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ARTICLE INFO ABSTRACT

Keywords: Here, to investigate the hydrogen storage capacity by carbonaceous compounds, graphene oxide (GO) was uti-

Gfaph‘?ne oxide lized. To evaluate the influence of metal oxide, GO was modified by zirconium oxide (ZrO5) through the refluxing

i‘rclggla method (GO-Zr0O,). Laser ablation in liquid (LAL) was deployed to fabricate gold nanoparticles (Au NPs), which
u S

were then deposited on GO-ZrO; (GO-ZrOz/Au) to assess the effect of metal NPs on hydrogen adsorption per-
formance. Different analyses characterized the synthesized nanocomposites and the results suggest the successful
immobilization of ZrO, and Au NPs. The nanocomposites were deposited on a stainless steel mesh by electro-
phoretic deposition (EPD) and used in the electrochemical cell as working electrodes. Hydrogen storage capacity
was assessed by electrochemical route in an alkaline medium under ambient conditions. The comparison of cyclic
voltammetry (CV) revealed that increasing hydrogen charge is the courtesy of ZrO, and Au NPs. The maximum
hydrogen charge achieved by GO-ZrO,/Au was about 180 Gg™. The best electrode stability was assessed and the
results indicated that EPD was such an effective method that the electrode offered good stability under prolonged
analysis. The results suggest that the synthesized nanocomposites can be considered as potent candidates in

Laser ablation in liquid (LAL)
Hydrogen storage

hydrogen production and storage.

1. Introduction

In the present century, there is quite an extensive diversity of hazards
involved with growing energy consumption along with increasing
population and improving industrialization [1]. Of course, there are
potential risks regarding carbon footprint, greenhouse gases, and global
warming. The underlying fact is that fossil fuels cause irreversible
damages to the environment and their shortage must be considered a
major problem. The drawbacks of fossil fuels can be avoided by the
application of alternative biofriendly energy resources. Having
increased demand for fuels, research is focused on the design and
development of power source devices. To fulfill such targets, the main
aspect of efforts is producing energy via greener pathways as well as
energy storage through cost-effective devices for widespread utilization
[2]. Producing hydrogen from water is attractive because, in contrast to
fossil fuel, hydrogen is renewable and bio-friendly, as well as it omits
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greenhouse gases [3]. The produced hydrogen can be stored in liquid,
gas, and solid state forms. In fact, high pressure compression and
liquefaction are the most impractical processes for hydrogen storage in
liquid and gas phases [4], respectively which changes the attention to
hydrogen storage by physisorption process in nanostructured materials
such as carbonaceous and metal organic framework (MOF) [4,5]. Based
on physisorption, hydrogen spillover mechanism by carbon materials
[6], zeolites [7], and MOF [8,9] has been extensively reported in liter-
ature. In the spillover process, hydrogen dissociation source, receptor
and connection are critical factors [10]. Highly distributed metals
(hydrogen dissociation source) increase the metal surface area and
provide an adequate connection between metal and carbon receptors
[10]. It is worth mentioning that the metal NPs overloading adversely
affected; the optimized loading was achieved when the surface of the
receptor is mainly accessible [11-14]. An excellent receptor provides
more host sites for hydrogen adsorption; modification of surface
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chemistry (doping of receptor by boron, nitrogen) was suggested for
improving the surface area. Comparing adding oxygen functional groups
documented that surface oxygen groups stabilize the hydrogen and offer
bridges [15-17], as a consequence hydrogen atoms can diffuse to the
host sites of the receptor, which were inaccessible before [17,18]. In
addition, oxygen containing functional groups such as hydroxyl groups
increase hydrophilicity offering the most effective property for the
interaction between the surface of materials and liquid [19]. The last but
not the least factor has been investigated to fulfill intimate contact. The
physical loading of metals or metal oxides on carbon receptors has been
suggested as the easiest approach to overcome the lack of bridges be-
tween the hydrogen dissociation source and receptor [11,20,21].

