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A B S T R A C T

Zirconium Oxide (ZrO2) was deposited on graphene nanosheets (GNS) by atomic layer depo-

sition (ALD) using tetrakis(dimethylamido)zirconium(IV) and water as precursors. The

results indicated that both morphology and crystallinity of the deposited ZrO2 were con-

trollable in a temperature range of 150–250 �C. At all the temperatures studied, ZrO2 nano-

particles were formed with lower number of ALD cycles (<10 cycles at 150 �C and <30 cycles

at 200 and 250 �C), while ZrO2 thin films were achieved uniformly with higher number of

ALD cycles (>10 cycles at 150 �C and >30 cycles at 200 and 250 �C). The crystallinity of the

deposited ZrO2 was highly dependent on the deposition temperature. The ZrO2 deposited

at 150 �C exhibited mainly amorphous nature, whereas that prepared at 250 �C consisted

of crystalline phase. At 200 �C, a mixture of amorphous and crystalline ZrO2 appeared in

the ZrO2–GNS nanocomposite. In all cases, the growth of ZrO2 on GNS showed a transfor-

mation from an ‘‘island growth’’ mode to a ‘‘layer-by-layer growth’’ mode with increasing

ALD cycle. Cyclic voltammetry measurement demonstrated that 10-cycle ZrO2–GNS nano-

composite exhibited evident electrochemical capacitance characteristics.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

As a two-dimensional (2D) nanostructure composed of sp2

hybridized carbon, graphene has been drawing worldwide

attention since its discovery in 2004 [1]. It possesses high ther-

mal conductivity (�5000 W m�1 K�1) [2], excellent electric

conductivity (200,000 cm2 V�1 s�1) [3], large surface area (the-

oretical valve, 2630 m2 g�1) [4], and strong mechanical

strength [5]. These outstanding properties promise graphene

in a wide range of potential applications, such as electronics

[6], supercapacitors [4], lithium ion batteries [7,8], fuel cells

[9], solar cells [10,11] and bioscience/biotechnologies [12].
er Ltd. All rights reserved

.
9@uwo.ca (X. Sun).
Recently, there is increasing interest in using graphene as a

building block to fabricate multifunctional nanocomposites,

which combine desired properties of each component. So

far, polymer, metal, or metal oxides have been incorporated

into graphene for various applications [13–20]. In particular,

metal oxides supported by graphene represent one kind of

nanocomposites with unique mechanical, catalytic, and elec-

trochemical properties [15–23]. For example, TiO2–graphene

nanocomposites were used for hydrogen evolution from

water photocatalytic splitting [16]. SnO2–graphene nanocom-

posites showed enhanced cyclic performance and lithium

storage capacity [18]. In addition, Co3O4 grown on graphene
.
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exhibited surprisingly high catalytic activity toward oxygen

reduction reaction and oxygen evolution reaction due to syn-

ergetic chemical coupling effects between Co3O4 and graph-

ene [20]. Thus, metal oxide–graphene nanocomposites have

great potential for applications in fuel cells, lithium ion bat-

teries, solar cells, supercapacitors, etc.

Zirconium Oxide (ZrO2) is an attractive material in various

industrial applications due to its excellent mechanical, ther-

mal, optical and electrical characteristics [24,25]. Up to now,

there have been lots of studies on depositing ZrO2 onto one-

dimensional (1D) carbon nanotubes (CNTs) [24,25], and apply-

ing ZrO2–CNT nanocomposites for various applications, such

as catalyst supports for fuel cells [26,27], biocompatible ma-

trix for protein immobilization [28], and transistors as ad-

vanced gate dielectrics [29]. As a young carbon

nanomaterial, graphene holds several advantages over CNTs

as supports for metal oxides, such as free of metallic impuri-

ties, cheap and accessible production from graphite [30].

