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This study investigated and compared the extent of structural modification and hydrogen uptake of 
reduced and exfoliated graphene oxides on addition of platinum, nickel and palladium. The addition of 
all metals affected structure and improved hydrogen uptake but the extent depended on preparation 
and type of metal. Surface area and pore volume decreased on addition of metals to RGO but increased 
for EGO. Dense structure of RGO was not affected by platinum, however, changed significantly to 
fluffy structure on addition of nickel and palladium. The separation of layers increased on addition of 
palladium to fluffy EGO resulting in its highest surface area and pore volume of 449  m2/g and 2  cm3/g, 
respectively. The highest hydrogen uptake of 3.52 wt% was obtained for Pd/EGO (at − 196 °C, 30 bar) and 
may be attributed to high surface area, pore volume, O/C ratio and dispersion of palladium particles.

Introduction
Among various carbon-based materials, graphene has extraor-
dinary properties including thermal, mechanical and electrical 
stabilities [1, 2]. The unique layered structure of graphene results 
in its significant surface area and pore volume, which are useful 
for gas storage [2, 3]. The presence of oxygen containing surface 
functional groups and long range p-conjugation in graphene 
creates a negatively charged atmosphere suitable for attracting 
any electropositive adsorbate such as hydrogen. The addition of 
metals has been reported to further modify the structure as well 
as adsorption capacity of graphene-based materials. The gra-
phene layers dispersed with different transition metals including 
Pt, Ni, Pd, Ti and Fe have been reported [3–7]. The presence 
of metals on graphene is reported to enhance the interactions 
between molecular hydrogen and graphene surface [4, 7, 8].

The structure of reduced graphene oxide (RGO) was 
reported to change from coagulated wavy shape to more com-
pact wavy shape on doping of 10 wt% Pd, while horizontal 
aligned shape was observed on doping of 10 wt% Ni [6]. The 
same group reported that corresponding hydrogen uptake 
capacity increased from 2 to 2.8 and 2.7 wt%, respectively, on 
addition of Pd and Ni, at − 196 °C and 20 bar [6]. Hong et al. [3] 
reported that the thickness of single layer graphene oxide (GO) 
to be around 1.0 nm and enhanced up to 2.1 nm with addition 
of  V2O5 and  TiO2. The morphology appeared like GO sheet 

wrapped uniformly on the  V2O5 and  TiO2. A positive enhance-
ment in hydrogen uptake of GO was also reported with the addi-
tion of  V2O5 and  TiO2. The hydrogen uptake capacities were 1.26 
and 1.36 wt% for  TiO2 and  V2O5-doped graphene oxide (GO), 
respectively at − 196 °C and 60 bar. This increase was assigned 
to metal oxides that provided additional active sites and inter-
space between GO wrapped metal oxide composite structure. 
However, no effects on the crumpled paper structure as well as 
hydrogen adsorption capacity of exfoliated graphene oxide were 
noticed by Huang et al. [4] on incorporation of Pt and Pd. From 
density functional theory calculation, Bhattacharya and cowork-
ers [9] reported that the transition metal atoms adsorbed around 
the defect sites of graphene showed stronger bonding interaction 
with the graphene lattice. This interaction led to well dispersion 
of the metal particles and enhanced the hydrogen uptake of gra-
phene. Huston et al. [10] reported that with addition of iron to 
exfoliated graphene oxide, the surface area was reduced from 
375 to 190  m2/g but the hydrogen uptake was slightly enhanced 
from 2.07 to 2.16 wt% at − 196 °C and 50 bar. The hydrogen 
uptake capacity of different metal modified graphene at − 196 °C 
are summarized in Supplementary Table S1.

The authors came across limited studies on the effect of pres-
ence of metals on structural changes of graphene prepared by 
different methods and subsequent effects on hydrogen uptake. 
In the present study, three metals Pt, Ni or Pd were selected for 
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deposition on graphene layers. The effect of addition of metals 
on their structural properties and subsequently on their hydro-
gen adsorption capacities was investigated and compared. These 
three metals were selected based on their reported activity in 
hydrogenation and dehydrogenation reactions. Both reduced 
graphene oxide (RGO) and exfoliated graphene oxide (EGO) 
were used as base graphene materials. The hydrogen storage 
properties were determined at − 196 °C and a moderate pres-
sure of 30 bar using volumetric apparatus.

