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In this paper, we investigate the effects of pre-reducing 
Sb-doped SnO2 (ATO) electrodes in viologen-anchored 
TiO2 (VTO) nanostructure–based electrochromic devices. 
We find that by pre-reducing an ATO electrode, the 
operating voltage of a VTO nanostructure–based 
electrochromic device can be lowered; consequently, such 
a device can be operated more stably with less hysteresis. 
Further, we find that a pre-reduction of the ATO electrode 
does not affect the coloration efficiency of such a device. 
The aforementioned effects of a pre-reduction are 
attributed to the fact that a pre-reduced ATO electrode is 
more compatible with a VTO nanostructure–based 
electrochromic device than a non-pre-reduced ATO 
electrode, because of the initial oxidized state of the other 
electrode of the device, that is, a VTO nanostructure–
based electrode. The oxidation state of a pre-reduced ATO 
electrode plays a very important role in the operation of a 
VTO nanostructure–based electrochromic device because 
it strongly influences charge movement during 
electrochromic switching. 
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I. Introduction 

Technologies related to both transparency control and 
reflectance control, which operate in the visible range of the 
spectrum, are receiving increasing amounts of interest by 
researchers in related fields because they can be applied to 
smart windows and other related applications [1]–[10]. Over 
the past several decades, electrochromism has attracted 
increasing interest [1]–[6]. Electrochromic materials can be 
applied to “smart windows” [11]–[13], automobile mirrors, and 
displays [14]–[16]. However, the slow switching speeds of 
conventional electrochromic devices have limited their 
applicability to low-speed domains for decades; slow switching 
speeds are a result of low Li+ ion diffusion rates in thin-films 
pertaining to electrochromic materials [17]. 

Recently, ultrafast electrochromic devices utilizing viologen-
anchored TiO2 (VTO) nanostructure–based electrodes have 
been demonstrated [17], [18]. In such devices, viologen 
molecules are fixed to the surfaces of TiO2 nanostructure–
based electrodes. Therefore, Li+ ion diffusion lengths for 
electrochromic switching are minimized and sub-second 
switching speeds can be realized. Since this breakthrough, 
ultrafast electrochromic devices based on VTO nanostructure–
based electrodes have attracted significant attention [19]–[21]; 
viologen-graphene systems have also drawn much attention 
[22], [23]. We note here that a counter electrode is a very 
important component of an electrochromic device. A Sb-doped 
SnO2 (ATO) nanostructure is the most promising material for a 
counter electrode because it can act as a good ion storage layer 
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[24]. Upon reduction or oxidation of an ATO electrode, any 
resulting change in color is notably and insignificantly small.  

ATO nanoparticles, which form the basis of an ATO 
electrode’s nanostructure, can be synthesized by hydrothermal 
methods [24]. To fabricate an ultrafast electrochromic device, 
one must first separately form a VTO nanostructure–based 
electrode and an ATO electrode prior to any attempts to then 
combine the two. When it comes to forming the electrodes, a 
high-temperature treatment within an oxidizing environment is 
required; therefore, the electrodes will be in an oxidized state 
upon fabrication due to this environment.  

During an electrochromic operation (that is, the operation of 
an ultrafast electrochromic device), of the two electrodes that 
make up the device, it is the VTO nanostructure–based 
electrode that is typically to be reduced while simultaneously 
oxidizing the ATO electrode; the further oxidation of an ATO 
electrode is not easy and indeed a high voltage needs to be 
applied to the device in order to achieve this. Since further 
oxidation is impractical, we investigate the possibility of pre-
reducing an ATO electrode prior to its involvement in the 
construction phase of an ultrafast electrochromic device. By 
pre-reducing an ATO electrode, we can lower its level of 
oxidation prior to it ever being operated within an ultrafast 
electrochromic device. Thus, during an electrochromic operation, 
when the time comes to oxidize the ATO electrode, a low 
voltage needs only to be applied to achieve the desired effect. 

With this understanding, we seek to investigate the effects  
of pre-reducing ATO electrodes in ultrafast electrochromic 
devices.  

Pre-reduction of ATO electrodes is conducted with a 
potentiostat prior to cell construction. The effects of pre-
reduction of ATO electrodes on the electrochromic properties 
of VTO nanostructure–based electrochromic devices is 
systematically analyzed. 

