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Abstract

One of the famous blue pigments is cobalt alumivelitech has a normal spinel that in this work hasrbe
synthesized with thermal decomposition technique thie help of olive leaf extract as a precipitatagent.
Furthermore, CoAD4/Si0,, CoALO,/TiO, and CoAbOs/graphene nanocomposites were prepared besides t
pure one. To investigate the structure and comipasdf products, X-ray diffraction (XRD) pattern cafrourier
transform infrared (FT-IR) analysis were servedsdAlthe morphologies of products were studied anisiag
electron microscopy (SEM) and transmission electnicroscopy (TEM) and the effect of different nwatien and

growth conditions of the products were investigat@tie hydrogen storage ability of the pure GGl



nanostructures was investigated and to increashyiti®gen storage capacity, different Cgdd nanocomposites
were prepared and studied. The maximum dischargacig and Coulombic efficiencies are 2800 mAh/g an

62% that related toCoAD,/TiO, composition and CoAD,, respectively.

Keywords: Nanostructures; Cobalt aluminate; Hydrogen stor&@genposition; Coulombic efficiency.

1. Introduction

One of the environmentally fuels that can be usedniany energy converters is hydrogen [1]. In réegears
many attention is served for using nanomateriatshi@lrogen storage [2-4]. Today, the decreasingexfative
effects of fossil fuels have been attracted thetnmberest of scientists and they try to find thiemation of them
[5]. On the other hand, because of the width appba of hydrogen in the development of clean epdngdrogen
studied in several papers in the last decadefi6johtrast to fossil fuels, hydrogen has severahathges such as
eco-friendly, clean energy, recycle ability, safahd inexpensive [7]. Due to specific propertiesamparison to
bulk material, nanomaterial has great performamcehe hydrogen storage field. One of the binarydexi
compounds that are composed of cobalt and alumioxiges is cobalt aluminate. Cobalt aluminate is rieest
famous intermediate aluminum metal [8]. Becausthefspecific properties of cobalt aluminate, itduagpigment
industry and called Tenard's blue [9]. The G&®l spinel nanostructure due to having high thermsistance,
electrical, optical and catalyst properties havdeaapplications in the various field [10]. In retgears it was
widely used for coloration of rubber, glass, cem@nfiber and so on [11]. Besides this unique propet has
significant optical [12], catalysis [13], and mating14] properties and can be used in optical devi Up to now
there are many afford to the synthesis of cobalnalate with different methods such as coprecipitafl5], sol-
gel [16], ultrasonic hydrothermal [17], combustid8], microwave [19] and solid-state methods [20].order
hand, in 1990, due to increasing in chemical maltgrollution and a bad environmental effect of thegreen
chemistry appearance [21]. Green chemistry is ddfes a technique that leads to the design of daéimioduce

and process that decrease or remove toxic materalthe environment [22]. Synthesis of nhanomalerath the



help of chemical routs is required three kindsezfgents; a metal precursor, a reducing agent, andactant or
capping agent. By reducing each chemical reagahtrgplace with green materials, we can reduce lleencal
synthesis hazardous [23]. Using a green plant extimastead of toxic agents is a method to syntleesiz
nanomaterialsin this viewpoint, the enlargement of novel applrees for metal oxide nanoparticle synthesis
utilizing different sources like plants, algae, dus, bacteria and others can be deliberated ay’'sodzain
challenges. These routes are using non-toxic, emvientally friendly, benign reagents. Among theegre
chemistry approaches, the utilize of extracts ahplfrom leaves, roots, seeds, fruits or flowess aparticular
attentiveness route, since the plants contain arsity of chemical components, such as amino acid:s
carbohydrates, vitamins, flavonoids, etc. that eahas chelating /reducing/ capping agents. Thestes can
coordinate the ions of the metal to form precursurshe polynuclear complex that lead to nanoplagiavith
narrow size distribution and high stability by thmed decomposition method. An overview of the litara
indicates that there are a few investigations enptoduction of nanoparticles of cobalt aluminateng Sesame
indium L leaves extract [24], Tamarind fruit extrd25], Opuntia dilleni extract [26], and Aloe Vel@af extract

[27].