Unfortunately, there are few efforts on developing ZrO2–

graphene nanocomposites until now. It was only recently that

two literatures reported the synthesis of ZrO2–graphene

nanocomposites by an electrodeposition method, and their

use for detection of organophosphorus agents and biosensor

application [30,31]. Inspired by the wide applications of

ZrO2–CNTs, ZrO2–graphene nanocomposites can also be very

promising for many potential applications, which need to be

fully explored. To fulfill this, it is of great importance to syn-

thesize ZrO2–graphene nanocomposites, especially in a con-

trollable fashion.

In previous studies, the synthesis of ZrO2–graphene nano-

composites was mainly achieved by electrodeposition meth-

od [30,31]. It can also be synthesized by solution-based

methods, which have been widely used for the production

of metal oxide–graphene nanocomposites [16–20]. Even

though these methods offer the advantages of low cost and

suitability for large-scale production, they are still suffering

from the limitation of controlled synthesis with desired mate-

rial properties. In recent years, atomic layer deposition (ALD)

emerged as a powerful approach to engineering various nano-

structures [32–39]. ALD is one kind of chemical vapor deposi-

tion (CVD) technique, and proceeds in a layer-by-layer

manner by two sequential and self-terminating gas–solid

reactions [40,41]. Compared with other kinds of CVD methods

(such as plasma-enhanced CVD, conventional thermal CVD),

ALD has advantages of achieving deposition of thin films with

highly conformity and uniformity and precisely controlled

thickness at Angstrom or monolayer level [40,41]. Moreover,

the deposition temperature of ALD is usually lower than that

of other CVD methods (usually <400 �C), and in some cases it

can be even down to room temperature, which is beneficial

for sensitive substrates [40,41]. In this study, therefore, ALD

was employed to prepare ZrO2–graphene nanocomposites,

using tetrakis(dimethylamido)zirconium(IV) [Zr(NMe2)4] and

H2O as precursors, which was reported to consist of two half

reactions [42]:

jj �OHþ ZrðNMe2Þ4ðgÞ ! jj �OZrðNMe2Þ3 þ C2H7NðgÞ ð1Þ

jj �OZrðNMe2Þ3 þ 3H2OðgÞ ! jj �O� Zr� ðOHÞ3
þ 3C2H7NðgÞ ð2Þ
where ‘‘||’’ represents substrate surface and ‘‘(g)’’ denotes va-

por species. Homemade graphene nanosheets (GNS) were

employed as substrates for ALD-ZrO2. To our best knowledge,

it is the first time of reporting the ZrO2–GNS nanocomposites

synthesized by ALD in open literatures. The deposited ZrO2

was not only controllable in its morphology, either nanoparti-

cles or nanofilms, but also tunable in its crystallinity, from

crystalline to amorphous phase. This kind of ZrO2–GNS nano-

composites prepared by ALD might find potential applications

in many fields, such as supercapacitors, fuel cells, sensors

and electronics.
2. Experimental

2.1. Preparation of GNS

GNS was prepared by thermal reduction of graphite oxide

(GO) [43]. Briefly, GO was first produced by oxidizing natural

graphite using a modified Hummers method [44]; then the

as-synthesized GO was heated at 1050 �C for 30 s under argon

gas to obtain GNS. More details about the preparation process

of GNS can be found in our previous work [33,45].

2.2. ZrO2–GNS by ALD

In a typical process, GNS powders were firstly loaded into a

commercial ALD reactor (Savannah 100, Cambridge Nanotech

Inc., USA) preheated to a desired temperature. A schematic

diagram of the ALD reactor can be found in Fig.SI-1. Then,

Zr(NMe2)4 (99%, STREM) and deionized water (H2O) were alter-

natively introduced into the ALD reactor for ALD-ZrO2.

