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Abstract The cadmium sulfide nanoparticle-reduced

graphene oxide (CdS/RGO) nanocomposite with inti-

mate nano-interfacial contact was successfully prepared

via a facile condensation process in dilute dimethylfor-

mamide (DMF) aqueous solution. Numerous CdS

nanoparticles featuring a size of around 10 nm were

homogeneously anchored on 2D nanosheets. During the

formation of CdS/RGO nanocomposite, graphene oxide

(GO) was transformed into RGO simultaneously. The

solar-driven degradation of Rhodamine B (RhB) was

conducted to detect the activity of the as-prepared CdS/

RGO nanocomposite. Significantly, the photocatalytic

activity of CdS/RGO nanocomposite was almost three

times higher than that of pure CdS. The charge transfer

and photogenerated active hydroxyl radicals (�OH) were
investigated to study the mechanism of excellent photo-

catalytic property. The synthetic method provided a

valuable opportunity to fabricate large-scale novel

graphene-basedmaterialswith superior catalytic activity.

Keywords CdS/RGO nanocomposite � Reflux
condensation method � Photocatalysis � Photochemical

catalysis mechanism � Mitigate environmental

pollution

Introduction

In recent years, a great deal of effort has been

contributed to eliminating pollution of effluents from

urban and agricultural industries with organic pollu-

tants (Li et al. 2015a; Ajmal et al. 2014; Konstantinou

and Albanis 2004). Photocatalysis has caused an

increasing attention because of its widespread envi-

ronmental applications such as water disinfection,

CO2 reduction and air cleanup (Yin et al. 2014;

Paramasivam et al. 2012). Among various photocat-

alysts, CdS has attracted great attention because of its

optimal band gap (about 2.4 eV) for effective absorp-

tion of sunlight leading to easily transform solar

energy into chemical energy under solar light irradi-

ation (Han et al. 2015). However, due to the fact that

the rapid recombination rate of photogenerated charge

carriers leads to low energy-transfer efficiency, inves-

tigations and applications of neat CdS have been

greatly limited (Zhang et al. 2013a). Since the

photocatalytic nanocomposites with multiple kinds

of functional ingredients can exert the advantages of

different ingredients to conquer the shortages of neat

ingredient photocatalyst, the various types of hetero-

geneous photocatalysts have been explored for

enhanced photocatalysts by dominantly increasing

the light absorption and/or improving the charge

separation and transportation via constructing

heterostructures (Qu and Duan 2013).

Recently, with high chemical stability, notably high

specific surface area and superior conductivity,
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graphene has received extensive attention in almost

every field of engineering and science (Singh et al.

2011). As those intriguing characters, graphene pro-

vides an exciting opportunity to yield highly efficient

photocatalysts. Nanocomposites of CdS and graphene

have presented noteworthy advantageous enhance-

ment of photocatalytic performance in a number of

works dominatingly because the graphene can work as

a charge carrier transporter in photocatalytic system.

Li et al. (2011) revealed that CdS/RGO nanocompos-

ite exhibited a high activity in the photocatalytic

production of H2 from water splitting. Yu et al. (2014)

applied CdS/RGO nanocomposite to the photocat-

alytic CO2 reduction and excellent reduction effi-

ciency of CO2 to CH4 was discovered. Liu et al. (2014)

demonstrated the photocatalytic activity of CdS/RGO

nanocomposite for dye degradation was obviously

higher than that of pure CdS. Excellent CdS/graphene

photocatalysts are also applicable to reduce Cr(VI)

into Cr(III) (Liu et al. 2011), photocatalytic antibac-

terial (Gao et al. 2013) and controllable organic

photosynthesis (Zhang et al. 2013c). Besides its

various photocatalytic applications, CdS/RGO

nanocomposites are also valued in many other cate-

gories such as biosensors (Li et al. 2015b), solar cells

(Yuan et al. 2014), photovoltaic devices (Yan et al.

2012) and so on.

