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Hydrogen sorption in phosphorous substituted carbon material
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The hydrogen storage capacity of phosphorous substituted carbon material with spherical morphology is reported. The
phosphorous substituted carbons are synthesized by pyrolyzing a resorcinol formaldehyde resin, chemically bonded with
phosphorous. The synthesis is a polycondensation reaction by phosphoric acid with sodium hydroxide as catalyst. Herein
resorcinol-formaldehyde resin and phosphoric acid act as carbon and phosphorous sources respectively. The hydrogen
adsorption capacity has been studied by high pressure volumetric analyser and shows high sorption capacity of 2.6 and
2 wt% at 298 K and 100 bar pressure for the phosphorous substituted carbon materials prepared by calcining at 600 and
800 °C respectively. This value is higher than the hydrogen sorption capacity of pure carbon under comparable preparation
conditions 0.18 and 0.16 wt% at 298 K and 100 bar pressure, calcined at 600 and 800 °C respectively.
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Hydrogen storage is a crucial segment for the
advancement of a hydrogen-based energy carrier in
transport sector. Hydrogen is viewed as a future fuel
and effective energy bearer, since its burning just
produces water as byproduct. In this energy scene,
generation and storage are the two key factors and
identifying suitable materials for hydrogen generation
and storage is a vital requirement. Nanostructured
materials have of late received considerable attention
as materials suitable for hydrogen storage'®. The
DOE has stipulated a hydrogen storage ability of
4.5 wt% by the FY 2005, 6.0 wt% by the FY 2010,
and 9.0 wt% by the FY 2015 as the targets. However
these targets could not be accomplished and these
limits are being modified periodically. It has been
understood that at least 6.25 wt% of hydrogen storage
is essential for commercial exploitation. Right now,
there are a several methodologies that are being tried
for the storage of hydrogen. One approach is to
upgrade the existing materials chemically, with the
presumption that solid state storage is the only
promising route. Variety of solid state hydrogen
storage materials have been developed in the previous
decades taking into account some criteria like storage
capacity, reversibility and cost. Solid state hydrogen
storage is attempted in solid substrates like metal—
organic frameworks (MOFs) and their functionalized

subsidiaries, chemical hydrides and covalent organic
frameworks (COFs)"'*. Carbon-based materials have
received extensive enthusiasm for many energy-
related applications because of their chemical and
thermal stability, and the feasibility to tune its textural
characteristics so as to satisfy the required
characteristics'>**.  Carbonaceous materials like
carbon nanotubes, fullerenes, graphene and nano-
porous carbon have been examined for this particular
application. Hydrogen storage in carbon materials
received significant consideration after a storage
capacity (though unexpectedly high) of around 67 wt%
was reported in literature. Carbon materials for
hydrogen storage must be related to the surface area
with appropriate pore size”. Clearly carbon materials
prepared from polymeric precursors have received an
expanding consideration for their wide applications as
adsorbents, electrode materials and catalyst supports
because of the unprecedented properties, for example,
low mass density, extensive porosity and high surface
area' ***’. Hydrogen storage on carbon materials
including carbon nanotubes (CNTs), graphite
nanofibers (GNFs), activated carbons (ACs), template
carbons (TCs) and graphite has been generally
studied”. Current theoretical and experimental
investigations have shown that the hydrogen binding
energy and hydrogen adsorption ability of carbon
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materials can be regulated by heteroatom substitution,
for example by boron, phosphorous or nitrogen™.
Systems and procedures have been developed to
produce heteroatom substituted carbon materials in
view of the low cost, energy and low toxicological
effects”’. By and large, the synthetic strategy for the
heteroatom-substituted carbon materials is through
carbonization of heteroatom and carbon containing
precursors  followed by a  supplementary
physicochemical activation''. Another way to
generate heteroatom substituted carbon material is to
post-treat carbon materials with suitable precursors
like phosphoric acid**. The extend of doping
depends on the antecedent and the aromatization level
of preparatory carbonaceous materials”. In addition,
the surface functionalities of the heteroatom substituted
carbon materials depend on the carbonization
temperature’*’.  Heteroatom doping of carbon
materials is a developing field of materials science.
Rather, if heteroatoms similar to N, P, B and S are
incorporated in carbon matrices, then these sites can
work as hydrogen activating and dissociating centres
and the dissociated hydrogen can be transported
forward and backward on to the equipotential carbon
surface'” ** %% Heteroatom substituted sites in carbon
may function as activation centres for the activation
and dissociation of molecular hydrogen and its
transport to carbon centres for storage and in a similar
manner these centres can also act for the desorption of
hydrogen. As one of the available possibilities,
phosphorous substitution in carbon materials can be
examined for hydrogen storage applications® *’. The
present study is an attempt in this direction.
Phosphorous substituted carbon materials has been
synthesized using resorcinol and phosphoric acid as
carbon and phosphorous sources respectively. The

