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ABSTRACT: Core−shell Prussian blue analogue molecular
magnet Mn1.5[Cr(CN)6]·mH2O@Ni1.5[Cr(CN)6]·nH2O has
been synthesized using a core of Mn1.5[Cr(CN)6]·7.5H2O,
surrounded by a shell of Ni1.5[Cr(CN)6]·7.5H2O compound.
A transmission electron microscopy (TEM) study confirms
the core−shell nature of the nanoparticles with an average size
of ∼25 nm. The core−shell nanoparticles are investigated by
using x−ray diffraction (XRD), energy-dispersive X-ray
spectroscopy (EDS) and elemental mapping, X-ray photo-
electron spectroscopy (XPS), thermogravimetric analysis
(TGA), and infrared (IR) spectroscopy. The Rietveld
refinement of the XRD pattern reveals that the core−shell compound has a face−centered cubic crystal structure with space
group Fm3m. The observation of characteristic absorption bands in the range of 2000−2300 cm−1 in IR spectra corresponds to
the CN stretching frequency of MnII/NiII−NC−CrIII sequence, confirming the formation of Prussian blue analogues.
Hydrogen absorption isotherm measurements have been used to investigate the kinetics of molecular hydrogen adsorption into
core−shell compounds of the Prussian blue analogue at low temperature conditions. Interestingly, the core−shell compound
shows an enhancement in the hydrogen capacity (2.0 wt % at 123 K) as compared to bare−core and bare−shell compounds. The
hydrogen adsorption capacity has been correlated with the specific surface area and TGA analysis of the core−shell compound.
To the best of our knowledge, this is the first report on the hydrogen storage properties of core−shell Prussian blue analogue
molecular magnet that could be useful for hydrogen storage applications.
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■ INTRODUCTION

Prussian blue analogues (PBAs) form a unique class of
materials which have received a great attention recently because
of their multifunctional properties, such as photomagnetism,1,2

piezomagnetism,3 magnetic pole inversion,4,5 zero/negative
thermal expansion,6 and possible wide technological applica-
tions of hydrogen storage,7 magneto−optical switching,8

batteries materials (as cathode),9,10 ion exchange for the
removal of Cs-137,11 ion sensing,12,13 and electro- and
photocatalysis.14 Among all possible technological applications,
hydrogen storage ability of PBAs is of great importance,
because today hydrogen is considered as an alternative fuel for
environmentally friendly energy technology because of its clean
combustion and high heating value. However, effective methods
for hydrogen storage are still challenging. Though, various
materials such as alloys, metal hydrides, chemical hydrides,
nanostructure carbon, porous frameworks, and organic/
molecular compound have already been demonstrated for
hydrogen storage applications,15−21 the extensive efforts have
been still directed toward enhancing the storage capacity of
hydrogen by modifying or synthesizing new materials, and by
introducing new synthesis strategies. We have synthesized

core−shell structure of PBAs to improve the hydrogen storage
properties of the PBA compounds. The core−shell structure of
PBAs shows many interesting properties due to their different
chemical nature of the core, shell and their interface. For
example, the redox stability can be enhanced by enclosing the
high−capacity PBAs in a core−shell structure with a robust
shell in a well-characterized NiFe-based PBA.22 In another
example, core−shell structure of PBAs has been synthesized for
enhancing the coexistence of both high capacity and good
stability as a cathode material for Ni-rich Li[Ni1−xMx]O2.

22,23

Moreover, charge−transfer induced spin transition switching
properties of core−shell structures consisting of a photo−
switchable core with a Rb0.2Ni[Cr(CN)6]0.7·zH2O ferromag-
netic shell have also been studied.24 Core−shell nanoparticles
consisting of two different PBAs, one with a high capacity core
and the other with lower capacity but highly stable shell, can
provide an enhanced rate capability as cathode materials in
sodium−ion batteries.25 The enhanced cyclability as lithium ion
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cathode materials has been obtained using the core−shell
nanoparticles of bimetallic cyanide-bridged coordination
polymers.22 Similarly, core−shell PBAs of KjNik[Cr(CN)6]l·
nH2O as core with RbaCob[Fe(CN)6]c·mH2O as shell have
been synthesized for the purpose of studying a persistent
photoinduced magnetization in the core−shell heterostruc-
tures.26 However, the hydrogen storage property of core−shell
structure of PBAs has not been studied until now in spite of a
better chemical reactivity of a core−shell structure. Recently, a
core−shell strategy has been used for high reversible hydrogen
storage capacity in NaBH4 compound.18,27 By using a metal
forming a borohydride of lower stability than NaBH4, hydrogen
kinetics could be enhanced by the unstable borohydride shell
pumping hydrogen in/out of the structure.18,27 Following this,
we have, therefore, synthesized a core−shell structure of PBAs
for investigation of its hydrogen storage properties.
The hydrogen storage properties of bare PBAs (i.e., without

