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Abstract: The current study highlights important information regarding how graphene oxide (GO)
additive interacts with magnesium hydride (MgH,) and transforms to reduced graphene oxide (rGO).
A mild reduction occurs during mechanical milling itself, whereas a strong reduction of GO happens
concurrently with the oxidation of Mg formed during the dehydrogenation of MgH,. Owing to
the in situ transformation of GO to rGO, the dehydrogenation temperature of MgHj; reduces by
about 60 °C, whereas the hydrogen ab/desorption reaction kinetics of MgH, increases by two orders
of magnitude and the dehydrogenation activation energy decreases by about 20 k] /mol. We have
thoroughly scrutinized the transformation of GO to rGO by differential scanning calorimetry (DSC),
X-ray diffraction (XRD), Raman spectroscopy, Fourier transform infrared (FTIR) spectroscopy and
atomic force microscopy (AFM) techniques. Interestingly, the GO to rGO transformation triggered by
magnesium hydride in the current study further paves the way for the facile preparation of rGO- and
MgO-decked rGO composites, which are important materials for energy storage applications.

Keywords: oxide additives; hydrogen storage; catalysis; nanomaterials

1. Introduction

Hydrogen fuel cell vehicles require an onboard hydrogen supply unit which can de-
liver at least 5.5 wt.% Hj for 1500 cycles at temperatures, <85 °C and pressures, 5-12 bars [1].
To date, no report is available for any hydrogen storage materials with the ability to solve
these requirements. On the other hand, the reversible binary hydride, MgHy, is a promising
material under the US department of energy (USDOE) hydrogen storage target consid-
erations, except that >350 °C is required for the liberation of hydrogen [2]. Researchers
demonstrated that the hydrogen desorption temperature of MgH; can be lowered sub-
stantially by incorporating suitable additives [3-15]. Additives from the categories of
metal oxides [3], transition metals [4,5], rock salts [6,7], intermetallic alloys [8], nitrides [9],
halides [10,11] and carbon nanostructures [12-15] were found to be impactful for MgHo,.
Specifically, carbon nanostructures were proposed by various researchers because of the
higher contact surface area and the ability to provide catalytically active contact surfaces.
In recent years graphene oxide (GO)/reduced graphene oxide (rGO) functionalized nanos-
tructures have become increasingly popular for MgH, and various interesting results can
be observed in the literature [16-22].

Liu et al. [16] tested Fe-, Ni- and FeNiz-anchored rGO nanostructures as additives for
MgH, and found that FeNi; containing rGO is the best-performing among these three ad-
ditives. It was found that the bimetallic FeNij3 species from the FeNiz@rGO nanostructure
interact with MgH, and form Mg,NiHy and Fe nanoparticles. Based upon this observa-
tion, the authors attributed the catalytic activity with a synergetic effect involving the
possible existence of highly distributed catalytic centers. Liu et al. also tested the effect of
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NiCu-decorated rGO nanosheets as an additive for MgH, [17] and found that NiCu@rGO
performs better than NiCu alone as an additive for MgH,. In yet another study, Liu et al.
prepared xTiO,@rGO (x = 30, 40, 50 and 70, by weight) [18] and found that 70TiO,@rGO
is the most beneficial among these additives for MgH,. The titania existing in this struc-
ture is reduced in situ, and hence the catalytic activity was attributed to a charge transfer
interaction between Mg?*, H™ and the additive. Wang et al. [19] showed that graphene
oxide in porous form makes an excellent scaffold material for confining MgH, nanoparti-
cles. Zhang et al. [20] used CoMoO, nanoparticles-decorated rGO as additive for MgH,
and found that a 10 wt.% CoMoO,-rGO-added MgHj releases hydrogen at temperatures
around 200 °C. Further sample testing proved that the sample contains Mo, CoyMog and
MgO, hence, a synergetic effect of these species was proposed to be the reason for the better
system performance. In another study;, Ji et al. [21] tested FeNi-decorated rGO as additive
for MgH; and found that the sample exhibits consistent performance up to 50 cycles. It
was also found that the powder contains Mg, Ni/Mg,NiHy, Fe particles and, hence, the
authors correlated the observed effect with synergy and the prevention of agglomeration
of MgH, particles. Yao et al. [22] prepared Nix@rGOy, (x = 2-6 and y = 4-8) nanostructures
and found that MgH, loaded with 10 wt.% of this additive releases hydrogen at 190 °C. The
Ni in this structure reacts with Mg/MgH, and leads to the formation of Mgy Ni/MgoNiHy
nanoparticles. Based upon this, the catalytic activity was attributed to the nano-scale size
of the evolved species and its consequence on influencing Mg-H bonding.