II. Experiment 

A TiO2 nanoparticle slurry with an average particle size    
of less than 20 nm was supplied by ENB Korea Co., Ltd., and 
fluorine-doped SnO2 (FTO) coated glasses (TEC-15, sheet 
resistance of 15 Ω/�), supplied by Pilkington Co., Ltd., were 
used as substrates. Thin films were prepared using the bar-
coating method followed by calcination at 450 C for 30 min  
in air to burn off polymer materials and to form TiO2 
nanostructure–based electrodes. The thicknesses of the 
nanostructured films were measured using a surface profiler 
(Alpha-step 500, KLA-Tencor Co.) and the average thickness 
was 4 μm. 

Methyl viologen, which is deep blue when in a reduced state 
but transparent when in an oxidized state, was used as the 

electrochromic material. Phosphate anchors were formed on 
the viologen molecules using a process suggested by previous 
researchers [17]. The phosphate-anchored viologen molecules 
were fixed to the surfaces of TiO2 nanostructure–based 
electrodes using a solution method. The phosphate-anchored 
viologen molecules were dissolved in a 0.5 mM concentration 
of ethanol, and TiO2 nanostructure–based electrodes were 
dipped in the solution for 20 h, then rinsed in ethanol and dried. 
The now prepared VTO nanostructure–based electrodes were 
highly transparent, displaying no color upon visual inspection, 
meaning the absorbed viologen molecules were still in their 
natural oxidized state.  

Figure 1 shows the cyclic voltammetry results for TiO2 
nanostructure–based electrodes, as measured with a 
potentiostat (CHI1030, CH Instrument Inc., USA) before and 
after viologen anchoring. The sweep rate was 5 mV·s–1. The 
reference electrode (of the potentiostat) was a Ag/AgCl 
electrode, and 0.5 M LiClO4 in propylene carbonate was used 
as the electrolyte in the measurement. As can be seen in Fig. 1, 
the current was drastically increased by anchoring viologen to 
the surfaces of the TiO2 nanostructure–based electrodes. This 
occurred because the absorbed viologen molecules took part in 
oxidation/reduction processes during the cyclic voltammetry 
measurements. From Fig. 1, it is estimated that the 
reduction/oxidation potential of viologen is approximately 
−0.5 V with respect to the Ag/AgCl reference electrode.  

ATO nanoparticles were synthesized using a hydrothermal 
process that has been described in previous reports [24]. The 
Sb content of the ATO nanoparticles was 5.0 at %. The 
 
 

Fig. 1. Cyclic voltammetry results of TiO2 nanostructure–based 
electrodes before and after viologen anchoring. Range of 
voltage sweep for cyclic voltammetry is –0.7 V to 0.5 V 
with respect to Ag/AgCl reference electrode. Sweep speed 
is 5 mV·s–1, and 0.5 M LiClO4 in propylene carbonate is 
used as electrolyte. First three cycles for each sample are 
shown.
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Fig. 2. (a) TEM image of synthesized ATO nanoparticles, (b) X-
ray diffraction pattern of synthesized ATO nanoparticles,
and (c) transmittance spectrum of ATO electrode. 
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synthesized nanoparticles were mixed with teripineol, lauric 
acid, and ethyl cellulose to make a slurry to be used for the bar-
coating process. The prepared slurry was bar-coated, as thin 
films, onto the FTO substrates and dried in air. The dried films 
were calcined at 450 C, for 30 min in air to burn off the 
polymers and make several ATO electrodes. The final 
thickness of the ATO films was approximately 4 μm. Figure 2 
shows a TEM image of the synthesized ATO nanoparticles, an 
X-ray diffraction (XRD) pattern of the nanoparticles, and the 
measured transmittances of the prepared ATO films. Note that 
the average size of an ATO nanoparticle must be very small if it 
is to be used in the fabrication of a transparent electrode.  

A major loss of transmittance occurred because of scattering 
by the ATO nanoparticles or agglomerates of ATO 

 

Fig. 3. Amperometric i-t results measured during pre-reduction 
processes. 
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nanoparticles. Therefore, the smaller the primary ATO 
nanoparticles, the more transparent a thin film is [25]. The 
average particle size of the synthesized ATO nanoparticles was 
less than 10 nm, and the ATO films were very transparent 
because of the sizes of the primary ATO nanoparticles. The 
synthesized ATO nanoparticles were crystallites, as can be seen 
from Fig. 2(b). From the XRD pattern, the crystal structure of 
the ATO nanoparticles was confirmed to be tetragonal, 
cassiterite phase SnO2. 