- —
g"‘" Added in a beaker 25 =
J?A? .’L R

[
P O“\ Heating/Stirring

373 Kfor24 h

Forming of
carbon spheres

INDIAN J CHEM, SEC A, DECEMBER 2015

structural, chemical, morphological and textural
characteristics of the synthesized materials have been
examined by powder X-ray diffraction patterns
(PXRD), Fourier transform infrared spectroscopy
(FT-IR), Confocal Raman spectroscopy, BET-N,

adsorption/desorption isotherms, high resolution
scanning electron microscopy (HRSEM), high
resolution  Transmission  electron  microscopy

(HRTEM), and X-ray photoelectron spectroscopy
(XPS). The hydrogen storage capacity of the
phosphorous substituted carbon material has been
determined by high pressure volumetric analyzer
(HPVA 100).

Materials and Methods

Resorcinol 99% (C¢H¢O,), formaldehyde 37%
(HCHO) solution, sodium hydroxide 97% (NaOH) and
phosphoric acid 88% (H;PO4) were purchased from
Sigma Aldrich and used without further purification.

Schematic illustration of the synthesis of
phosphorous substituted carbon material is shown in
Fig. 1. The typical synthesis procedure is as follows:
5.5 g of resorcinol was taken in a beaker, and 15 mL
of formaldehyde solution was added, stirred at room
temperature for 1 h and then 31 mL of phosphoric
acid (H;PO,) was added stirred for 1 h followed by
1 g of sodium hydroxide (NaOH) stirred well at room
temperature, then kept in an oven at 373 K for 24 h.
The final homogeneous mixture was placed in a
quartz boat and subsequently transferred to a tube
furnace for carbonization. The furnace was purged
with nitrogen gas at room temperature for 1 h. Then
the temperature was increased at a rate of 5 °C/min up
to 300 °C and maintained at 300 °C for 5 min to
remove traces of adsorbed contaminants. After 5 min,
the temperature was increased at a rate of 5 °C/min to

Transferred to
quartz boat

Carbonization
800 °C

Fig. 1—The schematic illustration of the synthesis of phosphorous substituted carbon material.
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the target temperature (600 and 800 °C). Upon
reaching the target temperature, the temperature was
maintained an additional 6 h. The furnace was cooled
to room temperature in the presence of nitrogen.
Throughout the procedure, the furnace was
continually purged with nitrogen gas. The resulting
carbon material was ground into a fine powder using a
mortar and pestle. Finally the obtained phosphorous
containing carbon material was subjected to further
characterization. A similar synthesis procedure was
adopted to prepare pure carbon material without
phosphorous for comparison purpose.

Characterisation

Wide angle powder XRD pattern of the calcined
carbon materials was recorded using a Rigaku
Miniflex II diffractometer with CuKa as the radiation
source at a wavelength of 0.154 nm with 20 angle
ranging from 10° to 80° with a step size of 0.02°.
Fourier transform infrared spectra (Perkin-Elmer
FTIR spectrophotometer) were collected at room
temperature by using the KBr pellet technique
working in the range of wave numbers 4000400 cm™".
The vibrational characteristics of the samples were
analyzed via Raman spectroscopy using 532 nm laser
(Witec Alpha 300) as the excitation source in the
range from 1000 to 2000 cm™'. N, adsorption and
desorption isotherms were measured with surface area
and porosity analyzer Micromeritics accelerated
surface area and porosimetry system (ASAP 2020) for
the determination of surface area and total pore
volume at 77 K. Prior to the adsorption
measurements, the sample was degassed at 473 K for
6 h. FEI Quanta FEG 200-high resolution scanning
electron microscope (HRSEM) was employed for
obtaining the micrographs. AJEOL JEM-2100 high
resolution  transmission  electron  microscope
(HRTEM) was employed for obtaining the
micrographs, Elemental mapping and SAED patterns.
X-ray photoelectron spectroscopy (XPS)
measurements were performed with an Omicron
nanotechnology spectrometer with hemispherical
analyzer. The monochromatized Mg Ko X-source
(E = 1253.6 eV) was operated at 15 kV and 20 mA.
For the narrow scans, the analyzer pass energy of
25 eV was employed. The base pressure in the
analysis chamber was 5 x 10" Torr. The hydrogen
adsorption isotherms were carried out on high
pressure volumetric analyzer (HPVA-100) from
micromeritics particulate systems. The HPV A product
operating pressure ranges from high vacuum to
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100 bar. The span of the sample temperature during
analysis can be from cryogenic to 500 °C. Sample
analysis data collection is fully automated to assure
quality data and high reproducibility.