Zr(NMe2)4 was heated to 75 �C while H2O was kept at room

temperature, in order to provide sufficient vapors for ALD-

ZrO2. Delivery lines were heated to 100 �C to prevent the pre-

cursors from condensation. Nitrogen gas (99.999% in purity)

was used as a carrier gas at a flow rate of 20 sccm, and the

ALD reactor was maintained at a low level of base pressure

(typically 0.3–0.4 Torr) by a vacuum pump (Pascal 2005 I, Adi-

xen). One ALD cycle was executed with the completion of fol-

lowing six steps: (1) a 0.5 s supply of Zr(NMe2)4; (2) a 3.0 s

extended exposure of Zr(NMe2)4 in the ALD reactor; (3) a

30 s purge of excess Zr(NMe2)4 and any byproducts; (4) a

1.0 s supply of H2O (5) a 3.0 s extended exposure of H2O in

the ALD reactor; (6) a 30 s purge of excess H2O and any

byproducts. ZrO2–GNS nanocomposites were prepared by

repeating above ALD cycle at different deposition tempera-

tures. In this study, three deposition temperatures were em-

ployed for ALD-ZrO2 on GNS: 150, 200 and 250 �C.

2.3. Characterization of ZrO2–GNS

The as-synthesized ZrO2–GNS nanocomposites were charac-

terized using a field-emission scanning electron microscope

(SEM, Hitachi S4800) equipped with energy dispersive X-ray

spectroscopy (EDS), transmission electron microscope (TEM,

Hitachi H-7000), high-resolution TEM (HRTEM, JEOL 2010

FEG), micro X-ray diffraction (XRD, Brucker D8, Co-Ka source,

k = 1.7892 Å), and Fourier transform-infrared (FTIR, Nicolet

6700 FTIR spectrometer).
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Electrochemical behaviors of the samples were evaluated

with 0.5 M H2SO4 at room temperature using an Autolab

potentiostat/galvanostat (PGSTAT-30) scanned from �0.66 to

0.24 V versus a saturated calomel reference electrode (SCE)

at a scan rate of 50 mV s�1.

3. Results and discussion

The pristine GNS were characterized by SEM, TEM, and FTIR,

and the results are presented in Fig. 1. Fig. 1a show that the

pristine GNS have an accordion-like porous structure, which

is composed of many thin graphene wrinkles. TEM observa-

tion reveals that these graphene wrinkles are transparent,

as seen in Fig. 1b. From FTIR spectrum in Fig. 1c, it can be seen

that the pristine GNS exhibit two strong peaks located at 3450

and 1635 cm�1, which correspond to stretching vibrations of

hydroxyl group (–OH) and skeletal vibration of graphitic do-

mains (C@C), respectively [45,46]. There are other two peaks

observed at 1384 and 1100 cm�1, which are assigned to C–

OH and C–O stretching vibrations, respectively [45,46].

ZrO2–GNS nanocomposites were prepared at 150, 200 and

250 �C with different numbers of ALD cycles. 100-cycle ZrO2–

GNS nanocomposites were characterized by SEM and XRD,

and the results are shown in Fig. 2. In Fig. 2(a–c), it can be

clearly seen that after 100-cycle ALD-ZrO2, the graphene

wrinkles of GNS are totally coated with smooth thin films at

all three deposition temperatures. Low-magnification SEM

images [Insets in Fig. 2(a–c)] indicate that these thin films

are very uniformly deposited onto the whole GNS powders.

The thickness of the coated wrinkles is measured to be

25 ± 0.5, 22 ± 0.7 and 19 ± 0.4 nm, for 100-cycle ZrO2–GNS

nanocomposites prepared at 150, 200 and 250 �C, respectively

(Fig. 2(a–c)). Furthermore, if we suppose the pristine graphene

wrinkles are about 4 nm in the thickness with a conservative

estimate (as indicated in Fig. SI-2), the growth per cycle (GPC)

of ALD-ZrO2 would be roughly evaluated as 1.05, 0.90, and

0.75 nm, at 150, 200 and 250 �C, respectively. The GPC is calcu-

lated by the following equation: GPC = (thickness of coated

wrinkles � thickness of pristine winkles)/(2 · cycle numbers)

[33]. Fig. 2d shows the XRD results of 100-cycle ZrO2–GNS

nanocomposites prepared at 150, 200 and 250 �C. It can be

seen that all samples exhibit one strong peak at 29� and one

weak one at 50�, which correspond to the (022) and (100)

planes of graphite (JCPDS PDF No. 08–0415), respectively.

Apparently, those two peaks were induced by GNS powders.