In this work, we used olive leaf extract as a jmiéation agent for the synthesis of Ce@}, nanostructures. Also,
preparation CoAlD, via green chemistry has been used as hydrogergstonaterial and to the improvement of
the capacity TiQ SiO, and graphene have been applied. Graphene, dn@® SiQ have been used to improve the
performance of electrochemical hydrogen storagehost. Graphene, a single-layer planar carbeetshas a
special structure with superior physical charastes that can communicate the ability of hydrogésorption
into the host materials. It is an inexpensive, dlealty inert and low weight material. The chief atitvage of using
graphene in energy storage is the application aplgene by electrical, electrochemical, and chendieaices [28].
Nanoparticles of Ti@ have desirable photocatalytic and redox abilitie§e nanoparticles can catalyst water

decomposition and progress the reduction/oxidatiohydrogen atom. As an example, the lecture regotat



MWCNTSs coated with Ti@can storage more hydrogen than the pure MWCNTE R&ording to the reported
researches, the physicochemical properties of Si@particles can impressively improve hydrogemagi of

the host materials characteristics [30].

The products were investigated by different anaysech as XRD, SEM, TEM and FT-IR that all of them
confirmed the synthesis of pure Ce®) and nanocomposites with nano dimension. Furthexmor study the

porosity of the products, BET analysis was served.

2. Experimental

2.1 Materials and physical measurements

All chemical reagents in our experiments were uge@nalytical grade without further purification.-rgy
diffraction (XRD) patterns were recorded by a Rigdkmax C lll, X-ray diffract meter using Ni-filted Cu Ka
radiation. Elemental analyses were obtained froenGarlo ERBA Model EA 1108 analyzer. Scanning etect
microscopy (SEM) images were obtained on Philips-30ESEM equipped with energy-dispersive X-ray
spectroscopy. Fourier transform infrared (FT-IR)edpa were recorded on Shimadzu Varian 430(
spectrophotometer in KBr pellets. The &tlsorption/desorption analysis (BET) was perfor@aied 96C using an
automated gas adsorption analyzer (Tristar 300@ydvhieritics). The pore size distribution was catedl from
the desorption branch of the isotherm by the Bardeiyner and Halenda (BJH) method. The transnmissliectron
microscope (TEM) image was obtained on a Philip2B8/transmission electron microscope with an acaeie

voltage of 200 kV.
2.2 . Preparation of olive leaf extract

To prepare olive leaf extract, dried and choppeddsrs of olive leaf were prepared by grinding. Plogvders
prepared in 100 ml ethanol were refluxed on a magsérrer at 50 ° C for 72 hours. The solutiortaabed with

smooth filter paper and the green solution was uséue preparation of spinel nanostructures.



2.3. Synthesis of CoAl, (Co) nanostructure

A mixed solution of metal nitrates was preparediisgolving Co(NQ)..6H,O, and Al(NQ)3.9H,0 in water with
the molar ratio of CO/AI**=1:2. Separately 20 ml Olive leaf extract was addéte previous reaction mixture
subsequent heating at 80 with continuous stirring for 1 h on a hot platéoals the ions to react. The solution
was evaporated on a hot plate above°@26r dehydration and continued until the powder whtined and then

samples finally calcined at 80Q for 5h.
2.4. Synthesis of CoA,/TiO, (CT) nanostructure

Tetraethyl orthotitanate (1mol) and acid chlori®370.5ml) were dissolved in 10 ml of ethanol anded for 1h.
Then this solution was added to a beaker contgiaimmixture Co(N@).6H,O, Al(NO3).9H,O and Olive leaf
extract The solution is heated at ®for 1h and 12%C the until powder was obtained and then sampleslyin

calcined at 800C for 5h.
2.5. Synthesis of CoA), /Si0, (CS) nanostructure

The CS was synthesized with a reaction between QGg(BH,O, AI(NO3).9H,O and TEOS (tetraethyl
orthosilicate) with the molar ration of 1:2:1 inetlpresence of Olive leaf extract as a precipitadggnt. The
TEOS was dissolved in suitable amounts of water aredhanol under ultrasonic and a few amounts o
ethylenediamine (catalyst) was added and sonicatmntinued for 15 min. Then this mixture was added
solation containing Co(N£).6H,O, AI(NOs3).9H,0O and green tea extract. The product was heat8d %t for 1h
and 120°C until the powder was obtained. The resulting pawdas then calcinated at 800for 5 h.