Hydrogen adsorption measurements

High pressure hydrogen adsorption measurements
have been carried out utilizing high pressure
volumetric analyzer (HPVA 100). The high pressure
adsorption analyzer comprises a cylindrical sample
cell of known volume (2 cc and 10 cc). Utmost care
was taken with respect to the sources of leak and long
blank run tests were carried out. Care was also taken
to avoid temperature instability, leaks and additional
pressure and temperature impacts caused by
expansion of the hydrogen in the sample cell. The
isotherms were completed as accurately as possible.
Typically, the mass of the carbon samples used for
hydrogen storage measurements was in the region of
500 mg to 1 g. Prior to measurement, the samples
were degassed and heated at 250 °C for approximately
6 h in vacuum. The whole system was pressurized at
the desired value by hydrogen and change in pressure
was monitored. All the hydrogen adsorption isotherms
were recorded at room temperature and liquid N,
temperature. The trials were repeated under the same
conditions for repeatability.

Results and Discussion

X-ray diffraction patterns

The X-ray diffraction pattern of the acquired
phosphorous containing carbon material is shown in
Fig. 2. The carbon samples prepared at 600 and
800 °C show wide diffraction reflections at 20 values
at 24°. This reflection is assigned to the (002) plane of

——800 °C
——600 °C
——Pure carbon

Intensity (a.u.)

10 20 30 40 50 60 70 80

26 (deg.)

Fig. 2—XRD patterns of the phosphorous substituted carbon material.
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the regular turbostratic carbon lattice. No other
reflections are seen, showing the absence of any
impurity in the material prepared®. This is further
confirmed by the HRTEM-SAED patterns of prepared
material (vide infra). The (100) reflection indicates
the amorphous nature of the sample. The shifts
towards the higher angles of the (002) at higher
temperature shows an increase in the interlayer
spacing. This increment in the d-spacing is identified
with the doping of heteroatom. Since the amount of
phosphorus is small, changes in 20 values are not
effectively noticeable despite the fact that the peaks
are slightly shifted to higher 20 values. The presence
of heteroatom i.e., phosphorous (P) in the carbon
lattice leads to defects and disorder’ ®. This is
confirmed by the Raman spectrum of the material
discussed later. It is reasoned that the carbon material
is most likely less crystalline in nature.

FT-IR spectroscopy

FT-IR spectrum of the phosphorous substituted
carbon material is shown in Fig. 3. The spectrum
shows a broad absorption band in the region of 3200-
3600 cm. This band can be assigned to the O-H
stretching mode of vibration of adsorbed water and
hydroxyl groups. The position and the symmetry can
be interpreted as due to internal hydrogen bonding.
The band at 1600-1650 cm™ is attributed to C—O
stretching and C—-OH bending modes. The band at
1636 cm™' may be because of the aromatic ring
stretching vibrations. The broad band in the region
1120-1170 cm™ attributed to P-O—C and stretching of
P=0O groups stretching vibrations and a band at
1050 cm is related to the symmetric vibration of
P-O-P°". The absorption components at 2926 and

= 800 °C
= 600 °C
= Pure carbon

Transmittance (%)

— 77
1000 1500 2000 2500 3000 3500 4000
Wave number (cm™)

Fig. 3—FTIR spectra of the phosphorous substituted carbon material.
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2850 cm™ may be due to the aliphatic character of the
C-H bonds. The absorption components at 2330, 1750
and 1018 cm” with shoulders are connected with
C-P bonds. Similar observations have been recorded
by Puziy et al® Kurita er al.”® These observations
reveal the presence of P in the carbon framework.