For the ZrO2–GNS nanocomposite prepared at 250 �C, there

also appear several strong peaks located at 35�, 40�, 59� and
Fig. 1 – SEM image (a), TEM image (b) and
70� in its XRD, which can be assigned to the planes of (101),

(110), (112) and (211) of tetragonal ZrO2 (JCPDS PDF No. 79–

1768), respectively, or/and (111), (200), (220) and (311) of cu-

bic ZrO2 (JCPDS PDF No. 81–1550), respectively. These strong

sharp peaks in XRD reveal the crystalline state of deposited

ZrO2 at 250 �C. With a decrease of deposition temperature,

the peaks of ZrO2 become weaker in the intensity and boarder

in the half-width. Except T(101) or/and C(111) peak, the oth-

ers of ZrO2 becomes almost invisible for the ZrO2–GNS nano-

composite prepared at 150 �C. The XRD results indicate that

the crystallinity of deposited ZrO2 experienced a gradual de-

crease with the decrease of deposition temperature. Based

on the above results, it can be concluded that ZrO2 thin films

were successfully deposited on GNS at 150, 200 and 250 �C
with 100 ALD cycles, and the GPC and crystallinity were tem-

perature dependent.

To further understand the characteristics of ALD-ZrO2, the

morphological evolution of ALD-ZrO2 on GNS with increasing

cycle numbers was explored, and Fig. 3 presents the develop-

ment of ALD-ZrO2 on GNS after 10, 30 and 50 cycles at 150, 200

and 250 �C. At 150 �C, the graphene winkles are coated with

dense ZrO2 nanoparticles after 10 cycles (Fig. 3a). After 30 cy-

cles, the ZrO2 coating on the graphene winkles becomes very

smooth thin films, and the thickness of the coated winkles is

measured to be around 12 ± 0.5 nm, as seen in Fig. 3b. Fig. 3c

indicates that 50-cycle ZrO2 coating leads to thickness in-

crease of the coated winkles to about 14 ± 0.7 nm, with the

uniformity of ZrO2 thin films maintained. The growth of

ALD-ZrO2 on GNS at 200 and 250 �C exhibits the similar trend

of morphological evolution as that at 150 �C, as shown in

Fig. 3(d–g). The deposited ZrO2 on GNS are nanoparticles with

lower ALD cycles (<10 at 150 �C and <30 at 200 and 250 �C),

while thin films with higher ALD cycles (>10 at 150 �C and

>30 at 200 and 250 �C). This phenomenon suggests the growth

of ALD-ZrO2 on GNS follows an ‘‘island growth’’ mode at the

very beginning, and a ‘‘layer-by-layer growth’’ mode after

those ‘‘islands’’ coalesce into thin films. From Fig. 3, one can

also find that the GPC of ZrO2 on GNS increases with the ele-

vating temperature at the same ALD cycles. For example, with

10 cycles, the size and density of ZrO2 nanoparticles obviously

increase with the decreasing temperatures, as revealed in

Fig. 3(a, d and h). Low-magnification SEM images of 10-, 30-,

and 50-cycle ZrO2–GNS nanocomposites at 150, 200 and

250 �C can be found in Fig. SI(3–5).

The morphology and structure of 10-cycle ZrO2–GNS nano-

composites prepared at 150, 200 and 250 �C were further stud-

ied by TEM and HRTEM, and the results are presented in Fig. 4.
FTIR spectrum (c) of the pristine GNS.



Fig. 2 – SEM images of 100-cycle ZrO2–GNS nanocomposites prepared at (a) 150 �C, (b) 200 �C and (c) 250 �C. (d) XRD patterns of

100-cycle ZrO2–GNS nanocomposites prepared at 150, 200 and 250 �C.