The above studies provide interesting insights regarding the chemical interaction of
secondary nanostructures which are supported on GO/rGO assemblies. Nonetheless, in
most such studies the chemical interaction of GO/rGO alone with Mg/MgH, is overlooked,
possibly because GO is considered a stable oxide, and one could assume that it remains
intact during all stages of H absorption/desorption measurements. However, to the best of
our experience on various types of metal oxides, we cannot overlook the possibility of slow
reduction of any oxide additive(s) over H charge/discharge cycles [23]. A thorough insight
into how GO alone interacts with MgH, needs to be explored because the mechanical sta-
bility of secondary nanostructures-anchored GO may depend on the continued intactness
of GO supports over repeated cycles. Considering this, in the present study we initially
investigated the effect of introducing a 5 wt.% of GO as an additive for MgH,. Our study
provides crucial evidence that there indeed exists an in situ transformation of GO to rGO
due to the interaction between GO and MgH; under mechano-thermal conditions. System-
atic sample testing was performed by calorimetry, X-ray diffraction, Raman spectroscopy,
FT-IR spectroscopy, atomic force microscopy and volumetric measurement techniques. The
details regarding the positive influence of GO to rGO transformation on the hydrogen
storage behavior of MgH, are further highlighted.

To understand the catalysis of any metal oxide additives-incorporated MgHD,, it is
essential to know how the additive chemically interacts with MgHj. In view of this, recently
the current team has also investigated a few other metal oxides (e.g., Nb,Os, TiO;, ZrO; and
CeO;) and the reader is encouraged to follow these publications [6,7,24-28]. A thorough
understanding of how each oxide compares or contrasts with the other oxide would help
us to explore a generalized catalytic reaction mechanism for oxides-incorporated MgH, for
hydrogen storage. In this context we believe that the current study will provide us with
very useful further insights for exploring the catalysis of catalytically modified MgHo,.

2. Results

To find the influence of graphene oxide (A1) as additive for MgH,, we tested the
dehydrogenation behavior of a 5 wt.% GO incorporated MgH,. We used a mild milling
condition, 150 rpm for 2 h, to avoid potential mechanically induced structural disturbances
for GO. The isothermal dehydrogenation kinetics of this as-prepared sample was tested
at 315 °C and the observed profile is demonstrated in Figure 1 (profile “a”). After dehy-
drogenation, hydrogen was restored (6 bar/315 °C) and the dehydrogenation kinetics of
the hydrogen-restored sample was again tested at the same temperature (315 °C). The
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observed kinetics profile for this sample can be identified as profile “b” in Figure 1. As
one can see, the kinetics obtained for the hydrogen-restored sample was better than the
starting sample. This signifies that the catalytic effect of the additive in the powder has
improved after the initial hydrogen desorption of the sample. After this observation, our
interest was to identify what made the catalytic improvement in this sample. Note that the
isothermal measurements were performed under identical conditions for both cases, except
that the recycled sample (profile “b”) underwent an additional hydrogenation treatment. It
is therefore understandable that the possibility of chemical interaction between GO and
MgHj is higher in the recycled sample. Nonetheless, this logical assertion requires further
experimental support, and in this context, our sample characterization results, provided
in the following sections, aim to provide understanding of the interaction between GO
and MgHj,.
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Figure 1. Dehydrogenation kinetics profiles obtained for 5 wt.% GO incorporated MgH,. Profile “a”
corresponds to the as-prepared sample, and profile “b” corresponds to the hydrogen-restored sample.
Dehydrogenation temperature/pressure: 315 °C/1 bar.