Graphene oxide (GO), which has a large surface area and different
functional groups, is a good candidate as a substrate in various research
fields; for instance, catalytic activity [22,23] and energy storage
[24-26]. An overview of the literature indicates that different compo-
nents have modified GO as hydrogen storage substrate [27-36]. GO
surface offers a good space for hydrogen adsorption, diffusion and
storage. In addition, oxygen-containing functional groups such as hy-
droxyl groups accelerate the adsorption of hydrogen on carbon surface
materials [37]. Increasing hydrogen storage capacity was achieved by
modifying surface oxygen groups; for example, adding transition metals
[38,39] and metal oxides such as TiOs, ZnO, and ZrO, [40-43] is the
most convenient method to improve the surface area and electro-
chemical performance [44]. Having unique mechanical, thermal, and
structural properties, zirconia (ZrO) has been utilized in a diverse range
of fields [45]. Metal NPs have been exceedingly utilized as adsorbent
species in hydrogen storage [1,26,39,46-51]. The decoration of sub-
strates with NPs effectively promotes applications, which are unattain-
able by substrate individually. Considering the specific properties of Au
NPs, they have been used as improving agents in hydrogen production
[46] and analytical sensitivity [52]. Different approaches to decorate
substrates with Au NPs have been reported in the literature such as
chemical deposition [53], seed-mediated growth [54] and laser ablation
in liquid (LAL) [23,55]; the last one has attracted attention because of its
adjustable parameters and eliminating of contaminating reagents [56].
Furthermore, LAL is a physical method to generate NPs by different
shapes and morphology [57]. Although production NPs in gram scale is
already accessible, there are some ways to eradicate the boundaries for
the scaling-up of the production without a reduction in the quality of
NPs colloidal [58]. In the quest for a suitable method tighter focusing,
extending ablation time, and increasing laser energy have been recom-
mended. It is worth mentioning that the aforementioned methods need
to optimized parameters that not only do not prevent reaching the whole
energy of laser pulse to target, but also offer a high production rate [59].
High-repetition-rate and high power laser was applied as an easy setup
for gram scale production about 4 g/h [60]. The results suggested that
laser-induced bubbles were elapsed because of high scanning speed, and
the laser beam can effectively reach to the surface of target. A
high-power nanosecond laser and ultrasonication were utilized to syn-
thesize organic NPs; indeed, ultrasonication led to restrict aggregation,
which increases production rate and efficiency [61]. Furthermore, the
thickness of liquid which covers target surface was recommended as one
of the crucial parameter [58,62].

Among deposition methods, electrophoretic deposition (EPD) has
been extensively used down to its adjustable parameters and deposition
quality. EPD has been considered an effective method for the deposition
of nanocomposites on conductive substrates [63]. These deposited
substrates have the potential to employ in different areas such as
oil-water separation [64] and ethanol electro-oxidation [65]. Electro-
chemical hydrogen storage through cyclic voltammetry (CV) is a pre-
vailing method to study adsorption/desorption of hydrogen in detail
[1]. Water decomposition takes place in a cathodic direction; conse-
quently, hydrogen is produced from water. Hydrogen atoms are
migrated to the surface of the electrodes under the applied potential and
are desorbed in an anodic sweep [1].
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Considering consensus regarding environmentally friendly methods
leads us to introduce a new nanocomposite close to this target using GO
as a substrate. To investigate the effect of the oxygen-containing func-
tional group on hydrogen storage, zirconia NPs were physically loaded
on GO surfaces via the reflux route. Nanocomposites decorated with Au
NPs were accomplished by LAL method to prove Au NPs influence on
hydrogen adsorption performance. Nanocomposites were deposited on
stainless steel mesh, a conductive substrate, by the EPD method and used
as working electrodes. The CV was deployed to assess hydrogen storage
on a working electrode in an alkaline medium.