Raman spectroscopy

Raman spectrum of the phosphorous containing
carbon material is shown in Fig. 4. The spectrum of
the phosphorous containing carbon material showed
two broad peaks around 1325 cm™” and 1602 cm’
usually designated as D and G bands*. These two
bands showed the presence of defects and graphitic
nature of the carbon material. The D-band brought
about by structural defects and the mostly disordered
structure of sp2 hybridized carbon, and the G-band
connected with the first-order scattering of the E,,
vibrations observed for sp” hybridized carbon®. The
relative intensities (Ip/lg) of these peaks depend on
the carbonization degree and heteroatom substitution
in the carbon materials. The ratio of integrated
intensity (Ip/lg) of the D and G bands computed for
these materials can be utilized to estimate the defects
in carbon material. It is found that I/l value for
phosphorous containing carbon prepared at 800 °C
= 1.29 and that for carbon material prepared at 600 °C
is = 1.04. For the pure carbon material this intensity
ratio Ip/lg is 0.85. Phosphorous containing carbon
material prepared at 800 °C is having higher intensity
ratio value (1.29) contrasted to carbon material
prepared at 600 °C (1.04) these values demonstrate
higher concentration of structural defects in the
phosphorous containing carbon material. Moreover,
the intensity ratio of D and G band (/p/ls) in both

D-Band

G-Band

=800 °C
=600 °C

= Pure carbon

Raman intensity (a.u.)

L) v ) L L)
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2500

Fig. 4—Raman spectra of the phosphorous substituted carbon material.
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carbon materials prepared at 600 °C and 800 °C is
observed to be higher than for the pure carbon,
suggesting that the degree of disorder increases
after P substitution. Two differences in the I/Ig ratio

show that the carbon structure turns out to be
more disordered with increasing carbonization
temperature®”®

N, adsorption/desorption isotherm
Brunauer-Emmett-Teller (BET) and Barret-
Joyner-Halenda (BJH) methods are utilized to
compute the specific surface area and pore size
distribution of the phosphorous substituted carbon
materials and the outcomes are shown in Fig. 5.
N, adsorption isotherm is done on this material in the
wake of degassing at 200 °C for 4 hours. The nitrogen
adsorption isotherms of carbon samples prepared
at 600 and 800 °C (Fig. 5a) are comparable to
type IV isotherm as per the characterization of the
International Union of Pure and Applied Chemistry
(IUPAC). The presence of a H4 hysteresis loop shows
the presence of both micropores and mesopores.
Furthermore H4 hysteresis loop indicates the presence
of narrow slit type pores. The isotherms show a
steep uptake at P/P, = 0.15, and a hysteresis loop
from P/Py, = 0.4 to P/Py, = 1.0 which is due to the
co-existence of both micropores and mesopores®’.
Furthermore, the pore size analysis established the
porous characteristic of the prepared material. The
pore volume data (Supplementary Data, Table S1)
show that the phosphorous containing carbon has a
higher pore volume than the pure carbon material.
The pore size distribution curves shown in Fig. 5(b),
computed according to the Barrett-Joyner-Halenda
(BJH) model, reveal that the majority of the pores in
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the prepared carbon materials have size below 5 nm.
It may be noted that regardless of the presence of a
large number of mesopores and micropores in the
prepared material, the total pore volume for carbon
prepared at 800 °C (0.095 cm’/g) is higher as
compared to carbon prepared at 600 °C (0.051cm’/g).
The mesopores correspond to the interparticle cavities
resulting from the stacking of carbon spheres. Carbon
prepared at 800 °C demonstrates a steady adsorption
curve as the pressure increases with limited hysteresis
loop, suggesting the presence of micropores. As the
carbonization temperature increases, clear hysteresis
loop profile alongside expansion in the adsorption
curve at higher pressure is observed. In this
phosphorous substituted carbon material when the
carbonization temperature is increased the surface
area, pore volume and micropore area are increased
slightly. The specific surface area of carbon materials
prepared at 600 °C and 800 °C is 35 and 82 m’/g
respectively. These data are summarised in Table S1
(Supplementary Data).

