ambient conditions seen by Lueking and
Yang,[9, 39, 182] and subsequently, by Yang et al.[2, 12, 13, 91, 93, 183], Tsao et al.[1, 38], and
Psofogiannakis et al.[45]. Hydrogen spillover to both oxide and carbon supports has been
detected by a variety of analytical techniques, with the support indicated in parenthesis, including:
Fourier Transform Infrared Spectroscopy (FTIR) [184] (silica), Nuclear Magnetic Resonance
(NMR) [185] (silica), Inelastic Neutron Scattering (INS) [21-23] (carbon), Electron Microscopy
[20, 186-188] (metal sulfides and alumina), Electrical Conductivity [141, 189] (alumina and
MICA), Temperature Programmed Desorption (TPD) with isotope tracer [190-193] (zirconium
oxide, alumina, and carbon), X-ray Photoelectron Spectroscopy (XPS) [99, 141] (carbon), and
Raman [102] (carbon). However, whether hydrogen spillover may enhance the overall hydrogen
storage capacity of either carbon [148] or metal-organic framework materials has been
contested.[194, 195]
Pressure functionality of hydrogen spillover is an important factor when extending
deposited adsorbent systems from the low pressure (up to 1 bar) studies within heterogeneous
catalysis to those of interest in meeting DOE hydrogen storage goals (up to 100 bar). The
differences in isotherm shape between different groups is quite puzzling, with some showing near
linearity with pressure [93, 100] and others showing a rapid uptake at low pressure followed by
little pressure dependence.[45, 99] The linear isotherms have generally been observed with
volumetric equipment or flowing gravimetric equipment,[38] whereas a sharp rise at low pressure
is often observed with static gravimetric equipment. Here, using gravimetric techniques, we
present interesting evidence for hydrogen spillover at extremely low (i.e. high vacuum or 10-9 bar)
pressures, a feature which may not be possible to observe using high-pressure volumetric
techniques, as discussed further below. Our results suggest that hydrogen uptake measured in
such systems may be ‘path dependent’, including both pretreatment, prior exposure to hydrogen
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gas, and the ability of the backing pump to remove trace hydrogen from the system. Implications
of this low-pressure spillover on vehicular hydrogen storage are also discussed.

4.3

4.3.1

Experimental methods

Material preparation
A high surface area activated carbon (AC) (with surface area 3145 g/cm2 and total pore

volume 1.35 cm3/g [99]) from the Kansai Coke & Chemicals Co. was treated with KOH, drawing
from a procedure adapted from that reported by Chiang et al.[117] In brief, the AC was
impregnated with 1 M potassium hydroxide (KOH, EMD chemicals, Inc.) in a KOH to AC
weight ratio 4:1, magnetically stirred for 12 hrs at room temperature, washed to neutral, filtered,
then dried at 373K. The resulting material after KOH activation will be referred to as AC-o. AC-o
was mixed with a Pd catalyst supported on activated carbon (5% Pd-C, STEM Chemicals), in a
ratio of PdC to AC-o fixed at 1:9, then ground with an agate mortar and pestle for 30 min
(PdC/AC-o). PtC/AC-o was synthesized in a similar manner with catalyst 5% Pt-C (STREM
Chemicals). Full details of the pore structure and surface property of AC-o and PtC/AC-o are
available elsewhere.[99]
The carbon bridge sample is synthesized by the method developed by Lachawiec et al.
[2]. The carbon bridge precursor was reagent grade D-glucose (SUPELCO). As before, the
AC:D-glucose:5% Pd-C was fixed at 8:1:1 and ground for 30 min prior to transfer to a tubular
reactor for heating in flowing Argon. To melt the glucose and wet the crevices between the
primary catalyst and the secondary AC receptor, the temperature was first increased at 1 K/min to
453 K and held for 3 hrs; this is just above the melting point of 426 K. [2] In the carbonization
step, the temperature was increased at 1K/min to 673 K and held for 6hrs. The materials were
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cooled to room temperature in Argon and stored prior to further pretreatment for the hydrogen
adsorption measurements. The final product was denoted as PdC/AC/B. PtC/AC/B was
synthesized in a similar manner.

4.3.2

Hydrogen adsorption
Hydrogen adsorption was conducted on an Intelligent Gravimetric Analyzer (IGA)-003

(Hiden Isochema), described previously.[124] The instrument is equipped with a turbo-molecular
pump, allowing for vacuum pretreatment at pressures of 10-6 mbar, and a mass-flow controller
which allows for a single gas input at flow rates up to 500 cc/min (for hydrogen). The instrument
is operated in flow mode for pretreatments and static mode for adsorption isotherms. In flow
mode, the system pressure is controlled by the outlet valve to the system, whereas in static mode
the system pressure is controlled by two automated valves (inlet and outlet). Isotherm data were
collected at each pressure point until the mass was stabilized to within a 99% tolerance or for a
maximum of 40 minutes, whichever was first. For the isotherm buoyancy correction, the sample
density is determined from a Helium isotherm up to 20 bar. In these studies, a stainless steel wire
mesh sample bucket is used, as the high density stainless steel minimizes buoyancy effects in the
instrument. The correction for the buoyancy effect was made by measuring the sample density
with helium. Ultra high purity (UHP) H2 (99.999%) and He (99.999%) purified via a 3A zeolite
moisture trap prior to entry to the IGA were used. The initial sample amounts varied from 50 - 66
mg; elsewhere, we show the expected accuracy for the measurements under these conditions is ±
0.02 wt.% for 50 mg sample at 20 bar (based on a balance stability of ± 10 µg at 20 bar from a
blank test)[124]. At low pressure, the accuracy is expected to be 0.0002 wt.% (i.e. ± 0.1 µg) for a
50 mg sample, which is based on the manufacturer specifications for the balance accuracy.
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All samples were reduced in situ on the IGA in flowing hydrogen (50 mL/min) at 523 K
(250 oC) for about 6 hrs; after reduction, the materials were degassed at 673 K or 653 K (400oC or
380 oC) for 8 hrs with the pressure maintained at vacuum using the attached diaphragm (Edwards,
A74601983, 1.2 m3/hr Ultimate vacuum 2 mbar) and turbomeleuclar (Edwards, EXT 70H, 70 l/s
1.33x10-9 mbar) combination pump station. A combined penning/Pirani gauge is attached directly
to the pump, and may be considered the ‘downstream’ pressure, during the degassing procedure
this downstream pressure typically read ~10-6 mbar. After the 8 hrs, the samples were cooled to
room temperature in vacuum, with the valve (high conductance exhaust valve PIV1) to the
turbomolecular pump open. The estimated surface area of the stainless steel lines (inner diameter
of 4 cm with 50 cm length) from PIV1 to the pump is approximately 600 cm2 and 1500 cm2 if the
IGA chamber is included, providing a high potential source for H2 from the stainless steel
components. For verification that the mass increase under the stated conditions was due to
hydrogen, blank measurements using non-adsorbing samples were performed under identical
conditions. The mass of the blank was chosen to match the sample volume (determined from the
He experiments). Experiments with palladium were also performed; as Pd forms a hydride at low
pressure, the Pd experiments were intended to serve as verification of the presence of residual H2
in the system. However, the high density of Pd (6 times that of AC) was prohibitive for
performing experiments with matching sample volumes, as the mass corresponding to equal
sample volumes (i.e. 200 mg) was too large for the existing IGA configuration. Thus, Pd
experiments were conducted with equivalent sample mass rather than equivalent sample volume,
and as such, the buoyancy corrections via referencing to a blank (discussed below) should be
considered only as an estimate. Both the weight uptake and the weight desorbed were corrected
by subtraction that of blank as outlined in the ‘Data Treatment’ section below. Quartz and AC
were used as the blank as they are not expected to adsorb hydrogen at zero pressure. Specifically,
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two sets of samples were tested with unique reactor configurations, and a blank was collected for
each set.
In select cases, temperature-programmed desorption (TPD) studies were performed. TPD
was performed either after the cooling or after the isotherm, as specified, by ramping the chamber
temperature from 25 to 400 ◦C at a rate of 5 oC/min. In both cases, the sample chamber was
maintained at low pressure over the course of the TPD experiment by opening the high
conductance valve to the pump station. Later TPD experiments were conducted with the addition
of a mass spectrometer (MS) (Hiden, DSMS type HPR-20) operated in ‘residual gas’ mode, i.e.
the MS detector was attached to the inlet of the pump so that the TPD could be conducted at
vacuum. The TPD-MS was operated using the secondary electron multiplier detector, which
enables measurement over 7 orders of magnitude from 10-6 to 10-13 Torr. The TPD-MS in residual
gas mode was also used to examine the gas environment in the IGA sample chamber during the
pretreatment procedure. This test was done in the presence of a Pt-C sample pretreated and
operated under identical conditions as that described above. A schematic of the IGA and MS setup is in Figure 4-1.

