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The supplementary material provides the following additional information related to the
manuscript: (1) Superimposed X-ray diffraction patterns of C-Pd-rGO-aSiO, and DSCH sample, (i1)
Transmission electron microscopy images of silica spheres and DSCH nanostructures, (iii) Field-
emission secondary electron micrograph of DSCH sample, (iv) Fourier transform infrared spectra of
silica before and after calcination, (v) Table for comparing Fourier transform infrared peaks, (vi)
Zeta potentials of Si0,, and aSiO,, (vii) High-resolution Si 2p X-ray photoelectron spectra of GO-
aSiO, sample, (viii) Textural properties of the prepared samples, (ix) Pseudo-dispersion () and
spillover efficiency (n) calculations and (x) Comprehensive literature review of the hydrogen

storage performance of various state-of-the-art samples, along with the present work.
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Figure S1. Superimposed X-ray diffractograms of C-Pd-rGO-aSiO,, and DSCH sample showing the
presence of carbon and FCC Pd. However, due to the complete etching of the silica core in the
DSCH sample, the broad amorphous hump of silica (*) at 20 = 22.6° disappeared, and only the peak

corresponding to the carbon was visible.
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Figure S3. FESEM micrograph of hollow C-Pd-rGO (DSCH) nanostructures revealing the presence
of hollow interior from the broken spheres as highlighted in the dashed yellow ellipses.

HRTEM images of DSCH nanostructures confirmed the presence of hollow core after the
selective etching of the SiO, core and the presence of well-dispersed Pd nanoparticles (average
nanoparticle size of ~6.6 nm) within the confined space of the dual shell, i.e. between rGO flakes
and porous carbon (Figure S4a-b). The interplanar spacing obtained from the HRLFI is 0.24 nm and
corresponds to the (111) planes of Pd (Figure S4c). The hollow core appeared lighter when
compared to the shells as seen from the dark field images (DFI) in Figure S4d-e. The EDS
elemental mapping of DSCH showed the distribution of C, O and Pd in the sample. The SAED
pattern in Figure S3g is indexed to FCC Pd with the rings corresponding to the (111), (200), (220)
and (311) planes. An additional observation obtained from the EDS spectra (Figure S4h) is the

absence of Si signal, which confirms its complete etching to produce a hollow structure.
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Figure S4. TEM images of DSCH sample showing: (a) Bright field image (BFI) with inset showing
the histogram of hollow sphere size distribution, (b) BFI showing the dispersion of Pd nanoparticles
in the hollow sphere, (¢) HRLFI from a region of the sample showing the (111) crystal planes of Pd
(d = 0.24 nm) with inset showing the intensity map, (d) DFI of a group of hollow spheres, (¢) High
magnification DFI of two hollow spheres with inset showing the histogram of Pd nanoparticles size
distribution, (f) EDS map showing layered map and the distribution of O, C and Pd elements, (g)
SAED diffraction pattern and (h) EDS spectra showing the presence of only C, O and Pd with the

absence of Si element in the sample.

FTIR spectra of silica samples before and after calcination are shown in Figure S5. Both the
samples showed the presence of the characteristic Si-O-Si peak at ~1106 cm™!, the major structural
backbone of the silica. After calcination, all the peaks were retained with reduced intensity;
however, a shoulder peak at ~952 cm™! due to the presence of silanol (Si-OH) group and a weak
band at ~1399 cm™! corresponding to the adsorbed ammonia disappeared [1]. The use of
mesoporous silica (obtained after calcination) rather than non-porous silica (before calcination) is
due to the following reasons. (i) Mesoporous silica has higher surface area (225.2 m?/g) when
compared to non-porous silica (19.8 m?/g). The higher the surface area, the better the

functionalization of the amino group on the silica surface, which is further required for GO



1 encapsulation. (ii) The presence of porous silica facilitates the complete penetration of the etchant

2 and further aids in its faster etching when compared to the non-porous silica.
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Figure S5. FTIR spectra of silica sample before and after calcination. After calcination, the peaks at

~1399 cm™! and ~952 cm™! corresponding to the presence of adsorbed ammonia and Si-OH bonds

N »n W

disappeared.

|

The zeta potentials of pristine and functionalized silica spheres were measured to confirm their
8 surface modification by the -NH, group. The findings in Table T1 showed that silica has a negative
9 zeta potential of —47.5 mV due to the presence of silanol group. After functionalization with amino-
10 group, the zeta potential was 27.3 mV. This surface modification facilitated the uniform coating of
11 negatively charged GO (—39.6 mV) over the positively charged aSiO, surface through electrostatic

12 interaction.