Fig. 3 – SEM images of ZrO2–GNS nanocomposite prepared at 150 �C (a, b, c), 200 �C (d, e, f) and 250 �C (h, i, g) with 10 cycles (a,

d, h), 30 cycles (b, e, i) and 50 cycles (c, f and g).
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Fig. 4 – TEM (a, c, e) and HRTEM (b, d, f) images of ZrO2–GNS nanocomposite prepared at 150 �C (a, b), 200 �C (c, d) and 250 �C (e,

f) with 10 cycles.
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In Fig. 4(a, c and e), one can easily find that the GNS after 10

cycles at 150, 200 and 250 �C become opaque in a large part,

compared with the initial transparent GNS (Fig. 1c), indicating

the deposition of dense ZrO2 nanoparticles. The structural

difference of the ZrO2 nanoparticles among those three sam-

ples is disclosed by the HRTEM result. HRTEM image in Fig. 4b

reveals the disordered nature of the deposited ZrO2 nanopar-

ticles at 150 �C, implying the dominance of amorphous phase

in this sample. The EDS result confirms the presence of Zr and

O elements in 10-cycle ZrO2–GNS nanocomposite prepared at

150 �C (Fig. SI-6). For the sample prepared at 200 �C, the

HRTEM image (Fig. 4d) indicates the coexistence of single

crystalline nanoparticles (as indicated by dash circles) and

amorphous ones (as marked by solid circles). The interplanar

spacing of one of the single crystalline nanoparticles is mea-

sured to be 0.298 nm, agreeing well with the lattice distance

between (101) planes of tetragonal ZrO2, as seen in Fig. 4d.

Fig. 4f shows the HRTEM image of 10-cycle ZrO2–GNS
nanocomposite prepared at 250 �C. Clear interplanar spaces

can be observed in most of the nanoparticles in this sample

(dash-circled in Fig. 4f), even though their sizes are really

small (down to 1 nm), and crystalline ZrO2 is suggested to

dominate in this sample. By comparing Fig. 4b, d, and f, it

can be found that the crystallinity of the deposited ZrO2 in-

creases with the elevating temperature. The HRTEM result is

well consistent with XRD result in Fig. 2d. Based on the above

studies, it can be concluded that the deposited ZrO2 was dom-

inated by amorphous phase at 150 �C and crystalline phase at

250 �C, and amorphous and crystalline ZrO2 coexisted in the

ZrO2–GNS nanocomposite prepared at 200 �C.

In the following part, we will discuss the reasons responsible

for the controlled morphology and crystallinity of ALD-ZrO2 on

GNS, the role of GNS as substrates for the growth of ALD materi-

als, and propose the growth mechanism of ALD-ZrO2 on GNS.

From the above results, it has been evidenced that the

ALD-ZrO2 on GNS were not only controllable in its morphol-
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ogy, either nanoparticles or thin films, but also tunable in its

crystallinity, from amorphous to crystalline. The morphology

of the ALD-ZrO2 was dependent on the ALD cycles at a given

temperature, i.e. ZrO2 nanoparticles were obtained with low

ALD cycles, while ZrO2 thin films were achieved with high

ALD cycles. This phenomenon indicates that ZrO2 followed

an ‘‘island growth’’ mode at the early stage, while a ‘‘layer-

by-layer growth’’ mode after the coalescence of those ZrO2

‘‘islands’’. During an ALD process, a prerequisite is the sub-

strate surface terminated with hydroxyl groups, which serve

as reactive sites for the nucleation and growth of ALD mate-

rials [40,41]. Previous studies have shown that island-growth

of ALD-ZrO2 happened on hydrogen-terminated silicon,

which was lack of functional OH adsorption sites [47–49]. A

recent study showed that ZnO nanoparticles could be grown

on single-walled carbon nanotubes, which had a sparse

amount of reactive sites for precursor chemisorptions [50].

In this work, the substrates for ALD-ZrO2 are GNS produced

by thermal reduction of GO, which usually have hydroxyl

groups bonded to the carbon network [51,52]. The FTIR spec-

trum in Fig. 1d confirms the existence of a significant amount

of hydroxyl groups on GNS, as illustrated in Fig. 5 (A1). During

the first half-cycle, Zr(NMe2)4 would preferably react with –OH

groups on GNS via Reaction (1), as schematically shown in

Fig. 5 (A2, A3). After that, H2O introduced in the second
Fig. 5 – (A) Schematic diagram of one ALD cycle using Zr(NMe2)4
GNS nanocomposites prepared at 150, 200 and 250 �C.
half-cycle would react with Zr(NMe2)4 chemically bonded on

GNS through Reaction (2), generating –OH groups at the outer

surface of GNS (see Fig. 5 (A4, A5)). Then the deposition of

ZrO2 would be achieved by repeating the above ALD cycle.

