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Abstract: In this study, a facile refluxing approach has beéeweloped to load M,
nanocrystals onto reduced graphene oxide (RGO)tsh&be microstructure and
morphology of the resulting M®,/RGO nanocomposites were systematically
investigated by X-ray diffraction (XRD), Raman spescopy and transmission
electron microscopy (TEM). The results reveal #MagO, nanocrystals with particle
size of several nanometers were uniformly dispemsedhe surface of RGO sheets.
The electrochemical properties of the resultingsOWRGO nanocomposites were
investigated by using them as electrode matertals Supercapacitor. It is found that
the MnO4/RGO nanocomposites exhibit enhanced specific d@pae and long-term
stability. The enhanced capacitive performance lmarattributed to the synergistic
effect among MgO, and RGO. The facile synthesis and the enhancedcitaye
performance demonstrate the promising applicatioh tbhe MmnO/RGO

nanocomposites as supercapacitor electrode material
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1. Introduction

With the increasing demand for clean and sustagnalergy, high-efficient

energy storage devices have attracted significéeinteon [1,2]. Supercapacitors

represent a new type of energy storage deviceh#vat the advantages of high power

density, long service life, wide working temperaturange, and environmental

friendliness [3-6]. It is well accepted that theeattical energy storage of

supercapacitors greatly depends on the used daecinaterials. At present, the most

extensively investigated electrode materials arbareaceous materials, metal oxides

and conductive polymers [7-9]. Among them, metaldeg with variable valence

conduct fast and reversible faradaic reactionbairterface of the electrode and the

electrolyte, which contribute to better supercajpaeiproperties [10]. Due to its

notable specific capacitances, Rulbas been widely exploited in electrochemical

capacitor electrodes [11]. Nevertheless, the coroaleration is not promising

because of its high cost and toxic effects [12,TBrefore, great efforts have been

devoted toward replacing Ry@ith inexpensive transition-metakides to meet the

increasing demand for renewable energy storagee®vi

Due to its high abundance, environmental compétibind wide potential

windows, hausmannite (M@,) is a potentially interesting electrode materiat f

supercapacitors and has drawn particularly reseatention [14-16]. Unfortunately,



Mn30O, often suffer from small specific surface area amdnsically poor electrical

conductivity, which severely affects the performanaf supercapacitors [17]. To

address these shortcomings, a common strategy icotbine MO, into

nanocomposites with carbonaceous materials, wh&hbath lightweight and

electronically conducting [18]. Graphene, which siets of a well-defined

two-dimensional honeycomb-like network of carboanas, has been widely used as

conducting additive for nanocomposite materials doeits excellent electronic

conductivity, high mechanical strength and largeotitical surface area [19-21]. The

incorporation of graphene sheets with J@pcan potentially construct conductivity

network and effectively buffer the volume changef[22,23]. To achieve a better

electrode performance, it is expected that;®@hnanoparticles with well-controlled

size are uniformly anchored on the surface of ggaphsheets [24]. Although some

attempts have been made in the synthesis ofOvigraphene nanocomposites by

different synthetic approaches, these preparatiogthoas of MgOJ/graphene

nanocomposites usually involved relatively compbca synthetic processes.

Moreover, severe agglomeration of ¥ nanoparticles often occurred in these

nanocomposites. Therefore, a facile and effectie¢hod is still highly desirable for

the synthesis of My©, nanoparticles with good controllability and higisgersivity

on graphene sheets.



In this work, we report the fabrication of Mdy/reduced graphene oxide (RGO)

nanocomposites through a facile one-pot refluxipgreaach. GO was converted to

RGO with triethylene glycol as the reducing agesmtd no hazardous or toxic

reductants were used. Well-disperseds®imanocrystals with particle size of several

nanometer were uniformly attached on the surfacR@OD sheets. The as-obtained

Mn3O4/RGO nanocomposites as electrode materials for reapacitor exhibited

enhanced capacitive performance, which makes it r@amiging candidate in

supercapacitor electrodes.

2. Experimental

2.1. Chemicals

Natural flake graphite (45 pm, 99.95% ) was obw@ifrem Aladdin Industrial

Corporation (Shanghai, China). All of the othergeis employed in this study are

commercially available analytical-grade and used reseived without further

purification.