2.5. Synthesis of graphene (GR) from graphene ¢G@»

In this work, the used GO was prepared by a matliiemmers method from natural graphite [31] andiced

through the described method in previous W8E4.

2.6. Preparation of CoAD,/Graphene (CG) sample



The CG was synthesized via a pregraphenizatiomigad. Briefly, 0.1 g from Co added into the blatispension
of GR (Co: GR: 1:1) and stirred for 30 min aP@OFinally, the beaker containing the above mixtwees put in a
household microwave oven (Haier, 2450 MHz, 750 @)15 min and then cooled to room temperature afyur
The black precipitation centrifuged and washed wittilled water and absolute alcohol, and drie@lC£2C for 12
h in a vacuum dryer.

2.7. Electrochemical systems

Chronopotentiometry technique was employed to nreathe hydrogen storage capacity of the electrodis.
charge and discharge cycles were performed by eetblectrode system. The Cu-samples, Ag/AgCl and F
electrodes are used as the working, reference amater electrodes, respectively. The electrolyts &aM KOH
agueous solution. In this system, the potentidedhce was measured between the working and feeenee
electrodes, and a constant current was appliedeegtihe working and counter electrodes. To makeleairode
of samples, copper foam of nano-size porositieswsasl as a substrate for the samples.To organieéeeatniode
of samples, 0.1 g samples was homogeneously d&panss ml ethanol for 30 min. Then, a pure coppate
(1*2 cnt ) is coated by a thin layer of sample at°’8qethanol was evaporated and only sample adhettég tGu
plate surface). Then, prepared plates were emeng2d ml ethanol (to draw off unstable sample) #meh were
dried. The electrode was weighted before the cgatirhigh precision scale with a resolution of Orid in order
to measure the weight of the sample after coafihg.difference between weight of working electrbeééore and

after of coating is equal to mass of sample tha ezated on working electrode.[33]

3. Results and discussion

It can be observed (Fig 1a) the product is compo$&b with cubic phase (a=b=c=8.1066) AThe peaks located
at 19.39, 31.61, 37.17, 45.15, 55.97, 59.67, 65840 and 77.62 are related to (220), (311), (4@22), (511),
(440), (620) and (533) Miller indices, respectivéiat belong to Co product with JCPDS NO= 82-22b2e

crystallite size of the Co sample was calculate28m, via the Scherrer equation (d=0{8¢9) [34].



Fig 1. b shows the XRD pattern of Ce®@k/TiO, (CT). It can be seen that the product is compasetivo
materials; one of them is Cof), with a cubic phase and the other one is,M@h anatase and rutile phase. The
other pattern is related to Cg8l,/SiO, nanocomposite that due to the amorphous struofugO, it shows only
the CoAbO, miller indices with cubic phase (fig 1 c). The dinpattern is related to Co&J/graphene
nanocomposite (fig 1 d). It can be observed thatghttern shows a peak located af 2@t belongs to the
graphene structure. The other peaks are relat€@bd, 0O, nanostructure with phase. It can be concludedahat
nanomaterials such as pure Cgad and its nanocomposites with TiOSIO, and graphene structure were
synthesized successfully.

Fig 2. Shows the FT-IR spectra of the synthesizedlycts. Fig 2a shown the FT-IR spectra Co Saniie.
vibration peaks located at 546 ¢rand 667 cni are related to lattice vibrations of Ca-@nd Al-Q; that confirm
the synthesis of cobalt aluminate. The peaks ae ae1630 ci and 3431 cr are belonging to stretching and
bending vibrations of O-H bonding of the water ncoles adsorbed on the surfaces of the nanopartiddact,
due to the high activate surface of the synthesmagwstructures, they can adsorb water moleculéeeanhuge
surface. The small peak located at 2853'@nd 2923 cil are related to symmetric and asymmetric of C-Hdbon
that can be attributed to olive leaf extract renmggjron the product surface [35, 36]. As can be sedfig. 2b, d
and c, besides the Cofl, peaks there are some peaks related to the, B®@, and graphene structures. The
broad peak located at 950 ¢ris due to the lattice vibration of Ti-O-Ti. Thebvations at 517 cthand 669 cril
are belonging to Ti-O bond vibration [37, 38]. etFT-IR spectra of the CS product (Fig. 2c), theme three
peaks located at 476 €m556 cnit and 667 cnil that are related to stretching and bending vibnatiof Si-O
bond. The peaks at 556 ¢nand 667 cii are due to symmetric and asymmetric vibration€eBi-O bond.
Furthermore, a peak located at 476'coelongs to the bending vibration of O-Si-O bon#, [80]. FT-IR spectra