As for its wide application outlook and much

great value in engineering, the preparation of

CdS/graphene nanocomposite is full of significance

and vital importance. So far, numerous synthetic

techniques have been adapted to fabricate CdS/

RGO nanocomposite. For example, CdS nanoparti-

cles were anchored on RGO by layer-by-layer

(LBL) self-assembly fabrication technology (Xiao

et al. 2014), solvothermal method (Liu et al. 2013)

and microwave-assisted method (Liu et al. 2011). In

addition, CdS/RGO hybrids could be synthesized

via reducing GO with various reductants, such as

hydrazine (Cao et al. 2010) and H2S (Nethravathi

et al. 2009). Those approaches were demonstrated

to be efficient for the fabrication of CdS/RGO

nanocomposite and enhancement of CdS catalytic

abilities, but toxic reagents, expensive apparatus or

dangerous and complicated operations are always

involved, which greatly restricts their broad appli-

cation in reality. Therefore, it is necessary to search

a convenient approach for the preparation of CdS/

RGO nanocomposite.

Here, we report a reflux condensation method in

water–DMF mixed solution for the synthesis of CdS/

RGO nanocomposite (shown as Scheme 1), which is a

facile approach operated with the advantages of low

cost and simplicity. Such a method avoids using toxic

reduction reagents such as hydrazine and complex

chemical procedure. Importantly, the utilization of the

DMF reagent as reducing agent is very promising

because it is inexpensive and abundant in chemical

industries (Ai et al. 2011). Most importantly, the as-

obtained CdS/RGO nanocomposite shows excellent

photocatalytic performance.

Experimental section

All raw materials were analytical grade and used as

purchased without further purification.

Preparation of CdS

An equimolar amount of Na2S�9H2O solution was

added to a solution of Cd(CH3COO)2�2H2O with

stirring for 2 h at room temperature. The product was

recovered by filtration, rinsed three times with deion-

ized water, and finally dried at 80 �C under vacuum.

Preparation of CdS/RGO nanocomposite

Graphene oxide (GO) was synthesized from natural

graphite in accordance with our recently reported

method (Liu et al. 2015; Meng et al. 2015a). CdS/

RGO was fabricated by reflux condensation method

under atmospheric pressure. In a typical procedure,

10 mg of GO and 0.2 g of CdS were well dispersed in

60 mL of the water–DMF mixed solution (volume

ratio: DMF/H2O = 2/1) by sonication. Next, the reac-

tion system was constantly stirred using a magnetic

stirrer at 115 �C in oil bath for 10 h. Finally, the product

was washed three times with distilled water and ethyl

alcohol by centrifugation and dried at 80 �C under

vacuum over a night. To investigate the optimum ratio

between them, a series of similar syntheses with

different weight ratio of GO to CdS (weight ratio: 2.5,

5.0 and 10.0 %, marked as CG-1, CG-2 and CG-3,

respectively.) was carried out. Additionally, a physical

mixture of GO and CdS (weight ratio 5.0 %) was also

fabricated for comparison via mechanical blending

method using an agate mortar.
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Characterizations

XRD patterns of the samples were obtained with a

PERSEE XD-3 diffractometer (Cu Ka,
k = 0.154178 nm, scanning rate of 4�/min, step scan

of 0.02�, 36 kV, 20 mA). The dispersion of sample

was measured using a UV-1800 spectrophotometer

(SHIMADZU). The morphology of sample was

observed using TEM (JEM-2100, Hitachi, 200 kV).

DRS of the samples were measured in the ultraviolet–

visible region using a U-4100 spectrophotometer with

an integrating sphere (Hitachi, BaSO4 as a reference).

FT-IR spectra were collected on a Nexus 870

spectrometer (Nicolet). The Raman profile of sample

was recorded on an inVia-Reflex (Renishaw 532 nm).

Fluorescence spectrum (FL) was characterized by an

F-7000 spectrophotometer (Hitachi). XPS was per-

formed by a VG Microtech ESCA2000 (Al Ka X-ray

source, 1486.6 eV). Nyquist plots of EIS were

collected in 0.1 M phosphate buffer (pH = 7.4)

solution containing 0.1 M KCl and 5 mM Fe(CN)6
4-/

3- using an IM6 (Zahner, three-electrode system: a Pt

counter electrode, an Ag/AgCl reference electrode and

a GCE work electrode.).