13 Table T1. Zeta potentials of SiO,, aSiO, and GO measured at pH 6.1.

Sample | Zeta potential (mV)
Si0, —47.5
aSi0, 27.3
GO -39.6
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1 Table T2. Table listing the FTIR peak positions along with the description of the functional groups

2 and their respective vibration modes.

Wavenumbe
Functional . e
r Description
1 group
(cm )
3447 O-H Stretching vibration of adsorbed
water molecules
~2926 C-H Symmetric stretching
~2855 C-H Asymmetric stretching
~1730 C=0 C=0 Stretching vibrations of
carbonyl and carboxyl groups
1632 O-H Bending vibration of water
molecules
_ Skeletal vibration from unoxidized
~1621 =C sp?> CC bonds
~1565 N-H Bending
~1107 Si-O-S1/S10-C Asymmetric Stretching
~1146 C-0 Stretching
~952 Si-OH Stretching
~809 Si-O-Si Bending
~468 C-Pd Stretching
3
Si2p
3 ;
2 |
2 1
z |
3] !
E |
s | s | } s L s | s | s
98 100 102 104 106 108 110
4 Binding Energy (eV)

5 Figure S6. High-resolution Si 2p XPS spectra of GO-aSi0O, sample showing the presence of O-Si-O
6 and Si-O-C.



1 Table T3. Textural properties of DSCH, C-Pd-rGO-aSiO, and hollow Pd-rGO samples.

Sample No: of SeET Viotal Vmicro Pore size
Trials | (m?%g) (cm?/g) (cm?/g) (nm)
1 89.4 0.29 0.10 0.8-5.5
nanlc?sircljlljture 2 87.6 0.27 0.09 0.8-5.5
3 88.2 0.28 0.09 09-54
1 84.3 0.25 0.07 09-53
C-Pd-rGO-aSiO, 2 85.7 0.26 0.06 0.9-53
3 86.0 0.20 0.08 0.9-55
1 55.6 0.13 0.05 0.9-5.6
Hollow Pd-rGO 2 53.2 0.11 0.05 1.1-55
3 55.9 0.13 0.04 0.9-5.6
2
: R ,,\\\\ *'
3

4 Figure S7. High-resolution TEM images (a) and (b) showing the porosity in DSCH nanostructures

5 obtained at different regions. Pd nanoparticles are shown with dashed yellow circles.



1 The pseudo-dispersion (u) and spillover efficiency (n) computed for hollow C-Pd-rGO (DSCH)

2 sample is shown in Table T4. The hydrogen sorption data obtained at a pressure of 0.4 atm and a

3 temperature of 298 K was used in the computation [2,3]. Similar procedure was followed for

4 obtaining the spillover efficiency of hollow Pd-rGO sample.
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5 Figure S8. Polynomial curve fitting of the sorption isotherms measured at 298 K and 20 atm for: (a)

6 hollow Pd-rGO, and (b) hollow C-Pd-rGO (DSCH) samples for calculation of pseudo-dispersion

7 (w) and spillover efficiency (n).



1 Table T4. Pseudo-dispersion (i) and spillover efficiency (1) calculation for the hollow C-Pd-rGO or
2 the DSCH sample using sorption isotherm obtained at 298 K and 0.4 atm hydrogen pressure.

Data and computations

Comments

DSCH sample: 0.0414 wt.% H, = 0.083 mg/g
(0.083 mg of hydrogen per gram of sample).

Sorption: (0.083 /1.008 g/mol of H) = 0.082 mmol

At 298 K and 20 atm, the

sample stores 0.78 wt.%.

Amount of Pd in DSCH sample: 5.5 wt.% Pd =11 mg/g

Wt.% of Pd determined using

(11 mg of Pd per gram of sample). EDS technique.
Total amount of Pd:
11x1073 g/ 106.42 g/mol Pd = 0.103 mmol Pd
Pseudo-dispersion (u)
The high value of pseudo-

= (Sorbed Hydrogen) / (Total Pd)
= (0.082 mmol Hydrogen / 0.103 mmol Pd) x 100 =79.6 %

dispersion is to be noted.

d (Particle Size) = 6.6 nm,
v, = 0.0147 nm?

an = 0.0793 nm?2.
D=0.17

Particle size determined from
TEM.