Results and discussion
The elemental composition of the samples was determined 
by EDX and summarized in Table 1. The EDX spectra of the 
samples are shown in Supplementary Fig. S1. The final average 
loading of metals was about 2 wt% for all the samples. RGO 
showed oxygen content of 10.4 wt% with oxygen–carbon ratio 
(O/C) of 0.12. The EGO showed oxygen content of 20.9 wt% 
corresponding to O/C ratio of 0.26. This suggested that during 
exfoliation in presence of air, higher number of oxygen contain-
ing functional groups were retained between graphene surfaces. 
When RGO was doped with metals, the oxygen content was 
observed to be slightly higher for metal-doped samples. The 
highest oxygen content of 13.0 wt% was obtained for the Pd/
RGO sample. Accordingly, with addition of metals, oxygen–car-
bon ratio (O/C) increased in the order of 0.12 (RGO) < 0.13 (Ni/
RGO) < 0.14 (Pt/RGO) < 0.15 (Pd/RGO). Metals are reported to 
interact with oxygen on coming in contact with the same [11, 
12]. The deposited metals may have interacted with the surface 
oxygen present in their vicinity and helped in its retainment, 
highest being for Pd/RGO sample. The higher oxidation poten-
tial for palladium metal may have resulted in more interaction 
of palladium with surface oxygen, resulting in their more retain-
ment for Pd/RGO sample.

In contrast to Pd/RGO, with addition of Pd the oxygen 
content was reduced for Pd/EGO to 18.6 wt% from 20.9 wt% 
for EGO. The corresponding O/C ratios were reduced to 0.23 
from 0.26 for EGO. Here, the decrease in oxygen content 
for palladium-doped sample might have resulted from the 

involvement of some surface oxygens in partial combustion 
of carbon matrix during exfoliation. The presence of metal 
has catalytic effect and lowers the combustion temperature of 
carbon matrix [13].

The XRD profiles of different metal-doped RGO samples 
are compared in Fig. 1a. The RGO displayed peak at 2θ = 24.5° 
due to presence of C(002) graphitic zone [14]. For all the metal-
doped RGO samples, the peak due to the metal was observed 
in addition to the graphitic peak at 2θ = 24.5°. For Ni/RGO, 
the low intensity peak at 2θ = 44.4° may be attributed to (111) 
plane of metallic nickel Ni° [15]. For Pt/RGO, the three peaks 
at 2θ = 39.85°, 46.3° and 67.1° corresponded to  Pto (111),  Pto 
(200) and  Pto (220) planes, respectively [4, 16]. In the case of 
Pd/RGO, the peaks at 2θ = 39.9°, 46.6° and 67.85° resulted from 
the planes of  Pdo (111),  Pdo (200) and  Pdo (220), respectively 
[17, 18]. The XRD peaks confirmed that the metals were mostly 
present in zero oxidation state or metallic state in the samples. 
This agreed with the reducing conditions prevailed during their 
preparation due to presence of hydrazine. The comparison of the 
graphitic peaks of the samples (supplementary Fig. S2) showed 
that the addition of Pd or Ni slightly increased the graphitic 
zone in doped samples, while for Pt the effect was insignificant. 
The increase in intensity of graphitic peak on addition of pal-
ladium and nickel to graphene was also observed by Ismail et al. 
[6]. For EGO sample, mainly the graphitic peak at 2θ = 24.5° 
was observed. The addition of Pd to EGO, also increased the 
graphitic zone significantly. This increase may be accounted by 
catalytic effect of metal on the formation of graphitic zone dur-
ing exfoliation at high temperature of 300 °C. Three XRD peaks 
attributed to  Pdo were observed at 2θ = 39.9°, 46.6° and 67.85° 
in Pd/EGO sample similar to that observed for Pd/RGO. No 
peaks for metal oxide form was observed to be present in the 
sample. The d-spacing values determined from XRD profiles, 
are tabulated in Table 2. The RGO had d-spacing of 0.39 nm. 
The d-spacing decreased on the doping of different metals. For 
doped RGO samples the d-spacing was about 0.36 nm. For 
EGO, the d-spacing was 0.38 and decreased to 0.34 nm for Pd/
EGO. This decrease in separation between the layers for all the 
doped samples may be attributed to deposited metal particles 
in between the layers of the graphene.