Initially, the samples used for isothermal dehydrogenation (i.e., 5 wt.% GO (A1) loaded
starting sample and the hydrogen-restored sample) were examined by X-ray diffraction
technique. The obtained XRD profiles were indexed as “a” and “b” in Figure 2 (profile
“a” corresponds to the as-prepared starting sample and “b” corresponds to the hydrogen-
restored sample). In the starting sample (profile “a”) we can identify the normally expected
Mg and MgH, peaks. On the other hand, in the hydrogen-restored sample (profile “b”)
we can also see a new peak positioned at 42.6°, which corresponds to MgO. It may be an
interesting clue that GO and MgH, interact during the thermal treatment which results
in the reduction of GO and oxidation of Mg. Nonetheless, further proof is needed as
Mg/MgH, surfaces can be prone to get oxidized by the existence of any accidentally
intruded oxygen during the measurement. In light of this, we have made two modifications
in the way we introduce the 5 wt.% additive to the main hydride MgH,. These are (i) the
5 wt.% additive was mechano-chemically reacted with an equal amount of MgH), separately
(i.e., 1:1 weight ratio) and then deployed as additive for MgH, (additive code A2), (ii) the
mechano-chemically reacted powder (i.e., A2) was heated at 315 °C under pure hydrogen
atmosphere for 10 h and the obtained material was used as additive (additive code A3)
for MgH, (here we chose 10 h because the total isothermal dehydrogenation time that
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we assigned for our test samples is 10 h (see Figure 1). For more information regarding
the sample preparation protocols for A1, A2 and A3, see Materials and Methods section.
Incorporation of A2 and A3 as additives for MgH, was made under identical experimental
conditions as those made for Al-loaded MgHS,.

E
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Figure 2. X-ray diffraction patterns correspond to 5 wt.% GO incorporated MgH), (a) as-prepared
sample, (b) re-hydrogenated sample after dehydrogenation.

After the preparation of these samples, to obtain a comparative picture of the catalytic
activity of additives A1, A2 and A3 for MgH), initially we recorded the differential scanning
calorimetry (DSC) profiles for the Al-, A2- and A3-added MgH, samples (Figure 3). As
seen in Figure 3, the endothermic peak maxima obtained for Al-loaded MgH, occurs
at a higher temperature than that observed for A2- and A3-loaded MgH, samples. The
A2-loaded sample provides a desorption peak maximum at a 30 °C lower temperature,
whereas the A3-loaded sample provides an endothermic peak maximum at ~330 °C which
is ~60 °C lower compared to the peak maxima noted for the Al-loaded MgH,. Particularly,
the onset temperature observed for the A3-loaded sample is ~285 °C, which is roughly
~70 °C lower than that observed for the Al-loaded MgH; sample. This DSC test clearly
shows that A2 and A3, especially the latter, possess superior catalytic activity as compared
to Al. After exploring this information, our interest was to identify what chemical species
exist in samples A2 and A3. In view of this, XRD was performed for samples A1, A2 and
A3 and the observed profiles are provided in Figure 4. As can be seen, in the case of Al one
can identify the maximum intensity peak (001) positioned at 10.5°, typically representing
the unique crystallographic identity of GO. In the case of A2, we can observe Mg and
MgH,; peaks, which are expected because the precursors of A2 are GO and MgH; ina 1:1
weight ratio. One notable observation in this pattern is that the (001) peak corresponding
to GO has shifted from 10.5° to 12.5°. It suggests that during the mechanical milling itself
a marginal reduction of GO occurs due to its interaction with MgH,. In the case of A3,
the (001) peak of GO totally disappeared and we observed a new broad peak at 25.8°,
which corresponds to rGO [29]. Interestingly, in addition to this information we have also
observed dominant MgO peaks in this sample, clearly indicating that GO and MgH, have
chemically interacted and transformed to rGO and MgO. This is interesting because the
GO reduction in the present case is a simple one-step process that may be competitive with
some of the best GO reduction strategies discussed in the literature [30,31].
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Figure 3. Differential scanning calorimetry profiles for MgH, with 5 wt.% GO. The additive GO was
incorporated through three different approaches: (a) in the form of as-received GO (additive code
Al), (b) 5 wt.% GO pre-milled with an equal quantity of MgH, (additive code A2), and then added
to the remaining MgHj, and (c) the powder A2 heat-treated to 315 °C (additive code A3) and then
added to the remaining MgH,.
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Figure 4. XRD patterns correspond to Al, A2 and A3 (Al is as-received GO, A2 is the GO-MgH,
mixture in 1:1 weight ratio milled for 2 h, and A3 is the same powder after heating to 315 °C under
H, atmosphere.