D:Ns/NT

= No. of surface atoms /

Total no. of atoms.

vm = volume occupied by
bulk atoms [nm?],

ay, = area occupied by surface

atoms [nm?].

v la
D=6-2—" 114
(dju

Spillover efficiency () =/ D =(79.6%) / (17%) = 468%

n > 100% implies hydrogen

storage by spillover effect.




1 Table TS. Hydrogen storage capacity of various pristine and metal-doped carbon materials at an

2 operating temperature and pressure of 298 K and ~20 bar, respectively, as reported in the literature.

Material T (K) |P (bar)|Wt.% H| Ref.
CNT 298 20 0.8 [5]
Ni supported AC 298 20 0.29 [6]
Ni doped activated carbon nanofibers 298 20 0.55 [7]
C-Ni nanocomposite 298 20 0.73 [8]
Pt decorated nanoporous graphene 298 20 0.131 [3]
Pd decorated nitrogen doped graphene 298 20 1.9 (9]
Nitrogen doped graphene 298 20 1.1
V doped CNT 298 20 0.69 10]
Pd doped CNT 298 20 0.66
Activated MWCNTs 298 21 0.82
Co loaded activated MWCNTs 298 21 1.06 [11]
Li loaded activated MWCNTs 298 21 1.33
Ti doped MWCNTs 298 20 1.88 [12]
Ni doped MWCNTs 298 20 0.298 [13]
AC cross-linked polymer composite 298 20 0.17 [14]
Pd,Hg alloy decorated carbon foam 298 20 5 [15]
Self-aligned GO 298 20 2.5 [16]
Pt doped graphite nanofibers 300 20 <0.1 [17]
Pt loaded MWCNTs 298 20 0.013 [18]
Co doped MWCNTs 298 21 1.06 [19]
Li doped MWCNTs 298 21 1.33
Pt based HCP 298 19 0.21 [20]

77 3.9
Hollow C-Pd-rGO (DSCH nanostructures) | 273 20 0.4 Pvrx?s:l? t
298 0.78

3 Key: CNT - Carbon nanotubes, AC - Activated carbon, MWOCNT - Multi-walled carbon
4 nanotube, GO - Graphene oxide, HCP - Hypercrosslinked polymer.



1 Table T6. Hydrogen storage data of different hollow spheres and core-shell structures along with

2 the current work.

Core-shell nanostructures | T (K) |P (bar)| Wt.% H| Ref.
Cobalt-embedded OMC 298 55 0.45 [21]
Pd hollow spheres 298 1 0.61 [22]
Nickel nano hollow spheres 298 140 0.65 [23]
Pd hollow spheres 298 140 1.22 [24]
(Pt-Ce0)@Si0O, 298 10 0.045 [25]
ZIF-8@ZIF-67 2.03

77 1 [26]
ZIF-67@ZIF-8 1.69
MIL-101@Ui0-66 77 1 2.4 [27]
LiBH;-Mg(BH,), - HCNS 553 100 10.8 [28]
MgH,-Fe-HCS 573 20 5.6 [29]
Core-shell NaAIH,@Ti 453 130 4.0 [30]
OMHCS@Pd 40 35 0.51 [31]
DMHCS 0.10
Pd@DMHCS 313 20 0.55 [32]
BN hollow spheres 298 100 4.07 [33]
Hollow nitrogen containing CS 298 80 2.21 [34]
Pd embedded HCS 298 24 0.36 [35]
Zn loaded HGM 473 10 3.26 [36]
Cd/CdO hollow microsphere 473 40 1.30 [37]
Li,NH hollow nanospheres 473 35 6.0 [38]
Mg-Ni double hollow structures 453 20 5.0 [39]
Hollow Sb-ZnO nanosphere 373 50 1.74 [40]
Hollow carbon spheres 298 90 1.23 [41]
77 3.9
Hollow C-Pd-rGO (DSCH 273 20 04 |Present
nanostructures) work
298 0.78

3 Key: OMC - Ordered mesoporous carbon, Cg- Fullerenes, ZIF - Zeolitic imidazolate
4 frameworks, OMHCS - Ordered mesoporous hollow carbon spheres, DMHCS - Disordered

5 mesoporous hollow carbon spheres, CS - Carbon spheres, HGM - Hollow glass microspheres.
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