The Raman spectra of the samples are shown in Fig. 1b. 
The D band was detected in range of 1346–1350  cm−1 and G 
band around 1591–1597  cm−1. The intensity ratios (ID/IG) of 
the samples, shown in Fig. 1b, were calculated using height of 
D and G bands. With the incorporation of metals to RGO, the 
value of ID/IG increased from 0.89 for RGO to 1.08, 1.10 and 
1.26, for nickel, palladium and platinum-doped RGO samples, 
respectively. The EGO samples had intensity ratio (ID/IG) of 0.90, 
which on palladium doping increased to 1.05. Incorporation of 
metals increased the defects on the graphene surface, thereby 
increasing the (ID/IG) ratio in metal modified samples [7].

TABLE 1:  Elemental analysis of samples using EDX.

Sample ID

EDX elements (wt%)

Metals C O O/C

RGO – 89.6 10.4 0.12

Ni/RGO 2.2 86.3 11.5 0.13

Pt/RGO 2.0 86.1 11.9 0.14

Pd/RGO 2.3 84.7 13.0 0.15

EGO – 79.1 20.9 0.26

Pd/EGO 2.0 79.4 18.6 0.23
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The nitrogen adsorption–desorption isotherms (Fig. 1c) 
of all the RGO-based samples were type-II with wide H4-type 
hysteresis loop, signifying slit-shaped pores. As can be observed, 
the impregnation of metal did not affect the overall pore struc-
ture. However, the volume of nitrogen adsorption significantly 
decreased. This decrease may be associated with blockage of 
openings between the layers due to the presence of the metal 
clusters. The most significant decrease in volume adsorbed was 
observed for the nickel-doped RGO sample. Accordingly, the 
lowest surface area and pore volume were observed for Ni/RGO 
sample (Table 3). However, the nature of isotherm differed for 

EGO samples and type IV with H4-type hysteresis loop was 
observed. No change in nature of isotherm or hysteresis loop 
was observed when palladium was doped on EGO sample. The 
very wide hysteresis loop was clearly observed for both EGO and 
Pd/EGO samples at a higher relative pressure (Ps/Po) of above 
0.4. This suggested presence of higher amount of mesopores in 
these samples as compared to that in RGO-based samples. Also, 
the volume of nitrogen adsorbed was significantly higher for 
EGO-based samples.

The BET surface area and total pore volume of all the metal-
doped RGO samples reduced compared to that of RGO (461 

Figure 1:  (a) XRD profiles (b) Raman spectra with intensity ratios  (ID/IG) calculated from D and G bands height (c)  N2 adsorption–desorption isotherms 
(d) Pore size distribution of samples.
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 m2/g, 0.50  cm3/g). This decrease may have happened from 
blockage of the open spaces in RGO by the metal particles as 
mentioned earlier. Micropore pore area of 86  m2/g was observed 
for RGO. With addition of metals to RGO, micropore pore area 
was also reduced. The most significant drop in area was observed 
for nickel-doped RGO sample. However, on metal doping the 
surface area and pore volume almost doubled for Pd/EGO sam-
ple compared to that of EGO. This significant enhancement may 
be attributed to better separation of layers during exfoliation in 
presence of metal. As stated earlier for preparation of metal-
doped EGO, the metal was added to GO and the metal–GO 
composite was subjected to exfoliation temperature of 300 °C. 
The metal had a significant catalytic effect in the combustion 
of carbon [14]. This may have facilitated combustion at lower 
temperature and thereby, better separation of layers by generated 
gases. Similar observation was also reported by Li et al. [19]. 
Negligible micropore area was observed for EGO-based samples.