2.2. Preparation of Mn3;0O,/RGO nanocomposites

Graphite oxide was prepared from the natural flgkaphite according to a

modified Hummers method [25,26]. In a typical prbeee to synthesize the



Mn3O4/RGO nanocomposites, 25 mg of graphite oxide weéspetised in 50 mL of
triethylene glycol by ultrasonication to form a hogeneous dispersion. A certain
amount of manganese acetylacetonate (Mn(gcasas then added and stirred
continuously for 15 min at room temperature. Theuling mixture was then
transferred into a 100 mL round-bottomed flask hedted at 250 °C under magnetic
stirring for 1 h. After naturally cooled to roommeerature, the solid products were
isolated by centrifugation, washed thoroughly withter and ethanol, and finally
dried in a vacuum oven at 50 °C for 12 h. For camspa, three MgO4/RGO samples
with different MnsO,4 loading amounts were fabricated by changing thesl @ssnount
of Mn(acac). The products were designated as;@WRGO-0.25, MRO,/RGO-0.35
and MnRO4/RGO-0.45 for the feeding amount of 0.25, 0.35 @nrth g of Mn(acag)

respectively.

2.3 Instrumentation and measurements

The crystalline phases of MD/RGO nanocomposites were analyzed by powder
X-ray diffraction (XRD) on a Bruker D8 Advance ddctometer with Ci, radiation
(. = 1.5406 A). The morphology and size of the présluwere examined by
transmission electron microscopy (TEM) and highoketson TEM (HRTEM, JEOL
JEM-2100). Raman scattering was collected at raanperature using a DXR Raman

spectrometer with 532 nm laser source from anldser.



2.4 Electrochemical measurements

Electrochemical measurements were performed orakebéype three-electrode
setup using a CHI 760D electrochemical analyzere(CHua Instruments, Shanghai,
China) at room temperature. A platinum foil andatugated calomel electrode (SCE)
were used as counter electrode and reference aectrespectively. The working
electrodes were fabricated by mixing 80 wt% elexttive materials (MiO4/RGO),

10 wt% acetylene black and 10 wt% poly (vinylidgheoride) (PVDF) binder in
N-methyl-2-pyrrolidone solvent, and then the mixtwas stirred for about 24 h to
form a homogeneous slurry. After that, the slurrgswpasted onto a nickel foam
(surface area 1 ¢ and then the nickel foam was placed into a vataven at

60 °C for 48 h. The electrodes loaded with thevaatnaterial were then pressed at 10
MPa. The mass of the MB,/RGO nanocomposites in the working electrodes was
about 1.5 mg. Cyclic voltammetry (CV) and chron@miometry techniques were
carried out to evaluate the electrochemical progedf the obtained products in 1 M
NaSQO, aqueous solution at room temperature. The specHjgacitances of the

nanocomposites were calculated according to thewolg equation [27]:

Cs= |At/(MAV) (1)



where Cs (F/g) is the specific capacitance of the electspde(mA) is the
charge-discharge curremntt (s) is the discharge timaV (V) represents the potential
drop during discharge, andth (mg) is the mass of the electroactive material

(Mn304/RGO) within the electrode.

3. Results and Discussion

In this work, we present a facile refluxing apmb for the fabrication of
Mn3O4/RGO nanocomposites (Fig. 1). During the synthgsiscess, negatively
charged GO nanosheets were firstly prepared bgsdtication in triethylene glycol.
When Mn(acag)was added into the GO solution, flions were absorbed onto the
basal planes of GO sheets through electrostateraation. After being heated at
250 °C for 1 h, MgO4 nanocrystals was in-situ formed on GO sheets.hAtdame
time, GO was reduced into RGO by using triethylglyeol as reducing agent. Finally,
Mn30O4/RGO nanocomposites with M@, nanocrystals uniformly anchored on RGO
sheets were successfully obtained. XRD patternbeofs-synthesized graphite oxide
and MnsO,/RGO-0.35 nanocomposites are shown in Fig. 2. éndase of graphite
oxide, the obvious diffraction peak located at abud1° corresponds to the (001)

diffraction of graphite oxide [28]. For MB®J/RGO-0.35 nanocomposites, the



disappearance of the (001) peak of graphite oxmdeappearance of the broad (002)
diffraction peak arising from the short-range osdestacking of graphene nanosheets
at 2 of about 25° demonstrate that graphite oxide hesnbwell flaked to GO and
successfully reduced into RGO during the synthestxess. All other diffraction
peaks can be well indexed to tetragonal structfir®lm;O, (JCPDS No. 24-0734),

demonstrating the formation of M@, nanocrystals.