any core−shell structure) have been previously investigated.
The presence of vacancies and interstitial sites offers an ideal
platform for storage of hydrogen in such compounds. The first
study on hydrogen storage properties for dehydrated PBAs of
the type M3[Co(CN)6]2 (M = Mn, Fe, Co, Ni, Cu, and Zn)
was reported by Kaye et al. wherein it was observed that the
interactions with bridging cyanide ligands and/or coordina-
tively unsaturated metal centers are responsible for higher
adsorption enthalpies.7 The maximum hydrogen storage of 1.8
wt % was reported for Cu3[Co(CN)6]2 at 77 K.7 Followed by
this work, investigation of hydrogen storage in other PBAs has
been continuously accelerated. The role of different building
blocks in zeolite-like Zn based hexacyanometallates,
Zn3A2[M(CN)6]2 with A = K, Rb, and Cs, and M = Fe, Ru,
and Os was investigated for their hydrogen storage properties,
and estimated values for the adsorption heats follow the order:
Os > Ru > Fe.28 Similarly, hydrogen storage in various copper
based Prussian blue analogues was investigated, and the
maximum hydrogen storage of 2.61 wt % was reported for
Cu3[Co(CN)6]2 at 75 K.29 The Cu-based PBAs are known to
have higher affinities for H2 because of increased π-back
bonding into the H2 σ* orbital. Generally H2 storage in PBAs is
dominated by the electrostatic interaction between the cavity
electric field gradient and the quadrupole moment of the guest
molecule.30,31 However, the larger excess of H2 for copper-
based Prussian blue analogues depends upon the composition.
The additional interaction, which determines the large H2
storage capacity in copper-based PBAs, is related to the
electronic state of copper atom in this family of compounds,
particularly to its large electron density.29 Apart from the
building blocks, the role of vacancies also affects the hydrogen
storage properties of PBAs.32 Hydrogen storage properties of
the dehydrated Prussian blue type solids Ga[Co(CN)6],
Fe4[Fe(CN)6]3, M2[Fe(CN)6] (M = Mn, Co, Ni, and Cu),
and Co3[Co(CN)5]2 were compared to those of M3[Co-
(CN)6]2 (M = Mn, Fe, Co, Ni, Cu, and Zn) in the literature.
Hydrogen adsorption isotherms, measured at 77 K, revealed a
correlation between uptake capacity and the concentration of
framework vacancies, with 1.4 wt % for Ga[Co(CN)6], 1.6 wt
% for Fe4[Fe(CN)6]3, 2.1 wt % for Cu3[Co(CN)6]2, and 2.3 wt
% for Cu2[Fe(CN)6].

32 Hydrogen storage in the iron series of
porous Prussian blue analogues T3[Fe(CN)6]2 with T = Mn,
Co, Ni, Cu, Zn, and Cd was also studied, and maximum
hydrogen sorption of 2.33 wt % was reported for Mn3[Fe-
(CN)6]2 compound at liquid nitrogen temperature.33 In
add i t ion , nanoporous Prus s i an b lue ana logues ,

MII
3[Co

III(CN)6]2 (M
II = Mn, Fe, Co, Ni, Cu, Zn, and Cd),

which contain coordinatively unsaturated divalent metal
cations, were investigated for hydrogen storage properties
with maximum reversible sorption of hydrogen gas up to 1.2 wt
% at 77 K.19 Moreover, dehydrated variants for hydrogen
adsorption of the cyano-bridged framework compounds
A2Zn3[Fe(CN)6]2.xH2O (A = H, Li, Na, K, Rb) were studied,
revealing maximum H2 adsorption properties of 1.4 wt %.34

The role of the exchangeable alkali metal ion for hydrogen
storage in porous cyanometalates Zn3A2[Fe(CN)6]2 where A =
Na+, K+, Rb+, and Cs+ was reported. The alkali metal modulates
the electric field gradient within the pores, and thereby also the
guest−host interaction for the hydrogen molecule adsorption.30

Reversibility of H2 adsorption into the PBAs Cu3[Co(CN)6]2
films was also investigated for hydrogen storage, and found that
adsorption rate substantially decreases with the decreasing
thickness of the films.35 Though, different forms of PBAs
compounds have been synthesized for hydrogen storage
properties, core−shell structure of PBAs has not been yet
reported and the present study forms the first report on the
hydrogen storage properties of any core−shell structure of
PBAs.