The pore size distributions of the samples are shown in 
Fig. 1d. The RGO seemed to have pores in very narrow range 
between 0.4 to 2.2 nm, showing mainly microporous nature. 
When impregnated with different metals, the pore distribu-
tion was shifted toward the larger pores. Pores were observed 
mainly in the mesoporous range of 2.6 to 4.4 nm for all the 
metal-doped RGO samples, with the average pore size of 3.8 nm. 

In contrast for the EGO sample, pores were observed mainly in 
the mesoporous region of 2–5 nm. Addition of metals further 
shifted the pore size distribution to higher value. The average 
pore size of 2.81 nm for EGO shifted to 4.78 nm for Pd/EGO. 
For all the doped samples shifting of average pore size to higher 
values suggested partial blockage of smaller pores in presence 
of metal clusters.

The AFM topography images and corresponding height pro-
files of the samples are shown in Fig. 2. The number of layers was 
evaluated from their average thickness of layers and reported 
theoretical thickness of 0.40 nm for single graphene layer [20, 
21]. The average thickness and corresponding number of layers 
of the samples are included in Table 2. The average thickness was 
obtained between 3.12 and 7.32 nm, while number of layers were 
in the range of 7–18. It was observed that the average thickness 
and number of layers were reduced when metals were doped on 
both RGO and EGO samples. This suggested metals to be effec-
tive for layer separation. The most effective layer separation was 
noticed for Pd-doped EGO sample, and number of layers were 
reduced from 15 to 7.

The presence of oxygen containing functional groups and 
oxidation state of Pd in samples were characterized using XPS 
analysis. The C1s and Pd 3d spectra of the samples are shown in 
Fig. 3. The C1s spectra showed three peaks at 284.8, 286.2 and 
287.8 eV in all the samples, which corresponded to C–C  (sp2 
bonds), C–O (epoxy) and C = O (carbonyl) functional groups, 
respectively [22, 23]. This suggested presence of oxygen con-
taining functional groups. The presence of oxygen containing 
functional groups was also confirmed by O1s peaks and the 
spectra are shown in Supplementary Fig. S3. The O1s peaks were 
observed at 531.5, 533.5 and 537.7 eV, which may be assigned 
to C = O (carbonyl group), C–O (epoxy group) and C–OH 
(hydroxyl group), respectively [23, 24]. Figure 3e, f showed the 
presence of Pd in two chemical states of  3d3/2 and  3d5/2 [25]. The 
peaks found with lower binding energies at 335.6 and 340.8 eV 
corresponded to the  Pd0 state, while peaks with higher bind-
ing energies observed at 337 and 342.1 eV may be assigned to 
 Pd2+ state [26]. The relative surface concentration in percent-
age of  Pd0/Pd2+ ratios were 80/20 and 75/25 for Pd/RGO and 
Pd/EGO, respectively. The Pd mainly existed in metallic form 
in both the samples. The predominance of metallic state was 
also reflected in the results of XRD. The O/C ratios determined 
from the XPS analysis (Supplementary Table S3) agreed with the 
values obtained from EDX analysis.

The FESEM images of RGO and doped RGO samples are 
shown in Fig. 4. Presence of dense layers with very fine pores 
was observed for the RGO sample. Morphology significantly 
changed with the incorporation of metals into RGO and 
depended on the type of metal. Fluffy and layers structures 
appeared for nickel and palladium-doped RGO. The palladium-
doped RGO had more uniform structure compared to that 

TABLE 2:  Lattice spacing, number of layers and average particle size of 
the samples.

Sample ID

XRD AFM TEM

d-spacing
(nm)(002)

Average 
thickness 

(nm)
Number 
of layers

Average 
metal 

particle size 
(nm)

Metal 
dis-
per-
sion
(%)

RGO 0.39 7.32 18 – –

Ni/RGO 0.35 7.08 17 3.8 29

Pt/RGO 0.36 6.14 15 3.4 33

Pd/RGO 0.35 5.96 14 2.6 43

EGO 0.38 6.23 15 – –

Pd/EGO 0.34 3.12 7 2.5 45

TABLE 3:  Surface area and pore analysis of the samples.