Catalysts 2022, 12, 735

6 of 15

After this interesting observation regarding the chemical interaction between GO
and MgHy, for further evidence we have tested the samples Al, A2 and A3 by Raman
spectroscopy and Fourier Transform Infrared (FTIR) spectroscopy. The Raman spectra
corresponding to samples Al, A2 and A3 are shown in Figure 5. In all these three spectra,
the defect band (D) and the graphitic band (G) can be seen clearly. The G band occurs due to
the in-plane vibrations of sp? bonded carbon atoms, whereas the presence of the D band is
due to the out-of-plane vibrations caused by common defects, functional attachments, and
breakages in the structural network. In Figure 5, the defect band to graphitic band intensity
ratio (Ip/Ig) is higher in the case of A3 as compared to Al and A2, which is fine evidence
for the transformation of GO to rGO. The rGO structure contains various defect sites due to
broken bonds [32], and these sites can be highly effective for catalytic interactions. This is
in good agreement with the trend observed in the DSC study (Figure 3).

1 an—-co
: (A2) ——MgH,- GO in 1:1 wt. ratio, 2h milled
= (A3) —— After heating A2 at 315 °C at 1 bar H,
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Figure 5. Raman spectra corresponding to the samples Al, A2 and A3. “D” stands for defect band
and “G” stands for graphitic band.

Proceeding with this information, we have also recorded IR spectra for the samples
A1, A2 and A3 (Figure 6). In a typical IR profile for GO, the broad peak at 3415 cm ™! is
due to the OH groups. The peaks at 1731 em~ 1, 1623 ecm ™1, and 1230 cm 1, respectively,
correspond to the stretching of carboxylic acid functional groups, sp? hybridized carbon in
the graphene oxide network, and the epoxy symmetric ring deformation [33]. The tertiary
C-OH group provides the peak signature at 1398 cm ! and the C-OH stretching can be
identified by the peak at 1050 cm™! [34]. All the aforesaid peaks are invariably seen for the
sample Al. Interestingly, the disappearance of the peak at 1731 cm ™!, which is highlighted
by the red dotted line, suggests the decomposition of the carboxyl group [35] in samples
A2 and A3, especially in the latter. In samples A2 and A3, the existence of a minor peak at
1559 cm ! reveals the restoration of sp? carbon networks in these structures. In the sample
A3, existence of a new peak at 440 cm~! is due to the Mg-O-stretching interaction [36,37].
This information provides strong additional supports that MgH; and GO indeed react
during thermal treatment under hydrogen ambience. The interaction not only led to the
reduction of GO, but also to the oxidation of magnesium.
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Figure 6. Fourier transform infrared spectra corresponding to the samples Al, A2 and A3.