■ EXPERIMENTAL SECTION
The polycrystalline samples of bare−core {Mn1.5[Cr(CN)6]·7.5H2O},
bare−shell {Ni1.5[Cr(CN)6]·7.5H2O}, and core−shell {Mn1.5[Cr-
(CN)6]·mH2O@Ni1.5[Cr(CN)6]·nH2O} compounds are separately
prepared using the co−precipitation method.36 The chemicals
{Mn(II)Cl2.4H2O, Ni(II)(NO3)2·6H2O and K3[Cr(CN)6]} were
reagent grade, and used as received from Sigma−Aldrich. For the
synthesis of the bare−core Mn1.5[Cr(CN)6]·7.5H2O, the required
amounts of 0.15 Mol. and 0.1 Mol. aqueous solutions (10 mL each) of
MnCl2 and K3[Cr(CN)6], respectively, were prepared and heated
separately up to 40 °C for 15 min. The prepared MnCl2 solution is
thereafter mixed with the rapidly stirred aqueous solution of
K3[Cr(CN)6], and heated up to 60 °C for 15 min. The precipitate
of bare−core compound is formed. The precipitate is filtered, and
washed many times with doubly distilled water and ethanol, and finally
allowed to dry in air. Similarly, the bare−shell compound Ni1.5[Cr-
(CN)6]·7.5H2O is separately synthesized by mixing of Ni(II)(NO3)2·
6H2O and K3[Cr(CN)6] chemicals, similar to the method as described
above for the bare−core compound. However, in order to synthesize
the core−shell compound, 5 mL of the precipitated solution of bare−
core compound Mn1.5[Cr(CN)6]·7.5H2O, is diluted in 20 mL of
K3[Cr(CN)6] solution. For producing the core−shell structures, we
have adopted the method as reported in the literature.22,24,26 However,
the core−shell structure of PBAs was initially reported by the Catala et
al.37 The particles were subsequently filtered before being washed with
an ultrapure water, and redispersed in 100 mL of water for use in the
next step. Then the core−shell, Mn1.5[Cr(CN)6]·mH2O@Ni1.5[Cr-
(CN)6]·nH2O compound was subsequently grown by simultaneous
and dropwise addition (0.50 mL/min) of Ni(II)(NO3)2·6H2O (0.15
M, 10 mL) and K3[Cr(CN)6] (0.1 M, 10 mL) solutions to the diluted
core solution. The solutions were kept under vigorous stirring at 20 °C
during the mixing, and for 1 h after all additions were completed. The
precipitate was filtered, and washed many times with doubly distilled
water and finally allowed to dry in air.

The chemical composition (in wt %) obtained from elemental
analysis for the bare−core, bare−shell, and core−shell compounds are
as follows. (i) Bare−core: formula Mn1.5[Cr(CN)6]·7.5H2O Mn, 24.2;
Cr, 16.0; C, 22.5; N, 24.1; and calculated Mn, 23.0; Cr, 14.5; C, 20.1;
N, 23.4. (ii) Bare−shell: formula Ni1.5[Cr(CN)6]·7.5H2O Ni, 25.2; Cr,
15.9; C, 18.8; N, 23.0 and calculated Ni: 24.2, Cr: 14.2, C: 19.8, N:
23.1; (iii) core−shell compound, Mn1.5[Cr(CN)6]·mH2O@ Ni1.5[Cr-
(CN)6]·nH2O, Mn: 12.1, Ni:10.2, Cr: 13.8, C: 21.5, N: 25.2 calculated
Mn: 11.5, Ni:8.1, Cr: 14.5, C: 20.1, N: 23.4.
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Transmission electron microscopy (TEM) has been performed at
an operating voltage of 200 kV using FEI, Model Tecnai 30 STG2

Philips Amsterdam, Netherland after ultrasonically dispersing the
core−shell compound in water. Images were recorded in the low-dose
mode in order to avoid sample damage caused by electron beam.
The X-ray diffraction (XRD) measurements of all compounds were

performed at room temperature in a Bragg−Brentano geometry using
a Rigaku diffractometer over an angular (2θ) range of 10−60° in equal
2θ steps of 0.02° using a Cu−Kα (λ = 1.54 Å) radiation. A detailed
structural analysis is performed on the XRD data by the Rietveld
refinement method with the Fullprof program.38

The energy-dispersive X-ray spectroscopy (EDS) and elemental
analysis has been done using VEGA microscope (TESCAN). The X-
ray photoelectron spectroscopy for the core−shell compound has been
carried out using Al K-α source (1446.6 eV) at ultra high vacuum
conditions of 1 × 10−9 mbar.
The infrared (IR) spectra were recorded in the range of 400−4000

cm−1 by loading the samples in a KBr pellet on a Bruker VERTEX 80v
Fourier transform infrared (FTIR) spectrometer.
Thermogravimetric analysis (TGA) and Differential thermal

analysis (DTA) measurements were carried out using Mettler
thermogravimetric analyzer (TG 50). The thermograms are recorded
in nitrogen atmosphere at a heating rate of 5 °C min−1 in the
temperature range 40−750 °C.
The hydrogen adsorption isotherms were recorded at different

temperatures using an IMI analyzer (from Hiden Isochema, UK). The
sample with known weight was loaded in the sample holder and sealed
using a metallic gasket. Before the hydrogen adsorption isotherm,
pycnometric measurement was done to correct for the sample volume.
The hydrogen adsorption data, using an optimal measurement time,
were obtained with a sample of about 250 mg. Prior to recording
adsorption isotherms, the samples were degassed under turbo vacuum
at a temperature of 80 °C with a heating rate of 5 °C/min. The
isothermal measurements up to a hydrogen pressure of 50 atm were
carried out at different temperatures of 300, 273, 173, and 123 K.