Figure 4-1 Schematic diagram of IGA and MS setup.
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4.3.3

Data Treatment (details available in Appendix H)
The weight measured by the IGA was converted to mass using buoyancy corrections,

relying primarily on a blank experiment with a non-adsorbing system (quartz) under identical
experimental conditions. The mass of quartz was chosen to provide for equal volume as the
samples tested. A full derivation is presented in Appendix H; in brief, the relationship between
sample weight, W, (as measured by the IGA) and true sample mass (at vacuum conditions and
room temperature), mso, for a single component in a non-adsorbing system and a non-flowing
system is given by the general relationship which can be traced to Archimedes principle:

W = ms0 −Vs ρg

(4-1)

Where Vs is the volume of the sample and  is the mass density of gas (i.e.  =




for

an ideal gas). This assumes there are no forces due to drag or turbulence present in the system.
Equation 4-1 is modified for an adsorbing system in a low-pressure gas atmosphere with balance
components also displacing gas as follows:



 =  1 −   + 
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(4-2)



Here,  is the density of the sample, 



is the mass of the adsorbed gas, T is the

temperature, and  is a reference temperature at which  is defined.  is a ‘low pressure’
buoyancy correction factor, defined as:

  = lim   ∑
→

 

(4-3)
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Here,



is a coefficient introduced to track balance components that displace gas and

thus affect the buoyancy correction and



is the volume that is displaced by balance components

(hang-down wires, counterweights, sample bucket, etc.). This low-pressure buoyancy coefficient,
  , can be calculated via a precise accounting of the balance components, via calibration in a
non-adsorbing atmosphere (i.e. in helium), or with a non-adsorbing blank of similar volume.
Here we choose the latter option. One can see (Equation 4-2) that the buoyancy constant can be
determined from the derivative of weight versus 1/T for a non-adsorbing sample with the same
equipment set-up:

dWbl
mo d ρ g
=− s
− k op
1
ρs d ( 1 )
d( )
T
T

(4-4)

Where  represents sample weight at balance.   is a function of pressure and system
set up only and will vary only if system components (i.e. sample bucket, etc.) are changed or
vacuum pressure is changed. As defined (see Appendix H), it is not dependent upon sample mass
or volume, and may be positive or negative, depending upon the positioning of components on
the counter-weight vs. sample side.
The specific data treatment to determine the mass adsorbed during cooling, is as follows:
the buoyancy coefficient,   is determined from reference to a quartz blank collected in a
hydrogen atmosphere with identical balance set-up. For adsorbing samples,  is determined
from the IGA weight reading after pretreatment while the sample is still at high temperature via
application of Equation 4-2, assuming the sample is ‘clean’ prior to cooling (i.e. 



= 0). The

mass adsorbed upon cooling is then determined by difference between the two temperature
conditions by application of Equation 4-2 at the various temperatures of interest:
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(4-5)

In Equation 4-5, W2 and T2 are the weight and temperature of the sample after
pretreatment at high temperature before any adsorption has occurred; W1 and T1 are the weight
and temperature of the sample after cooling. As the experiments are conducted at very low
pressure, gas density goes to zero, and the first term on the right-hand side also goes to zero.
Hydrogen uptake is then determined as follows:

  % =

ೌೞ
ೌೞ ೞ

(4-6)
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(4-7)

The H:M ratio is determined from:

:  () =


Where  represents molecular weight and ,% designates weight percentage of
metal. In the temperature-programmed desorption experiments from 25 oC - 400 oC, the
percentage of weight loss of sample (%) is calculated from the IGA weight data relative to
the weight of an equal-volume quartz blank conducted under similar conditions:

% =

,ೞ ,ೞ
,ೞ
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, ,
,ೞ

%

(4-8)
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Where , is the initial sample weight prior to heating (at 25 oC and vacuum), , is the
sample weight during the temperature ramp, and , and , are the corresponding sample
weights of quartz.

4.4

Results
Figure 4-2 presents the raw data for the quartz control during the multiple step

pretreatment sequence of the samples. W2 designates sample weight at the end of the 400 ◦C (T2)
degas prior to cooling. W1 is the weight of the sample after cooling to room temperature (T1). The
non-adsorbing blank experiment is fit to Equation 4-5 to determine the low-pressure buoyancy
coefficient  , which is then used to determine mass adsorbed during cooling for other samples
(from Equation 4-5) that are collected with the identical system set-up. The blank experiment
(Figure 4-2) shows the absolute difference between W2 and W1 is 0.85 mg for the non-adsorbing
quartz as it cools from 400 to 25 oC.
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Figure 4-2 Pretreatment sequence of non-adsorbing quartz with cooling. The dash-dot line
represents temperature and black line represents sample weight. Dashed lines divided the
sequence into two pressure zones: hydrogen reduction at 1 bar and 250 oC and outgas at 400 oC.
Notable spikes were observed at about 60 min and 430 min, which were due to the disturbance of
gas when hydrogen rushed into low pressure chamber and when turbo pump started to function.

Table 4-1 summarizes sample information and hydrogen uptake. As mentioned above,
two sets of samples (Samples 1-4, and then Samples 5-8) were run with different reactor
configurations, and each was referenced to a unique blank. The higher uptake of Pt-C than
PdC/AC-o, and Pd-C than PdC/AC/B are ascribable to the higher content of noble metal. H2
adsorption of Pd powder is less than stoichiometric amount indicating that H2 in the chamber is
less than the enough amount to form β phase Pd hydride at room temperature. H:Msurface (surface
metal) is used as a convenient indicator for hydrogen spillover: H:Msurface exceeding unity
indicates the total amount of dissociated hydrogen is more than saturated hydrogen on metal
surface, implying possible migration of hydrogen species from metal to the support, i.e. hydrogen
spillover. Here, H:Mtotal (total amount of metal, molar ratio) ratio is used as a substitution for H:M
calculation. The H:Mtotal ratios in Table 4-1 are higher than reported data,[16] but give an
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indication of the extent of spillover. Pt-contained carbon samples show higher H:Mtotal than Pdcontained ones in spite of higher molecular weight of Pt, which implies better spillover properties
of Pt.
Table 4-1 Calculation of hydrogen uptake of the samples when cooling in vacuum
 
T2
W2
T1
W1
Sample
ρa


   + 

o
o
(
C)
(mg)
(
C)
(mg)
name
(g/cm3)
(mg) (mg)

Mb
wt%

H:
Mtotal

AC 1c
400.0 62.6 39.8 63.5 63.5
0
0%
2.0
0
Pt-C
399.9 50.1 40.9 51.8 51.1 0.82
1.38%
2.5
5
54.8
PdC/AC-o 400.0 51.3 40.0 52.3 52.2 0.19
0.15%
2.0
0.5
31.8
Pd powder 399.9 59.4 40.5 60.5 60.3 0.22
0.18%
12
100
0.2
AC 2
380.0 48.9 25.0 49.5 49.5
0
0%
2.0
0
Pd-C
381.0 49.8 26.0 50.8 50.3 0.45
0.92%
1.8
5
19.7
PdC/AC/B 380.0 54.3 25.0 54.9 54.8 0.06
0.14%
2.0
0.5
29.7
PtC/AC/B
380.0 51.2 25.0 51.9 51.8 0.11
0.24%
2.0
0.5
93.3
a
sample density
b
metal content
c
the activated carbon samples used as blanks have zero uptake at zero pressure, as they are taken
as a reference.
1
2
3
4
5
6
7
8

The results imply adsorption as samples containing catalyst are cooled, even at low
(vacuum) pressure. To invesitgate the composition of trace gas species in the chamber at this low
vacuum pressure, MS was used to sample the gas chamber as a Pt-C sample was subjected to the
pretreament sequence when evacuation was turned on and the sample was heated at 400 oC for an
extended time (see Figure 4-3). The H2 signal detected by the MS remained detectable for over
500 min at 400 oC, declining exponentially to ca. 0.05 microtorr. During the same period, H2O
was constant and virtually non-detectable, as was CO and CO2. The MS probe indicates hydrogen
is retained in the system for a signficant period of time after the H2 pretreatment. The rate at
which H2 is removed from the system is dependent upon the efficiency of the backing pump;
backing pumps may be inefficient in pumping light gases such as H2 from the chamber.[196] As
mentioned above, the pressure read by the Pirani gauge attached to the pump typically read ~10-6
mbar, suggesting the 1500 cm2 reactor chamber may have served as a reservoir for H2. The
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solubility of H2 in stainless steel decreases as temperature is reduced [197], suggesting the
stainless steel would have emitted small amounts of H2 with cooling.
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Figure 4-3 Evidence of hydrogen in the system during 400 oC outgas treatment by mass
spectrometry. H2 flow was turned off at 0 minute. Solid line indicates sample temperature, dotted
lines indicate gas signals. It is shown that after long time outgas at high temperature; trace
amount of hydrogen is still present in the system.