After accomplishing the Raman and IR spectroscopy studies, we have also tested the
samples Al, A2 and A3 by Atomic Force Microscopy (AFM). For each sample, the 2D, 3D
AFM images and the thickness profiles are shown in Figure 7. Given sequence (left to
right): images “al”, “a2” and “a3” for sample Al; “bl1”, “b2” and “b3” for sample A2; “c1”,
“c2” and “c3” for sample A3. As shown in images “al” and “a2”, in the case of sample Al
(i.e., GO) a large-size single GO sheet, part of which flipped and folded over the bottom
layer can be identified. The thickness profile corresponding to this sheet is given by “a3”
(the region subjected for thickness measurement is indicated by a horizontal line in the
AFM inset given in “a3”). The thickness profile indicates that the GO sheet existing in
sample Al is roughly 1.2-1.5 nm thick, suggesting that this flake is likely to be 2 sheets
thick (typical thickness for honeycomb carbon network is 0.34 nm [38] and the interlayer
distance is 0.76 nm [39]). In the thickness profile “a3”, the high Z axis value for the range
x = 0.5-1.2 um is due to the folding of the GO sheet.

In the case of sample A2, the 2D and 3D images (“b1” and “b2”) reveal the existence of
a big sheet together with highly distributed nanoparticles. Since sample A2 is a ball-milled
mixture of MgH, and GO in 1:1 weight ratio, any other object that exists other than the GO
sheets in sample A2 could be Mg/MgH,/MgO. Apart from these, the presence of small
sheets is also observed in some regions in sample A2. For clarity one such region imaged
by us is provided as the inset in image “b1”. Therefore, in the thickness profile (“b3”) we
have given two curves, one corresponding to the bulk sheet (red profile) and the other
corresponding to a small sheet (green profile). The observed thickness is roughly 0.9 nm
for the big sheet, this may be due to the decreased interlayer distance when GO partially
transforms to rGO. On the other hand, the thickness observed for the small sheet is only
~0.4-0.5 nm, which suggests that it may be a monolayer sheet.

The 2D and 3D images corresponding to sample A3 (Figure 7(c1,c2)) reveal the pres-
ence of tear-edged, highly dispersed sheets all across the imaged surface. The thickness
as calculated from the Figure 7(c3) is within the range of 0.4-1.1 nm. The upper limit is
likely to be an exaggerated value, because of the slight flipping at the tear edges of these
sheets. Nonetheless it is quite clear that in samples A2 and A3, the existing sheets are
thinner than those existing in sample Al. The decreased thickness may be due to the
transformation of GO to rGO, and this observation is also supported by XRD, Raman and
IR spectroscopy results.
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Figure 7. Atomic force microscopy study for samples A1 (images (al-a3)), A2 (images (b1-b3)) and
A3 (images (c1-c3)). Each row, left to right: 2D image, 3D image, and distance vs. height profile.

It is interesting to note that the sample tests made for A1, A2 and A3 by DSC, XRD,
Raman spectroscopy, FTIR spectroscopy and AFM techniques are in good agreement
with each other. Proceeding with these supports, in order to understand the influence
of GO to rGO transformation on the hydrogen storage behavior of MgH,, hydrogen
desorption/absorption kinetics tests were conducted for the Al, A2 and A3 additives-
loaded MgH,; samples at 315 °C. The observed kinetics profiles are provided in Figure 8
(Figure 8a for desorption kinetics and Figure 8b for absorption kinetics).

As seen in Figure 8a, the speed of dehydrogenation reaction exists in the series of
A3-A2-Al, clearly indicating that GO to rGO transformation increases the catalytic activity.
After the dehydrogenation, the samples were hydrogenated at the same temperature by
exposing at 6-bar pure hydrogen atmosphere and the recorded absorption kinetics profiles
are demonstrated in Figure 8b. As one can see, the A3-added sample exhibits better
absorption kinetics than the Al- and A2-added MgH, samples. It is also notable that the
hydrogen absorption kinetics observed for Al- and A2-added MgH), are closely identical
to each other. This is understandable, because during the dehydrogenation of Al-loaded
MgH), a partial transformation of GO to rGO is expected and its immediate effect impacts
on the subsequent hydrogen absorption reaction.
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Figure 8. Dehydrogenation and rehydrogenation kinetics profiles obtained for GO-based additives Al,
A2 and A3 incorporated MgHj: (a) dehydrogenation kinetics (315 °C/1 bar) and (b) hydrogenation
kinetics (315 °C/6 bar).