The ATO electrodes were pre-reduced through an 
amperometric i-t method using a potentiostat (CHI1030, CH 
Instrument Inc., USA) before cell construction. For the pre-
reduction, the Ag/AgCl electrode was used as a reference 
electrode, 0.5 M LiClO4 in propylene carbonate was used as an 
electrolyte, and the voltage range of pre-reduction was −0.25 V 
to −2.0 V, with respect to the Ag/AgCl reference electrode. 
Figure 3 shows the time-current (i-t) graphs measured during 
the pre-reduction processes for several pre-reduction voltages. 
As can be seen from the figure, the charging currents related 
with the pre-reductions decayed almost within 60 s. In the case 
of pre-reduction voltages higher than −1.5 V, considerable 
currents were maintained beyond the 60 s mark, but for the 
most part were considered to be a kind of leakage current. 
Considering the i-t results, the pre-reduction time was fixed to 
60 s for all the pre-reduction voltages. The pre-reduced ATO 
electrodes were rinsed with ethanol and dried. Cell cavities 
were formed by joining the dried ATO electrodes with the 
VTO nanostructure–based electrodes using patterned melting 
films with a thicknesses of 100 μm (Surlyn, Dupont co.). The 
electrolyte, a 0.5 M LiClO4 in propylene carbonate, was 
injected into the cell cavities by vacuum injection, forming the 
final electrochromic cells. Figure 4(a) presents a schematic 
showing the vertical structure of the electrochromic devices, 
and Fig. 4(b) shows photographs of a fabricated device, first in 
a bleached state and then in a colored state. 
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Fig. 4. Schematic showing structure of device, which consists 
of (a) VTO nanostructure–based electrode and ATO 
nanostructure–based electrode and (b) photographs of 
fabricated device in its bleached and colored states.
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The devices were 2.0 cm × 2.0 cm in size, 1.0 cm × 1.0 cm 
of which was the active area. The electrochromic 
characteristics of the fabricated devices were measured using 
an optical measurement system consisting of a light source 
(DH-2000-BAL, Ocean Optics Inc., USA), optical fibers, and 
a spectrometer (USB2000+UV-VIS, Ocean Optics Inc., USA). 
Driving bias was applied by a function generator (Hewlett 
Packard co., 33120A), dc power supply (Protek co., OPE-
303Q), and an isolation board with an operational amplifier. 
Switching currents during electrochromic operation were 
recorded using a digital multimeter (Agilent co., 34461A). 

III. Results and Discussion 

1. Pre-reduction of ATO Electrodes  

Figure 5 shows the total amount of charge that flowed into 
the samples during the pre-reduction processes. The total 
charge for a sample was obtained by integrating the current 
over time. Typical switching charge values for the fabricated 
devices, as measured with a digital multimeter, were less than 
0.01 C/cm2. Figure 5 shows that the amounts of charge that 
flowed during the pre-reduction processes were much larger 
than those associated with device switching.  

Pre-reduction involves injecting a positive charge, such as 
with Li+ ions, into the ATO electrodes or extracting a negative 
charge from them. Intuitively, it makes sense that Li+ ions 
would be injected into the ATO electrodes since there is no 
suitable anion to be extracted from the ATO electrodes into the 
electrolyte. However, not all current flows can be interpreted as 
charge injected. Some fractions of the currents could be 
electronic leakage currents. Furthermore, not all of the injected 

Fig. 5. Amounts of charge that flowed during pre-reduction of 
ATO electrodes; charge flow was calculated by integrating 
current data over time obtained from potentiostat. 
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charges could be maintained until the point of completion of 
the device fabrication. Some fractions of the injected charges 
(Li+ ions) must be oxidized during the latter processes, such as 
cleaning, cell bonding, and so on. To minimize the re-oxidation 
of the ATO electrodes, the pre-reduced ATO electrodes were 
immediately rinsed with ethanol and used to fabricate 
electrochromic devices.  