After cooling to room temperature in vacuum, TPD studies of select samples (AC1, Pt-C,
PdC/AC-o and Pd) were performed without additional exposure to H2 (Figure 4-4). Although a
MS was later installed such that TPD-MS experiments could be perforemd (discussed further
below), we first consider the mass loss of the samples with heating without prior H2 exposure;
MS experiments were not performed on these runs as the MS was installed after these
experiments were performed.
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Figure 4-4 The normalized mass loss of various samples with quartz used as a buoyancy
correction (see Equation 4-8) as they are heated (5 oC/min) after cooling in low-pressure H2.

Palladium powder has slightly more mass desorbed with heating, suggesting that Pd
hydride is formed upon cooling. The samples containing carbon (Pt-C, PdC/AC-o, and PtC/AC-o)
have much more mass loss, but the temperature at which the mass evolves differs for these three
samples. Temperature at which a species desorbs is indicative of binding energy. The rate of mass
loss of Pt-C increases continuously with increasing temperature, whereas the physical mixtures of
catalyst and AC-o (PtC/AC-o and PdC/AC-o), show a more dramatic mass loss up to around 150
o

C, at which point the rate of mass loss levels off. The bump of PdC/AC-o at around 150 oC

cannot be attributed to hydrogen desorbed from palladium as palladium powder shows no
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appreciable mass loss at the same temperature. Thus, the similarities between PtC/AC-o and
PdC/AC-o suggests the desorption up to 150 oC is from the carbon substrate. The difference in
desorption profile between Pt-C and the physical mixture samples suggests the surface binding
sites differes signficantly, with the latter providing lower binding energy. In another study
(Chapter 3), we explore similar TPD-MS data for Pt supported on an annealed activated carbon
with low oxygen content. The annealed activated carbon, in the presence of a Pt catalyst, has a
similar deosrption profile of that shown in Figure 4-4, suggesting the desorption that occurs up to
150 oC cannot be attributed to the presence of acidic oxygen groups.

Hydrogen Adsorbed (wt.%)
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Reported data
PdC/AC/B
PdC/AC/B*
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Figure 4-5 Hydrogen uptake of AC (■) and PdC/AC/B (●) at 25 oC. ▲ represents hydrogen
uptake of PdC/AC/B when hydrogen uptake at cooling was counted. The reported data was from
reference [2] collected by Lachawiec et al. on AX-21/PdC/carbon bridge.

Hydrogen isotherms of AC and PdC/AC/B are shown in Figure 4-5. The linear isotherm
of AC at room temperature is in accordance with Henry’s law. At 20 bar, the hydrogen adsorption
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capacity of AC is 0.15 wt.%, consistent with that expected for physisorption. Mixing and bridging
with PdC improves the maximum uptake to 0.33 wt.%, a two-fold increase at 20 bar when
hydrogen uptake upon sample cooling was incorporated (i.e. that determined in Table 4-1), the
isotherm of PdC/AC/B shifts up to a maximum of 0.44 wt.% at 20 bar, designated by PdC/AC/B*
in Figure 4-5. The data is compared to literature data in the next section.

4.5

Discussion
Evidence for low-pressure uptake has been demonstrated, both (1) as the sample is

cooled in vacuum with the stainless steel reactor acting as a reservoir for H2; and (2) a sharp
increase in the mass uptake as H2 is emitted at low pressure. The low pressure sharp rise of
PdC/AC/B parallels that of AC at pressures above ~ 1 bar (Figure 4-5). Hydrogen spillover
isotherms that parallel the undeposited precursor suggest hydrogen spillover occurs at lowpressure only, as discussed by Benson and Boudart.[198] Similar trends were observed by Anson
et al. for palladium loaded carbon materials (SWNT and activated carbon) [199], Psofogiannakis
et al. for Pd-Hg/carbon foam [45], and our previous report for Pt mixed with an oxidized
activated carbon [45, 99]. In each of these cases, the initial low pressure rise exceeded that
expected for hydride formation, and then the isotherm nearly paralleled that of the undeposited
support. (The work of Anson et al. actually showed a decrease in the isotherm slope for the Pddeposited material, suggesting the metal addition decreased the physisorption of the carbon.)
More than 87 % of the total uptake (which was 4.6 wt.%) for the Pd/H2 deposited carbon foam
took place at low pressures.[45] This differs markedly from the almost-linear isotherm previously
reported for AX-21/PdC/carbon bridge[2], and reproduced in Figure 4-5. The slope of the AX21/PdC/carbon bridge in this report is increased relative to the AX-21 undeposited material, a
feature which is suggestive of enhanced hydrogen spillover at high pressure. The authors
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speculate that this is due to a synergistic effect that occurs after the material begins to become
hydrogenated. Similarly, an increased slope relative to the undeposited precursor was also
observed for bridged Pt/C mixed with IRMOF8,[38] an effect which was reproduced by an
independent laboratory with additional measurements of H2 evolution with time-of-flight mass
spectrometry.[200] Thus, our lack of observation of a synergistic spillover effect at high pressure
can possibly be attributed to differences in either sample activation or H2 exposure history. In
other work, we have observed certain samples have an increased slope relative to the undeposited
precursor (in the range of 50-760 mmHg) that cannot be accounted for by metal dispersion,
particle size, surface area, or porosity.[201]
Another difference between this work and previous work is the low-pressure rise, which
seems to be associated with isotherms collected on gravimetric equipment [45, 99, 199], but not
found for data collected on volumetric equipment. This can be traced to the differences in
measurement. Here, pretreatment was conducted in situ with the amount adsorbed monitored
continuously. This is not possible with volumetric measurements, in which the adsorption signal
(i.e. pressure change) is monitored at discrete intervals after discrete step-changes in system
pressure. Often, the pressure transducer is isolated from the sample, and the pressure in the
sample chamber is known only indirectly. Furthermore, many pressure transducers used in highpressure volumetric measurements have an accuracy that limits detections of very small changes
in pressure. Thus, if the stainless steel sample holder (used in high-pressure volumetric
experiments) acted as a reservoir for H2, as observed here, the system would likely not be able to
detect the pressure change and/or the H2 adsorption might occur when the sample was isolated
from the pressure transducer. Certainly, no change in pressure was noted on our Pirani gauge,
even as the MS showed appreciable evolution of H2 from the system. Of course, gravimetric
measurements are also subject to experimental error (namely, buoyancy correction, adsorption of
trace contaminants, thermal transpiration effects, etc.). However, buoyancy and drag effects are
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least pronounced at low pressure; and the quartz and AC experiments are used to correct for
buoyancy effects. Although it is difficult to completely rule out water adsorption, the TPD spectra
clearly indicate evolution of H2 as the sample is heated and bulk Pd is not expected to absorb a
significant amount of water. Thus, the discrepancy in volumetric versus gravimetric
measurements at low pressure is most likely due to the inability of the volumetric measurement to
detect low-pressure adsorption.
The role of pressure in the measured uptake activated by hydrogen spillover has been
discussed a number of times previously. Experimentally, hydrogen spillover has been observed as
low as 0.2 Torr from metal sulfide to graphite via a combination of controlled-atmosphere
electron microscopy and in-situ electron diffraction techniques.[188] When metal sulfide was in
direct contact or physically separated from the graphite, pitting of the basal plane regions was
seen at room temperature, resulting from the action of atomic hydrogen dissociated from
molecular hydrogen on the metal sulfide particles, which indicates atomic hydrogen species can
migrate either through surface diffusion or gas phase transportation.[188] Mathematically, early
observations of spillover in the catalysis literature treated spillover with a Langmuir-like analysis
of dissociative hydrogen adsorption [141], arriving at a square root pressure dependence. For
example, Robell et al. assumed dissociative adsorption of H2 on the platinum metal (1/2H2+Pt 
H-Pt) to yield a square root pressure dependence of spillover in the analysis of the rate of
hydrogen spillover.[18] The net amount of hydrogen adsorbed at a given time was then found
experimentally to increase with square root of the hydrogen pressure (for pressures up to 60 cm of
Hg). In this paper, it was stated that this relation holds only for low surface coverages where
Henry’s law is applicable.[18] Hausen et al. found their hydrogen uptake data of 2% Pt deposited
Al2/O3 could be fitted well to a dissociative Langmuir isotherm over a pressure range of nearly
two orders of magnitude up to a pressure of 80 Torr.[202] This analysis was extended in recent
years by Li et al. to describe the near-linear isotherms observed for bridged metal-organic
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frameworks.[93] Li et al.’s model included additional fitting parameters to account for
partitioning between the carbon primary support and the MOF secondary support and introduced
the concept of effective radius to account for diffusion from the catalyst to a primary support and
additional diffusion to the secondary support. Li et al’s model predicted a saturation capacity at
high pressure that was not observed in their experimental data up to 10 MPa. The shape of
isotherms in the current study are not consistent with either a square root pressure relation found
in early catalysis studies or with Li et al.’s extended spillover model that predicts linear pressure
relationship.
Pressure functionality clearly plays a role in the use of these materials in practical H2
delivery to a fuel cell. The shape of the spillover isotherm in this work suggests a pressure-swingadsorption process would not release the majority of the H2, and a temperature-swing adsorption
process would be necessary. Our current set-up (with an inadequate backing pump) does not
allow for a high H2 detection limit at low temperature and future work will consider the H2 TPD
signal in more detail. The nature of the low-pressure spillover isotherm does, however, suggest
that a significant pressure savings may be obtained for spillover materials, similar to that
demonstrated for metal hydrides. Namely, to be beneficial, the vessel containing a solid-state
adsorbent must contain the same mass of hydrogen as the empty vessel at a reduced pressure. If
hydrogen spillover can lead to high uptake at relatively low pressures as shown in the current
isotherm, the reduction in pressure may translate to a reduction in wall thickness meaning that a
less robust, and thus lighter, container may be used. With a significant decrease in pressure, the
added mass of the adsorbent may be compensated for by the decreased mass of the vessel.
Therefore, application of the spillover materials would result in substantial pressure savings with
significant economic and utility value.
A key challenge in the development of hydrogen spillover materials remains maximizing
capacity for surface sites that bind atomic H reversibly. Given the prediction of graphane[45, 203]
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and hydrogenation of a carbon nanotube, [142] the maximum expected hydrogen uptake for
carbon materials is expected to be 7.7 wt.%. Capacity of metal-organic framework materials
varies from 4.5 to 5.7 wt.%. A plausible mechanism by which to populate the surface has been
proposed by Psofogiannakis and Froudakis.[204] Recent work from our group suggests
reversibility of the hydrogenation may be achieved for defected carbon structures such as
activated carbon,[102] and we have also used in situ spectroscopy to identify specific binding
sites on Cu-BTC.[105] Significant challenges remain in optimizing spillover materials for high
reversible uptake, yet recent progress has begun to shed light on the mechanism.