To further understand the extent of improvement in catalytic activity for Al-, A2-
and A3-loaded MgH,, we have also conducted an activation energy (E,) study. For this
study, DSC measurements were conducted for Al-, A2- and A3-loaded MgH), at different
heating rates (2, 4, 8 and 12 °C/min) and Kissinger plots were evaluated through the
relation mentioned in Equation (1) in the Materials and Methods section. The observed
Kissinger plots for Al-, A2- and A3-loaded MgH, are shown in Figure 9. For ease of
understanding, the temperature in degree scale is provided in the top X-axis of this figure.
One can easily understand that there exists a big difference in the range of temperatures
at which these three systems work. The GO to rGO transformation resulted in a lowering
of at least 60 °C under the experimental conditions at which we tested our samples. In
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Table 1 we have summarized the observed linear equation, calculated activation energy
and the observed standard deviations of the E; values. The activation energy obtained for
the Al-loaded sample is 217.8 kJ /mol, which is lowered to 189.6 k] /mol and 168.8 k] /mol,
respectively, by replacing A1 by A2 and A3 as additives for MgHj. This is yet another proof
that transformation of GO to rGO through the interaction between GO and MgH, results
in the improved catalytic activity of the system.

Temperature (°C)
420 410 400 390 380 370 360 350 340 330

ot T T T T Eal 168.8 kdimol | T
-10.4 - Ea = 189.6 kd/mol A _ 3
° . MgH, with additives 1
L 0 *
k m A1 -
1084 . A o A2
| ‘- e A A3 T
—-11.2- 7
~ 1.6 1 " -
2.0 E5 = 217.8 kiimol', N
4 \\ .
- 1
12,4 - y=-262/T+27.3 y=-228/T+236 Yy=-203/T+215
I . I : I 7 T L [
1.45 1.50 1.55 1.60 1.65
1000 / T (K™)

Figure 9. Kissinger plots obtained for A1, A2 and A3 incorporated MgH,. The activation energy
values are given in the figure.

Table 1. Summary of data obtained from Kissinger profiles for additives A1, A2, A3 incorporated MgH,.

Additive to MgH,  Straight Line Equation  R? Value ACti"aﬁﬁ‘J‘/i‘zrgy (Ea), Sta“d:;a‘}lglez'}‘/‘g‘:l‘ of Ea
Al 262/T+27.3 0.992 217.8 16.2
A2 —22.8/T + 236 0.998 189.6 45
A3 ~203/T +21.5 0.999 168.8 3.0

3. Discussion

The results explored in the current study make it clear that graphene oxide chemically
interacts with MgH, and transforms to reduced graphene oxide. This reduction process
also leads to the formation of MgO. When this rGO/MgO composite is used as additive
for MgH,, the hydrogen ab/de-sorption performance of MgH, improves significantly. For
clarity, in Table 2, we have summarized the important features of Al-, A2- and A3-added
MgH,; and compared these with the data reported [28] for additive-free MgH,. The extent
of catalytic contribution from MgO alone for MgH; was discussed by a few researchers
in the literature [40,41]. It was suggested that MgO can act as a “process control agent”
to prevent the agglomeration of strongly milled MgH, nanoparticles [40]. Our previous
studies also suggested that MgO can be catalytically active for MgH, if MgO transforms to
metal-substituted rock salt, typified by MgyMyOx.y (M is a metal atom, for example, Nb



Catalysts 2022, 12, 735

11 of 15

or Ti) [7,36]. Nonetheless, we need to consider that the mild milling operation performed
in the current study does not make any considerable size impacts on MgH; and also that
the MgO observed in the current case is a pure undoped rock salt product. Therefore, it
is understandable that the other product, rGO, is the responsible species for catalytically
improving MgHj,. The current team has recently investigated a few other oxides, such
as NbyOs, TiO,, ZrO,, and CeO, as additives [6,7,24-28,36] for MgH; and found that all
these oxides reduce chemically by interacting with MgHo,. It is interesting to note from the
current study that GO also follows the same trend.