2. Effects of Pre-reduction on Transmittance Switching  

Figure 6 shows the measured transmittance spectra of two of 
the fabricated devices (of which there were many; however, we 
do not show all of the results for all the fabricated devices due 
to space limitations). Figure 6(a) shows the results obtained 
using operating voltages of −2.5 V (voltage of the VTO 
nanostructure–based electrode with respect to the ATO 
electrode) for coloring and +0.5 V for bleaching. Figure 6(b) 
shows the spectra obtained using operating voltages of −3.0 V 
for coloring and +0.5 V for bleaching. As can be clearly seen 
from the figure, the coloring level was much deeper in the case 
of the device with the pre-reduced ATO electrode, and the 
difference between the two devices featured was larger when a 
coloring voltage of −2.5 V was used. It is assumed that the 
reason for these differences is that a pre-reduced ATO 
electrode can more easily release a charge (become oxidized) 
than a non-pre-reduced ATO electrode. Therefore, the device 
made with a pre-reduced ATO electrode can be operated by a 
lower driving voltage and become more deeply colored. Using 
an operating voltage of −3.0 V, the device made with the non-
pre-reduced ATO electrode also becomes deeply colored. This 
means that the operating voltage was high enough to extract 
charges even in the non-pre-reduced case.  

Figure 7 shows the amperometric i-t results measured with 
the potentiostat for both the non-pre-reduced ATO electrode 
and the pre-reduced ATO electrode. The measurements were 
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Fig. 6. Transmittance spectra of devices: (a) colored at –2.5 V and 
bleached at +0.5 V and (b) colored at –3.0 V and bleached
at +0.5 V. 
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Fig. 7. Amperometric i-t results for non-pre-reduced ATO
electrode and pre-reduced ATO electrode. Currents were
monitored at constant voltage of +0.5 V, with respect to
Ag/AgCl reference electrode, using potentiostat. 0.5 M 
LiClO4 in propylene carbonate was used as electrolyte.
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performed by monitoring the current at a constant voltage of 
+0.5 V (with respect to the Ag/AgCl reference electrode). For 

the measurements, 0.5 M LiClO4 in propylene carbonate was 
used as the electrolyte. As can be seen from the figure, the pre-
reduced ATO electrode released charge and was oxidized 
under the aforementioned voltage conditions. The non-pre-
reduced ATO electrode, however, was not oxidized; rather, it 
was slightly reduced under the same conditions. These results 
mean that the non-pre-reduced ATO electrode was strongly 
oxidized and that it has a strong tendency to be reduced. 
Therefore, a higher voltage is required to further oxidize the 
non-pre-reduced ATO electrode; thus, any electrochromic 
devices made with such an ATO electrode will have a much 
higher operating voltage than any that are made with the pre-
reduced ATO electrode.  

3. Hysteresis of Coloration  

Figure 8 shows transmittance data obtained from the 
fabricated devices at a wavelength of 550 nm and their  

 

 

Fig. 8. (a) Transmittances of fabricated devices in colored states at 
wavelength of 550 nm and (b) differences in transmittance 
between colored states measured with increasing voltage 
and decreasing voltage. 
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hysteresis profiles. The results from three kinds of fabricated 
device made with different pre-reduction conditions, not   
pre-reduced, reduced @ −0.5 V, and reduced @ −1.0 V, 
respectively, are displayed in the figure. The measurements 
were performed with a fixed bleaching voltage of +0.5 V and a 
variable coloring voltage. Transmittances were measured after 
switching at a frequency of 0.2 Hz for 5 min to stabilize at each 
coloring voltage. Measurements were taken while increasing 
the coloring voltage from −0.5 V to −3.0 V in 0.5 V steps, then 
decreasing it back to −0.5 V using the same steps. The solid 
lines in the figure show the results obtained when increasing 
the operation voltage; the dotted lines show those obtained 
when decreasing the voltage. It can be seen from the figure that 
the results obtained when increasing the operating voltage are 
quite different from those obtained when decreasing the 
operating voltage. In the case of the device fabricated with the 
non-pre-reduced ATO electrode, when increasing the coloring 
voltage, the device was not deeply colored, until −3.0 V. 
However, after a coloring voltage of −3.0 V was used, the 
device was deeply colored at lower voltages; its transmittance 
was less than 20% when a coloring voltage of −2.0 V was used. 
Large differences were observed between the increasing 
voltage curve (solid line) and the decreasing voltage curve 
(dotted line) of this device. Conversely, the device fabricated 
with the pre-reduced ATO electrode @ −0.5 V was deeply 
colored at lower coloring voltages and the differences between 
the increasing voltage curve (solid line) and the decreasing 
voltage curve (dotted line) were much smaller than those of the 
device fabricated with the non-pre-reduced ATO electrode.  

