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Development of a hydrogen economy will require significant 1
advances in methods by which to produce, store, transport, and @ | ® | ©
distribute hydrogen in an economically viable manner. Centralized __ Storage time | 3 days | 30 days | 76 days
hydrogen production methods currently in use are limited by an g g, w07 | 0a | 03
inefficient means to transport hydrogen to its point of use. E_ H, (wi%) i " o
Compressed and cryogenic storage methods do not meet densityﬁ Total
targets, and incremental advances in candidate solid-state storagig
materials are not likely to meet density or cost targets. Here we Te' @)
provide evidence of a combined hydrogen production and storageE | = | ~~=Tvpe I Type ll ——
process that utilizes a low-cost carbon precursor that slowly evolves €
hydrogen at room temperature. The evolution of the trapped 3
hydrogen appears to be kinetically limited as it continues in excess ¢ 1 _/—_J (b)
of one year; heating the material to modest temperatures accelerate= IT,,P, f (©)
hydrogen evolution. The parallel observation of a nanocrystalline -_—
diamond (NCD) byproduct suggests that the hydrogenative ball ~ *® T~ = r——T1=—1 =3 =—T1=—1——1= 900 1000

milling leads to a hydrogenated tetrahedral carbon form that
rearranges to more stable crystalline carbon forms upon heating.
Reactive ball milling of Buck Mountain anthracite coal (BMT)

Temperature ( °C)

Figure 1. TG-MS evolution (Wz = 2) for several preparations of BMT*
(a—c) relative to the BMT coal precursor (d). The table (inset) summarizes

with a cyclohexene hydrogen donor led to a carbon structure e cyrve integration relative to a Tirtalibration. Type | indicates the
(referred to as BMT*) that decomposes upon heating to give observed immediate increase in the TG-MS signal (see text), not an arbitrary
molecular hydrogen. The term “hydrogen donor” is applied to curve shift.

cyclohexene as its dehydrogenation during milling leads to the
following observations of molecular hydrogen evolution with _ / ; ;
thermogravimetric-mass spectroscopy (TG-MS) analysis. The TG e P _e e

022

*

MS indicates the following qualitative hydrogen evolution'Z = Py 8 i : § N
2) for a sample analyzed at different times (Figure 1): an immediate SEERF S ’ i ’ "
increase in the hydrogen baseline (Typéft)llowed by an increase

at ~60 °C with a local maxima at-150°C (Type Il), and a third
increase at-300°C with a maxima at-400°C (Type Ill). Samples ;
were exposed to air during sample transfer and during storage. The
Type Il hydrogen evolution was not accompanied by cyclohexene
nor benzene (expected dehydrogenation product) evoltiigpes .
I and Il hydrogen evolution at atmospheric pressure from the various
BMT* samples ranges from 0.3 to 0.7 wt % depending on sample

fee B=z=[011]

age (inset, Figure 1); however, these quantifications do not captureg (e) Dy " _
hydrogen evolution during storage and sample transfer. The Type & ;:83 gLz gb CH @
I hydrogen evolution decreases with sample age (Figuté®ijerall E jEes B et § ‘:' \_ g §
hydrogen evolution from the onset of sample heating to TGs Bl oA e
( 500 1000 1500 2000 2500 3000 3500

as much as 2.1 wt % after 3 days of storage under atmospheric Wavenumbers (cm")

conditions (inset, Figure 1). In comparlson,.hydrogen 0evoll{tlon from Figure 2. Representative HRTEM of observed crystalline regionsb)
the BMT precursor ensues at 53C and is 0.4 wt % with no FT (c) and high-resolution (d) indicate a highly crystalline structure with a

significant Type | baseline increase (Figure 1d). 3.56 A lattice parameter. Visible Raman (633 nm) shows a &pliteak
In a parallel set of experiments, we heated BMT* to 14Q0n (1580 and 1614), an increasBd peak (2652), and several low-frequency
argon, then attempted to remove metals by a series of acid andPeaks (€)-