2. Methods
2.1. Instruments and reagents

All chemical materials were purchased from Merck Chemical Co.
with high purity. The ZrO, NPs were purchased from Asiapajohesh
Company and used as received. The stainless steel mesh (200 mesh) was
used as the conductor substrate and a Fiber laser (RFL-P30Q, A = 1064
nm and 30W) was applied on a piece of high purity gold to synthesize Au
NPs in deionized water at ambient temperature. The characterization of
nanocomposites was performed by X-ray diffraction (XRD, D8-Advance
Bruker) in the 20 range of 10-80° at the wavelength of 0.154 nm.
Applying Fourier transform infrared (FT-IR, Thermo Nicolet) is useful to
investigate the nature of nanocomposite. To measure the elemental
composition of the nanocomposites, X-ray photoelectron spectroscopy
(XPS) was deployed; all the binding energy being adjusted through the
Cls peak located at 284 eV. The changes of the pore size and surface area
of the nanocomposites were illustrated by Brunauer-Emmett-Teller
(BET, BELSORP-mini II) and Barret-Joyner-Halenda (BJH) analyses,
respectively. Morphology was surveyed by scanning electron micro-
scopy (SEM, TESCAN-MIRA3-XMU) coupled with an energy-dispersive
X-ray spectrometry (EDX) system to study the presence of elements.
Transmission electron microscopy (TEM, JEM-2100F JEOL and CM120,
Netherland) and high resolution electron microscopy (HRTEM, JEM-
F200, JEOL Ltd., Japan) were deployed to visualize the morphology of
the nanocomposites. Meanwhile, elemental mapping (MAP) represented
the distribution of the elements. To elucidate hydrogen production,
adsorption and desorption, an Autolab (PSTAT204) instrument was
utilized in the potential range of —1.5 to 0.6 in a three conventional cell.

2.2. Synthesis of GO-ZrO2 nanocomposite

In this work, GO was prepared through graphite oxidation by
Hummers’ method [66]. To synthesize GO-ZrO3 nanocomposite, 0.8 g of
GO and 0.2 g of commercial ZrO, were dispersed separately in 50 mL of
deionized water and sonicated for 15 min to reach a homogenous sus-
pension. Subsequently, the ZrO5 suspension was added to GO suspension
and the GO-ZrO, nanocomposite was prepared using the refluxing
method for 24 h at 100 °C. The final powder was filtered and dried at
room temperature.

2.3. Synthesis of GO-ZrOy/Au NPs nanocomposite

Au NPs were prepared using LAL by a reported method [23]. Briefly,
the gold target was placed at the bottom of a cell filled with deionized
water such that 2 mm of water covered the whole surface of the target.
As LAL was performed, the color of water turned to purple, confirming
the fabrication of Au NPs. To prevent agglomeration and absorption of
the laser beam by NPs, LAL was performed in 6 stages, each stage taking
5 min. After 5 min, the colloidal product was extracted and LAL was
continued with fresh water until 0.01 g of Au NPs was acquired. After-
wards, 0.1 g of GO-ZrO, was added to the colloidal Au NPs and the
mixture obtained was stirred for 24 h. The final powder was extracted
and dried at room temperature. The whole process is depicted in Fig. 1a.
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Fig. 1. Schematic of (a) nanocomposites preparation procedure and (b) EPD process for deposition stainless steel mesh.

2.4. Preparation of mesh nanocomposite coating

A stainless steel mesh (0.6 cm x 0.6 cm) washed with acetone and
deionized water was used as a substrate. The nanocomposite coating was
carried out by the EPD route as follows. A homogenous suspension of the
nanocomposites with a concentration of 3 mg mL~! was prepared by
adding 0.12 g of the nanocomposites in 40 ml of distilled water and
diffused for 1 h at room temperature. The mesh and a piece of copper,
vertically faced by 10 mm separation and connected with a DC power
source, acted as the anode and cathode, respectively. The EPD param-
eters were selected as 3 mg ml~!, 25 V and 10 min for nanocomposite
concentration, DC voltage and deposition time, respectively. The mesh
coated samples were dried at room temperature overnight and named
mesh-1, mesh-2 and mesh-3, representing mesh-GO, mesh-GO-ZrO, and
mesh-GO-ZrOy/Au coating, respectively. The EPD process is schemati-
cally shown in Fig. 1b.

2.5. Hydrogen storage measurements

Hydrogen storage measurements were performed by electrochemical

setup, a promising method to investigate hydrogen adsorption/desorp-
tion. The investigation of electrochemical hydrogen storage was per-
formed using an Autolab (PSTAT204). Pt plate and Ag/AgCl acted as the
counter and reference electrodes, respectively, in 1 M KOH as the
electrolyte. All the electrochemical measurements were performed in
the potential window of —1.5-0.6 at a sweep scan rate of 100 mV/s.