Sample ID
BET surface 
area  (m2/g)

Total pore vol-
ume  (cm3/g)

Micropore 
area  (m2/g)

Average 
pore size 

(nm)

RGO 461 0.50 86 1.80

Ni/RGO 234 0.29 16 3.88

Pt/RGO 417 0.46 39 3.87

Pd/RGO 345 0.41 40 3.83

EGO 227 1.20 15 2.81

Pd/EGO 449 2.04 4 4.78
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Figure 2:  AFM topography images with corresponding height profiles of samples.
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of nickel-doped RGO. The nickel-doped RGO showed non-
homogenous and less separated layers with large blank spaces 
in between. This may be the reason for the comparatively low 
surface area and pore volume of Ni/RGO as observed earlier. 

The platinum-doped RGO showed almost similar structure as 
that of undoped RGO, only bit more dense. This resulted in least 
effect on surface area and pore volume of RGO and gave high-
est values among doped RGO samples (Table 3). The FESEM 

Figure 3:  C1s XPS spectra of (a) RGO (b) Pd/RGO (c) EGO (d) Pd/EGO and Pd 3d spectra of (e) Pd/RGO (f ) Pd/EGO.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 
 V

ol
um

e 
36

  
 I

ss
ue

 1
5 

 A
ug

us
t 2

02
1 

 w
w

w
.m

rs
.o

rg
/jm

r

Article

© The Author(s), under exclusive licence to The Materials Research Society 2021 3115

images of EGO showed fluffy homogeneous layered structure. 
With addition of metal the separation of layers increased for 
Pd/EGO and may be the reason for the significant increase in 
surface area and pore volume of this sample.

TEM images of the samples are shown in Fig. 5a. The cor-
responding metal size distribution is shown in Fig. 5b. The well 
and uniform distribution of metal particles on or inside the lay-
ers were observed from TEM images. This was also observed by 
EDX mapping of metal-doped samples (Supplementary Fig. S4). 
The TEM structure of the samples agreed with FESEM analysis. 
The metal dispersion in percentage was evaluated by the Eq. 1 
using average metal particles size obtained from TEM analysis: 
[27]

All the metal particles were assumed to have spherical shape. 
The metal dispersion and metal average size are included in 
Table 2. The average sizes of metals were obtained as 2.6 nm for 
Pd/RGO, 3.4 nm for Pt/RGO and 3.8 nm for Ni/RGO. The cor-
responding dispersion values of Ni, Pt and Pd, were 29, 33 and 
43%, respectively. Thus, the palladium metal particles showed 
higher dispersion compared to that of nickel and platinum. The 
Pd/EGO had the lowest average size of Pd particles at 2.5 nm 
and corresponding Pd dispersion of 45% was highest. The higher 
dispersion of palladium metal suggested higher interaction 
between palladium metal and carbon matrix. Lower interac-
tion between platinum and RGO was also confirmed from the 

(1)

Metal dispersion (%) =
1.13

averagemetal particles size (nm)
× 100

FESEM images as the RGO structure was least affected by the 
presence of platinum. Less reduction in surface area and pore 
volume for Pt/RGO compared to RGO also agreed with this 
observation. Similar behavior of platinum was also observed 
by Baca et al. [28]. The higher size for nickel cluster agreed with 
its sintering tendency resulting in lowest surface area and pore 
volume for Ni/RGO sample.

Hydrogen uptake

Hydrogen adsorption isotherms of all the samples are shown 
in Fig. 6a and the hydrogen uptake values at − 196 °C and 
30 bar are included in Fig. 6b. The RGO sample had hydro-
gen uptake capacity of 2.50 wt%. With the addition of metals 
in RGO, a positive effect on hydrogen uptake was observed 
for all the samples. The uptake capacity order was 2.50 
(RGO) < 2.64 (Ni/RGO) < 2.8 (Pt/RGO) < 3.22 (Pd/RGO) 
wt%. It can be observed that all the doped RGO samples 
showed higher hydrogen uptake in spite of lower surface area 
and pore volume for the doped sample. The anomaly can be 
explained based on presence of metal. The metal sites pro-
vided the additional and stronger sites for interaction with 
the incoming hydrogen molecule. Hence, at higher metal 
dispersion the available active sites for hydrogen uptake were 
higher, at same metal loading. With addition of metals some 
of the adsorption sites were lost due to decrease in surface 
area. However, this was compensated by increase in rela-
tively stronger metal-based adsorption sites. The hydrogen 
is also reported to interact more strongly with palladium 