Raman spectroscopy is an effective method to ctexiae the disorder and
defects of graphene based materials. Fig. 3 shboestypical Raman spectra of
graphite oxide and M@4/RGO-0.35 nanocomposites. Two prominent charatieris
peaks attributing to the well-documented G and Bdsacan be observed in both the
samples. D peak represents the structure defectsthan disorder, while G peak
derives from thee,g vibration mode of C Spatoms [29,30]. The D peak and G peak
integrated intensity ratidf/lg) can be used to evaluate the defects and thealefre
disorder in carbon structure [31,32]. In this expent, the ratios offiy/ls for graphite
oxide and MgO,/RGO-0.35 nanocomposites are 1.52 and 1.85, regelctThe
increase ifp/lg value for MRO4J/RGO implies that more disordered carbon structure
and defects were brought after the exfoliation @pdite oxide and introduction of
Mn3O4 nanocrystals on the RGO nanosheets [33]. In aiditMnzO4/RGO-0.35

presents one diagnostic Raman scattering band ofOMmt about 651 cih



evidencing the presence of My in the nanocomposites [34]. The morphology,

particle size and crystallinity of the MBDJ/RGO nanocomposites have been

investigated using TEM images. Fig. 4 shows remtasee TEM and HRTEM

images of MBO4/RGO-0.35 nanocomposites. It is found that thes®RGO has

sheet-like morphology, and the RGO nanosheets arered by a uniform layer of

Mn3O,4 nanocrystals. The high uniformity of the hybridusture suggests a good

combination between the nanoparticles and RGO. ddmsonstrates that our one-step

refluxing approach is efficient to synthesize J@RGO nanocomposites. From the

HRTEM image shown in Fig. 4b, the average sizehef MO, nanocrystals is

determined to be about 3 nm.

The electrochemical performance of the as-prepardth;O4/RGO

nanocomposites was first evaluated by means ofecyditammetry in a three

electrode system with 1 M NaO, electrolyte at a potential range from 0 to 1.@\Y.

shown in Fig. 5a, the RGO and BOWRGO nanocomposites have nearly

rectangle-shaped and symmetric CV curves withoytradox peak currents at scan

rate of 50 mV/s, suggesting the ideal capacitiveali®urs [26]. Obviously, there is a

remarkable difference in the CV loop areas obsearadng RGO and M@/RGO

electrodes. Since the specific capacitance is ptiopal to the CV loop area, it is

evident from the CV curves that MD/RGO electrodes have greater specific



capacitance in compared with RGO, and;WiRGO-0.35 electrode exhibits the

highest specific capacitance. Fig. 5b shows the ciipe capacitance of

Mn304/RGO-0.35 nanocomposite as a function of the sat tt can be seen that all

the curves are close to a rectangular shape anbitertirror image characteristics

which indicate that the Faraday redox reactionsedetrochemically reversible. The

CV current response of MO/RGO-0.35 increases gradually with the increase of

scan rate and no significant change in the shapg&vo€urve even at high scan rate,

indicating an excellent capacitance behavior aedfaéist diffusion of electrolyte ions

into the MRRO4/RGO-0.35 nanocomposite electrode [35].

To further illustrate the electrochemical perform@anof the as-prepared

electrodes, galvanostatic charge-discharge measatenwvere conducted in p&0O,

solution at different current densities over théeptial range of 0-1 V. Fig. 6a shows

galvanostatic charge-discharge curves of the gzaped RGO and My@WJ/RGO

nanocomposites at 0.5 A/g. The charge/discharge tiaries at a constant current

density for RGO and M©O/RGO electrodes, suggesting different specific

capacitances. The increase in the charging timeesepts the higher capacitance.

Obviously, the MBO4/RGO-0.35 electrode shows a longest charge-diseharg in

its curve, implying that it has a largest capacitarmoerag all these materials, which is

well consistent with the result obtained from CVnas. Fig. 6b displays the



charge-discharge curves of the JyRGO-0.35 nanocomposites at various current

densities. It can be seen that the discharge tia@uglly decreases with the increase

of the current density from 0.5 to 5 A/g. Moreoweo, obviously shape change can be

observed among the nearly linear charge/dischauyees at different scan rates,

indicating that the MgD,/RG0O-0.35 nanocomposite possesses good reversanild

rate capability. The specific capacitance of etaiss at different current densities can