■ RESULTS AND DISCUSSION
The TEM images of the bare−core, bare−shell and core−shell
compounds are shown in Figure 1a−c, respectively. The images

show the particles are uniformly distributed for all the
compounds. The shape of the particles for bare−core (a)
compound is found to be rectangular whereas for the case of
bare−shell (b) compound, it is found to be spherical. TEM
image of the core−shell compound Mn1.5[Cr(CN)6]·mH2O@
Ni1.5[Cr(CN)6]·nH2O is shown in Figure 1c. The figure shows
the contrast between the core and shell counterparts,
confirming the core−shell nature of the particles. The particles
are found to be spherical in shape with size distribution of
∼25−30 nm. The TEM study reveals the nanoparticle nature of
the core−shell compound with the diameter of the core ∼15
nm and shell thickness ∼5 nm as marked in Figure 1c. It is
noted that the core−shell compound exhibits slight variation in

their respective core and shell sizes, however, TEM image ruled
out the presence of any uncovered cores or side nucleation of
core−shell compound. It should be noted that the size and
nucleation of the core−shell particles are not controllable in the
present study. However, the core−shell heterostructures of
PBAs with controlled particle size have also been previously
synthesized by Presle et al.24 They have shown that the size
distribution could be subsequently reduced by varying
differential centrifugation speed. Moreover, another study by
Catala and co−workers showed that the nucleation could be
prevented by the control of the addition rate and of the
concentration of the shell reactants.37

Figure 2 presents room temperature XRD patterns of the
bare−core, bare−shell, and core−shell compounds. All the

patterns show crystalline nature of the compounds. It is clearly
seen for the core−shell compound that, the intensity of the
Bragg peaks decreases and width of the peaks becomes broad
compared to those for the bare−core and bare−shell
compounds. The nanocrystalline nature of the bare-core,
bare-shell, and core−shell compounds is evident. In addition,
the Bragg peaks for the core−shell compound shift to higher 2θ
side with respect to both bare−core and bare−shell
compounds. The XRD-derived particle size was found to be
76, 17, and 15 nm for the bare−core, bare−shell, and core−
shell compounds, respectively. The TEM study also supports
the nano sized formation of core−shell compound. The
variation in the particle size derived from XRD and TEM
could be different due to the fact that these two techniques
have different method of particle size measurement and
working principles. The particle size derived from the XRD is
based on the Scherrer formula and has indirect estimations of
the particle size using only intense Bragg peak, whereas the
TEM has a direct method of measuring particle size with
information in a real space. Therefore, the estimated particle
size of core−shell compound is different using the XRD and
TEM techniques.
Figure 3 presents the Rietveld refined39 (using the

FULLPROF program38) room temperature x−ray powder
diffraction patterns of (a) the bare−core, (b) core−shell, and
(c) bare−shell compounds. It is evident from the derived
results of the fitted XRD patterns that the bare−core, and

Figure 1. TEM image of the (a) bare−core, (b) bare−shell, and (c)
core−shell nanoparticles. Inset of figure c shows the variation in the
core size of the particles. The core−shell particle has been outlined by
the circle in order to visualize better way.

Figure 2. Room-temperature XRD patterns of bare−core, bare−shell,
and core−shell compounds. Right and left side insets show the
magnified view of the XRD patterns for better visibility.
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bare−shell compounds are in single-crystalline phase. The
structure of the all compounds is a face centered cubic (fcc)
with the space group Fm3m. The lattice constants are found to

be ∼10.80 (5) and 10.26 (6) Å for the bare−core,
Mn1.5[Cr(CN)6]·7.5H2O and bare−shell, Ni1.5[Cr(CN)6]·
7.5H2O compounds, respectively. As expected, the XRD
pattern of the core−shell compound consists of the
contribution from both the core and shell compounds as it is
well fitted with the structural model of having contributions
from two phases with space group Fm3m. The inset of Figure
3b shows the individual contributions of the bare−core and
bare−shell in the core−shell compound. The lattice constant
for core−shell compound, Mn1.5[Cr(CN)6]·mH2O@Ni1.5[Cr-
(CN)6]·nH2O is found to be ∼10.51(5) and 10.26(2) Å,
respectively, for the two phases. The important structural
parameters, such as atomic coordinates and site occupancies,
derived from the Rietveld analysis, are shown in Table 1. The
number of total water molecules is estimated from the derived
number of oxygen atoms, obtained from the Rietveld
refinement of the XRD patterns shown in Figure 3. It is
estimated that the ∼33% [Cr(CN)6] vacancies present in both
bare−core and bare−shell compounds result into two types of
water molecules i.e. coordinated and noncoordinated. The
coordinated water molecules reside at 24e crystallographic sites,
and the noncoordinated water molecules reside at 8c and 32f
interstitial sites. The schematic crystal structure of the core−
shell compound is shown in Figure 4. The transition metal ions
(MnII or NiII) are located at the 4a (0, 0, 0) crystallographic
position, while the CrIII ions occupy the 4b(1/2, 1/2, 1/2)
crystallographic position. The C and N reside at 24e(x, 0, 0)
sites which are partially occupied due to [Cr(CN)6] vacancies.
The water molecules reside at the intestinal sites 8c (1/4, 1/4,
1/4) and 32f (x, x, x). The interstitial site 8c (1/4, 1/4, 1/4) is
denoted by red color as shown in Figure 4. The presence of
vacancies and interstitial sites is ideal for hydrogen storage in
such compounds.
Figure 5(a) and (b) show EDS analysis spectrum and