2.6. Nanocomposite characteristic

To estimate the diameter of ZrOy NPs, TEM analysis was deployed,
Fig. 2, and the mean diameter of NPs was measured by Image J software
over 30 NPs. The results suggest that ZrOo NPs are almost spherical with
the average diameter of 35 nm.

XRD analysis was deployed to investigate the structural properties of
the resultant nanocomposites. The XRD patterns of GO-ZrO5 and GO-
ZrO/Au are presented in Fig. 3. The sharp peaks suggest that the
samples are stabilized in the crystal structure. The broad peak in the
range of 20 = 20-30° corresponds to rGO [67], confirming that GO has
been almost reduced during the synthesis of the nanocomposite. The
XRD pattern of GO-ZrO2 exhibits some sharp peaks at 20 = 28.17°,
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Fig. 2. TEM image of ZrO, NPs.
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Fig. 3. XRD pattern of GO-ZrO, (red line) and GO-ZrO»/Au (blue line).

31.46°, 34.38°, 38.39°, 45.54°, and four less intensive peaks located at
20 =17.4°, 35.30°, 65.88° and 77.39°, which are attributed to ZrO, NPs
planes depicted in Fig. 3 (JCPDS 37-1484). It worth mentioning ZrO, has
appeared in the monoclinic phase. In addition to ZrO, peaks, the XRD
pattern of GO-ZrOy/Au presents three peaks due to Au NPs. The peaks
around 26 = 38.18°, 44.39° and 64.57°, derived from planes of the Au
(JCPDS 04-0784) [68] are shown in Fig. 3. These strong peaks provide
strong evidence for the successful synthesis.

To investigate how Au loading affects nanocomposite structure, the
grain size was estimated individually for each peak, listed in Table 1,
and the average was calculated. The grain size was estimated using the
following equation (Scherrer’s low [69]):

~ 092
" Peost

(€8]

where 1 = 0.154 nm is the wavelength of the X-ray instrument, the full
width of half maximum intensity (FWHM) in radian is exhibited by /5,
and 0 is the Bragg diffraction peak. As observed, the grain size of the
nanocomposites was increased slightly for each diffraction peak, which
is explained by the narrow peaks after immobilization of Au NPs because
the only g is different for nanocomposites under the same conditions.

Table 1

Grain size (nm) of GO-ZrO, and GO-ZrO,/Au.
(hkD) GO-ZrO, GO-ZrOy/Au
(-111) 44.70 45.40
(111) 51.33 51.28
(-210) 46.12 58.69
(-202) 29.95 33.47
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The average grain size was calculated as about 43.04 and 47.02 nm for
GO-ZrOy and GO-ZrOy/Au, respectively. Although TEM analysis shows
the average diameter of ZrO, was about 35 nm, agglomeration led to
changes in the structure of NPs; consequently, the crystallite size was
increased [70].

To study the chemical composition of the samples, FTIR analysis was
deployed and results are presented in Fig. 4. The hydroxyl groups are
important groups for adsorbing hydrogen (Fig. 4a). In Fig. 4b, the ab-
sorption peak in the range of 3200-3600 em ! is attributed to the
stretching vibration of ~OH groups probably due to the residual water
molecule from the synthesis process [71,72]. Furthermore, there is a
weak band around the 1600 cm™! due to the vibration of H,O molecules
physically adsorbed on the surface of ZrO, [71-74]. The peaks in the
range of 400-700 cm ™! show Zr-O bonding in ZrO, NPs and indicate the
monoclinic structure of the ZrO5 NPs [71], which are corroborated with
XRD data. Fig. 4c displays the FTIR spectrum of GO-ZrOs. Due to co-
ordination between Zr and O on the surface of ZrO,, the characteristic
peak of C=0 stretching was shifted from 1650 to 1700 cm ™" and a
significant decrease of the intensity was observed [67]. The comparison
of the FTIR spectra of GO-ZrO5 and GO-ZrOs/Au, Fig. 4c and d, shows no
changes after the deposition of Au NPs, which is a clear indication for the
physical addition of NPs.