The device with the pre-reduced ATO electrode @ −1.0 V 
showed weaker colorations than the device with the pre- 
reduced ATO electrode @ −0.5 V when increasing the voltage. 
However, when decreasing the voltage, it showed deep 
colorations similar with the pre-reduced ATO electrode @ 
−0.5 V. One interesting property these devices demonstrated is 
that if the transmittance was measured again immediately after 
the first measurement then the devices were not colored along 
the increasing voltage curve (solid line) but were colored along 
the decreasing voltage curve (dotted line). The devices, after 
being colored at −3.0 V, showed very different voltage 
characteristics. Figure 8(b) shows the differences in 
transmittance results between the increasing voltage curve 
(solid line) and the decreasing voltage curve (dotted line) as a 
function of the pre-reduction voltage. As can clearly be seen 
from the figure, the pre-reduced ATO electrode @ −0.5 V 
showed the minimum hysteresis characteristics.   

4. Effects of Storage Time  

Figure 9 shows the effects of storage time for the device 

 

Fig. 9. Transmittances at 550 nm of device made with non-pre-
reduced ATO electrode, demonstrating aging effects of 
devices. 
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made with the non-pre-reduced ATO electrode. The 
measurement was taken using the same method that was used 
to obtain the data in Fig. 8. After taking the measurements 
shown in Fig. 8, the devices were kept for 10 days in a glove 
box and then re-examined using the same methods. The stored 
devices showed very similar characteristics to those of the fresh 
(prior to being operated) devices despite being previously 
operated at high coloration voltages (−3.0 V). This can be 
understood as a result of the charge carriers, which were 
mobilized by the high voltages used in the previous operation, 
becoming gradually immobilized with time. Coloring of the 
fresh devices requires the extraction of a positive charge from 
the ATO electrode, which is initially in an oxidized state. The 
ATO electrode requires further oxidation, which is not easy to 
achieve. However, applying a high voltage (−3.0 V) to an 
electrochromic device can extract and mobilize charge carriers 
from its ATO electrode and result in the further oxidation of 
the electrode. Charge carriers become mobile and induce 
device coloration at lower coloring voltages for a time. 
Nevertheless, the now over-oxidized ATO electrode is not 
stable and tends to revert to its original state. Therefore, 
mobilized charge carriers are gradually immobilized and the 
ATO electrode is restored to its original state over time.  

Figure 10 shows the results of the same experiment 
performed on the device made with the pre-reduced ATO 
electrode. As can be seen from the figure, the device with the 
pre-reduced ATO electrode can be colored at lower voltages, 
and the effects of the storage time are very small compared to 
those of the device fabricated with the non-pre-reduced ATO 
electrode. This means that the charge carriers of the pre-
reduced ATO electrode are mobile at lower voltages and much 
more stable. The pre-reduced ATO electrode, which is initially 
in a reduced state, can easily release the charges and become 
oxidized. The oxidized state is stable and the charges cannot be  
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Fig. 10. Transmittances at 550 nm of device made with pre-
reduced ATO electrode, demonstrating aging effects of 
devices. 
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immobilized. 

