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Abstract: A practical approach was introduced to study the inclusion mechanism of chlorine in high purity copper
electrorefining from nitric acid system via cyclic voltammetry (CV) combined with electrodeposition experiments. The
CV curves display an obvious reduction peak of CuCl intermediate, which can provide an insight into the
electrochemical behavior of this inclusion. Experimental results show that the increase of HNO; concentration is
favorable to reducing the quantity of chlorine inclusion although there is a slight decline in cathodic current efficiency.
The optimum conditions for copper electrorefining in nitric acid system are HNO; concentration in solution of
1-2 mol/L, moderate temperature of ~35 °C with current density not exceeding 25 mA/cm®. Based on the theoretical
studies, an optimized copper electrorefining experiment was designed to simulate the industrial electrolysis, by which
high purity copper can be obtained with chlorine inclusion less than 10 pg/g and current efficiency higher than 90%.
Key words: copper electrorefining; nitric acid system; cuprous chlorine; inclusion mechanism

1 Introduction

Presently, high purity copper has attracted
more and more attention due to its excellent
conductivity, conductivity and
properties [1,2], which endows it a wide use in
many fields, including various metal targets,
advanced audio cables, integrated circuit
interconnects [3] and thin-film solar cells [4], etc.
The preparation methods of high purity copper
mainly include electrorefining (ER) [5], floating
zone refining [6] and directional solidification [7].
Among these methods, electrorefining has been the
most widely used method currently.

For the electrolysis technology, the common
used electrolytes include sulfuric acid system and
nitric acid system [8]. The preparation of high
purity copper by sulphate electrolysis is a relatively
mature technology. However, the sulfide ore used to
produce sulfuric acid and copper sulfate is often

thermal other

accompanied by a variety of other impurities, such
as Ag, As, Sb and Bi [9—-12]. As a result, the content
of impurities in sulfuric acid is 4—5 times higher
than that of the same grade of synthetic nitric acid.
Accordingly, the electrolyte prepared with sulfuric
acid and copper sulfate is bound to contain more
impurities and complicated operations for
purification are unavoidable to remove these
impurities before electrorefining [13—15]. At the
same time, sulfur is easy to form compounds with
copper, which are included in products, therefore,
this method is difficult to meet the high purity
requirements [16]. On the contrary, nitric acid
system usually has a high purity. Moreover, copper
nitrate as the electrolyte is beneficial to the
oxidation of As, Sb and Bi into high-valent ions,
which can effectively prevent them from
precipitation on the cathode. More importantly,
unlike sulfuric acid electrolyte, the nitrogen will
not enter the products in nitric acid system. So,
many researchers have paid much attention to the
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electrorefining of high purity copper from nitric
acid system [17].

In our prior studies of preparing high purity
copper from nitric acid system, we found that the
content of most impurities was up to the standard
except the chlorine, which exceeded almost 10
times of the standard level. That is to say, the nitric
acid system is sensitive to chlorine. The chlorine in
electrolyte mainly originates from two aspects. On
one hand, Cl is added purposely as an additive [18],
which can effectively promote the dissolution of
anode copper, thereby help to maintain the stability
of electrolyte composition. On the other hand, the
anode copper may also contain certain chlorine,
which will be released to the electrolyte during
electrolysis. SOARES et al [19] have given an
explanation of the cathodic behavior of chlorine in
sulfuric acid system, suggesting that chlorine can
combine with copper to form cuprous chloride.
While for the nitric acid system, there were no
reports on the role of chlorine during electrorefining
and systematical discussion on potential factors that
would result in the chlorine inclusion.

This study aimed to investigate the cathodic
behavior of chlorine in copper electrorefining from
the nitric acid system and revealed the main
influential factors, thus providing an efficient way
to control the chlorine level in high purity copper.
In order to achieve this, cyclic voltammetry was
adopted to study the process of copper deposition
under different conditions in the presence of
chlorine, and discuss the inclusion mechanism of
chlorine in the Cu layer. Combined with the
electrodeposition experiments, the exact effects of
chloride ion concentration, temperature, HNO;
concentration and current density on the chlorine
content in products were investigated.

2 Experimental

2.1 Chemicals

All reagents used in this study were purchased
from Aladdin (Shanghai) Co., Ltd., China: copper
nitrate hydrate (Cu(NOs),-3H,0, electronic grade,
99.99 wt.%), nitric acid (HNO;, electronic
grade, 70 wt.%) and sodium chloride (NaCl,
electronic grade, 99.99 wt.%. All aqueous solutions
were prepared using ultrapure water obtained
from a Millipore Milli-Q system with resistivity
higher than 18 MQ-cm.