be calculated according to the equation (1). Aswshan Fig. 6¢, the specific

capacitances descend with the increasing currensitge The higher specific

capacitance at low current density is due to thiéicgent transfer time for ions

between the electrolyte and the electrode [36,Bfi¢ specific capacitances of RGO

and MnO4/RGO nanocomposites increase in the following ordBGO <

Mn304/RGO-0.25 < MBO4/RGO0-0.45 < MO4/RGO-0.35. The MgD,/RG0O-0.35

electrodes show greatly enhanced specific capaetanmpared to RGO and other

Mn3O4/RGO nanocomposites electrodes. The specific ceapmas of

Mn3O4/RGO-0.35 electrode at 0.5, 1, 2 and 5 A/g are3,9480.8, 162.8 and 132.0

F/g, respectively, which is comparable to or higti&n that of previously reported

transition-metal-doped M, and graphene/M@, electrodes [38,39]. The increment

in specific capacitance can be mainly attributedh® increased content of active

component of MgO, for capacitance generation. However, with thehiertincrease



of MnzO,4 content in MRO4/RGO nanocomposites, the content of graphene would
accordingly decrease, which could cause the dezm@ahe electrical conductivity of
Mn3O4/RGO nanocomposites, and thereby lead to a decdreaapacitance of
Mn304/RGO-0.45 nanocomposites. Specific energy and Bpepower are key
factors for evaluating the electrochemical progsridf supercapacitors. The energy
density and power density values are calculatedordowy to galvanostatic

charge-discharge curves from the following equati@eguation (2) and (3)) [40,41]

E=(CaV?/7.2 2)

P = 3600E/At A3)

whereE (W h/kg) is the average energy density, C (F/g)his total specific
capacitanceaAV (V) is the potential window during discharge, P /K@) is the
average power density, amd (s) represents the discharge time. Fig. 6d shbes t
Ragone plots for RGO and MD/RGO nanocomposites electrodes. It can be
observed that the M@4/RGO-0.35 electrode can achieve the highest endeggity
under the same power density among all these etkxsr The specific energy density
of Mn304/RGO-0.35 nanocomposites can reach to 27 W h/lka @mawer density of
250 W/kg, and still remains 18.3 W h/kg at a higiwpr density of 2500 W/kg,

demonstrating promising application in supercapa&tectrode materials.



The cycle stability of supercapacitors is a crugatameter for their practical

applications. In this study, the cycling stabiliy Mn;O,/RGO-0.35 electrode was

evaluated by repeating the charge-discharge measute at a constant current

density of 5 A/g. Fig. 7 shows specific capacitanakies of the initial 1000 cycles as

a function of cycle number. It can be seen that specific capacitance value

decreases gradually within the first 500 cycles teth remains almost constant in the

residual cycles. The cycling stability of the dM/RGO-0.35 electrode is outstanding

with 77% capacitance retention after 1000 contisumycles.

4. Conclusions

In summary, MgO,/RGO nanocomposites have been successfully prepgrad

facile refluxing approach. Highly dispersed ¥ nanocrystals with a size of several

nanometer were in situ grown on the surface of R&B@ets with uniform particle

distribution. The prepared M0J/RGO nanocomposites were used as electrode

materials for supercapacitor. It is found that atatle content of MgO, in

Mn3O4/RGO nanocomposites is crucial to optimize the cdjpa performance.

Mn30O4/RGO-0.35 nanocomposite exhibits greatly enhaneagzhative performance

and long-term stability. The facile synthesis ananced electrochemical property of



the MnO4/RGO nanocomposites make them promising electrodgenmls for

supercapacitor application.
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Figure Captions

Fig. 1. A schematic diagram for the preparation of Mn3zO4/RGO nanocomposites.

Fig. 2. XRD patterns of graphite oxide and MnzO,/RGO nanocomposites.

Fig. 3. Raman spectra of graphite oxide and MnzO,/RGO-0.35 nanocomposites.

Fig. 4. (&) TEM and (b) HRTEM images of the Mn;O4/RGO-0.35 nanocomposites.
Fig. 5. (a) CV curves of RGO and MnzO4/RGO nanocomposites at the scan rate of 50
mV/s; (b) CV curves of Mn3zO,/RGO-0.35 electrode at various scan rates.

Fig. 6. (a) Charge-discharge curves of RGO and MnzO4/RGO nanocomposites at the
current density of 0.5 A/g; (b) charge-discharge curves of MnzO4/RGO-0.35
nanocomposites electrode at various current densities of 0.5, 1.0, 2.0 and 5.0 A/g; (c)
the specific capacitance values of RGO and Mn3O4/RGO nanocomposites electrodes
as afunction of current density; (d) Ragone plots of the estimated energy density and
power density of RGO and MnzO,/RGO nanocomposites electrodes.

Fig. 7. The cycling performance of Mn3;O,/RGO-0.35 electrode at a constant current

density of 5A/g.
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Mn304/RGO nanocomposites were synthesized through a facile one-step approach.
The capacitive performance of Mn3O4/RGO nanocomposites was significantly
improved.

Possi ble mechanism for the enhanced capacitive performance was proposed.