4.6

Conclusion
Appreciable hydrogen uptake has been observed at very low pressure (10-6 mbar) on Pt-

and Pd-deposited activated carbons during cooling from 400 oC to room temperature. The mole
ratio of hydrogen atom to metal exceeding unity (as high as 80) indicates the occurrence of
hydrogen spillover. For PtC/AC-o and PdC/AC-o, the coincident desorption temperature 150 oC
implies hydrogen desorption took place from the carbon substrate instead of metal.
The observation is against the previous models that claimed hydrogen uptake via
spillover displays a square root pressure dependence, which was rooted from Langmuir
dissociative adsorption.
The isotherm of PdC/AC/B at room temperature shows a sharp rise at low pressures
(<100 mbar). The abnormal shape of the isotherms has also been reported by others when
gravimetric measurements were used. Under the current circumstances, the common pitfalls of
gravimetric measurements (such as buoyancy correction, drag force and water contamination)
cannot be attributed to the sharp increase at low pressures but hydrogen spillover.
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When hydrogen uptake upon sample cooling was incorporated, hydrogen storage
capacity of PdC/AC/B has increased substantially, i.e. from 0.33 wt.% to 0.44 wt.% at 20 bar and
room temperature. Hydrogen uptake at very low pressure could lead to pressure savings in the
practical hydrogen storage but a temperature-swing adsorption process would be necessary to
release all adsorbed hydrogen.
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Chapter 5
Conclusions and Recommendation for Future Work

5.1

Conclusions
Oxidation of the secondary AC support (by KOH) significantly increases the low-

pressure (<100 mbar) uptake at 298 K when mixed with a primary Pt/C catalyst. When oxidized
AC (AC-o) was replaced by AC precursor that has less surface oxygen groups as the secondary
support but with other experimental conditions kept the same, the sharp rise at 100 mbar is absent.
PtC/AC-o shows the highest hydrogen storage capacity among all tested materials with an
adsorption capacity of 1.4 wt.% at 20 bar and 298 K. The adsorption at ~100 mbar is 1.1 wt.%, a
11-fold increase in overall hydrogen uptake relative to PtC/AC. As the samples have been
reduced in situ by H2, the increase in uptake cannot be attributed to H2 reaction with Pt oxide. The
sharp rise at low pressures has also been reported by others when gravimetric measurements were
used [45, 46]; but under the current circumstances, the common pitfalls of gravimetric
measurements (such as buoyancy correction, drag force and water contamination) cannot explain
the sharp increase and so it is attributed to hydrogen spillover. This low-pressure enhancement
was observed only when trace water was present during H2 reduction at 250 oC, yet water-laden
He adsorption isotherms did not reproduce the isotherms, excluding straightforward water
adsorption. Water is proposed to assist the evolution of oxygen groups by increasing oxygen
functional groups during pretreatment (evidenced by 7% increase in oxygen surface concentration
via XPS). After the last desorption point at 12 mbar for 40 min, PtC/AC-o retains 1 wt.% of the
adsorbed mass on the surface. Thus, the amount reversibly and readily desorbed from PtC/AC-o
is 0.4 wt.%. This fraction of hydrogen is loosely bound and readily desorbs with pressure
reduction, but cannot be accounted for by physisorption on the carbon support, which is only
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around 0.15 wt.% as shown by the hydrogen isotherm. XPS and FTIR of as-synthesized PtC/ACo before and after hydrogen adsorption show the formation of hydroxyl groups from
carbonyl/quinone type groups and spilt-over hydrogen, indicating that the non-desorbable H2 (1
wt.% for PtC/AC-o) is at least in part bound in the form of hydroxyls. There is some indication of
new carbon-hydrogen bonds by FTIR, suggesting that other, less active groups (in XPS and FTIR)
may also be formed. These results are consistent with the enhanced hydrogen uptake (from 1.17
wt.% to 1.74 wt.% at 298 K and 10 MPa) by oxygen plasma modification of templated carbon
surfaces, which increased the intensity of semiquinone groups (from 3.77 % to 25.76 %).[44]
Hydrogen uptake was observed on PtC/AC-o and PdC/AC-o at even lower pressure, i.e.,
10-6 mbar, during sample cooling from 400 oC to room temperature upon outgassing. The
hydrogen-to-metal molar ratio exceeded unity (and was as high as 80), which is an indication of
hydrogen spillover. The desorption (TPD) profile at 150 oC of these two materials (not seen on
AC, PtC and Pd samples) supported the observation of hydrogen adsorption at extremely low
pressure. The uptake at such a low pressure does not display a square root pressure dependence
that was derived from Langmuir dissociative adsorption by a previous model,[93] indicating that
hydrogen spillover does not necessarily increase with increasing pressure.
Surface chemistry of the activated carbon support is confirmed to be important in the
preparation of Pt/C materials. This is well-documented when an aqueous chloroplatinic acid
solution is used [170, 173, 205], but has not fully been considered in hydrogen spillover studies
that use an acetone solution of chloroplatinic acid in doping of oxidized carbon materials.[44, 91]
Removal of most of the oxygen groups (excluding basic groups such as pyrone and chromene) by
annealing in Ar at 950 oC prior to metal deposition leads to smaller catalyst particles, ~ 2 nm as
determined from analysis of the XRD patterns and HRTEM micrographs. HNO3 treatment prior
to metal deposition, however, leads to larger particles (~ 3 nm), and the presence of carboxylic
and phenolic hydroxyl groups play a negative role in dispersing the catalyst precursor (H2PtCl6)
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from the acetone solution. Acetone has been shown to compete with platinum for adsorption sites
on the carbon support,[175] alter the rate of platinum deposition on two activated carbons,[174]
and consequently, more uniformly distribute platinum through the carbon particle.[174] All of
these interactions between an acetone solution of chloroplatinic acid and the carbon surface are
expected to be influenced by carbon surface chemistry, which has been shown to be true for
deposition from aqueous solutions (e.g. [170, 173, 205]). Surface chemistry will alter how the
solvent wets the surface, which for aqueous deposition, has been shown to play a role in metal
particle size. Decomposition of oxygen groups during calcination and reduction may also lead to
sintering of metal particles. As expected, hydrogen uptake at low pressure correlates with metal
particle size: Pt/MAr, Pt/MV, and Pt/M that have smaller Pt size have higher uptake at 1 bar.
Pt/MAr that has the smallest particle size doesn’t lead to highest uptake at 1 bar, possibly
influenced by the reduced volume of miropores by annealing (shown by N2 adsorption isotherm).
The significant increase in uptake below 100 mbar on PtC/AC-o was not seen on any of these Ptdeposited Maxsorb samples. The absence of trace water during sample pretreatment and ex situ
H2 treatment are speculated to be the reason for the disappearance of the sharp increase.
Hydrogen uptake by Maxsorb-supported Pt catalysts is not promoted at 70 bar (> 20 hrs)
by increased surface oxygen groups via spillover. This is also seen on PtC/AC-o in the first study,
in which the spillover enhancement is pronounced only for pressures less than 100 mbar, with the
rest of the adsorption isotherm parallel to that of PtC/AC up to 20 bar. The hydrogen uptake of
Pt/M, Pt/MAr, Pt/MV, Pt/MKOH and Pt/MHNO3 at 70 bar also indicates that physisorption is the
dominant process at high pressure in this series of direct-doped materials regardless of the metal
particle size. These results are contrary to the findings of Stuckert et al. [2]: not only that
hydrogen spillover is pronounced at high pressure, but also that catalyst particle size and
dispersion is essential to significantly enhance the hydrogen uptake of Pt-deposited ACs.
Although differences in particle size (~ 5 nm) have been observed, the effect on hydrogen storage
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is observed only at low pressure, consistent with reports by Stadie et al. [3]. The results presented
herein suggest that catalyst particle size is an insufficient explanation for the discrepancies
between laboratories. Yet, the secondary spillover studies discussed above remain an anomaly,
suggesting some other factor (e.g. generation of active carbon sites with trace water) may lead to
high uptake.
Hydrogen desorption from oxidized surfaces is always a concern, especially when
simulation work predicts H2O could be evolved after spillover [92]. The TPD-MS experiments
show that no H2O, CO, CO2, or CH4 evolved with heating on all Pt-deposited Maxsorb. Only
hydrogen evolution was observed on Pt/MAr at a temperature of about 125 oC. The H2 desorption
signal tended to be obscured by a high H2 background level owing to the insufficient capacity of
the backing pump.
Hydrogen uptake at low pressure (< 100 mbar) could lead to pressure savings in practical
hydrogen storage, but the desorption isotherm of Pt/AC-o indicates less than 1/3 of adsorbed
hydrogen is ready for desorption within 40 min when pressure is reduced to 12 mbar at 298 K,
and TPD-MS shows that a portion of adsorbed hydrogen in Pt/MAr can only be released by
heating to more than 100 oC. The requirement for desorption at elevated temperature leads to
practical engineering hurdles for hydrogen storage and also highlights that both adsorption and
desorption isotherms should be considered in the evaluation of modified carbon materials.