Figure 4:  FESEM images of samples.
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compared to that with nickel and platinum [28, 29]. Among 
doped RGO samples, the highest hydrogen uptake of 3.22 
wt% for Pd/RGO may have resulted from highest disper-
sion and strongest interaction of palladium particles with 
hydrogen.

EGO sample showed higher hydrogen uptake capacity than 
all the RGO samples in spite of lower surface area. These higher 
uptake values might be explained by the combined effect of 
fluffy layered structure and higher pore volume. The presence 
of oxygen containing surface functional groups may have also 

Figure 5:  (a) TEM images (b) particle size distribution of doped samples.
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positively contributed to hydrogen uptake of EGO samples. The 
presence of surface oxygen rendered more electronegative char-
acter to the surface, thereby facilitating its interaction with the 
highly electropositive hydrogen. Addition of palladium to EGO 
further increased the hydrogen uptake and the Pd/EGO showed 
the highest hydrogen uptake of 3.52 wt%. The higher surface 
area of this sample than EGO and presence of highly interac-
tive metal sites might have contributed to its highest hydrogen 
uptake.

The isosteric heat of adsorption (Qads) was calculated from 
the adsorption isotherms. The variation in calculated isosteric 
heat of adsorption with hydrogen uptake is shown in Fig. 6c. 
The isosteric heat of adsorption for RGO was 8 kJ/mol at lower 
hydrogen uptake, which was enhanced to the range 10–13 kJ/
mol on doping of different metals. The increasing order of heat 
of adsorption for doped RGO (in kJ/mol) was Ni/RGO (10) < Pt/
RGO (11) < Pd/RGO (13). The higher heat of adsorption for 

metal-doped samples indicated a significant interaction between 
hydrogen and metal particles. At higher hydrogen uptake, the 
heat of adsorption was exhibited between 5–7 kJ/mol, with 
highest value being for the Pd/RGO sample (7 kJ/mol). The 
heat of adsorption on Pd/EGO sample (13 kJ/mol) was highest 
indicating strongest interaction between hydrogen and highly 
dispersed palladium particles. These values agreed with the 
reported heat of adsorption values for RGO (3–6 kJ/mol) and 
metal (Pt & Pd)-doped graphene (8–17 kJ/mol) [2].

Conclusion
This study investigated and compared the extent of modifica-
tion on structure and hydrogen adsorption capacity of reduced 
and exfoliated graphene oxides on addition of platinum, nickel 
and palladium. The addition of all metals affected the struc-
ture and improved hydrogen uptake but the extent depended 