elemental mapping of the core−shell compound. It is clearly

Figure 3. Rietveld refined room-temperature XRD patterns of (a)
bare−core, (b) core−shell, and (c) bare−shell compounds. Open
circles and solid lines indicate the observed and the calculated patterns,
respectively. Solid lines at the bottom show the difference between
observed and calculated patterns. Vertical lines at the bottom of XRD
patterns show the position of allowed Bragg peaks, and their
corresponding (hkl) values are also marked for the compounds.
Inset of b shows the core and shell phase contribution in the fitting of
the core−shell compound.

Table 1. Results of the Rietveld Refinement of Bare−Core Mn1.5[Cr(CN)6]·7.5H2O, Bare−Shell Ni1.5[Cr(CN)6]·7.5H2O, and
Core−Shell Compound Mn1.5[Cr(CN)6]·mH2O @Ni1.5[Cr(CN)6]·nH2O (x′, y′, and z′ Denote the Fractional Coordinates)

atom Wyckoff site x′ y′ z′ occupancy

bare−core Mn 4a 0 0 0 1
a = 10.8(Å) Cr 4b 0.5 0.5 0.5 0.67

C 24e 0.748(4) 0 0 0.67
N 24e 0.807(1) 0 0 0.67
O1 24e 0.655(9) 0 0 0.35
O2 32f 0.198(3) 0.198(3) 0.198(3) 0.19
O3 8c 0.25 0.25 0.25 0.74

bare−shell Ni 4a 0 0 0 1
a = 10.2(Å) Cr 4b 0.5 0.5 0.5 0.67

C 24e 0.737(1) 0 0 0.67
N 24e 0. 860(6) 0 0 0.67
O1 24e 0.643(6) 0 0 0.35
O2 32f 0.188(4) 0.188(4) 0.188(4) 0.19
O3 8c 0.25 0.25 0.25 0.74

core−shell Mn 4a 0 0 0 0.82
a = 10.5(Å) Ni 4a 0 0 0 0.18

Cr 4b 0.5 0.5 0.5 0.67
C 24e 0.388(9) 0 0 0.67
N 24e 0.679(6) 0 0 0.67
O1 24e 0.679(4) 0 0 0.33
O2 32f 0.35(8) 0.35(8) 0.35(8) 0.1964 (5)
O3 8c 0.25 0.25 0.25 0.73(3)
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seen in the EDS spectrum that C, O, N, Cr, Mn and Ni
elements are present in the core−shell compound. Moreover, K

and Cl are also visible in the spectrum in small concentrations
which could be due to unreacted materials used during the
sample preparation. Figure 5b shows elemental mapping of
core−shell compound. It is observed that the elements C, N, O,
Cr, Mn, and, Ni are present and uniformly distributed in the
compound.
Figure 6 shows the XPS core level peaks of the metal ions for

the core−shell compound. Figures 6a−c represent the core
level peaks of the Ni-2p, Cr-2p and Mn-2p, respectively
confirming the presence of core and shell elements in the
core−shell compound. The peaks are found to be at ∼854.1 eV
for Ni 2p3/2, 576.7 eV for Cr-2p3/2 and 641.0 eV for Mn-2p3/
2. From the observed binding energy positions of metals ions, it
is concluded that the Ni and Mn are in their (+II) valence state,
whereas for the case of Cr, it is in (+III) states in the core−shell
compound. The satellite peak around ∼860.5 eV has also been
seen for the case of Ni-2p peaks. The binding energy positions
of ∼641.9 and 642.5 eV are generally observed for Mn(III) and
Mn(IV) ions, respectively.
The IR spectra of the bare−core, bare−shell and core−shell

compounds are shown in Figure 7a. The characteristic
absorption bands for the CN ligands and H2O molecules are
visible for all the compounds. The strong absorption band
around ∼3600 cm−1 clearly indicates the presence of water

Figure 4. Schematic representation of the unit cell of the core−shell
compound. The interstitial site 8c (1/4, 1/4, 1/4) is shown by red
color in the unit cell.

