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physical and chemical properties of diatom frustules(D) such as chemical inertness and



good porosity and the ability of transition metals and their alloys (Pd3Co) to adsorb large
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Introduction
With the shift to “Zero emission vehicles” globally, the demand for fuel cell powered vehicles (FCV) has been on the rise.
Two significant advantages of FCV over battery operated
Electric vehicles (BEV) are the high energy density of hydrogen
and the time taken to refuel. However, the downside is that
there is no economic infrastructure in place for the safe and
efficient storage of hydrogen in a compact form that can allow
for its easy storage and distribution. Portable forms of
hydrogen include high-pressure gas, cryogenic liquid and
physically or chemically bonded hydrogen to a solid-state
material. Amongst these, the only form suitable for practical
implementation is solid-state storage as it exhibits the highest
energy density [1,2]. Thus, in order to be in line with the
increasing demand for FCV, an economic and efficient storage
material is the necessity. Nanomaterials have great potential
in this direction due to their ability to be tuned and tailored
according to the need. Hence, the challenge here is the synthesis of lightweight nanomaterials with desired properties
such as large surface area, high porosity, and high affinity
towards the adsorption of hydrogen [3e5]. Graphene possesses most of the above-mentioned properties [6e9] and is an
interesting system for hydrogen storage. However, the
hydrogen uptake by graphene is extremely low as the
hydrogen molecules bond to the carbon network via weak van
der Waal’s forces [2,6,10]. Extensive research towards
enhancing the hydrogen storage ability of graphene and other
carbon-based materials has been performed and it has been
widely accepted that transition metal decoration enhances
the hydrogen uptake capability significantly [11e16]. In this
regard, Pd has been exploited the most due to its ability to
adsorb large volumetric quantities of hydrogen at room temperature and ambient pressure conditions [17e21]. With the
aim of being cost effective, we have previously employed
Pd3Co, which is a stable bimetallic alloy for hydrogen storage
studies [22]. We reported an enhanced room temperature
hydrogen storage capacity of ~3 wt%, ~4.6 wt% and ~4.2 wt%
respectively at 25  C and 30 bar hydrogen equilibrium pressure
for Pd3Co decorated graphene, Pd3Co decorated boron doped
graphene and Pd3Co decorated nitrogen doped graphene
respectively [22]. In addition to cost reduction, alloying also
causes changes in the geometric and electronic structures of
the nanoparticles which lead to increased catalytic activity
[23e25].
Addition of efficient additives with specific morphology
and structure also plays a role in enhancing the hydrogen
adsorption capacity of nanomaterials [26e29]. Keeping this in
mind, we have incorporated diatom frustules as an additive in
the present work. Frustules are the silica exoskeletons of
marine dwelling eukaryotic unicellular algae called diatoms. A
major attraction of diatom frustules is their unique and
naturally occurring periodic nanoscale pores which result in
both high surface area and unique photonic properties that
enhance light uptake. In the living diatom, this aids photosynthesis but the functional structures persist in the deceased
organism’s bio mineral shell [30,31]. They comprise a major
proportion of the bio silica found in oceans and have the
highest strength-to-weight ratio among all reported natural
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biomaterials. In short, diatom frustules are widely available,
inexpensive and find use in a number of products including
toothpaste and as a laboratory filter aid (under the trade name
Celite).
Owing to their exceptional inherent properties, diatom
frustules have been put to use in a wide array of nanotechnology applications such as nanofluids, biosensors, photovoltaic applications, optoelectronic devices, energy storage
and production, drug delivery and water purification [30e35].
For example, the use of carbon coated diatom silicon prepared
from diatom silica using a magnesiothermic process, for the
fabrication of porous silicon anodes for Li ion batteries was
demonstrated by Campbell et al. [36]. These anodes exhibit
good cyclability and maintain a specific capacity of 654.3 mAh
g1 which is nearly two times higher than the theoretical
specific capacity of graphite (372 mAh g1). Huang et al. [37]
achieved a high power capacity of 202.6 F g1 using MnO2
modified diatoms prepared by a one pot hydrothermal
method as the supercapacitor electrode. A diatom-TiO2 paste
mixture prepared by spin coating and high temperature sintering techniques was used by Huang et al. [38] in DSSCs and
they reported an optimal power conversion efficiency of
5.26%.
In the context of using diatom frustules for hydrogen
storage, the number of reported studies is limited. One such
study has been carried out and reported by Jin et al. [39], where
they attributed the high adsorption capacity to the inherent
pore characteristics of the diatomite. In another study, Pt/
MCM-41 synthesized from natural diatomite exhibited a
hydrogen storage capacity of 2.3 wt% at 2.5 MPa and 25  C [40].
Following this, to the best of our knowledge there have not
been any significant studies reported on the use of diatom
frustules or more specifically a transition metal alloy decorated diatom frustule graphene nanomaterial for hydrogen
storage. In the present work, we combine the attractive
properties of diatom frustules with transition metal alloy
decorated few layer graphene to obtain a novel material that
achieves high hydrogen storage capacity at room temperature
and relatively low H2 pressure conditions. A nanomaterial
namely Pd3Co decorated diatom frustule -graphene (Pd3Co-DG) has been synthesized and its hydrogen storage capacity has
been studied.