5.2

Recommendation for future work
It is shown that oxygen groups are of importance in enhancing hydrogen uptake at low

pressure and physisorption dominates the adsorption at high pressure. An ideal material that could
maximize hydrogen uptake should be the one with fine and uniformly dispersed metal particles
on neutral or basic oxygen group populated surface with very large surface area, such as metal
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organic frameworks MOF-177, which has the reported highest surface area. As physisorption
dominates at high pressure, low temperature for adsorption would be ideal but should not affect
the occurrence of hydrogen spillover that is composed of multiply steps including chemisorption
of hydrogen on Pt surface.
A poorly understood feature of hydrogen spillover was observed in the isotherms
obtained for INER discussed in Section 1.6.4. As stated above, INER requested comparison of
isotherms in flow mode versus static mode, and the latter were used in support of neutron
scattering studies reported in [23]. Yet, there are some unusual feature observed during H2
adsorption of AC and Pt-AC (supplied by INER) in flow mode, as displayed in Figure 5-1 and
Figure 5-2. Adsorption equilibrium for undeposited AC was reached as soon as pressure hits 20
bar. At 20 bar, the uptake increased about 0.02 wt.% during 2338 minutes of the frame. It is
speculated that the small increase of uptake might be due to limited mass transfer of hydrogen in
AC and related to flow rate, but needs further study. Adsorption rate at 0-20 bar is 9.7*10-4
wt.%/min. At equilibrium, hydrogen uptake of AC in flow mode at 20 bar is 0.18 wt.%.

Figure 5-1 H2 adsorption of AC in flow mode at 25 oC. The top plot shows the pressure profile
with respect to time.
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In Figure 5-2, H2 adsorption of Pt/AC in flow mode is proportional to adsorption time,
with a slope of 6.6*10-4 wt.%/min at 0-20 bar and 1.0*10-4 wt.%/min at 20 bar. Adsorption rate
keeps constant at 20 bar with a maximum uptake of 0.52 wt. % at a maximum adsorption time of
3914 minutes with no sign of equilibration. The continued increase of adsorption in flowing
hydrogen needs further investigation. Comparing the results to those from static mode, as
reported in [23], a strong pressure-dependence is seen in the kinetics of hydrogen spillover.
Pressure-dependence in hydrogen spillover kinetics has been reported previously, but are
certainly not consistent with enhancement seen only at low-pressure discussed above. Thus, the
synthesis history of the Pt-AC from INER indicates activation of hydrogen spillover, and this
sample can be systematically studied to elucidate various steps in activation of the spillover
process.

Figure 5-2 H2 adsorption of Pt/AC in flow mode at 25 oC. The top plot shows the pressure profile
with respect to time.
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The appreciable background of hydrogen signals in TPD-MS figures is a big obstacle to
correctly interpret and quantify the desorption peak of hydrogen. The diaphragm (Edwards,
A74601983, 1.2 m3/hr ultimate vacuum 2 mbar) backing pump with the turbomolecular (Edwards,
EXT 70H, 70 l/s 1.33x10-9 mbar) pump station in the current IGA set-up is inefficient in pumping
light gases such as H2 from the chamber. Initial tests strongly suggest upgrading the backing
pump with higher capacity or replacing it with a scroll pump. The desorption kinetics of spillover
samples deserve further exploration, including the desorption rate, the amount desorbed under
outgas and under heating.
Although the current results show that microporosity seems to play a role in hydrogen
spillover at low pressure (Pt/MAr has the smallest Pt size but not the highest uptake), the
difference in miroporosity change of the tested materials during synthesis is so subtle that the role
of porosity is still obscure; especially this change is accompanied by the variance of surface
chemistry and metal particle size. If the nano-structure of carbon materials that have little surface
oxygen groups can be tailored, the investigation on porosity would be more meaningful. Carbidederived carbons have the potential to be ideal materials, whose porosity can be tailored by
adjusting reaction temperature.
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Appendix A
IGA manual calculation equation derivation (buoyancy correction)
Thermogravimetric analysis directly measures the mass changes as a function of
temperature and time when adsorption gas contacts the sample. It is capable of measuring very
low sample masses of about 10 mg but it is not selective. The major potential artifact for
gravimetric measurement is gas contamination, for instance, H2O. Therefore, the purity of
hydrogen is crucial to hydrogen storage experiments. Hydrogen used in this study was either
UHP (99.999%) or chemical grade (99.9999%). Buoyancy is another potential issue for
gravimetric analysis. To accurately correct buoyancy, manual calculation is required after data are
exportedff from IGA.

Figure A-1 Schematic diagram of IGA

129

Figure A-2 Force balance diagram of IGA balance.

Force balance at the fulcrum:

W = ma − Ba + mo − Bs + [(Σmi − ΣBi ) − (Σm j − ΣB j )] (1)

W: IGA reading
ma: mass of gas adsorbed
mo: initial mass of sample (IGA reading when sample is in vacuum)
Ba: buoyancy of adsorbed gas, which is very small and can be neglected
Bs: buoyancy of sample in gas

Bs =

mo

ρs

× ρ g (2)

ρ g is gas density at specific pressure (can calculated by ideal gas law), ρ s is sample
density (Helium density is used for the calculation)

Σmi and Σm j : mass of components including gold chain, tungsten wire, sample bucket (i
represents components on the sample side; j represents components on the ballast side);
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ΣBi and ΣB j : buoyancy of components in gas (i represents components on the sample
side; j represents components on the ballast side)
In Equation 1, (mo − Bs ) represents weight of sample (corrected for P and T):

mo − Bs = mo (1 −

ρg
) (3)
ρs

Similarly, the weight of components (corrected for P and T) is:

(Σmi − ΣBi ) − (Σm j − ΣB j ) = ∑ mi (1 −

ρg
ρ
) − ∑ m j (1 − g )
ρi
ρj

(4)

ρ i and ρ j density of components on the two sides (known)
Before loading a sample of IGA, there is a balance tare procedure. At the condition of
tare,