Photocatalytic activity

The photocatalytic performance of the samples was

evaluated by photocatalytic degradation of RhB

aqueous solution under solar light illumination simu-

lated with a Xe lamp (300 WHSX-F300 lamp, Beijing

Nbet Technology Co., Ltd.). The distance between

lamp and photocatalytic reactor was 15 cm. 8 mg of

the sample was dispersed in 50 mL of the RhB

(10 ppm). Prior to irradiation, the suspension was

agitated for 30 min in the dark on a magnetic stirrer at

room temperature to reach an adsorption–desorption

balance between the sample and reactant. For 60-min

irradiation, 4 mL of sample dispersion was collected

before and after every 10 min of illumination and the

photocatalyst was completely removed by centrifuga-

tion at 10,000 rpm for 6 min. Subsequently, the

supernate was determined by monitoring the absorp-

tion peak at 554 nm using UV–Vis absorption spec-

trophotometer. Methyl blue (MB), and Methyl orange

(MO) were also analyzed under the same conditions

and monitored its absorption peak at 664 and 464 nm,

respectively. Photogenerated active radical �OH was

detected by PL spectrum using terephthalic acid (TA)

Scheme 1 The preparation of CdS/RGO nanocomposite
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as a probe molecule. The procedure were performed as

the aforementioned measurement of photocatalytic

activity and the difference was that the dye aqueous

solution was exchanged by 50 mL of NaOH

(2 9 10-3 M) and TA (5 9 10-4 M).

Calculation

Based on the Beer–Lambert’s law (Meng et al. 2015b),

the intensity of the character absorption peak of RhB at

554 nm was linearly proportional to its concentration.

Therefore, the photodecomposition efficiency of RhB

could be calculated using the following equation

[degradation rate (Dr) or residual rate (Rr) %]:

Dr % ¼ 100% � Rr %

Rr % ¼ Ct=C0ð Þ � 100%

where Dr% or Rr% reflects photocatalytic activity,C0

and Ct are corresponding to absorbances after absorp-

tion–desorption equilibration and t min irradiation,

respectively. The pseudo-first-order reaction was

adopted to calculate the photocatalytic reaction kinet-

ics using the following equation (Wu et al. 2015):

ln Ct=C0ð Þ ¼ �Kt

where K is apparent rate constant.

Results and discussion

Figure 1a displays the XRD profiles of the native

graphite and GO samples. In Fig. 1a, the XRD pattern

of GO showed a relatively weak peak at 2h = 10.9o,

with d-spacing of 0.81 nm, which was much larger

than 0.34 nm of natural graphite at 2h = 26.5o. This

change confirmed that natural graphite had already

successfully oxidized to GO (Etmimi and Sanderson

2011). Peaks at 230 and 300 nm in UV–Vis absorption

spectrum of GO (the insert) were caused by p–p*
transition of the C=C band and n–p* transition of C=O
band (Shown et al. 2014), respectively. Figure 1b

displays the XRD spectra of the CdS and CdS/RGO

nanocomposites. For the CdS, only three weak and

broad diffraction peaks at 26.5�, 44.0�, and 52.0�, were
observed, which were indexed to the (111), (220), and

(311) planes of zinc blende crystal CdS structure

(ICDD card No. 65-2887), suggesting the small sizes

and poor crystallinity of CdS nanoparticles (Veamata-

hau et al. 2015). However, any diffraction peaks of

RGO could not be observed in all the present XRD

patterns of CdS/RGO nanocomposites with different

RGO contents. It was due to the well exfoliation of

layer-stacking regularity of graphite, low diffraction

intensity (Liu et al. 2013).

The structure information was further investigated

by FT-IR spectrum and Raman technique. Figure 2a

shows FT-IR spectra of the synthesized GO and CdS/

RGO nanocomposite. The FT-IR peaks of GO corre-

sponding to the oxygenic groups including the C=O

(1726 cm-1), O–H (1410 cm-1), C–O (epoxy;

1250 cm-1), C–O (alkoxy; 1077 cm-1) and C=C

(1625 cm-1) were observed (Zhang et al. 2010).

Compared with the absorption peaks of the oxygen

functionalities in GO, the intensity of those absorption

peaks in the CdS/RGO nanocomposite was signifi-

cantly decreased, and absorption peaks of C–O (epoxy)

and C=O corresponding to 1250 and 1726 cm-1 were

nearly absent, meaning GO reduction and the formation

of graphene occurred during the reflux treating process.