of CG is shown in Fig. 2d. The symmetric and asymimeibrations of C-H bond have appeared at 2850 and



2924 cnt Also the peaks located at 1122 tand 1627 cm are related to stretching vibrations of C-O andCC=

bonds [41].

The product size and morphology were studied by $f&bes. As shown in Fig. 3 a pure Cgdd shows sphere
like besides cubic like nanostructures that caratbebuted to different reasons such as nucleadioth growth
conditions. By synthesis of CoAD,J/TiO, nanocomposite and presence of JiDesides the CoAD,
nanostructure, the nucleation and growth conditisase changed and hence some aggregated nanagsavieie
achieved. The aggregation is mainly due to the bigffiace energy of the synthesized nanostructiifese is no
significant difference between Caofl,/TiO, and CoAYO4/SiO, nanocomposites. However, the little difference is
due to the difference between nucleation and groedhditions of TiQ and SiQ. The morphology of
CoAl,O4/TiO, and CoANO/SIO, nanocomposites are nanoparticles. Nanoparticles CafAl,O4/SiO,
nanocomposites are configured as bullets strudueeto the special conditions of nucleation andwvgnp but
these bullets are not seen in the morphology of @wAl,O4/TiO, nanocomposite. The SEM images of
CoAl,O4/graphene nanocomposite is shown in Fig.3d. itimanbserved that the product is composed of bath ze
and two-dimension nanomaterials that can be at&thto graphene and Ca&l, nanostructures. The SEM results
showed the synthesis of CeBl, nanocomposite changes the nucleation and growititians of the synthesis

procedure that can affect the product morphologecty.

Performance of the Co, CT, CS, CG samples in @elgémical hydrogen storage under constant curfienff
were inspected by the galvanostatic technique M KOH aqueous medium. In the charging process, atom
hydrogen are formed through the electrochemicabahposition of aqueous alkaline that these atomsenothe
solution to the working electrode, then absorbegt®pared samples [42]. The atoms of hydrogen couhéom

the working electrode (process charging) [43]. Téetion of charge and discharge is displayed below

Samples (Co, CT, CS, CG) + ne- (samples +nH) + nOH-



It must be mentioned that the mechanism of stomnadke electrode of prepared samples is physicabradion.
Adsorption/ desorption of atoms of hydrogen is deheambient temperature and pressure. Accordintheo
previous lecture, the weak Van Der Waals bond éated between the hydrogen atom and material suifac
physical adsorption. Instead, due to the strongnated bond between the hydrogen atom and mateuidhce

needs to high pressure and temperature for hydrdggorption in chemical absorption [44]

Fig 4 shows the discharge process curve of sanipiér@des. The discharge capacity of Co electrodesased
gradually from 150 mAh/g in the first cycle to 1760Ah/g after 15 cycles (Fig 4 a). As you can se&im4a,
hydrogen storage discharge capacity from th8 a&gle to the 18 is almost constant. To improve hydrogen
storage capacity was prepared composite gaAdpinel with TiQ, SiO, and. Graphene. The addition of titanium
dioxide to CoA}O, and the preparation of CoM,/TiO, composition, the discharge capacity increased tt
2800mAnh/g after 15 cycles (Fig 4 b). The dischargeacity changes are very slow from the 9th tdl&ta. Also,
discharge capacity achieves 2000 mAh/g and 2700gWBy/adding Si@and graphene to CoAD4, respectively
(Fig 4 c, d). the discharge capacity of the CT tetete is higher than the repeated charge and digelwycle of
sample electrodes has led to increasing dischaggcity. In the discharge curve, two obvious plategpotential

appears that indicates two different hydrogen guigmor sites [45].