The elemental composition of GO-ZrO,/Au was investigated by XPS
measurement and results are represented in Fig. 5. The wide spectrum,
Fig. 5a, shows the presence of ZrOs and Au on the surface of GO due to

100
= 9%
Ll
8 80
<
E
E 70
c
s
= 60
a C-OH
50
O 9P GO o A o 1P 0 P (B GO0 (B P g @
95
= 85 “‘\\/’-——— M
= 75
:
s 6 O-H
E 55
s
g 4 Zr-O
35 b
25
o 0 g0 o (S o 1P 0 s B o (P P g @O P
100
95
90
e 5
£ g0
g »
g 7
E 65
§ 60
e
55 c
50

O R L S L LN e R R S

100
95
90
85
80
75
70
s | d

60
o ™ g® D P 0 P B o g0 P g G @ @O

Wavenumber (cm™)

Transmittance (%)
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Fig. 5. The XPS analysis of GO-ZrOy/Au (a) wide spectrum, (b) Cls, (c) Ols, (d) Zr3d and (e) Au4f.

Zr3d, Ols and Au4f characteristic peaks. According to Fig. 5b, the Cls
peak located at 284 eV was deconvoluted to four peaks as follows: C-C
(286.4 eV), hydroxyl and epoxy group (C-OH/C-O-C, 286.7 eV),
carbonyl group (C=0, 288.7 eV) and a carboxyl group (O-C=0, 289 eV),
which are signals for the presence of GO sheet [67,75,76]. Three peaks
designated to Quinone groups (530 eV), O=C (531.8 eV) and O-C (532.8
eV) are shown in the spectra of Ols [77], Fig. 5c. The Zr3ds,; and
Zr3ds/, present at 183.5 eV and 185.5 eV, respectively, confirm the
successful immobilization of ZrO, NPs. As shown in Fig. 5d, the char-
acteristic peaks of Au4f were deconvoluted to two peaks located at 83.7
eV, attributed to Au4f;,,, and 87.6 eV ascribed to Au4fs,, [78]; both
peaks indicating the presence of Au NPs in the metal state [79].

The surface characterization of the samples was gauged by nitrogen
physisorption at 77 K, adsorption/desorption isotherm and pore size
distribution of GO, GO-ZrO, and GO-ZrOy/Au, which were depicted in
Fig. 6 and Table 2. Fig. 6a displays the Ny adsorption/desorption iso-
therms of the samples, the H; hysteresis loop [80] and isotherm type of
IV revealed from data in the range from 0.4 to 0.9 compared to relative

pressure [81], which is associated to bottleneck pores [82]; as well as a
considerable storing nitrogen into pores was declared by comparison
isotherms after loading Au NPs. Fig. 6b shows pore distribution of
samples through BJH analysis, the major peak of GO, GO-ZrO5 and
GO-ZrOy/Au is around 2.7 nm, 4.02 nm, 3.08 nm, respectively; indi-
cating the mesoporous structure [83]. As can be seen, the surface area
was risen after loading ZrO2 NPs on the surface of GO; this phenomenon
was probably due to the agglomeration of ZrOz NPs [84]. The addition
of NPs on the surface of GO-ZrO, contributes to increases the surface
area, which favors hydrogen storage capacity. The comparison of the
pore volume of the samples shows a significant increase, affirmed
doping NPs has created new pores [85]. Moreover, the average mean
diameter was calculated and the results suggest that decreasing pore
diameter occurred by adding ZrO, NPs, probably down to filling pores.

On the other hand, loading Au NPs increases the average diameter,
which is probably due to the immobilization effect and generation of a
new porous structure [1,84,86]. It has been reported that increasing the
surface area and pore diameter is beneficial for catalytic performance
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and hydrogen storage. Consequently, it is envisaged that such a high