Therefore, those hydroxyl groups dispersed on GNS would ac-

count for the island growth of ZrO2 with low ALD cycles. With

further increasing ALD cycles, those ZrO2 ‘islands’’ would coa-

lesce and finally close into thin films, as observed in Fig. 3.

From this point on, the growth of ZrO2 would happen in a

layer-by-layer way, leading to deposition of uniform

thin films. From Fig. 2 and 3, it is also obvious that with a gi-

ven ALD cycle, the size of ZrO2 particles or the thickness of

ZrO2 thin films varies with the deposition temperature. High-

er deposition temperature would lead to smaller ZrO2 parti-

cles or thinner ZrO2 thin films. It can be explained by the

temperature-dependent nature of hydroxyl groups, and high

temperature could lead to dehydroxylation, as described as

follows [53]:

2jj �OH! jj ¼ OþH2O ð3Þ

Obviously, the dehydroxylation would reduce the density

of hydroxyl groups, thereby leading to the smaller ZrO2 parti-

cles or thinner ZrO2 thin films of ALD-ZrO2 at a higher tem-

perature. Besides hydroxyl groups, physisorbed Zr(NMe2)4
and H2O are probably another reason for the higher GPC at
and H2O as precursors [42]; (B) Schematic diagram of ZrO2–



Fig. 6 – CVs of (a) GNS and (b) ZrO2–GNS nanocomposite

prepared at 250 �C with 10 cycles.
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150 �C. Hausmann et al. [42] have proved that it took much

longer time to purge all surface-physisorbed Zr(NMe2)4 and

H2O at lower temperatures. Therefore, given the same purge

time in our case, there would be more surface-physisorbed

Zr(NMe2)4 and H2O at lower temperatures, which would in re-

turn contribute to the growth of ZrO2. As to the crystallinity of

ALD materials, previous studies have demonstrated that the

temperature could affect the crystallinity of ALD materials

by having influence on the reaction mechanisms [37,56],

and surface mobility of absorbed species [53,55]. For

Zr(NMe2)4, theoretical calculation showed that scission of me-

tal–ligand bonds was more feasible than scission of N–C

bonds [57]. Moreover, experiment study has revealed that

the reaction of Zr(NMe2)4 and H2O in ALD would follow Reac-

tion (1) and (2) in the temperature range of 150–250 �C [42].

Therefore, it can be considered that the reaction mechanism

of Zr(NMe2)4 and H2O was not affected by the temperature

change in this study. During an ALD process, high tempera-

tures could improve the surface mobility of absorbed species

and promote the ordering of the structure with minimum

energy, thus leading to the growth of crystallites [54,55]. In

our case, a higher temperature could enhance the mobility

of absorbed species, and enable the Zr and/or O ions to occu-

py the positions corresponding to the lowest free energy of

the crystal [55], thus resulting in the crystalline phase of

ALD-ZrO2 at 250 �C. At a given temperature, the crystallinity

of ALD-ZrO2 could be also related to the film thickness, and

more crystalline ZrO2 could be found in the thicker film [58].

The nucleation events of crystalline ZrO2 were even during

each ALD cycles. The increase of ALD cycles could result in

the nucleation of more crystalline ZrO2 and thicker film.

Therefore, the thicker film might contain more crystalline

ZrO2 than the thinner film does.

From above discussion, one can see that the surface nat-

ure of GNS plays a critical role in the nucleation and growth

of ALD-ZrO2, and GNS with hydroxyl groups are desirable

for this ALD process. Previous study by Dai et al. indicated

that ALD-Al2O3 could hardly grow on pristine graphene pre-

pared by peel-off method, due to the lack of surface func-

tional groups [59]. Ozone pretreatment [60] and wet

chemistry pretreatment [61] have been shown as effective

methods to render the graphene surface more suitable to

oxide precursor bonding. In this work, it is demonstrated that

the as-prepared GNS by thermal reduction of GO could be

directly used for the uniform deposition of ALD-ZrO2. The

functionalized GNS (Fig. 1c) could be resulted from the

uncompleted reduction of GO at 1050 �C during the prepara-

tion process [45].