Figure 5. (a) EDS analysis spectrum and (b) elemental mapping of the core−shell compound.
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molecules in all compounds. The IR spectra in the spectral
range of 2000−2300 cm−1, shown in Figure 7b, belong to the
stretching frequencies of CN ligand in PBAs. The stretching
frequency of the free (CN) molecular ion in an aqueous
solution is observed at 2080 cm−1. However, with the formation
of the metal cyanide bridge, it is shifted to a higher frequency
side. Two absorption bands ( f1 and f 2) are visible for the bare-
core compound Mn1.5[Cr(CN)6]·7.5H2O. The pronounced
band f1, centered at 2161 cm−1 is attributed to the cyanide
stretching frequency of MnII−NC−CrIII. In addition, another
absorption band of smaller intensity f 2, centered at 2116 cm−1

is attributed due to many reasons. It could be Mn coordinated
CN stretching frequency, since Mn ion may possesses different
valence states. It is reported that the cyanide coordinated to

MnII has low wavenumber side peak around ∼2125 cm−1,
whereas cyanide coordinated to MnIII has a single resolvable
high wavenumber peak at ∼2080 cm−1.40 Moreover, it is also
reported that the CN−MnIII stretching modes in different
environments in PBAs lie around ∼2114 cm−1.41 The other
possible reason for smaller intensity f 2 peak may be due to
potassium ferricyanide, which has the stretching frequency peak
at ∼2115 cm−1 in solution. This peak may have shifted by
about ∼50 cm−1 due to the coordination of bond formation in
solids.42 The shoulder peak at ∼2116 cm−1 can also be
observed when K+ ion is introduced into the compounds.
However, we rule out this possibility as we have not included
excess K+ ions in the compound. Because XPS results do not
show the presence of Mn(III) valence state in the compound so
IR absorption peak f 2, centered at 2116 cm−1 is mainly due to
unreacted potassium ferricyanide.
The IR spectrum of the bare−shell compound is similar to

that for the bare−core compound, however, broad in nature.
The absorption band f1 for the bare−shell compound
Ni1.5[Cr(CN)6]·7.5H2O is observed at ∼2170 cm−1, attributed
to the cyanide stretching frequency of NiII−NC−CrIII. The
weak and broad shoulder peak ( f 2), centered at ∼2131 cm−1 is
attributed to NiII−CN−CrIII either due to a small fraction of
CN flipping in the compound or free cyanide due to an excess
of K3[Cr(CN)6].

43 The cyanide (NC) stretching frequency
of K3[Cr(CN)6] at ∼2130 cm−1 has been previously reported.44

The CN flipping has been previously reported in many PBAs
along with Ni1.5[Cr(CN)6]·zH2O.

45−49 The IR spectrum of the
core−shell compound is similar to that of the bare−shell
compound. The absorption band f1, observed at ∼2165 cm−1, is
attributed to the cyanide stretching frequency of MnII/NiII−
NC−CrIII. The broad weak shoulder peak ( f 2), centered at
∼2128 cm−1, may be attributed to nonbridging CrIII −CN−,
i.e., nitrogen end of the CN ligand is uncoordinated.45 The
values of CN stretching frequencies for all compounds are close
to the previously reported CN stretching frequencies of
PBAs.3,50−54 Thus, the characteristic absorption bands of the
observed CN stretching frequencies confirm the formation of
the PBAs compounds.
Figure 8 shows TGA(a) and DTA(b) spectra of the bare-

core, bare-shell, and core−shell compounds recorded in the
nitrogen atmosphere. The TGA and DTA figures show that the
dehydration temperature for the core−shell compound is the
lowest one, whereas, the bare-core compound has highest
dehydration temperature. For the core−shell compound, at low
temperature, considerable amount of water molecules is
present, confirming the porous nature of the structure. During
heating, because of the weak binding, the water molecules
escape the lattice. The anhydrous phase remains stable up to

Figure 6. X-ray photoelectron spectroscopy of (a) core level Ni−2p peak, (b) Cr−2p peak, and (c) Mn−2p peak for the core−shell compound.

Figure 7. (a) Room-temperature IR transmission spectra for bare−
core, bare−shell, and core−shell compounds. (b) IR transmission
spectra for CN ligand in the range of 2100−2300 cm−1. Two
absorption bands f1, and f 2 are guided by dotted lines for better
visibility. The y-axis is shifted for clarity.
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∼175 °C. There is a broad hump in the TGA curve (Figure 8a)
around ∼150−200 °C for the core−shell compound,
suggesting the decomposition for the compound starts at this
temperature range. For the bare−core, the water removal
temperature is highest, and during the hydrogen adsorption
some water molecules are still expected to be present in the
porous structure and all the open pores are not available for
hydrogen storage. The nature of the bare-shell compound is
slightly different. It can be noted from the thermogravimetric
data, that there is a continuous weight loss indicating that the
noncoordinated and coordinated water molecules are released
from the bare−shell compound as the temperature increases.
This type of behavior is expected because of the high polarizing
power of the Ni metal atom. The number of water molecule
released per formula unit at 100 °C has been derived using the
present TGA data. It has been found that for the bare−core,
bare−shell, and core−shell compounds, they are 2, 3, and 6
water molecules per formula unit.
The hydrogen adsorption isotherms for the bare−core