5. Speed of Transition  

Figures 11(a) and 11(b) show transmittance data obtained at 
a wavelength of 550 nm as a function of time when the 
featured devices were operated under biases of −2.5 V for 
coloring and +0.5 V for bleaching, and a switching frequency 
of 1 Hz was used. Figure 10(c) shows the time needed for a 
90% change in the level of transmittance (transmission time) to 
occur. Most of the devices, except for the device with the pre-
reduced ATO electrode at −2.0 V, show very high 
transmittance switching speeds; coloring and bleaching occur 
in less than 100 ms. As can be seen from Figs. 10(a) and 10(b), 
increasing the pre-reduction voltage resulted in minute 
increases in tailing during the coloring operation. Severe pre-
reduction at high voltages, such as −2.0 V, results in a 
substantial slowing of the bleaching operation. The speeds of 
the coloring and bleaching of the devices did not change 
significantly when the pre-reduction voltage was less than  
−1.5 V. In Fig. 10(c), it can be seen that bleaching transition 
time slightly increased when pre-reduction voltages of −0.5 V 
to −1.5 V were used. This is not because of an actual slowing 
of the devices but because of an increase in the amplitude of 
transmittance change that resulted from the pre-reduction. In 
fact, the slopes of the changes observed in optical densities 
over time during electrochromic switching were the same for 
each device. The slowing of devices with pre-reduced ATO 
electrodes at voltages higher than −1.5 V is expected to be 
related to damage to the ATO electrodes. Damage to the ATO 
electrodes might have resulted from either the severe voltage 
used for pre-reduction or re-oxidation of the injected Li+ ions 
following the pre-reduction process. Because excessive pre-
reductions induce tailings in the coloring operation and slow  
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Fig. 11. Plots of (a) transmittance changes of devices at 
wavelength of 550 nm, (b) magnified graph of (a), 
which shows single cycle of switching, (c) required 
times for 90% bleaching and coloring transitions. Bias 
used for coloration was –2.5 V and that for bleaching 
was +0.5 V; operating frequency was 1 Hz. 
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the speeds of the devices, the best pre-reduction voltage for the 
present experimental environments is −0.5 V. 

6. Coloration Efficiency  

Figure 12 shows how the optical densities of the devices 
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Fig. 12. Plot of optical density changes observed in devices at
wavelength of 550 nm vs. total switching charge.
Various devices fabricated with pre-reduced ATO
electrodes under various conditions. Results of various
coloring voltages, in range of –1.0 V to –3.0 V, have 
been plotted in this figure. 
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change with the total switching charge when operated under 
various coloring voltages. Total charges were obtained by  
integrating over time the switching currents recorded using a 
digital multimeter, which was connected in series to an 
electrochromic device. The change in optical density was 
calculated as follows: 

Bleached

colored

OD log ,
T

T
                (1) 

where ΔOD is the change in optical density during 
electrochromic switching, TBleached is the transmittance (@ 
550 nm) of the bleached state, and Tcolored is that of the colored 
state. The change in reflectance that occurred during 
electrochromic switching was minimal, and thus it was 
neglected in the calculation of the change in optical density. As 
can be seen from the figure, all data points fell on a single 
straight line. The slope of the line corresponds to the coloration 
efficiency of the devices. From the figure, it is clear that 
coloration efficiencies are almost the same, regardless of the 
pre-reduction conditions used for the ATO electrodes and 
operating voltages. The typical coloration efficiency value of 
our devices was approximately 120 cm2/C. That was not 
affected by the pre-reduction of the ATO electrodes. In some 
respects, this is not unexpected, because ATO is not an 
electrochromic species. The pre-reduction of ATO electrodes 
only influences the movements of the switching charges by 
changing the oxidation state of the ATO electrodes; it does not 
influence the coloration efficiency. The coloration efficiency 
conceptually refers to the change in optical density by a unit 
switching charge and is basically governed by the 
electrochromic species. The results in Fig. 12 clearly show that 

an electrochromic device is current-operated and that the 
characteristics of its current operation are not influenced by the 
state of an ATO electrode. 

IV. Conclusion  

The effects of the pre-reduction of Sb-doped SnO2 (ATO) 
electrodes in viologen-anchored TiO2 nanostructure–based 
electrochromic devices were investigated.  

The device with the non-pre-reduced ATO electrode needed 
further oxidation for the coloring operation. However, upon 
operating the device at a high voltage (for coloring operation), 
the device showed signs of significant hysteresis. Conversely, 
the device made with the pre-reduced ATO electrode could be 
operated at lower voltages more stably and showed less 
pronounced hysteresis. These results indicate that the oxidation 
state of the counter electrode plays a very important role in the 
device operation and that the state of the counter electrode 
should be accurately controlled. We have shown that the pre-
reduction of an ATO electrode bears no significant impact upon 
the coloration efficiency of the device in which it is employed; 
rather, it only affects the state of the electrode itself. More 
specifically, it affects the charge movement during 
electrochromic switching.  

The fabricated devices can be considered potentially 
applicable as a light shutter for a transparent display or as a 
smart window, if a scale-up of the devices were to be made. 
The fabrication process is based on the slurry coating process; 
therefore, it is relatively easy to meet the requirement of a large 
scale without the need for huge investment costs. 
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