Table 2 surface area and pore volume as well as wrinkles morphology because of
Surface characterization calculation of GO, GO-ZrO; and GO-ZrO./Au by ni- . .
. - GO lead to increase hydrogen charge capacity [87].
trogen physisorption at 77 K. .
To assess the morphology of samples, the SEM analysis was con-
Sample BET surface area Total pore volume Mean pore diameter ducted and the images are presented in Fig. 7. The ocean-like and
name m°g- cm°g nm . .
(g ) (cm’e™ ) (om) wrinkle structure of GO offers a good space for loading ZrOy NPs and
GO 5.15 0.028 22.00 most of which are irregularly decorated cauliflower-like on the surface
GO-Zr0, 7:49 0.035 18.80 f GO. As observed in Fig. 7b, in some regions, th lomeration of
GO-2r0,/ 879 0.064 2991 o . As observe g 7b, in some regions, the agglomeration o
Au ZrO, NPs has occurred. As others have claimed, the agglomeration of

NPs leads to increased surface area [85,86], which was affirmed by BET

Fig. 7. The SEM images of GO-ZrO, (a and b) and GO-ZrO,/Au (c and d) with different magnifications.
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results. The morphology of the GO-ZrO, nanocomposite was not
changed after immobilization Au NPs, most of which were formed in
spherical shape on the surface of GO sheet, see Fig. 7c and d. Loading
metal NPs increased the surface area simultaneous with pore volume,
which are crucial factors in hydrogen storage [88]. Consequently,
improving storage performance was predicted.

TEM analysis can be deployed as a supplement for SEM to distinguish
ZrOy and Au NPs on the surface of the nanocomposite. The TEM images
of GO-ZrO; and GO-ZrOy/Au are shown in Fig. 8. The dark gray sheet
presents GO surface; wrinkle morphology was supported by SEM anal-
ysis results. Besides, the black region shows that ZrO, NPs are aggre-
gated on the surface of GO. Compared with GO-ZrO,, in Fig. 8b, along
with the black region, some black circle is ascribed to Au NPs loading.
The comparison of Fig. 8 a and b indicates that some black regions
shown by red line in Fig. 8a are probably due to the overlapping or
folding of the GO sheets [89]. To clarify the morphological structure of
the prepared nanocomposite, HRTEM analysis was conducted and the
result of GO-ZrOy/Au is depicted in Fig. 8c and d. Given that the atomic
number of Au is more than that of Zr, the darker regions are due to Au
[90]. As it can be observed, the lattice fringes are clear in Fig. 8d. The
interplanar spacing is calculated as 3.21 IOX, which is consistent with d.11;
of monoclinic ZrO, (JCPDS 37-1484) [91,92] and 2.35 A from (111)
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corresponding to the face centered cubic (FCC) structure of Au(JCPDS
04-0784) [68]. Furthermore, the comparison of TEM and HRTEM shows
some of the ZrO, NPs are accumulated. As a result, the size of ZrO, NPs
seems larger. The yellow and green rectangles in Fig. 8 a and ¢ show
aggregation areas, respectively.

To scrutinize presence and distribution of the elements, EDX and
elemental mapping were deployed for nanocomposites, respectively,
and depicted in Fig. 9. As observed, EDX analysis illustrates the presence
of Zr and Au on the surface of samples, confirming the successful loading
of NPs on the surface of GO by the physical stirring method, and the
uniform deposition is clearly observed by elemental mapping.

2.7. Electrochemical measurement

2.7.1. Cyclic voltammetry details

CV is a reliable method to investigate the adsorption/desorption of
hydrogen by the working electrode. If the electrode potential is lower
than water decomposition potential, hydrogen can be produced from
water and adsorbed on the host active site of the working electrode [93]
through the following reactions (cathodic direction):

H,O +e - H+ OH™ 2)

Fig. 8. TEM illustration of (a) GO-ZrO, and (b) GO-ZrO»/Au, (c and d) HRTEM images of GO-ZrO,/Au with different magnification; inset picture in panel ¢ shows an
enlarged view of the black dotted rectangle, and inset pictures in panel d represent lattice fringe.
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Fig. 9. The EDX and elemental mapping of (a) GO-ZrO; and (b) GO-ZrOy/Au.
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where <W> represents a host active site on the working electrode sur-
face. The adsorbed hydrogen on the surface of the working electrode was
released in the anodic direction [1]. The total reaction was taken place
as follow:

<W> 4+xH,0 + xe 2 <WH>x + xOH" 4

The anodic peak area reveals the amount of hydrogen desorbed from
the surface of the working electrode [1,40,94]. A baseline was desig-
nated to separate the double layer and anodic peak regions; indeed, the
baseline is a gauge to introduce faradaic region where hydrogen atoms
are being segregated. The following equation was used for hydrogen
desorption measurement:

Vs

1

0=y / (I, — Lu)dE ®)

Vi

where 9 is the sweep rate, v; and vy are the initial and final potentials of
the anodic peak, dE is the potential window, and the anodic peak and
double layer charging current are labeled as I, and Ig), respectively. It
must be pointed out that all the parameters are chosen by the CV data
from each cycle.