Experimental section
Synthesis of Pd3Co decorated diatom frustule-graphene
nanomaterials
A schematic of the synthesis procedure followed to obtain the
nanomaterial is shown in Fig. 1. The synthesis procedure involves two main steps (i) Synthesis of functionalized graphite
oxide (f-GO) and (ii) Hydrogen exfoliation of the f-GO, metal
precursors and diatom frustules mixture. Graphite oxide (GO)
synthesized using Hummer’s method [41] was ultrasonicated
for 3 h in the presence of a mixture of H2SO4 and HNO3
(Rankem Chemicals) with a concentration ratio of 3:1. The
solution was maintained at a pH of ~7 by adding about 1 M of
NaOH solution. The mixture was then filtered, washed and
dried under vacuum to form f-GO. Following this, f-GO was
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mixed with the required amount of metal precursors i.e. PdCl2
(Palladium(II)Chloride, 99.5%, Rankem, India), CoCl2 (CoCl2$6H2O(Cobalt(II) Chloride hexahydrate, >98%, Merck, India)
and diatom frustules (Perma-Guard, INC.,USA) and ultrasonicated in DI water for 10 min. The resulting mixture was
stirred for another 6 h followed by drying under vacuum.
500 mg of the dried sample (GO-PdCl2-CoCl2-D) was placed in a
quartz boat and loaded onto a tubular furnace. The tubular
furnace was sealed at both ends with end couplings which
had provision for gas flow. The furnace was flushed with
Argon (99.99%) for 5 min and then the temperature was set to
500  C in the presence of Argon gas. At 500  C, H2 gas was
allowed to interact with the sample for 40 min to enable
reduction of the metal precursors. The amount of diatom
frustules was varied between 50 and 100 mg and the corresponding samples were labeled as Pd3Co-D(50)-G and Pd3CoD(100)-G respectively. The Pd3Co loading in both the nanomaterials was about 20 wt%.

QUANTA 3D) and transmission electron microscopy (TEM,
Tecnai G2 20 S-TWIN). An X-ray diffractometer (Stadi P
diffractometer (STOE &Cie)) with a Cu Ka X-ray source and
MYTHEN detector was used to determine the phase compositions and the crystal structure. Compositional analysis was
carried out by analyzing X-ray photoelectron spectra (XPS)
recorded by an instrument with Mg-Ka as the X-ray source
and PHOIBOS 100MCD as the analyser operated at ultra-high
vacuum (109 mbar) from SPECS. Micromeritics ASAP 2020
surface area and porosity analyser was used to evaluate the
specific surface area and pore size distribution of the diatom
frustule-graphene nanomaterial using the Brunauer-EmmettTeller (BET) adsorption technique. Raman spectroscopy was
used for studying the vibrational characteristics of the samples using a laser of 532 nm wavelength (InVia, RENISHAW) as
the excitation source.