High resolution scanning electron microscopy (HRSEM)

The morphological aspects of the phosphorous
containing carbon materials have been examined by
the scanning electron micrographs and are shown in
Fig. 6. These carbon materials show spherical
morphology as seen from the micrographs. Besides
it is conceivable that a greater part of the heteroatom
(P) may be segregating on the surface, and thus,
facilitating hydrogen activation. The spherical
morphology may have been induced by the chemical
activation with H;PO,. Due to the phosphoric acid,
large portions of the spherical carbon particles
shrink, retaining the morphology. The corresponding
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Fig. 5—(a) N, adsorption/desorption isotherm, and, (b) pore size distribution of the phosphorous substituted carbon material.
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Fig. 6—(a, b, c and d) HRSEM images of the phosphorous substituted carbon material (prepared at 800 °C) for different magnifications,
and, (e and f) SEM EDAX spectra for the phosphorous substituted carbon material.

situation in pure carbon materials is seen with
sharp edges (see Supplementary Data, Figs S1 and
S2). SEM EDAX analysis showed the amount of
phosphorus in the carbon matrix to be 4 atomic
percent (see Fig. 6(e, 1)).

High resolution transmission electron microscopy (HRTEM)

The high resolution transmission electron
micrographs and SAED patterns of the phosphorous
containing carbon material are shown in Fig. 7.
HRTEM  micrographs show hollow spherical
morphology of the prepared material. The selected area
electron diffraction (SAED) pattern (Fig. 7(d)) shows
two diffraction rings, indicating 002 and 100 planes
and the disordered nature of the phosphorous

substituted carbon material. Scanning TEM (STEM)
with elemental mapping has been carried out to
confirm the phosphorous substitution in the carbon
lattice and to characterize the uniformity of substitution
(see Fig. 7(e, f, g, h)) These results indicate carbon,
phosphorus, and oxygen atoms distributed in the entire
sample homogeneously. To explore the percentage of
element, the TEM-EDAX investigation was carried
out. The amount of phosphorous observed in the
carbon matrix was ~4 at%. Moreover, since this
reaction is completed in open atmosphere, some
amount of oxygen is available in the carbon sample.
The elemental composition monitored to evaluate the
changes as a function of carbonization temperature are
summarized in Table S2 (Supplementary Data).
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Fig. 7—(a, b, c) HRTEM images, (d) SAED pattern, (¢) STEM image, and, (f, g, h) elemental mapping of the phosphorous substituted

carbon material (prepared at 800 °C).
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Fig. 8—X-ray photoelectron spectroscopy of the phosphorous substituted carbon material. [(a) XPS-survey spectrum; (b) C 1s; (c) P 2p;

(d) O 1s (carbon prepared at 600 °C)].
X-ray photoelectron spectroscopy (XPS)

The chemical state of the substituted phosphorous
in the carbon materials has been studied by X-ray
photoelectron spectroscopy (XPS) and the spectra are
given in Figs 8 and 9. The carbon species show
standard 1s peaks at 284.3eV for sp>-hybridized

carbon bonds (C=C), 284.2 eV for spB—hybridized
carbon bonds (C-C), 285.2 eV for alcohol groups
(C-0), carbonyl groups (C=0), 289.2 eV for
carboxylic/ester groups (O-C=0) (see Fig 8b). The
oxygen species (Fig. 8c) are shown by 1s peak at
binding energies ~531.1, 530.4, and 532.6 eV that
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Fig. 9—X-ray photoelectron spectroscopy of the phosphorous substituted carbon material. [(a) XPS-survey spectrum; (b) C 1s; (c) P 2p;

(d) O 1s (carbon prepared at 800 °C)].