Figure 6:  (a) Hydrogen adsorption isotherms at − 196 °C up to 30 bar. (b) Hydrogen storage at − 196 °C and 30 bar of the samples. (c) Isosteric heats of 
adsorption as a function of the amount of  H2 adsorbed on samples.
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on preparation and type of metal. The decrease in d-spacing 
was observed on addition of metals to both RGO and EGO. 
This decrease may be attributed to deposited metal particles 
in between the layers. The RGO (461  m2/g) showed micropo-
rous nature with an average pore size of 1.8 nm. With addition 
of different metals, the pore distributions were shifted toward 
mesopores with average pore size in the range of 3.8–3.9 nm for 
doped RGO. The surface area and total pore volume of all metal-
doped RGO samples were reduced compared to that of RGO. 
However, the effect was reverse when palladium was added to 
EGO sample. The surface area (227  m2/g) and pore volume (1.2 
 cm3/g) of EGO increased to almost double values of 449  m2/g 
and 2.04  cm3/g, respectively for Pd/EGO. The highest dispersion 
of metal was observed for Pd/RGO. The RGO showed dense 
layered structure with very fine pores. The morphology of RGO 
was not affected significantly with addition of platinum. How-
ever, addition of nickel and palladium changed the structure of 
RGO to fluffy and layered structures. For EGO, which already 
had fluffy structures, the separation of layers further increased 
on addition of palladium. This resulted in its highest surface area 
and pore volume. The highest hydrogen uptake of 3.52 wt% was 
obtained for Pd/EGO at − 196 °C and 30 bar. The highest uptake 
may be attributed to the highest surface area, pore volume, O/C 
ratio and dispersion of palladium particles in of Pd/EGO. The 
Pd /RGO gave the second highest hydrogen uptake of 3.22 wt% 
among doped samples. This was in spite of having the lower sur-
face area and pore volume than the Pt/RGO. The higher hydro-
gen uptake capacity of Pd/RGO may have resulted from higher 
dispersion of metal particles, higher oxygen content and layered 
structure. Also, higher interaction of Pd and hydrogen might 
have contributed to higher hydrogen uptake of Pd containing 
samples. The heat of adsorption was also highest for Pd/EGO 
sample (13 kJ/mol), confirming strongest interaction between 
hydrogen and highly dispersed palladium particles.

Experimental
Preparation

The graphene oxide (GO) was first prepared by modified Hum-
mer’s method [30]. The desired metal (Ni, Pt or Pd) was impreg-
nated on the graphene oxide (GO). The dry metal-doped GO 
sample was divided into two parts. One part was reduced by 
hydrazine to obtain the metal-doped RGO and the remaining 
part was exfoliated to obtain the metal-doped EGO sample. 
The details of the preparation steps are shown in Fig. S5. The 
required amount of metal (Pt/Ni/Pd) precursor was dissolved 
in deionized water and aqueous solution was added drop wise 
to GO. The chloroplatinic acid hexahydrate (Sigma-Aldrich, 
 H2Cl6Pt·6H2O, 37.5%), palladium chloride (Sigma-Aldrich, 
Pd  Cl2, 99%) and nickel acetate tetrahydrate (Sigma-Aldrich, 
Ni(OCOCH3)2·4H2O, 98%) were used as precursors for the 

metals. The resultant metal–GO mixture was thoroughly mixed 
to form a homogeneous sample. This wet metal–GO composite 
sample was dried at 60 °C for 12 h. The dry metal–GO compos-
ite was divided into two parts. For the preparation of metal-
doped reduce graphene oxide (M/RGO), about 1 g of the dry 
metal–GO composite sample was dispersed in 300 ml of deion-
ized water. The suspension of metal–GO composite was stirred 
and then sonicated at room temperature for 2 h followed by 
addition of hydrazine at 90 °C and treated for 6 h. The final 
sample after drying gave metal-doped RGO denoted as Pt/RGO, 
Ni/RGO or Pd/RGO.

The metal-doped exfoliated graphene oxide (M/EGO) was 
prepared using palladium as metal precursor. Around 1 g of 
dried palladium–GO composite sample was taken into a quartz 
boat and placed in the horizontal furnace. The temperature of 
the furnace was increased from room temperature to 300 °C 
under air flow. The sample was maintained at an exfoliation tem-
perature of 300 °C for 1 h in the same flow of air. Thereafter, the 
furnace was cooled down to room temperature. The obtained 
sample was palladium-doped EGO and named as Pd/EGO.

For preparation of RGO and EGO samples, the same steps of 
hydrazine reduction and air exfoliation were carried out respec-
tively, as described for doped samples. However, in this case, 
directly GO was used as the base material instead of metal–GO 
composite.

Characterization of materials

The metal-doped RGO and EGO samples were characterized by 
various analytical techniques, such as X-ray diffraction (XRD), 
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, 
surface area and pore volume analysis, field emission scanning 
electron microscopy (FESEM), energy dispersive X-ray (EDX) 
and transmission electron microscopy (TEM). The details of the 
characterization are added in Supplementary Table S2. Hydro-
gen adsorption analysis was performed at different temperatures 
up to pressure of 30 bar by volumetric method. The more details 
are incorporated in Supplementary Table S2.
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