Characterization techniques

Volumetric method of analysis was employed to determine
the hydrogen storage capacity of Pd3Co-D(50)-G and Pd3CoD(100)-G using a high-pressure Sievert’s apparatus. In this
method, the van der Waals equations are used for the

Morphology of the samples under investigation were examined using Scanning electron microscopy (FESEM, FEI

Hydrogen storage measurements

Fig. 1 e Schematic of the synthesis procedure.
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calculation of the number of moles of hydrogen stored by the
sample. Thus, temperature and pressure are the two most
important parameters while performing the experiment.
Before beginning the experiment, the experimental set up is
tested to be leak free, volume calibrated and tested with a
standard palladium pellet. Prior to the measurements the
samples are degassed at 250  C under high vacuum conditions
(10 6 mbar) to expose active adsorption sites. The process of
activation is followed by cooling the sample to the desired
temperature, before allowing hydrogen gas into the sample
chamber. To prevent errors arising due to fluctuations in the
ambient temperature, the room temperature was maintained
at 24 ± 1  C throughout the experiment.

Table 1 e Hydrogen storage capacity at 25  C and 20 bar H2
equilibrium pressure.
Sample

Hydrogen storage capacity at 25  C and ~20 bar
H2 equilibrium pressure

HEG
Pd3Co
Pd3Co-G
Pd3CoD(100)
Pd3CoD(50)-G
Pd3CoD(100)-G

0.53 [49]
0.38
2.7 [22]
1.92
3.2
4.83

Results and discussion

Table 2 e BET surface area, Pore volume and Average pore
diameter of Pd3Co-G and Pd3Co-D (100)-G.

Material characterization

Sample

BET Surface
Area (m2/g)

Pore volume
(cm3/g)

Average pore
diameter(nm)

Pd3Co-G
Pd3CoD(100)G

39.23
163.25

0.17
0.84

19.28
22.39

The SEM images of Pd3Co-D(100)-G (Fig. 2) and Pd3Co-D(50)-G
(Fig. S1, supplementary information) display the network of
wrinkled and layered graphene support material along with
the diatom frustules. The Pd3Co nanoparticles are seen to be
homogeneously distributed over the graphene surface. Also,
though the diatom frustules are not homogeneously distributed, their characteristic structure i.e. a perforated cylindrical
shell is seen to be preserved in the nanomaterial. This can be
correlated to the increased specific surface area of 163.25 m2/g
and pore volume of 0.8 cm3/g for Pd3Co-D(100)-G obtained
from the nitrogen adsorption-desorption isotherms at 77 K. In
comparison, the nanomaterial without diatom frustules i.e.
Pd3Co-G has a specific surface area of 39.23 m2/g and a pore
volume of 0.1 cm3/g (Table 2). The wt% of Pd3Co in both the
prepared nanomaterials is the same i.e. ~ 20 wt %.
In the high resolution TEM images shown in Fig. 3, the
regularly spaced rows of pores along the frustule wall covered
with Pd3Co decorated few layer graphene are evident.
The average particle size of the Pd3Co nanoparticles in both
the Pd3Co-D-G nanomaterials is calculated to be ~12 nm from
the TEM images using ImageJ analysis software. TEM images
of Pd3Co-D(50)-G are given in the supplementary information
(Fig. S2).
The XRD pattern of diatom frustule shown in Fig. 4(a),
shows a peak around 20e30 confirming the presence of
amorphous silica (SiO2) on the diatom frustule surface. Also, it
is known that few layer graphene has a characteristic peak at