A broad peak around 644 cm-1 that appeared in CdS/

RGO profile could be attributed to the Cd–S bond (Ge

et al. 2012). Figure 2b displays the typical Raman

spectra of GO, CdS and as-prepared CdS/RGO hybrid

structure. In Fig. 2b, two well-identified GO Raman

peaks could be observed at 1345 and 1590 cm-1, which

were attributed to the D band and G band, respectively.

Both of them were also presented in the Raman

spectrum of CdS/RGO nanocomposite. However, the

intensity ratio of D to G increased remarkably

compared with that of GO, indicating the formation

of RGO in CdS/RGO hybrid (Song et al. 2012). The

Raman peaks at 300, 600 and 900 cm-1 in CdS/RGO

nanocomposite were, respectively, assigned to the first-

order (1LO), second-order (2LO), and third-order

longitudinal optical phonon modes (3LO) of CdS

(Kaveri et al. 2013). Compared with the intensity ratio

of 2LO to 1LO (2LO/1LO) of CdS, the strength of

electron-vibration coupling was a noteworthy increase

from 0.34 to 0.43 after it was closely coupled with

RGO. This increment of the 2LO/1LO ratio suggested

the strong interaction between CdS nanoparticles and

RGO, which devoted to enhancement of its photo-

chemical properties (Bera et al. 2015).

TEM and HR-TEM images were employed to

directly observe the microscopic morphology and
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structure information of the GO and CdS/RGO as

shown in Fig. 3. Figure 3a shows a general view of the

bare GO nanosheets, indicating that the exfoliated GO

sheets were very clean and had a smooth surface.

Figure 3b shows the neat CdS nanoparticles presented

serious self-aggregation. After compositing with RGO

(Fig. 3c, d), numerous CdS nanoparicles were

homogenously and tightly coated on the layered

RGO, even after preceding a long time intensive

ultrasonic process. The numerous CdS nanoparticles

were homogenously coated on the layered RGO

featuring intimate nano-interfacial contact which

would bring advantage for the charge transfer process

between them, thereby devoting to the improvement of

photoactivity. From the HR-TEM image (Fig. 3e), the

lattice fringe with interplanar spacing of 0.336 nmwas

well resolved, which could be assigned to the (111)

plane of the RGO-supported CdS nanoparticles (Ge

et al. 2012). The corresponding selected area electron

diffraction (SAED) pattern (Fig. 3f) was consistent

with zinc blende crystal CdS structure (Veamatahau

et al. 2015).

The reduction of GO in CdS/RGO nanocomposite

was further investigated by XPS instrument. Fig-

ure 4a, b shows the high-resolution curves of C 1 s

peak of GO and CdS/RGO. The spectrum of Fig. 4a

Fig. 1 a XRD patterns of graphite and GO (Inset: UV–Vis of GO); b XRD patterns of CdS and CdS/RGO nanocomposites with

different RGO contents

Fig. 2 a FT-IR profiles of GO and CdS/RGO; b Raman spectra of GO, CdS nanoparticles and CdS/RGO nanocomposite
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Fig. 3 a TEM images of GO, b neat CdS and c, d CdS/RGO nanocomposite; e HR-TEM and f SAED of CdS/RGO nanocomposite;

g TEM image of the physical mixture of GO and CdS

241 Page 6 of 13 J Nanopart Res (2016) 18:241

123



could be fitted into three main components arising

from hydroxyl and epoxy (C–O, 286.5 eV), C–C/C=C

in aromatic rings (284.5 eV) and carbonyl (C=O,

288.5 eV) groups (Zhang et al. 2011), respectively.

However, after formation of the CdS/RGO nanocom-

posite, the peak intensity of these oxygenic groups was

significantly decreased (Fig. 4b), especially for C–O

and carbonyl groups, which indicated the reduction by

DMF during the condensation process. The binding

energies 405.0 and 411.7 eV in Fig. 4c were attributed

to the binding energies of the Cd 3p5/2 and 3p3/2
electrons (Chen et al. 2015a). The XPS peaks at 161.9

and 163.1 eV aroused from S 2p signals (Fig. 4d)

(Chen et al. 2015b). The XPS spectra further demon-

strated the conclusion that CdS had already been

effectively coupled with RGO nanosheets.

Both light absorption threshold and band gap

energy of samples were detected by DRS technique.