Wtare = ∑ Wi − ∑ W j = ∑ mi (1 −

ρair
ρ
) − ∑ m j (1 − air ) (5)
ρi
ρj

Wtare : weight offset at tare, Wi − W j : difference of weights of components on two sides
in air at room temperature (known), ρair : air density at ambient temperature and pressure
Therefore, the true weight should be W + Wtare , which is:

W + Wtare = ma + mo − Bs + [(Σmi − ΣBi ) − (Σm j − ΣB j )] + (ΣWi − ΣWi )

(6)

Substitute Equation 2, 4 and 5 into Equation 6,
W = ma + mo (1 −

ρg
ρ
ρ
ρ
ρ
) + [∑ mi (1 − g ) − ∑ m j (1 − g )] − [∑ mi (1 − air ) − ∑ m j (1 − air )]
ρs
ρi
ρj
ρi
ρj

Combine the items in Equation 7:

W = ma + mo (1 −

ρg
ρ − ρair
ρ − ρair
) − [∑ Wi ( g
) − ∑Wj ( g
)] (8)
ρs
ρi − ρair
ρ j − ρair

(7)

131
Therefore the amount of gas adsorbed:

ma = W − mo (1 −

ρg
ρ g − ρair
ρ g − ρair
) + [∑ Wi (
) − ∑Wj (
)] (9)
ρs
ρi − ρair
ρ j − ρair

The above derivation considers only when all components and sample are at the same
temperature. If sample and sample buckets are in different temperature environment from other
components, ρ g should be different.

IGA was calibrated with LaNi5, AX-31, and Pd powder.
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Figure A-3 H2 adsorption isotherms for LaNi5, (a) measured on the IGA, (b) from published data.
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Figure A-4 H2 adsorption isotherms for GX-31on IGA compared to data reported by Air Products.
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Figure A-5 H2 adsorption isotherms for Pd powder at 30 oC on IGA by Puja Jain and Qixiu Li in
2006 and 2008, respectively. Pd to H atomic ratio is 1:0.7.
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Appendix B
Data collection and calculation for Figure 2-6II
H2O/He mixture was sent through “Indirect line” to IGA. After equilibrium has reached
(MS gas signals keep constant), H2O and He gas signals (in microtorr) were recorded as follows:
(other gas species such as CO2, N2, are very small amount and not added into the calculation)
AMU_18
0.009459

AMU_4
0.16365

Then water fraction can be estimated:
0.009459/(0.009459+0.16365)=0.05
Then total pressure of H2O/He mixture can be converted to H2O partial pressure.
Regarding chemical grade hydrogen:
AMU_18
0.001371

AMU_2
0.697919

Water fraction is:
0.001371/(0.001371+0.697919)=0.00196
Assuming water adsorption (instead of hydrogen) in Figure 2-6IIb, we convert all wt. %
to H2O adsorbed (mmol/g). Data are shown in the following Table B-1 and plotted in Figure 2-6II.
Table B-1 Amount of H2O adsorbed
Figure 2-6II b

Figure 2-6II c
a

b

P(bar)

PP(mbar)

wt.%

mmol/g

P(bar)

PP(mbar)

wt.%

mmol/gc

0

0

0

0

0

0

0

0

0.01207

0.023663

0.06968

0.03902

0.0118

0.59

0.00399

0.00223

0.04846

0.095008

0.48339

0.2707

0.04887

2.4435

0.01813

0.01015

0.09771

0.191566

0.75259

0.42145

0.09798

4.899

0.03489

0.01954

0.49838 0.977103 0.83155 0.46567
0.49756
a
: No assumption here is needed regarding H2 or H2O.
b
: Assuming H2O adsorption
c
: H2O adsorption

24.878

2.4777

1.38751
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Appendix C
Derivation of adsorption on a volumetric setup Micromeritics (2020)

Figure C-1 A picture of Micromertics (2020).

Static volumetric methods are those by which adsorption is a measured using mass
balance equations, appropriate gas equations of state, and measured pressures. Gas usually is
supplied at near ambient temperature and at precise pressures through a manifold having
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accurately known volume and temperature. The molar quantity of gas adsorbed at equilibrium is
computed by following gas pressure changes as quantities of gas are admitted from a manifold to
a sample. The pitfalls for this analysis include gas leak, temperature variation, etc. Leaks can be
difficult to distinguish from hydrogen storage. Temperature variation has significant influence on
hydrogen uptake result (at 10 MPa and 300 K, the pressure change with temperature is 33.3
kPa/K).Temperature-dependent compressibility of hydrogen has also to be taken into
consideration as the temperature changes due to compressing the gas during filling and the
exothermic adsorption.

Figure C-2 Schematic diagram of Micromeritics (2020).

Steps for adsorption:
Prior to an analysis, the sample holder containing a suitably prepared sample is evacuated.
The sample tube is isolated from the gas manifold by closing the sample valve.
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The warm and cold free-spaces of sample tube are determined with Helium gas, and
warm (Ffw) and cold (Ffc) free-space factors are calculated. Warm free space is the empty space of
sample tube (with sample inside) when it is in room temperature; cold free space is the empty
space of sample tube (with sample inside) when it is partially immersed in cold bath.

F fw =

P1' Fm − P2 ' Fm
P2 '

P1'' Fm − P2 '' Fm
F fc =
P2 ''

(1)

(2)

Equation 1 and 2 indicate states before and after sample valve opens.
Fm is a factor defined as follows:

Fm =

Vm
RTm

(3)

Vm: volume of the manifold can be determined by a reference volume.

The manifold Vm is charged to an initial pressure P1 with the adsorptive gas and the
temperature Tm is measured.
A quantity of gas is dosed into the sample holder by opening the sample valve. The
quantity of gas moved from the manifold to the sample holder is determined by measuring the
system pressure P2 after equilibrium. Amount of gas dosed nd is:

nd = P1 Fm − P2 Fm

(4)

Amount of gas adsorbed on the sample is the subtraction of the quantity remaining in the
gas phase in the sample holder from gas dosed into sample holder. Since a portion of the gas in
the sample holder is at low temperature, a correction must be applied to that quantity for nonideal behavior.

na = nd − (n fc + nLcα P2 )

(5)
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na: quantity of gas adsorbed
nfc: quantity of gas in cold free-space

n fc = P2 Ffc

(6)

nLc: quantity of gas in the cold portion of sample tube

nLc = FLc P2 ⋅ α P2

(7)

α: correction factor for non-ideal gas. For non-ideality gas

n=

PV
(1 + α P )
RT

(8)

Substitute Equation 6, 7 into 5,

na = ( P1 Fm − P2 Fm ) − ( P2 Ffc + FLcα P22 )

(9)

FLc: factor pertains to the lower volume of sample holder under cold conditions
Relation between Ffc and FLc:

FLc =

Ffc − Ffw
T
1− c
Tw

(10)*

Equation 10 was from the following derivation:
At equilibrium,

nt = P2 Fm +

PV
PV
3 u
+ 3 L
RTw RTc

(11)

VU: volume of upper sample holder
VL: volume of lower sample holder (in the cold bath)

VU = V fw − VL = V fw − FLc RTc (12)
Plug Equation 12 into 11,
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FLc =

nt − P3 Fm − P3 Ffw
T
P3 (1 − c )
Tw

(13)

Also know

nt − P3 Fm = P3 Ffc

(14)

Plug Equation 14 into 13 get Equation 10.
Effect of leakage:
When leakage happens at adsorption process, P2 will increase, na will decrease
accordingly. Subsequently, the amount of hydrogen adsorbed is underestimated.
When leakage happens at desorption process,

nd = ( P2 Ffc + FLcα P22 + na ) − ( P3 Ffc + FLcα P32 + na ') − P3 Fm

(15)

According to Equation 15,
P3 (equilibration pressure after desorption) will increase, nd will decrease; the amount of
hydrogen desorbed is underestimated.

Calibration of Micromeritics 2020 by Pd powder
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Figure C-3 H2 adsorption isotherms for Pd powder at 30 oC on Micromeritics 2020. Pd to H ratio
1:0.7.
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Appendix D
Raman curve fitting data (Maxsorb as an example)

Figure D-1 Raman spectra curve fitting results of as-received Maxsorb.

Table D-1 File generated by Igor software when Raman spectra are fit to use 3 Lorentzian (D1:
1360cm-1, D4: 1180cm-1 and G: 1590cm-1) and 1 Gaussian (D3: 1500cm-1).