correspond to C=0 or P=0, C-OH or P-O-C groups
and chemisorbed oxygen (carboxylic groups COOH)
and/or water groups. The presence of P in the carbon
material could be seen from the binding energy (BE)
peak around 134.1 eV. Heteroatom forms covalent
bond with the adjacent carbon in the carbon lattice.
The deconvoluted P 2p peaks for the synthesized
phosphorous substituted carbon material (see Fig. 8d)
at 133.9eV and 134.5 eV can be assigned to P-C and
P-O bonds®®%®. The concentration of oxygen and
phosphorous functionalities is temperature dependent.
In general, at higher temperature, lower oxygen
(phosphorous) functionalities is expected” . At a
low temperatures (less than 500 °C), oxygen is bound
to the carbonaceous matrix, and decreasing of O/P
atomic ratio is attributed to the dehydrating effect of
phosphoric acid. The carbon prepared at 800 °C
shows more of all the similar binding energy peaks
compared to the carbon prepared at 600 °C (see Fig. 9).
Furthermore, the phosphorous level is decreased with
increase of temperature (see Fig. 9(a, d)). However,
the proportion of oxygen species that is bound
to phosphorous increases significantly, when
increasing the carbonization temperature (600-800 °C).

Furthermore, oxygen is also present in small amounts
due to reaction being carried out in open atmosphere.
Indeed, the amount of heteroatom substitution
depends on the category of precursors and the
microscopic surface chemistry. The surface groups
like  hydroxyl groups facilitates heteroatom
substitution”®. The XPS measurements confirmed
the substitution of phosphorous in the carbon
matrix**”"””’. The elemental compositions monitored
to evaluate the changes in the chemical composition
as a function of carbonization temperature are
summarized in Table S2 (Supplementary Data).

Hydrogen adsorption

The hydrogen adsorption isotherms on the prepared
carbon material are given in Figs 10 and 11. It is seen
that storage capacity of phosphorous containing
carbon material prepared at 600 °C is 2.6 wt% while
the carbon prepared at 800 °C showed sorption
capacity of 2 wt% at 298 K and 100 bar pressure
(Fig. 9). Phosphorous containing carbon material
prepared at 600 °C and the carbon prepared at 800 °C
showed sorption capacity of 0.28 wt% and 0.26 wt%
at 77 K and 100 bar pressure (Fig. 10). The carbon
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materials without phosphorus substitution (at 600 and
800 °C) showed a storage capacity of 0.19 and
0.15 wt% respectively at 298 K and 100 bar pressure
(Fig. 11). The carbon materials without phosphorus
substitution (600 and 800 °C) showed a storage
capacity of 0.18 and 0.14 wt% at 77 K and 100 bar
pressure respectively (Fig. 11) (Supplementary Data,
Table S3). The hydrogen storage capacity decreases
with increase in temperature. These results can be
considered as fillows: the hydrogen storage in these
materials is by a process of adsorption and heteroatom
substitution increases the storage capacity and nearly
almost all the adsorbed amount can be desorbed with
slight increase in temperature which is a desirable
characteristic for hydrogen storage materials. In this
case, the heteroatom (P) substitution provides
appropriate centres for the dissociation of molecular
hydrogen. Since heteroatoms take up substitution
positions in the lattice, there is facile transport of
hydrogen atoms on to the carbon surface. It is possible
that most of the heteroatoms (P) may be segregating to
the surface, thus facilitating hydrogen dissociation.

Pressure (bar)

(without P) prepared at 600 °C and 800 °C. [(a) 298K; (b) 77 K and

Conclusions

In summary, a preparation procedure for
phosphorous substituted carbon materials has been
developed. Phosphorous containing carbon materials
produced by using polymer as the carbon precursor
showed different chemical environments for
phosphorous. The phosphorus substituted carbon
materials calcined at 600 and 800 °C showed
respectively 2.6 wt% and 2 wt% of hydrogen storage
capacity at 298 K and 100 bar pressure. Phosphorous
containing carbon material prepared at 600 °C and the
carbon prepared at 800 °C showed sorption capacity
of 0.28 wt% and 0.26 wt% at 77 K and 100 bar
pressure. The pure carbon material prepared using the
same sources and calcined at the same temperatures
showed a storage capacity of 0.18 and 0.16 wt% at
298 K and 100 bar pressure. The hydrogen storage
capacity decreases with increase in carbonization
temperature. The results provide some insights into
further increasing the hydrogen storage capacity in
carbon materials and improving the reversibility. The
discovery of excellent room temperature hydrogen
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sorption materials such as heteroatom (P) substituted
carbon is likely to motivate the search for increasing
the extent of heteroatom substitution in carbon
materials for improving hydrogen storage capacities.
The simple and appealing strategy can easily be
extended to the synthesis of other substituted carbon
materials with tunable texture, surface and adsorption
properties.
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