26 which corresponds to the (002) plane of graphitic carbon.
Thus, in the XRD pattern of both Pd3Co-D(50)-G and Pd3CoD(100)-G (Fig. 4(b&c)) the broad peak around 20e30 confirms
the presence of both diatom frustules and few layer graphene
[42,43]. This peak is broadened due to the amorphous nature
of the diatom frustules. The presence of few layer graphene is
also confirmed from the FTIR spectra given in the supplementary information (Fig. S3). Further the peaks at 40 , 50 , 70
and 85 corresponding to the (111), (200), (220), and (311) plane
reflections are the fingerprint peaks of Pd3Co. No separate
peaks corresponding to Co can be seen. This confirms the
formation of Pd3Co which crystallizes in FCC structure [24].
XPS spectra shown in Fig. 5 further confirms the formation of
the Pd3Co phase and this is explained in detail below.
Elemental composition of the synthesized nanomaterial
was determined from the survey spectrum obtained using XRay photoelectron spectroscopy. The survey spectrum (Fig. 5
(f)) consists of peaks corresponding to C, O, Pd, Co and Si. No
other peaks corresponding to the presence of impurities were
observed. The high-resolution spectra for C 1s, O 1s, Pd 3d, Co
2p and Si 2p are shown in Fig. 5. The deconvoluted peaks in the

Fig. 2 e (aec) Scanning electron micrographs of Pd3Co-D(100)-G.

768

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n e n e r g y 4 5 ( 2 0 2 0 ) 7 6 4 e7 7 3

Fig. 3 e (aec) Transmission electron micrographs of Pd3Co-D (100)-G.

C 1s spectra (Fig. 5(a)) at 284.6 eV, 286.1 eV and 288.3 eV
correspond to the sp2 C¼C, C¼O and O¼CeO respectively [44].
The O 1s spectra (Fig. 5(b)) is deconvoluted into 4 peaks. The
first peak at 532.6 eV corresponds to the SiO2 phase [45] that
exists due to the presence of diatom frustules in the nanomaterial under study. The other peaks at 533.8 eV, 531.4 eV
and 534.9 eV confirm the presence of O¼CeO, CeO and
CeO¼H functional groups [46]. Deconvolution of the Pd 3d
spectra (Fig. 5(c)) results in two prominent peaks at 335.6 eV
and 340.71 eV corresponding to the Pd0 3d5/2 and Pd0 3d3/2
doublet respectively. The other two peaks correspond to the
þ2 oxidation state of Pd i.e. Pdþ2 3d5/2 and Pdþ2 3d 3/2 and could
arise due to bonding of Pd with oxygen [24,25]. The peaks at
780.1 eV and 794.7 eV in the deconvoluted spectra of Co 2p
(Fig. 5(d)) correspond to Co 2p3/2 and Co 2p½ respectively. The
shakeup peak at 784.9 eV confirms oxygen contamination [24].
Further, the atomic ratio of Pd to Co is found to be 3:1 from the
XPS analysis, thus confirming the formation of the Pd3Co
phase. Fig. 5(e) shows the Si 2p spectra with a peak at 104.5 eV
which corresponds to the SiO2 phase [47].
Raman spectroscopy is an invaluable tool for collecting
information regarding defects introduced in the sample during the preparation process in a fast and non-destructive
manner. The response of the sample to Raman Spectroscopy

Fig. 4 e X-ray diffraction patterns of (a) Diatom (b) Pd3CoD(50)-G and Pd3Co-D(100)-G.

is shown in Fig. 6. The signature peaks of graphitic materials
are prominently seen in both the samples. This confirms the
presence of few layer graphene in the prepared nanomaterials. For both Pd3Co-D(50)-G and Pd3Co-D(100)-G, the G
and D band are positioned at ~1602 cm1 and ~1355 cm1
respectively. The G band mainly arises due to the doubly
degenerate E2g mode at the Brillouin zone center in all
graphitic materials and the D band mainly arises due to the
presence of defects within the graphene structure [48]. The ID/
IG ratio for both Pd3Co-D(50)-G and Pd3Co-D(100)-G is ~2. This
implies that addition of diatom frustules does not create
additional defects in the sample but merely acts as an additive
whose porous structure aids in enhancing the specific surface
area and thus the hydrogen storage capacity.