2.8. Hydrogen storage investigation

Hydrogen adsorption/desorption was evaluated and compared in a
1 M KOH electrolyte solution with a three-electrode configuration at a
sweep rate of 100 mVs 1. All the samples, deposited on stainless steel

mesh, were used as the working electrodes while a Pt plate and Ag/AgCl
served as the counter and the reference electrodes, respectively. The CV
curves of the mesh substrate (mesh-0) and mesh-1 are depicted in
Fig. 10a. As observed in Fig. 10a, mesh-0 does not show obvious redox
peaks related to hydrogen adsorption/desorption. In contrast, the CV
profile of mesh-1 presented in the cathodic and anodic direction, which
shows reduction (C;) and oxidation (A;) peaks, attributed to hydrogen
adsorption and desorption, respectively, indicates that GO serves as a
hydrogen storage material [95].

In Fig. 10b, mesh-2 acts as a catalyst for the decomposition of water
and storage of the hydrogen released from water. In the cathodic di-
rection, according to the obvious peak (C;) around —1.2 V, water
decomposition, hydrogen formation and adsorption have taken place
[40]. In the anodic direction, there is a clear peak at —0.6 V (A1) related
to hydrogen desorption from the surface [40,96]. This CV profile is in
good agreement with the reported hydrogen storage capacity using
rGO-ZrOs [40], but a significant increase of about two-fold is observed.
Gradually, the heights of C; and A; increase and as time passes, more
hydrogen atoms are adsorbed and desorbed from the surface of elec-
trodes, respectively.

The CV profile of mesh-3 in Fig. 10c shows that hydrogen adsorp-
tion/desorption has been carried out in an alkaline medium on the
surface of the electrode. The cathodic excursion span exhibits one major
peak (C;) associated with hydrogen production and adsorption. Mean-
while, the reverse potential scan is characterized by a noticeable anodic
current peak (A;) attributed to hydrogen desorption. After 20 cycles, the
potential of C; was shifted to a negative potential. Conversely, A; was
moved to a positive potential while the height of C; and A; steadily
increased. These cathodic and anodic peaks reveal that the resultant
electrodes are qualified candidates for hydrogen production and
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Fig. 10. The CV profile of (a) mesh-0 and mesh-1, (b) mesh-2, (c) mesh-3 and (d) comparison of the current density of A; (ja1) as a function of cycle’s number. The

inset photo of b and ¢, depicts a clear photo of A, peaks.

adsorption on the surface of nanocomposites, which offer host sites for
hydrogen adsorption and desorption.

Meticulously examining the CV profiles exhibits two minor peaks in
the anodic (A2) and cathodic (Cp) directions. The second anodic peak
(Ay) is located on 0.2 V for all the samples and is likely referred to the
oxidation of hydrogen atoms [95,97-99]. After the second cycle,
another negligible peak (Cy) around —0.6 V appears, probably down to
the reduction of hydrogen atoms or oxide groups of GO [95,98,100],
which is a redox pair of A,.