Figure 5a presents the plots of absorbance vs. wave-

length for CdS and CdS/RGO. Compared with the

absorption spectrum of CdS, the spectrum of CdS/

RGO nanocomposite exhibited stronger absorption

over the whole UV–Vis region, indicating its higher

solar light harvesting efficiency. Additionally, the

band gap (Eg) of the samples had been further

calculated using following equation (Park et al.

2015; Deng et al. 2014):

½aht�n ¼ kðht� EgÞ

where ht is the discrete photon energy; a is the

absorption coefficient; k is a constant; n is equal to 2

(the allowed direct transitions); Eg is the band gap. The

Fig. 4 XPS spectra of GO (a) and CdS/RGO nanocomposite (b, c, d): a C 1 s, b C 1 s, c Cd 3d, d S 2p
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band gap plots of [aht]2 vs. ht are presented in

Fig. 5b. The calculated band gaps were 2.20 and

2.29 eV for CdS and CdS/RGO nanocomposites,

respectively. Compared to the band gap of CdS, the

blue shift of CdS/RGO nanocomposite was attributed

to the internal stress induced by structural defects

(Park et al. 2015), which was aroused by reflux

treating process.

To evaluate the photocatalytic activity of the

nanocomposite and confirm the efficiency of con-

struction approach, the photocatalytic ability of CdS/

RGO was then examined by decomposition of organic

pollutant under solar irradiation. Figure 6a shows the

contrast photocatalytic performance between CdS and

CdS/RGO with different RGO contents and the

photocatalytic RhB degradation reaction was moni-

tored through its characteristic absorption peak at

554 nm. In the light of photoactivity data, it was clear

to see that the all of CdS/RGO nanocomposites

exhibited significantly improved photocatalytic ability

as compared to CdS. The amount of RGO in the

nanocomposites was an important factor affecting

decomposition activity. With the increasing RGO

content in the nanocomposites, the RhB degradation

rate was initially increased and then decreased. The

optimum content of RGO to CdSwas 5 %, which CdS/

RGO sample showed the best activity in degradation

of RhB. The controlled experiment for comparison of

catalytic activities between CG-2 and a physical

mixture of GO and CdS (weight ratio of GO to CdS

was the same as CG-2) was performed. As we could

see from Fig. 6a, the degradation rate of physical

mixture was much lower than CG-2. Observed from

the TEM image of the physical mixture of GO and CdS

(Fig. 3g), physical mixture presented distinct phase

separation and low loading of CdS nanoparticles,

suggesting its poor interface interaction, simultane-

ously, the abundant oxygen-containing groups of GO

with inferior conductivity also devoted to its weak

photocatalytic performance (Zhao et al. 2012; Bera

et al. 2015; Guo et al. 2015). These results demon-

strated that CdS/RGO nanocomposite possessed

excellent photocatalytic activity in RhB decomposi-

tion and the effective reflux construction method. CG-

2 was further used to degrade other organic dyes, MB

and MO, under the same conditions and the results are

displayed in Fig. 6b. After illumination for 30 min,

the Rr % of MO, MB and RhB were 64.3, 23.7 and

1.4 %, respectively. The apparent rate constants were

calculated to be 9.2 9 10-2, 6.2 9 10-2 and

1.7 9 10-2 min-1 for photodegradation of RhB, MB

and MO (Fig. 6c), respectively. The results suggested

that higher photocatalytic degradation ability was

achieved for RhB compared to MO and MB, which

was similar to the report by Yang et al. (2013).

To compare the photocatalytic activities of CdS

with CdS/RGO nanocomposite towards degradation

of RhB more efficiently, the apparent rate constant

(K) was determined based on the pseudo-first-order

reaction (Wu et al. 2015). The apparent rate constants

Fig. 5 a DRS of CdS and CdS/RGO nanocomposite; b [aht]2 vs. ht curve of CdS and CdS/RGO nanocomposite
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Fig. 6 a Photodegradation behaviors of RhB with CdS, CG-1,

CG-2, CG-3 and physical mixture of CdS/GO; b photodegrada-

tion behaviors of RhB, MB and MO with CG-2; c the apparent
rate constants of RhB, MB andMO on CG-2 as described in (b);

d the apparent rate constants of RhB on CG-2 and CdS as

described in (a); e the linear relationships of CdS and CG-2 for

RhB degradation
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were calculated as 3.2 9 10-2 and 9.2 9 10-2 min-1

for CdS and CG-2 (Fig. 6d; the corresponding linear

relationships of CdS and CG-2 for RhB degradation

are displayed in Fig. 6e), respectively. The photocat-

alytic ability of CG-2 was almost 3 times higher than

that of pure CdS (Fig. 6d). However, the CG-3 sample

with the highest content of RGO showed the lowest

activity for RhB degradation among all

nanocomposites synthesized by reflux condensation

method, which was consistent with Zhang et al.’s

report (2013c).