base treatments (BMT*-1400). Crystalline regions are observed at

several locations in BMT*-1400, ranging in size from 5to 35 nm. 2c,d). The 3.4 A spacing of the shells surrounding the core is
The crystalline regions are embedded in a graphitic carbon outer- consistent with graphite, but discontinuities with periodicity of 2.0
layer (Figure 2b), and Fourier transform (FT) reveals a reciprocal- A (close to the (111) interplanar distance of diamond) suggest a
space lattice corresponding to the diamond crystal structure observedsp—sp hybridization transition. These diamongdraphite structures
along the [011] zone axis and a lattice constant of 3.57 A (Figure are similar to those reported previously after electron irradiafion
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Figure 3. Visible Raman (633 nm) and BMT* samples after (a) 3 days E /‘;-»—--“ﬂ b ™
and (b, e) 1 year, relative to (c) the BMT precursor. Dashed lines reflect £ LS ; . , -
500 1000 1500 2000 2500 3000 3500

observed background photoluminescence. (d) A representative HRTEM of

the BMT* sample shows a defective (quasi-amorphous) carbon structure. ) ) )
Figure 4. (a) HRTEM observation of crystalline carbon in BMT*

surrounded by amorphous carbon. FT of this image (c) presents a six-fold

nd hav n referr kv diamond. Transition regionsSymmetry, cor_res_ponding to cr_ysta_llline planes Witha_l._?)ﬂf&‘)(spacing.
and have been referred to as bucky diamond ansition regio s'EDX data (b) indicate the region is carbon based. Visible Raman spectra

similar to Figure 2a ‘?re also obgerved .th.at lack the inner core (d) of this sample indicate a brodd peak and several additional peaks
structure. Corresponding changes in the visible Raman spectra (633elative to the BMT precursor.

nm, Figure 2e) may be attributed to structural doping (increased
D' reflection at 2652 cm') and localized shdefects within sp
hybridized carbon, the so-called “dumbbell defect” (at 1620 cryogenic temperatures in a pressurized hydrogen atmosphéte.
cm™1).45 Low-frequency Raman modes arise that are consistent with To the best of our knowledge, peaks in this range are not associated
either metal oxides or carbon: NCD has been reported to have awith carbon and the degree of photoluminescence is unusual;
vibration at 496 cml,® and tetrahedral carbon has a low-energy ongoing Raman investigations are underway with deuterated
tail at ~600 cnt? in visible excitation’8 solvents to definitely assign the high-frequency peaks.
Rehybridization of sp nanocarbons upon the introduction of A crystalline carbon structure embedded in amorphous carbon
hydrogen has been theoretically predicted. Hydrogen adsorptionwas observed via HRTEM in BMT*(Figure 4a). The amorphous
on planar graphite leads to distortidand doped nanocarbons will  carbon-encapsulated structure converts to a bucky diamond structure
restructure and partially rehybridize to®smarbon upon hydrogen  with electron irradiation (data not shown), indicating the instability
exposuré? leading to an increased adsorption energy and stretching of this region. The crystalline structure of BMTTs different than
of the molecular hydrogen bord.These effects may be more that of BMT*-1400; the 6-fold symmetry of the FT from BMT*
pronounced upon the application of high pres8weresulting from (Figure 4c) correlates with either a face centered cubic structure
hydrogen chemisorptiolf. These prior results are based on mo- (zone axis [111]) or a close packed hexagonal structure (zone axis
lecular simulations, and 3prehybridization due to hydrogen  [0001]). The dy Spacing of 1.99 A does not match graphite,
exposure in carbon has not been previously observed experimen-diamond, or lonsdaleite. EDX analysis indicates this region is
tally, although hydrogen-induced crystallization has been reported primarily carbon-based (Figure 4b). BMTHhad a sharp Raman
for amorphous silicod* These reasons led us to suspect that the peak at~1090 cnr! and several low-frequency peaks (e.g., 155,
parallel observations of hydrogen evolution and subsequent carbon278, and 714 cmt), as shown in Figure 4d. The origin of these
crystallization may be related. peaks is currently unknown and under investigation; the origin of
To further explore the role of hydrogen evolution in synthesis peaks at~1090 cnt! are under debate in the diamond literature.
and crystallization, we further characterized BMT, BMT*, and There are four potential driving forces for crystallization involved
BMT*P (BMT*P is BMT* treated with the same acid and base in the process: (i) a mechanical one during ball milling that may
sequence used to purify BMT*-1400piamondoid¥’ and NCD1 contribute to stress-induced crystallization or localized high-pressure
have been isolated from petroleum, but there have been no previousegions upon impact; (ii) thermal restructuring of a less thermo-
reports of their isolation from coal. We also find no analytical dynamically stable material, such as amorphous carbon; (iii) acid-
evidence for NCD in BMT or BMT*; quasi-amorphous carbon or base-catalyzed carbon precipitation and/or restructuring; and (iv)
structures are typical for BMT* (see Figure 3d). BMT* has the interaction between the hydrogen released from the hydrocarbon
photoluminescence (Figure 3a) in visible (633 nm) Raman relative donor with the carbon bonds or terminal carbon edges in the coal.
to the coal precursor (Figure 3c), which continues in excess of 1 These four driving forces may act in combination to contribute to
year after preparation, with decreased intensity (Figure 3b). the complex structures. The relative contribution of each of these
Photoluminescence has been empirically correlated to hydrogenpotential processes is currently under investigation.
content of tetrahedral amorphous carb8rsnusual high-frequency The hydrogen evolution we see is somewhat comparable to
Raman vibrations are observed for BMT*. In freshly prepared previous ball milling reports, yet contains low-temperature hydrogen
samples, the photoluminescence obscures these high-frequencygvolution (Types | and Il) that we cannot solely attribute to
peaks. One year after preparation, high-frequency peaks are nocyclohexene dehydrogenation upon heating, as its intensity does
longer obscured by photoluminescence (Figure 3e, peaks at 4125not fully correlate with cyclohexene desorptibhmamura et al.
4166, and 4377 cmi). The high-frequency peaks are near the observed similar low-temperature hydrogen evolution, for magne-
Q-branch vibrations of molecular hydrogen (i.e., 438060 cn?), sium milled with added graphite and organic solvents. Imamura
which may be perturbed upon surface interaction, as demonstratedattributed the low-temperature hydrogen evolution to magnesium
for in situ Raman hydrogen adsorption studies with carbon at hydride!® Our BMT coal contained inherent mineral matter,