{Mn1.5[Cr(CN)6]·7.5H2O }, core−shell {Mn1.5[Cr(CN)6]·
mH2O@Ni1.5[Cr(CN)6]·nH2O}, and bare−shell {Ni1.5[Cr-
(CN)6·7.5H2O]} compounds are shown in Figure 9. The
hydrogen adsorption isotherms were obtained by the
volumetric method up to a hydrogen pressure of 50 atm. at
various temperatures. Significant differences are apparent in the
hydrogen adsorption isotherms and the amounts of H2
adsorbed for all the compounds. For the bare-core compound,
the maximum hydrogen storage capacities are found to be 0.14,
0.40, and 0.47 wt % at 300, 273, and 269 K, respectively. The
decrease in the storage capacity with increase in the
temperature is quite expected as the amount of adsorbed
hydrogen depends profoundly on temperature. The hydrogen
adsorption data at different temperatures were fitted with the
model using the Langmuir expression. From the interpolation
of the data, the hydrogen storage capacities at higher pressures
also can be found out. It can be seen from the hydrogen
adsorption isotherm, that for bare−core compound the
hydrogen storage capacity increases almost linearly with
increase in the hydrogen pressure. The low adsorption capacity
and the nature of the hydrogen adsorption isotherm indicate
that all the interstitial spaces are not available for hydrogen
adsorption, which has been previously confirmed by the TGA
data (Figure 8a).
Thermodynamic parameters, including the Gibb’s free

energy, enthalpy and the entropy change, provide insights
into the adsorption mechanisms, and are important for
evaluating the uptake of adsorbents. The apparent isosteric
enthalpy of adsorption into the pores of the adsorbent can be
calculated conveniently from the Clausiuse Clapeyron equation
with the assumption of a model isotherm. The slope of ln(p)

versus 1/T at any particular hydrogen coverage gives the heat of
hydrogen adsorption. Where p is the equilibrium pressure and
T is the temperature of adsorption. The enthalpy of adsorption
value decreases with more hydrogen coverage. The enthalpy

Figure 8. (a) TGA and (b) DTA curves for the core−shell compound.

Figure 9. Hydrogen adsorption isotherms of (a) bare−core and (b)
core−shell and (c) bare−shell compounds at various temperatures,
fitted using Langmuir function. Inset shows the heat of adsorption at
different hydrogen storage capacities.
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values have been calculated as 3.64, 3.56, and 3.48 kJ/mol,
respectively, for 0.05, 0.1, and 0.15 wt % of hydrogen storage
capacity for the bare-core compound.
The hydrogen adsorption isotherms for the bare−shell

{Ni1.5[Cr(CN)6]·7.5H2O}, compound are shown in Figure 9c.
The hydrogen adsorption isotherm at 50 atm. shows the
maximum hydrogen storage of 0.16, 0.68, and 1.09 wt % at 303,
223, and 123 K, respectively. The storage capacity for the bare-
shell compound is higher than the bare-core compound.
Moreover, the enthalpy of adsorption value has been calculated
as 6.37, 5.81, and 5.73 kJ/mol respectively, for 0.1, 0.15, and
0.17 wt % of hydrogen storage capacity for the bare-shell
compound.
Figure 9b shows hydrogen adsorption isotherms for the

core−shell compound at different temperatures and it shows
typical adsorption isotherm indicating stronger interaction
between host and the guest. It is interesting to note that the
hydrogen storage property for the core−shell compound is
significantly improved as compared to the bare-core and bare-
shell compounds. The maximum hydrogen storage capacities at
various temperatures for the core−shell compound are found to
be 0.40, 0.76, 1.14, and 2.0 wt % at 303, 273, 173, and 123 K,
respectively. Moreover, the enthalpy of adsorption value for the
core−shell compound is higher than the bare−core compound.
The enthalpy values for the core−shell compound have been
calculated as 5.29, 5.25, 5.22, and 5.15 kJ/mol, respectively, for
0.1, 0.2, 0.3, and 0.45 wt % of hydrogen storage capacity. The
enhancement of hydrogen capacity could be due to the fact that
the more hydrogen may reside at the interstitial crystallographic
sites (1/4, 1/4, 1/4) as well as it may interact with the
coordinated unsaturated metal centers. In the literature, it is
established that the presence of unsaturated metal sites is
responsible for the higher value of enthalpy of adsorption for
H2.

7,55 Figure 10a shows that the PBAs can contain two types of

water molecules, i.e., coordinated 24e (x, 0, 0), and
noncoordinated (interstitial) 8c (1/4, 1/4, 1/4), and 32f (x,
x, x) sites. During the prehydrogen adsorption measurement,
the compounds are heated up to ∼80 °C. At this temperature,
because of the weak binding of the noncoordinated water
molecules at 8c and 32f sites, they escape from the lattice,
leaving behind the available spaces in the structure for possible
hydrogen adsorption. Moreover, at such higher temperatures,
apart from the noncoordinated water, some of the coordinated
water molecules may also get released, resulting unsaturated
metal sites at 24e (x, 0, 0). This unsaturated metal site can also