The EIS Nyquist plots (Bai et al. 2014), a strong

tool in detecting the charge transfer process, were

adopted to illuminate the performance advantage of

CdS/RGO nanocomposite over CdS. Figure 7 depicts

the result spectrum of EIS, indicating that the

impedance arc radius of the CdS/RGO nanocomposite

in the high-frequency region was smaller than that of

pure CdS, which suggested improved conductive

capability of CdS/RGO nanocomposite as compared

with CdS (Zhang et al. 2009). These consequences

were reasonable because RGO has a superior capabil-

ity of capturing, storing, and transporting electrons

through its sp2 aromatic network (Zhang et al. 2012).

Thus, when coupled with RGO, likelihood of the

recombination of photoexcited electron–hole pairs

from neat CdS could be greatly decreased, which

eventually led to the higher photocatalytic activity of

CdS/RGO nanocomposite over CdS.

According to those discussion and results, a mech-

anism of the improvement of photocatalytic activity of

CdS anchored on RGO under solar irradiation was

suggested and shown in Scheme 2. When CdSFig. 7 EIS spectrum of CdS and CdS/RGO nanocomposite

Scheme 2 The mechanism

for dye degradation with

CdS/RGO nanocomposite

241 Page 10 of 13 J Nanopart Res (2016) 18:241

123



deposited onto RGO nanosheets, an efficient nanoin-

terface interaction between CdS and RGO was

formed. The RGO nanosheets acted as a photogener-

ated charge transporter, which improved the charge

transfer and reduced the recombination of electron–

hole pairs of CdS (Chang et al. 2014). The separated

electrons on the RGO surface further combined with

adsorbed O2 and H2O to produce an OH� radical

(Hoffmann et al. 1995), simultaneously, leaving holes

in the valence band (VB) of CdS. However, the holes

in VB of CdS could not oxidize OH- to produce OH�
radical because the VB potential of CdS (1.9 eV vs.

NHE) is more negative than the redox potential of

OH-/�OH (2.7 eV vs. NHE) (Xiang et al. 2011). As

known, holes and OH� possess powerful oxidative

capacity and are in favor of destroying organic

contaminants (Tanveer et al. 2014).

To demonstrate the presence of hydroxyl radicals

(�OH), the fluorescence technique (FL) had been

adopted. Terephthalic acid (TA) could react with

reactive �OH radicals and produced 2-hydroxy tereph-

thalic acid (TAOH). TAOH could be excited at

excitation wavelength of 315 nm and the maximum

fluorescence intensity at 425 nm could be obtained

(Chen et al. 2015b; Yi et al. 2015). The stronger the

fluorescence intensity of TAOH was, more the OH�
radicals were. As shown in Fig. 8a, with increasing

irradiation time, fluorescence intensity increased. This

result verified that the OH� radical was definitely

produced under the solar radiation and Fig. 8b depicts

that the FL intensity at 425 nm increased with

irradiation time.

Conclusions

In summary, a reflux condensation method in water–

DMF mixed solution for the synthesis of CdS/RGO

nanocomposite was reported and the as-prepared CdS/

RGO nanocomposite exhibited excellent photocat-

alytic activity for RhB degradation. The strong

interface interaction, the strength of electron-vibration

coupling and high light harvesting efficiency devoted

to high photocatalytic activity of CdS/RGO nanocom-

posite, which demonstrated the efficiency construction

approach. Furthermore, EIS technique verified that

RGO could function as an excellent electron acceptor

and transporter and the oxidizing hydroxyl radicals

were also detected via FL spectrum. In addition, the

results confirmed that the conductivity played an

important role in the photocatalytic ability of CdS/

RGO nanocomposite and the optimum content of

RGO to CdS was 5 %. The advantages of this method

for the synthesis of CdS/RGO nanocomposite lay in

simple devices, utilization of common solvent and

permitted large-scale production at low cost, which

could pave the way for its wide application in reality.
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