Hydrogen storage studies
The hydrogen storage capacities of the prepared nanomaterials were measured in the temperature range of
25 e100  C and H2 pressure range of 0e20 bar using a highpressure Sievert’s apparatus. Fig. 7 depicts the isotherms
obtained for the diatom frustule-graphene based nanomaterials under investigation. At 25 οC and ~20 bar H2 equilibrium pressure, the hydrogen storage capacity obtained for
Pd3Co-D(50)-G is ~3.2 wt% and for Pd3Co-D(100)-G is ~4.83 wt
%. In all the isotherms, it can be seen that the wt% of
hydrogen in the material linearly increases with an increase
in pressure i.e. a typical physical adsorption profile is
observed in all the prepared samples. Hydrogen adsorption
capacities of pristine hydrogen exfoliated graphene (HEG),
Pd3Co, Pd3Co-G and Pd3Co-D(100) are tabulated in Table 1 for
comparison and the corresponding isotherms for Pd3Co and
Pd3Co-D(100) are provided in the supplementary information
(Fig. S4). It is evident that the diatom frustule based samples
show an enhanced storage capacity compared to their
counterparts without the diatom additives. Jin et al. [39] reported a hydrogen adsorption capacity of 0.46 wt% for pristine diatom at 24.8 οC and 26.3 bar H2 equilibrium pressure.
They further dispersed Pd and Pt nanoparticles on the diatomite and achieved a hydrogen adsorption capacity of
0.69 wt% and 0.98 wt% respectively under the same temperature and H2 equilibrium pressure conditions. Thus, we
can draw a conclusion that the hydrogen storage capacity
obtained in the present work is much higher in comparison.
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Morever, the increment achieved in the hydrogen storage
capacity in the present study is a stepping-stone towards
meeting the DOE targets.
The enhancement in hydrogen storage capacity achieved
could be due to the following contributing factors: (i) Increased
surface area and porosity which are two important properties
desirable in an ideal hydrogen storage material [50] and (ii)
Presence of transition metals that are capable of efficiently
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promoting hydrogen adsorption [51]. The latter is a wellstudied phenomenon. In our earlier study on Pd3Co decorated graphene nanocomposites for hydrogen storage [22], it
was inferred that the increased hydrogen uptake was as a
result of the “spillover” mechanism i.e. elimination of the
hydrogen dissociation barrier by the transition metal alloy
nanoparticles causes the hydrogen molecules to dissociate
into atoms and diffuse through them to the underlying

Fig. 5 e High resolution X-ray photoelectron spectra of (a) C 1s, (b) O 1s, (c) Pd 3d (d) Co 2p, (e) Si 2p orbitals and (f) survey
spectrum of Pd3Co-D(100)-G.
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Fig. 6 e Raman spectra of (a) Pd3Co-D(50)-G, (b) Pd3Co-D(100)-G.

graphene support. A similar inference was also reported by
Nair et al. for the hydrogen storage studies of Pd3Co/g-C3N4
[52]. In support of the first contributing factor, the BET nitrogen adsorption/desorption isotherms for Pd3Co-D(100)-G
along with the corresponding BJH pore size distributions are
shown in Fig. 8.
The nitrogen adsorption/desorption isotherms of both the
samples exhibit Type- IV behaviour with a distinct H3 type
hysteresis loop in the relative pressure range (P/P0) of 0.4e1.0.
The narrower hysteresis in Pd3Co-G is due to the lower surface
area of Pd3Co-G in comparison to Pd3Co-D(100)-G. According
to the classification given by the “International Union of Pure
and Applied Chemistry (IUPAC)”, H3 hysteresis is characteristic of materials with a wide pore size distribution. It is also
characteristic of “capillary condensation” that occurs in the
ordered porous channels. The above observations are
coherent with the pore size distribution (Fig. 8(b)) i.e. most of
the pores fall in the mesopore size range (2e50 nm) with a few
outliers in the macro pore size range (>50 nm). Thus, the
samples are predominantly mesoporous in nature. From the
other important parameters obtained from the BET measurements that are tabulated in Table 2., we observe that
addition of diatom frustule additive results in a 4-fold increase

in the specific surface area and a considerable improvement
in the total pore volume and pore size.
The strength of the interaction between the adsorbate and
the adsorbent is quantified using the Clausius-Clapeyron
equation.