Table 2. Summary of data proving the influence of GO to rGO in situ transformation on the hydrogen
storage behavior of MgH,. The data corresponding to pure MgH, was obtained from the literature [28].

Desorption Temperature (from DSC,

Sample Info AT = 2 °C/min) Max Kinetics (wt.%/Minute)
Additive desorption at absorption at

Hydride and additive =~ Composition (as Onset temperate ~ Peak temperature 315°C/1bar H, 315 °C/6 bar Hy
per XRD)

MgH, with Al Pure GO 355 °C 388 °C 0.033 wt.%/min  0.150 wt.%/min

MgH, with A2 ;?grgauy reduced GO, 550 0 363 °C 0.047 wt.%/min  0.161 wt.%/min

MgH; with A3 rGO and MgO 285 °C 330 °C 0.060 wt.%/min  0.439 wt.%/min

Pure MgHj, - 380 °C 415°C - -

In a recent study, Liu et al. [16] tested a MgH, + 5 wt.% NisFe composite powder for
hydrogen storage applications. In this study, when an equal amount of 5 wt.% pure NizFe
additive was replaced by rGO-supported NisFe (the carbon-to-metal atom ratio in this
study is 1:1), the dehydrogenation activation energy lowered by about 22 k] /mol. In the
current study, when Al is replaced by A2 we observed that E, decreases by 28 k] /mol
and when A2 is replaced by A3 a further lowering of 21 kJ/mol can be achieved. The
observation in both of these studies are in good agreement with each other and it is clear
that rGO possesses better catalytic activity than the pure GO additive for MgH,. Regarding
the factors responsible for the improved catalytic activity, there are several advantages of
rGO over GO. The notable advantages, which are relevant for solid-gas interaction, are the
higher surface area of rGO and the existence of unsaturated broken bonds [42].

To the best of our opinion, since graphene derivatives are widely applicable materi-
als [43—47], the observations presented in the current study could be useful beyond the
area of hydrogen storage. This is because the chemical reduction of GO involves either
expensive processes and/or the release of toxic by-products [30,48,49]. On the other hand,
GO to rGO transformation explored in the current study is through a benign hydride MgH,
and the observed process temperature is comparatively low. Moreover, in the literature
various research teams use nanoparticles/functional groups decorated on the GO substrate
and use them as additives for MgH, and other hydrogen storage systems. A wide belief
in the literature is that the GO substrate is intact and, hence, the stability of the employed
structure remains unchanged. Our current study indicates that this assumption is likely to
be incorrect, and the reduction of GO may lead to the collapse of the anchored structures.

4. Materials and Methods

Graphene oxide and magnesium hydride were purchased from Alfa Aesar. GO was
introduced as additive to MgH, through three different ways, specified by additive codes
Al, A2 and A3, as expressed below.

Al: As-received graphene oxide (GO).

A2: GO and MgH); mixed in 1:1 weight ratio and ball-milled at the speed of 150 rota-
tions per minute (rpm) for 2 h.
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A3: The powder “A2” is heat-treated to 315 °C under a 1-bar hydrogen environment
and then cooled to room temperature.