host hydrogen molecules as shown in Figure 10b. From the
present TGA and DTA analysis, it is found that the onset of the
dehydration temperature for the core−shell compound is the
lowest one [ ∼ 70 °C], whereas, the bare-core compound
shows the highest (>100 °C) dehydration temperature.
Therefore, for the core−shell compound, at ∼80 °C, maximum
numbers of noncoordinated and coordinated water molecules
are expected to get released. Hence, the hydrogen storage
capacity decreases from the maximum to minimum in core−
shell to bare-shell to bare-core compounds, respectively.
However, the neutron diffraction study is underway to ascertain
the exact location of the adsorbed hydrogen in the deuterium
based core−shell compound. It has been earlier investigated the
adsorption of molecular hydrogen in the Cu3[Co(CN)6]2 PBAs
using high-resolution neutron powder diffraction and neutron
vibrational spectroscopy.56 It was found that the hydrogen was
absorbed at two sites within the structure. The most prominent
adsorption site, located at the crystallographic site, was an
interstitial location within the structure. The second adsorption
site was associated with exposed Cu2+ ion coordination sites
that result from the presence of [Co(CN)6]3-vacancies within
the structure of the material.56

We have also studied how the specific surface areas of bare−
core, bare−shell, and core−shell compounds are correlated
with their hydrogen storage capacity. The specific surface area
has been derived using a single point BET (Brunauer−
Emmett−Teller) method of nitrogen adsorption isotherm. The
method is based on the physical adsorption of nitrogen gas by
the sample from a continuously flowing mixture of nitrogen and
helium gases, when the sample is cooled to liquid nitrogen
temperature. Then the nitrogen gas is left to desorb by raising
the temperature of the compounds to 297 K. The change in
nitrogen concentration during the adsorption and desorption
processes has been monitored by thermal conductivity detector,
and the specific surface area has been measured using the
following BET equation.57
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where V is the volume of the adsorption, Vm is the volume of
the adsorption for complete monolayer, P0 is the saturated
vapor pressure, P is the equilibrium vapor pressure, and C is the
BET constant.
Figure 11 shows N2 adsorption and desorption spectra of the

bare−core, bare−shell, and core−shell compounds at 77 K. All
compounds are heated at 80 °C prior to measurements. The
values of the specific surface area are found to be maximum for
the core−shell (∼400 m2/g), and minimum for the bare-core
compounds (∼150 m2/g). The differences in the surface areas
are mainly due to the variation of the particle size, unit cell
volume, and the stability of the framework structure. Though
surface area is not the only criterion for determining the
hydrogen storage capacity, but certainly it is important when
hydrogen adsorption occurs through physisorption. As the
core−shell compound possesses more surface area, better
hydrogen storage capacity has been achieved for the core−shell
compound compared to the bare−core and bare−shell
compounds. The higher and stable surface area in successive
experiments for the core−shell compound indicates that the
framework structure remains largely stable after heating at 80
°C and also after a few adsorptions-desorption cycles.

Figure 10. Schematic representation of the unit cell of the core−shell
compound showing crystallographic sites for (a) coordinated and
noncoordinated water and (b) active sites of hydrogen in the structure
of PBAs.
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The highest H2 storage capacity is found to be 0.47 wt % at
269 K for bare−core, 1.09 wt % at 123 K for bare-shell, and 2.0
wt % at 123 K for core−shell compounds. These values
correspond to 0.94, 2.18, and 4 H2 molecules per face-centered
cubic unit cell for bare-core, bare-shell, and core−shell
compound, respectively. The novelty of this work is that we
could successfully synthesize core−shell of PBA molecular
magnet with an enhanced hydrogen capacity (2.0 wt % at 123
K) as compared to bare−core, bare-shell molecular magnets.
To the best of our knowledge, this is the first report on the
hydrogen storage properties of any core−shell structure of
PBAs with higher storage capacity. The present study could be
very useful in the field of hydrogen storage applications.

■ CONCLUSION
Core−shell PBAs molecular magnet (size ∼25 nm) has been
successfully synthesized using a core Mn1.5[Cr(CN)6]·7.5H2O,
and shell Ni1.5[Cr(CN)6]·7.5H2O. The core−shell compound
has been extensible studied using TEM, XRD, XPS, IR and
TGA measurements. TEM and XRD measurements confirm
the core−shell and fcc nature (space group Fm3m) of the
compound. The hydrogen absorption properties of the core−
shell compound show an enhancement in the hydrogen
adsorption capacity (2.0 wt % at 123 K) as compared to the
bare−core and bare−shell compounds. The hydrogen binds at
the interstitial [8c (1/4, 1/4, 1/4) and 32 f (x, x, x)] as well as
in the coordinated unsaturated metal (Mn/Ni) sites at [24e (x,
0, 0)] of the compound. The enhanced hydrogen adsorption
capacity is due to higher specific surface area and lowest
dehydration temperature of the core−shell compound. We
have concluded that the hydrogen storage capacity decreases
from maximum in core−shell to minimum in bare−core
compound.
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