vln P
¼  Rh
vð1=TÞ wt:%


DH ¼  R

i.e. the slope (h) of the lnP vs. (1/T) plot at a fixed amount of
adsorption (Van’t Hoff plot) gives DH of the sample and the
absolute value of DH is termed as the isosteric heat of
adsorption (Qst). R is the ideal gas constant. P is the H2 equilibrium pressure and T is the temperature at which the
amount of hydrogen adsorbed (wt%) is measured. Fig. 9 Depicts the Van’t Hoff plots which are used to estimate the
isosteric heats of adsorption (Qst). It is an important thermodynamic parameter for designing materials with high
hydrogen storage capacity for practical applications. It gives
the enthalpy change in the system due to adsorption of
hydrogen [53,54].
The Qst values of all the samples for 0.4 wt%, 0.6 wt%, 1.0 wt
% and 1.5 wt% of hydrogen adsorbed are tabulated in Table 3.
Comparing Pd3Co-D(50)-G and Pd3Co-D(100)-G, it is seen that

Fig. 7 e Pressure-composition isotherms of (a) Pd3Co-D(50)-G and (b) Pd3Co-D(100)-G.
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Fig. 8 e (a) Nitrogen adsorption isotherms at 77 K of Pd3Co-G and Pd3Co-D(100)-G and (b) BJH pore size distribution of Pd3CoG and Pd3Co-D(100)-G.

Fig. 9 e Adsorption isosters of (a)Pd3Co-D(50)-G and (b) Pd3Co-D(100)-G for different adsorbed amounts of hydrogen.
the latter has higher Qst values. This observation directly
correlates to the greater amount of hydrogen adsorbed by
Pd3Co-D(100)-G than Pd3Co-D(50)-G at the exact same temperature (25 οC) and H2 equilibrium pressure (~20 bar)
conditions.
A Qst value which is intermediate between that of carbon
(4e6 kJ/mol) and metal hydrides (30e75 kJ/mol) is considered
to be optimal to meet the DOE targets [55]. In such a scenario
the interaction of hydrogen with the adsorbent is strong
enough to store a large amount of hydrogen at a relative
pressure of ~30 bar and at the same time weak enough to
release most of the adsorbed hydrogen at relatively lower
pressures.

Table 3 e Isosteric heats of adsorption (Qst) of Pd3CoD(50)-G and Pd3Co-D(100)-G for different amounts of
hydrogen adsorbed.
Sample
Pd3Co-D(50)G
Pd3CoD(100)-G

Qst at
0.4 wt%

Qst at
0.6 wt%

Qst at
1.0 wt%

Qst at
1.5 wt%

12.1

11.4

10.9

11.6

20.4

17.6

12.9

9.7

From Fig. 9., it can be observed that for all the samples, the
value of Qst generally decreases with increasing hydrogen
uptake. This trend arises due to the existence of a greater
number of energetically heterogeneous adsorption sites in the
materials. At lower adsorption amounts, the sites with the
stronger binding energy are occupied while the lower
adsorption enthalpy sites are occupied only at higher
hydrogen uptakes [55].

Conclusion
The hydrogen storage capacity of a transition metal alloy
decorated diatom frustule-graphene nanomaterial was
studied by using a Sievert’s apparatus. The amount of
diatom frustules in the nanomaterials was varied between
50 and 100 mg. The resulting nanomaterials showed an
enhanced hydrogen storage capacity of ~3.2 wt% (Pd3CoD(50)-G) and ~4.83 wt% (Pd3Co-D(100)-G) at 25  C and ~20 bar
H2 equilibrium pressure in comparison to the earlier reported value of ~2.7 wt% for Pd3Co-G under the exact same
experimental conditions of temperature and pressure. It is
also noteworthy that the hydrogen storage capacity
(~4.83 wt%) of the nanomaterials studied in the present
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work is close to the US DOE target of ~5.5 wt %. Thus, we
conclude that the addition of diatom frustules to the
nanomaterial leads to an increase in surface area and pore
volume which serve as key factors in increasing the
hydrogen storage capacity.
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