Incorporation of additives Al, A2 and A3 to MgH), in the current study is through
mechanical milling using the planetary type milling facility, model Retsch PM200. All ball-
milling operations in the current study were performed using stainless steel milling jars and
balls with a ball-to-powder weight ratio 75:1 for 2 h with a milling speed of 150 rpm. The
GO additive concentration for MgH», used through all samples A1, A2 and A3, was 5 wt.%.
The structural features were analyzed by X-ray diffraction (XRD) technique using a Rigaku
X-ray diffractometer having a CuK  radiation source with A = 1.541 A. Powder processing
was always performed inside an Ar-filled MBraun glove box. To prevent air exposure
during diffraction measurement, all the Mg-containing samples were sealed by Kapton
polyimide films inside the glovebox. The differential scanning calorimetry (DSC) tests were
conducted by using a Perkin Elmer thermal analyzer that uses nitrogen as carrier gas (flow
rate: 20 cc/min). Hydrogen storage measurements were conducted by using a Sievert-type
volumetric measurement facility developed in our laboratory. The activation energy (E;)
values were calculated by the Kissinger relationship [50] as given in Equation (1):

B1  E. . [ZR
IH{T%J_ RTm““{EJ M

where R is the gas constant (8.314 ] /mol K), Z is the Arrhenius pre-exponential factor, Ty, is
the temperature at which the reaction rate is maximum (in the DSC profiles of MgHj, this
represents the temperature corresponding to the endothermic peak maxima), and 3 is the
heating rate.

For extracting information regarding the effect of interaction between MgH, and GO
on the molecular level we used Raman and Infrared spectroscopy techniques. For recording
Raman spectral profiles, we employed a Horiba Jobin Vyon micro-Raman spectrometer
with a 633 nm excitation laser, an edge filter (for Rayleigh line rejection) and a CCD detector.
The laser beam was focused to the sample using a 50 x objective lens at a spot size of 2 um.
The FT-IR spectral measurements were performed using a Shimadzu spectrometer (FTIR
8400), operating with the excitation laser wavelength 314 nm. The data were acquired in
transmittance mode, for which the laser beam was focused on dense KBr pellets containing
finely dispersed particles of interest. The atomic force microscopy (AFM) measurements
were performed by using the facility Nanoscope IV MMAFM-2. For AFM measurements
the samples were initially dispersed in pure ethanol medium and then lodged on a clean
mica base by dropping and drying the solution.

5. Conclusions

In this study, dehydrogenation kinetics of a 5 wt.% GO-incorporated MgH, sample
was tested at the isothermal dehydrogenation temperature of 315 °C. The sample was
reversibly hydrogenated at the same temperature by exposing at 6-bar hydrogen pressure
and the dehydrogenation kinetics was tested again. The kinetics is better in the latter case,
and with further tests we reached the following conclusions.

1.  Asper XRD observations, GO and MgH, react during ball-milling itself (reaction time
2 h, milling speed 150 rpm). However, substantial transformation from MgH, /GO to
MgO/rGO is witnessed after heating the sample at 315 °C.

2. DSC study proves that peak dehydrogenation in the case of rGO containing MgH,
occurs by about 58 °C lower temperature as compared to that of GO-containing MgHo.

3. FTIR and Raman spectroscopy studies further prove that, with mild mechanical
milling itself, there is GO to rGO transformation in the powder. On the other hand,
significant transformation occurs after heating the powder at 315 °C.

4. AFM studies prove that the length and thickness of rGO flakes is smaller than that
of the starting GO sample. Evidence for monolayer rGO is observed in the case of
heat-treated sample.
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5. The in situ GO to rGO transformation also improves the dehydrogenation of MgH,.
Nearly two times improved dehydrogenation kinetics is observed during the isother-
mal dehydrogenation at 315 °C. On the other hand, during H, absorption (315 °C/6 bar
Hy) the kinetics improves about three times with respect to the starting sample.

Any form of GO, either clean GO or reduced GO, lowers the dehydrogenation acti-
vation energy of MgH,. Especially, rGO in place of GO as additive lowers the activation
energy by at least 20 k] /mol. This assertion is also supported by literature evidences.
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