Wavenumbers (cm”)
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including 0.06 wt % Mg, and transition metals introduced by the
milling process (i.e., Fe, Ni, and Cr). The metals may catalyze
structural transformation and cyclohexene dehydrogenation in the
mill; however, the +2 wt % hydrogen evolution cannot be
attributed solely to metals which make up only 5% of the
sample. The high-frequency Raman vibrations and room temper-
ature hydrogen evolution are atypical of metal hydrides and physical
adsorption to carbon.

The Type Ill hydrogen evolution is quite similar to the work of
Orimo et al.2% which included two hydrogen peaks at 650 and
~1000 K. Combined with neutron diffraction, the hydrogen
evolution was attributed to hydrogen intercalated between graphene
layers and hydrogen bound to terminal carbon groups. Iron imparted
to the sample during milling was later demonstrated to be a
necessary condition for the observed hydrogen evoldi®ub-

that the hydrogen uptake may be reversible at moderate temperatures
and pressureX. A distributed hydrogen production process that
combines hydrogen production and storage process may offer
improvedoverall system efficiency, as separately, both hydrogen
production and hydrogen storage come at an energy penalty.
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sequent reports have varied the carbon precursor and found aavailable free of charge via the Internet at http://pubs.acs.org.

gradual decrease in the onset temperature of hydrogen evolution
from ~330°C for graphité?23to ~300°C for an activated carbon
precursof! and ~230 °C for a SWNT?? The possibility of the
formation of hydrogenated tetrahedral amorphous carbon was
mentioned in the initial report of Orimo. The formation of a

hydrogenated tetrahedral amorphous carbon is consistent with the

data presented here, including hydrogen evolution, photolumines-

cence in Raman spectroscopy, high-frequency Raman vibrations,

and the subsequent observation cflspbridized NCD regions. The
hydrogen evolution from BMT anthracite coal milled with cyclo-
hexene is significantly lower than that of graphite milled in high-
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