To visualize ZrO; and Au effect on hydrogen adsorption/desorption
mechanism, the current density of the oxidation peak (ja1) of the sam-
ples was plotted as a function of cycle number (Fig. 10d). The amount of
ja1 of GO has risen about two folds by adding ZrO, NPs, which is
beneficial for hydrogen storage because metal oxide increases the sur-
face area and host site. As observed in Fig. 10d, the addition of Au NPs
on the surface of GO-ZrO; significantly increases ja; value, confirming
the critical role of Au NPs in this issue. The enhanced ja; can likely be
justified as follows: the presence of the metal and metal oxide NPs is an
obvious advantage because hydrogen spillover mechanism on carbo-
naceous material improves hydrogen adsorption [10,40,101,102]. Here,
Au and ZrO; NPs help hydrogen to diffuse on the mesh-3 surface through
carbon bridges and store between GO sheets. High surface area and
porous structure provided by ZrO5 and Au NPs immobilization endow
more opportunity to adsorb hydrogen on the surface [88]. Additionally,
the presence of oxygen-containing functional groups contributes to the
facilitation of adsorption and stabilization of adsorbed hydrogen atoms
by increasing the interaction between metal NPs and substrates [10,15,
103].

The integration of the anodic peak, where hydrogen atoms are being
desorbed, is a gauge of total charge correlated with hydrogen desorption
from the surface. To scrutinize the total hydrogen charge, equation (5)
was used for each cycle by designating a baseline to separate the double
layer and the faradaic region. The potential range, I, and Iq; were chosen

by the CV profile. The anodic area of the first cycle is depicted in
Fig. 11a. The dotted and white areas show the double layer capacitance
and the amount of hydrogen desorption, respectively. Using equation
(5) and CV data, the amount of hydrogen desorption was estimated and
is shown as a function of the cycle number in Fig. 11b. The results
suggest that the Qy has been gradually promoted by increasing the cycle
number up to the 154th cycle, probably down to the creation of a new
host site by cycling [104,105]. The amount of Qy from the 154th to
167th was almost steady and a sharp decline happened after the 167th
cycle. The decreasing may be due to the surface oxidation of the elec-
trode, which leads to the degraded host site of the electrode, thereby
decreasing hydrogen adsorption.

The morphological characteristic of mesh-3 was illustrated by SEM
analysis before and after hydrogen storage investigation and is depicted
in Fig. 12. The images show no substantial changes in the morphology
after the electrochemical test. However, a meticulous survey suggests
that the rough structure turns to a slightly smooth surface after 200
electrochemical cycles in Fig. 12c and d. As the data show, roughness
has an obvious effect on the electrochemical study [106]. Thus,
decreasing hydrogen storage is partially the courtesy of the change in
the morphology.

2.9. Proposed mechanism for the electrochemical hydrogen storage

Based on the present observations and other reports [40,101,107],
the proposed mechanism for hydrogen adsorption and desorption at the
mesh-3 is schematized in Fig. 13. The proposed mechanism is based on
the electrochemical reactions on the surface of mesh-3, as follows:

Applying potential leads to water decomposition (Volmer reaction,
Eq. (6)). Consequently, H atoms tend to migrate and adsorb on the
working electrode surface (Fig. 13a).

mesh-3 + xH,O + xe” —mesh-3-xH + xOH™ 6)
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The adsorbed hydrogen atoms can react with each other or OH™ to
produce hydrogen gas (Eq. (7)) or water (Eq. (8)) [107], respectively
(Fig. 13b).

)
®

2mesh-3-xH— 2mesh-3 + xH,
mesh-3-xH + xOH™— mesh-3 + xH,O + xe™

The production hydrogen gas (Eq. (7)) was physically observed by
bubbles.

3. Conclusion

Graphene oxide (GO) was modified by commercial zirconium oxide
(ZrOy) to investigate the influence of metal oxide on hydrogen adsorp-
tion and storage performance. Furthermore, LAL was used to synthesize
Au NPs in deionized water and load on pre-synthesized nanocomposite
(GO-ZrOy) to attain high hydrogen storage capacity. Finally, the surface
of the nanocomposite was elucidated viz. XRD, FTIR, XPS, BET, SEM,
TEM, HRTEM, EDX and elemental mapping. According to BET analysis,
after loading Au NPs, a significant increase of surface area could
contribute to better interaction between the electrode and medium.
Hydrogen adsorption was scrutinized to determine the effects of ZrOy
and Au NPs. The comparison of the CV profiles indicated that ZrO, and
Au NPs positively affect the current density, increasing it to about 66%
and 30%, respectively. The stability of the best resultant electrode,
mesh-3, was examined during 200 cycles and the SEM analysis of the
surface of the electrode shows it is slightly smoother.
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