To compare hydrogen storage performance, the cduoefficiency of Co, CT, CS and CG, were calcudatEhe

Coulombic efficiency is calculated using equationtiich is a value less than 100, approximately.[46]

Qq(discharge capacity) o

100 1
Q.(charge capacity) €Y)

Fig 5 shows the charge capacity curve of samplethénl%' cycle. The coulombic efficiency obtained 62%

1750 2700

(o2 X 100), 39% £ x 100), 47% {2 x 100) and 27% (- 100) for Co, CT, CS and CG electrodes

after 15 cycle, respectively. The Co electrode tmdombic efficiency higher than other electrod8s. it's a



better candidate for hydrogen storage. The produc€oAbO, composition with TiQ, Si0, and graphene
increased but the Coulombic efficiency decreaseateliil is a suitable candidate for hydrogen steraich has
to charge time minimum and discharge time maximathtaas high coulombic efficiency [47].

The N, adsorption/desorption profile and pore size dstion of Co and CT electrodes (maximum discharge
capacity relative to CS, CG samples) shown in REglg respectively. The Co and CT according toltheAC
classification are type Ill isotherm with H3 hyssis loop [48] (Fig 6 a).

Type Il isotherm is typically found on solids cairting agglomerates or aggregates of particlesfurat slit-
shaped pores (edged or plates particles like cubat) an irregular shape and/or size [49-55]. SkEMges
confirm Fig 5 a, b confirms the type of hysteresi€o, CT samples.

As shown in Fig 6 b, the size pore is 1-100 nm,clwldonfirms the presence of meso- and macropor€s iand
CT samples. The mean pore diameter was report@® tén for Co and 11.27nm for CT sample. Also, tierB
analysis showed 28.32 and 27.19grspecific surface areas for Co and CT samplspextively.

To study more about the product size and morphold&M analysis was used. Fig 7 shows the TEM imalge
CT sample. The observations confirmed the SEM tesahd approved the product is composed of veny tin

particles with less than 30 nm diameter aggregatgether.

4. Conclusion

In summary

. The Co, CT, CS, CG samples were synthesized usiogdoxic and natural precipitating agent.

. . The XRD results showed the products have higiypand are well crystallized.

. The product size and morphology were investigate@BM images and the results showed the differenc
among the pure CoAD, and nanocomposites is due to difference in nudeand growth conditions

. The discharge capacity of Ca8l, spinel was evaluated and improved by using,T#)XO, and graphene.

. The use of TiQ, SiG, and graphene with CofD, lead to reduces Coulombic efficiency.

10



. The Co and CT have maximum Coulombic efficiency(p2and discharge capacity (2800mAh/g) after 15
cycles charge/discharge undet mA, respectively.

. The size pore of Co and CT sample are 1-100 nmhndoafirms the presence of meso- and macropores.
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Figure captions

Fig.1. XRD patterns of (a) Co, b) CT, c) CS, d) €4mples.

Fig 2. FT-IR spectra of (a) Co, b) CT, c) CS, d) €amples.

Fig 3.SEM images of (a) Co, b) CT, c) CS, d) CG glas

Fig 4 Discharge capacity curve of (a) Co, b) CTCE), d) CG electrodes 15 cycle under 1 mA current.

Fig 5. Charge capacity curves of sample electraddse 15 cycle under 1mA current.

Fig 6. (a) N adsorption/desorption isotherms. (b) Pore sizeibigion of Co and CT samples.

Fig 7. TEM image at different scales of CT sample.

Schmemel. Schematic flow chart for the synthes{a)o)€oALOL/TiO,, (b)CoALOL/SIO, and (c)

CoAl,0O4/Graphen nanocomposite.
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Fig. 7
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The CoAl>O, spind was synthesized viaolive leaf extract.

Hydrogen storage capacities of CoAl,O, with its composites were compared.
The Coulombic efficiency of sampleswas calculated, for the first time.

The discharge capacity increased with the increase of cycle number.

Hydrogen adsorption sites increased by repeating cycles of charge and discharge.
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