Fit completed 3:58 PM Monday, May 16, 2011
Y data wave: root:M_b_y
X data wave: root:M_b_x
ID:IG
AD:AG
Chi square: 3181.3
0.868865 2.137774
Total fitted points: 968
La
std
Multi-peak fit version 2.05
20.58216 0.00044
Total Peak Area = 45108 +/- 448.13
Baseline Type: Constant
y0 =
Peak 0

3.6299

+/-

0.15263

1180

+/-

0

Type: Lorentzian
Location =
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Peak 1

Peak 2

Peak 3

Height =
Area =
FWHM =

11.823
6356.3
342.25

Fit function
parameters
Location =
FWHM =
Area =

1180
+/342.25 +/6356.3 +/-

0

Location =
Height =
Area =
FWHM =

1360
77.786
24873
203.57

0
0.31671
307.98
2.4932

Fit function
parameters
Location =
FWHM =
Area =

1360
+/203.57 +/24873 +/-

0

Location =
Height =
Area =
FWHM =

1500
21.071
2242.7
99.989

0
0.46349
71.748
2.5002

Fit function
parameters
Location =
Width =
Height =

1500
+/60.05 +/21.071 +/-

0

1590
89.526
11635
82.739

0
0.47399
84.169
0.6901

+/+/+/-

0.41041
306.16
15.114

15.114
306.16

Type: Lorentzian
+/+/+/+/-

2.4932
307.98

Type: Gauss
+/+/+/+/-

1.5015
0.46349

Type: Lorentzian
Location =
Height =
Area =
FWHM =

+/+/+/+/-
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Fit function
parameters
Location =
FWHM =
Area =

1590
+/82.739 +/11635 +/-

0
0.6901
84.169
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Appendix E
Heat of adsorption (Qst) data and dates of synthesis versus testing dates for
samples
Table E-1 Qst data of Maxsorb, Pt/MAr, Pt/MHNO3 and Pt/MKOH
cc/g

coverage

T

1/T

P(mm Hg)

P(kPa)

ln(P/P0)

0.8

0.388827

295.15

0.003388

263.6711

35.15327

3.559718

1

0.486034

295.15

0.003388

341.6364

45.54778

3.818762

1.2

0.583241

295.15

0.003388

419.6016

55.94229

4.024321

1.6

0.777654

295.15

0.003388

575.532

76.73131

4.34031

1.8

0.874861

295.15

0.003388

653.4973

87.12582

4.467353

2

0.972068

295.15

0.003388

731.4625

97.52033

4.580061

slope(-H/R)

qst/(kJ/mol)
Maxsorb

0.8

0.28924

273.15

0.003661

177.4247

23.65468

3.163561

1451.737017

1

0.36155

273.15

0.003661

236.2284

31.49454

3.449814

1352.029424

11.24077

1.2

0.43386

273.15

0.003661

295.0321

39.33439

3.672099

1290.734901

10.73117

1.6

0.57848

273.15

0.003661

412.6396

55.01409

4.007589

1219.272473

10.13703

1.8

0.65079

273.15

0.003661

471.4433

62.85395

4.140814

1196.62235

9.948718

2

0.7231

273.15

0.003661

530.247

70.6938

4.258358

1178.898589

9.801363

12.06974

Pt/MAr
2.6

0.67615

296.15

0.003377

345.44

46.05489

3.829834

2.9

0.754167

296.15

0.003377

442.8524

59.04213

4.078251

3.2

0.832185

296.15

0.003377

540.2647

72.02938

4.277074

3.5

0.910202

296.15

0.003377

637.677

85.01662

4.442847

3.8

0.988219

296.15

0.003377

735.0893

98.00386

4.585007

2.6

0.531058

273.15

0.003661

204.4861

27.26257

3.305515

1844.084536

15.33172

2.9

0.592334

273.15

0.003661

276.4645

36.85891

3.607097

1657.097062

13.7771

3.2

0.653609

273.15

0.003661

348.4429

46.45525

3.838489

1542.547462

12.82474

3.5

0.714885

273.15

0.003661

420.4214

56.05158

4.026272

1465.13508

12.18113

3.8

0.776161

273.15

0.003661

492.3998

65.64792

4.184306

1409.306732

11.71698

PtMHNO3
1.6

0.558299

295.15

0.003388

258.5615

34.47204

3.540149

1.8

0.628086

295.15

0.003388

317.2249

42.29319

3.744626

2

0.697873

295.15

0.003388

375.8883

50.11433

3.914307

2.2

0.767661

295.15

0.003388

434.5517

57.93547

4.05933

2.4

0.837448

295.15

0.003388

493.2151

65.75662

4.18596

1.6

0.306946

273.15

0.003661

136.5576

18.20618

2.901761

2339.406436

19.44983
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1.8

0.345314

273.15

0.003661

168.7199

22.49414

3.113255

2313.694356

19.23605

2

0.383683

273.15

0.003661

200.8823

26.7821

3.287734

2296.111989

19.08988

2.2

0.422051

273.15

0.003661

233.0446

31.07006

3.436245

2283.329834

18.9836

2.4

0.460419

273.15

0.003661

265.207

35.35803

3.565525

2273.618167

18.90286

Pt/MKOH
1.6

0.768101

296.15

0.003377

516.5771

68.87129

4.232239

1.7

0.816107

296.15

0.003377

565.1634

75.34894

4.32213

1.8

0.864113

296.15

0.003377

613.7498

81.82659

4.404602

1.9

0.91212

296.15

0.003377

662.3362

88.30424

4.480788

2

0.960126

296.15

0.003377

710.9225

94.78189

4.551578

1.6

0.348606

273.15

0.003661

178.527

23.80165

3.169755

3736.867579

31.06832

1.7

0.370394

273.15

0.003661

197.8423

26.37681

3.272485

3691.708969

30.69287

1.8

0.392182

273.15

0.003661

217.1575

28.95196

3.365638

3654.144443

30.38056

1.9

0.41397

273.15

0.003661

236.4728

31.52712

3.450848

3622.405295

30.11668

2

0.435757

273.15

0.003661

255.7881

34.10228

3.529364

3595.232924

29.89077

Table E-2 Dates of synthesis versus testing dates for samples (dates of synthesis in the brackets)
Sample
Pt/M
Pt/MAr
Pt/MV
Pt/MKOH
Pt/MHNO3

MM (H2)
121210(120910)
020411(101410)
121910(121610)
010811(121710)
010311(122010)

IGA
031011(120910)
032411(020211)
040111(032111)
031811(030811)
031511(122010)

Nellie
101310
022311(101410)
031511(121610)
031611(030811)
041511(122010)

XPS
012111
010711
010711
012111
010711

XRD
122110
122110
122110
122110
122110
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Appendix F
H2 and He adsorption kinetic data of Pt-doped surface-modified Maxsorb
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Figure F-1 H2 and He adsorption in Maxsorb
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Figure F-2 H2 and He adsorption in Pt/M
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Figure F-3 H2 and He adsorption in Pt/MAr
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Figure F-4 H2 and He adsorption in Pt/MV
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Pt/MKOH
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Figure F-5 H2 and He adsorption in Pt/MKOH
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Figure F-6 H2 and He adsorption in Pt/MHNO3
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Appendix G
Custom-built differential Sievert’s apparatus

Figure G-1 Schematic diagram of custom-built differential Sievert's apparatus.

A high-pressure differential Sievert’s unit was used in this project. The unit incorporates
a differential pressure transducer, automated valves, and Labview Control. These features
increase the accuracy and precision of high-pressure volumetric measurements: The differential
pressure transducer monitors the pressure difference arising due to adsorption between identical
sample and ballast volumes, thus further minimizing problems of accuracy of pressure readings
and non-ideal gas corrections. The measurement is further complicated by temperature gradients
in the system, as the manifold and sample temperatures are often different. This problem is
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minimized for a symmetric differential Sievert’s apparatus, but slight asymmetries in the
equipment may lead to experimental artifacts. Thus, it is important to calibrate the equipment at
the temperature of interest to ensure there is no significant artifact in adsorption measurements
when a temperature gradient is introduced. The equipment was calibrated with an activated
carbon, GX-31, as shown in the below figure.

Figure G-2 Volumetric adsorption data for GX-31 Amoco activated carbon matches published
literature reports, thus verifying the measurement on differential Sievert's equipment. (a) ambient
temperature of 25 oC; (b) 0 oC, and (c) 50 oC.