Fig. 5B presents a schematic diagram to summarize the

ZrO2–GNS nanocomposites prepared at different deposition

temperatures. At all temperatures, ALD-ZrO2 on GNS are

nanoparticles with low ALD cycles, while thin films with high

ALD cycles. The phase of deposited ZrO2 is dominated by

amorphous at 150 �C, and crystalline at 250 �C. The former

two phases coexist in the ZrO2–GNS nanocomposite prepared

at 200 �C.

Recent publications have shown that ZrO2 exhibited elec-

trochemical capacitor performance [62,63]. Therefore, we also

investigated the electrochemical capacitance behavior of the

ZrO2–GNS nanocomposite prepared by ALD in this work.
Fig. 6 shows the cyclic voltammograms (CVs) for the pristine

GNS and 10-cycle ZrO2–GNS nanocomposite prepared at

250 �C at a scan rate of 50 mV s�1. The specific capacitance

can be calculated from the following equation [22,23]:

Cm ¼ It=DVm ð4Þ

where Cm is the specific capacitance of the electrode

(F g�1), I is the charge/discharge current (A), t is the discharge

time (s), DV is the potential window, and m is the mass of the

electrode material. From Eq. (4), the area of the CV is directly

proportional to the electrochemical capacitance of the elec-

trode material. Thus, it is visually apparent from Fig. 6 that

the electrochemical capacitance of 10-cycle ZrO2–GNS nano-

composite is much higher than that of the pristine GNS. Using

Eq. (4), the capacitance of the pristine GNS and 10-cycle ZrO2–

GNS is calculated to be 1.7 and 10.2 F g�1 at a scan rate of

50 mV s�1 respectively. The remarkable performance of

ZrO2–GNS nanocomposite could be attributed to the small

size and high surface area of ZrO2 nanoparticles (Fig. 3h),

and the good electronic conductivity of GNS substrate. Both

factors can contribute to the enhanced charge-transfer-reac-

tion pseudocapacitance of the ZrO2–GNS nanocomposite,

which is based on fast and reversible redox reactions at the

electrode surface [22]. This result implies that the ZrO2–GNS

nanocomposite prepared by ALD could be considered as

promising material in the application of electrochemical

capacitors. Further work is needed in order to find out the

relation between the structure and the electrochemical per-

formance of the ZrO2–GNS nanocomposites prepared by ALD.

4. Conclusions

In this work, ZrO2–GNS nanocomposites were prepared by

ALD at deposition temperatures from 150 to 250 �C. The re-

sults showed that the crystallinity of the deposited ZrO2 expe-

rienced a gradual decrease with the decrease of temperature.

The dominant phase of the deposited ZrO2 was crystalline at

250 �C and amorphous at 150 �C. Mixed phases of crystalline

and amorphous ZrO2 were found in the ZrO2–GNS nanocom-

posite prepared at 200 �C. At all the temperatures, the ZrO2
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deposited with lower number of ALD cycles showed nanopar-

ticle morphology, while that produced with higher number of

ALD cycles exhibited as uniform thin films. In all cases, the

growth of ZrO2 on GNS followed an ‘‘island growth’’ mode at

the early stage, and a ‘‘layer-by-layer growth’’ mode after

the coalescence of those ZrO2 ‘‘islands’’. Electrochemical

capacitor evaluation indicated that 10-cycle ZrO2–GNS nano-

composite showed specific capacitance of 10.2 F g�1, which

was 6 times higher than that of the pristine GNS. It is ex-

pected that this kind of ZrO2–GNS nanocomposites, with con-

trolled morphology and crystallinity of ZrO2, will find

potential applications in various fields, such as supercapaci-

tors, fuel cells, batteries and electronics.
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