Error analysis is using an error propagation program that is based upon a Jacobian matrix
in a Mathematica program. The numeric analysis allows for variations in temperature and gas
non-ideality. The error in volume is based on the standard deviation of a typical volume
calibration from high pressure to vacuum made on our system. Error in mass is based on the
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sensitivity of the balance while error in density has been arbitrarily assumed to be ±0.5 g/cc to be
conservative.
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Appendix H
Low pressure data treatment
1) Data Treatment for Buoyancy Correction

Case I Force balance on inert sample only

ms0 : true sample mass (in vacuum, room temperature)
FBuoy is the force upwards due to buoyancy
At balance,
∑Fnet=0,

FBal = ms0 g − FBuoy

According to Archimedes’ principle, FBuoy = (Vs ρ g ) g

Vs is the volume of the sample, Vs =

ms0

ρs

; ρ g is the density of gas, and ߩ௦ is the density

of the sample
Therefore,
Let W =

Then,

FBal = ms0 g − (Vs ρg )g

FBal
(weight measured by balance)
g

W = ms0 −Vs ρg

(1)

Case II The balance has several components including sample holder, hangdown wire, etc.
(on inert sample)
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C/W denotes Counter weight
Assume: i) Pure gas in/out
ii) Static system (zero flow, drag force is zero)
At balance Fnet = Fs + Fi − F j
( i denotes the components on sample side;

j denotes the components on counter weight

side)
Or if introduce γ i (=1 on sample side; =-1 on c/w side)
Therefore Fnet = Fs + Σγ i Fi
An equation similar to Equation 1 can be written for each item, which leads to:

W = ms0 +Σγ i mi0 −Vs ρg −Σγ iVi ρgi
If ρ g = constant = ρ gi for all i ,

W = ms0 +Σγ i mi0 − ρg (Vs +Σγ iVi )
Assuming Σγ i mi0 is equal to a constant, k2
Then

W = ms0 − ρg (Vs +Σγ iVi ) + k2

If Vs and Vi are not a function of temperature and pressure,
And Vs + Σγ iVi = k1
Then

W = ms0 − k1ρg + k2

(2)
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k1 could be determined experimentally with data fit for inert gas (e.g. Helium)
Plot W vs. ρ g , k1 is the slope of the plot.
Case III Sample adsorbs

Fnet = Fs + FAds + Fi − F j = Fs + FAds + Σγ i Fi
0
W = ms0 + mads
+ k2 −Vs ρg −VAds ρg −Σγ iVi ρgi

VAds is small, so we can assume VAds = 0 ,
If ρ g = constant = ρ gi for all i,
0
W = ms0 + mAds
− k1' ρg + k2

(3)

If VAds = 0 , k1' = k1 ,otherwise k1' = k1 + VAds .
Also assuming Vs and Vi are not a function of temperature and pressure.

2) Low Pressure Data Treatment
The weight measured by the IGA was converted to mass using buoyancy corrections,
relying primarily on a calibration with a blank experiment for a non-adsorbing system (quartz)
under identical experimental conditions. The relationship between sample weight, W, measured
by the IGA and true sample mass, mso can be traced to Archimedes principle (above):

W = ms0 −Vs ρg

(4)

Where Vs is the volume of the sample and ρ g is the mass density of gas (i.e.  =

ெ
ோ்

for

an ideal gas). According to the above equation, the weight reading from the IGA will be equal to
the mass when density goes to zero. Practically, we define this ‘zero point’ condition at room
temperature (for experimental convenience) as the pressure approaches zero:
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 = ௦ = lim→,் ୀଶଽ଼ 

(5)

Equation 4 is true for a single component in a system where no adsorption has occurred,
there are no drag forces due to gas flow, and there is no turbulence. Conversion of sample volume
to true sample mass and density generalizes the equation so it may be applied to materials which
may differ slightly in density (e.g. carbon, deposited carbon, quartz):
 = ௦ −

ೞ

ఘೞ 

= ௦ (1 −

ఘ
ఘೞ

)

(6)

In an actual experimental apparatus, balance components also lead to a buoyancy
displacement and thus affect the weight reading. The relation between weight and mass is the
summation of each component. Thus,
 = ௦ + ∑   −  ௦ + ∑   

(7)

Where  and  are the true mass and volume of each balance component,
respectively.  is a coefficient introduced to track whether the balance component is on the
sample side or is on the counter weight side (in which case  becomes negative). This equation
provides a simple linear dependence between weight, mass, and gas density of the form:
ఘ

 = ௦ (1 − ఘ )−
ೞ

ଵ 

+

(8)

ଶ

Where the introduced constants are defined as:
ଵ

= ∑  

(9)

ଶ

= ∑  

(10)

Thus, k1 is a constant relating to the system volumes that displace gas, whereas k2 is a
constant relating to the true masses of balance components. Each of these ‘buoyancy parameters’,
k1 and k2, can be found either by a quantitative accounting of the mass and density of each
balance component, or via a linear fit of the weight of a non-adsorbing system as a function of
density from a blank sample in an adsorbing gas or an active sample in an inert gas (i.e. helium at
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high temperature). The latter can also be used to fit for sample density if sample density is
unknown.
For the purposes of this work, it is convenient to consider changes in temperature only, as
we are interested in constant pressure conditions. We define a new constant,



= lim

→

ଵ 


:

(11)



In practicality,

does not go to zero at the low pressure conditions we are able to

achieve at high vacuum, as the assumptions of no turbulence and drag break down due to gas
velocity due to the pump. Equation 8 becomes (at low pressure):
ఘ

 = ௦ 1 − ఘ  −
ೞ


ು
்

+

(12)

ଶ

Using Equation 5, we note that  =  = ௦ when T=298 K =To and P0. Thus, the
following relationship exists between



்

=




and k2:

(13)

ଶ

Equation 12 becomes:
ఘ

 = ௦ (1 − ఘ ) −

 ଵ
 (்

ೞ

The system constant,
constant,


,


,

ଵ

− ்)

(14)
ଵ

is determined from the derivative of weight versus ் . The

must be determined under conditions in which the material does not adsorb, react, or

otherwise change its properties:
ௗௐ್
భ
ௗ( )


=−

ೞ ௗఘ
−
ఘೞ ௗ(భ )




(15)



At low pressure where ideal gas conditions apply, this becomes:
ௗௐ್
భ
ௗ( )


=−

ೞ ெ
ఘೞ ோ

−




(16)

The magnitude of the first term is such that it can be ignored. The negative slope of W vs.
1/T provides the system constant


:
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ௗௐ್
భ


ௗ( )



=−




(17)

is a function of pressure and system set up only (




will vary significantly if system

components (i.e. sample bucket, etc.) are changed or vacuum pressure is changed). Conversely, if
the same approximate vacuum conditions are used and the same system set-up is used,




is

independent of other conditions and small variations in the blank sample will not greatly affect
this term. From its definition, one can see that




may be positive or negative, depending upon

the positioning of components on the counter-weight vs. sample side.
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Appendix I
Nomenclature
5%Pt-C, Pt-C or PtC: A catalyst with Pt deposition on activated carbon, available from STREM
Chemicals. Metal content is 5 wt.%.
5%Pd-C, Pd-C or PdC: A catalyst with Pd deposition on activated carbon, available from
STREM Chemicals. Metal content is 5 wt.%.
AC-o: AC was impregnated with 1 M potassium hydroxide in a KOH to AC weight ratio 4:1,
magnetically stirred for 12 hrs at room temperature, washed to neutral, filtered, then dried at
373K. The resulting material after KOH activation will be referred to as AC-o.
PtC/AC-o: A physical mixture of PtC with AC-o. Weight ratio is 1:9.
PdC/AC-o: A physical mixture of PdC with AC-o. Weight ratio is 1:9.
M: Maxsorb
MAr: As-received Maxsorb was heated to 950 °C in flowing (150 mL/min) ultrahigh-purity
Argon and then cooled to room temperature in the flowing Argon after held at 950 oC for 3hrs.
MV: As-received Maxsorb was annealed in vacuum at 730 oC for 3hrs.
MKOH: As-received Maxsorb was mixed with KOH (1:4) to make H2O solution, which was stirred
magnetically overnight at room temperature. KOH-treated Maxsorb was then washed with DI
water to neutral and dry in oven (~100 oC) overnight.
MHNO3: As-received Maxsorb was magnetically stirred with concentrated HNO3 (68-70%) at
room temperature for 24 hrs. The sample was then washed with DI water to neutral and dry in the
oven (~100 oC).
Pt/M, Pt/MV, Pt/MAr, Pt/MKOH, Pt/MHNO3:Pt deposited on M, MV, MAr, MKOH, MHNO3 from a wet
chloroplatinic acid and acetone solution. Metal content is about 5 wt.%
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PdC/AC/B: The AC:5% Pd-C:D-glucose:was fixed at 8:1:1 and ground for 30 mins. Temperature
was first increased at 1 K/min to 453 K and held for 3 hrs; then increased at 1K/min to 673 K and
held for 6hrs.
PtC/AC/B: The AC:5% Pt-C:D-glucose:was fixed at 8:1:1 and ground for 30 mins. Temperature
was first increased at 1 K/min to 453 K and held for 3 hrs; then increased at 1K/min to 673 K and
held for 6hrs.
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