2.2 Electrochemical measurements

The cyclic voltammetry (CV) curves were
measured on a CHI660C electrochemical work-
station (CH Instrument, Shanghai, China) using
glassy carbon electrode (GCE, exposed area of
12.566 mm?) as working electrode, platinum plate
as counter electrode (exposed area of 2.0 cm®) and
saturated calomel electrode (SCE) as reference
electrode. Before each test, the glassy carbon
electrode was mechanically polished using 0.05 pm
alumina polishing agent. The platinum electrode
was washed with a piranha solution prepared
by mixed H,SO4 and H,O, in a volume ratio of
3:1[20].

In CV study, the concentration of Cu(NOs), in
electrolyte was controlled to be 0.1 mol/L, CI
concentration ranged from 0 to 1g/L. HNO;
concentration was controlled to be 0.03—4 mol/L.
The potential was swept negatively from 0.5 to
—0.9 V at a scan rate of 0.1 V/s. All tests were
carried out at 20—50 °C.

2.3 Electrodeposition experiments

Electrodeposition of copper was performed in
galvanostatic regime on a commercially available
power supply, using the titanium sheet and copper
plate (99%) as cathode and anode, respectively. The
titanium sheet was polished by 400, 600, and
800 grit metallographic sandpaper, and then
ultrasonically degreased in ethanol for 15 min.
Finally, it was coated with Teflon in order to make
the copper deposit only on the non-coated side of
the titanium plate.

To get clear information on the chlorine
inclusion, low concentration copper nitrate
solutions with high CI" content were employed in
the CV study, which consisted of 0.1 mol/L
Cu(NO;), and 0.03-4mol/L HNO; with CI
concentration ranging from 0 to 1g/L. The
deposition time for all experiments was 2 h and
the current efficiency under different conditions
was calculated. The copper obtained by electro-
deposition was detached from the cathode and
rinsed thoroughly with distilled water. Then, it was
dried in a vacuum oven and stored in a desiccator
filled with Ar gas to prevent surface oxidation
before measurements. In addition, electrodeposition
experiments for simulating the industrial electrolysis
were also conducted in electrolytes with 1 mol/L
Cu(NO;), and low CI” concentration of 0.1 g/L.
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2.4 Characterization

The phase composition of the product was
characterized by employing X-ray diffraction
technique (XRD, RIGAKU D/Max 2550 PC)
equipped with Cu K, radiation (A=1.54059 A) at
40kV and 40mA. The morphology and
composition of the products were characterized by
scanning electron microscopy (SEM, VEGA3,
operated at 15 kV) equipped with energy dispersive
X-ray microanalysis and energy dispersive
spectroscopy (Oxford EDS Inca Energy Coater 300,
operated at 15 kV). Chlorine content in products
prepared at high Cu®" concentration and low
Cl  concentration was characterized by ion
chromatography.

3 Results and discussion

3.1 Mechanism of chlorine inclusion

The cathodic behavior of Cl” was investigated
by voltammetric and experimental studies. To get
clear information on how chlorine entered the
electrolytic copper and how various factors affected
the inclusion of chlorine, low concentration copper
nitrate solutions with high CI content were
employed in theoretical study.
3.1.1 p—pH diagram

¢—pH diagram of Cu>~CI'™—H,O system was
made based on the thermodynamic data shown in
Table 1, for the purpose of analyzing the probable
reduction process of Cu”" in acid system containing
Cl'. Figure 1 demonstrates that by changing
reduction potential, Cu®" can be selectively reduced

into CuCl and Cu in the range of pH<4. That is to
say, the reduction of Cu®" in this system is likely
a multi-step process, involved with low-valent
intermediate, i.e., CuCl.
3.1.2 Effect of ClI' on chlorine inclusion in
electrolytic copper

Figure 2 presents the typical CV curves of
GCE in 0.1 mol/L copper nitrate solution. For the
case without CI', two reduction peaks are observed
in the negative scanning. The weak current peak
around OV corresponds to the underpotential
reduction, while the strong peak C1 appearing at
about —0.435 V is related to the reduction of Cu®" to

Cu (Eq. (1)).
Cu’"+2e=Cu (D)

In the presence of CI', peak Cl is divided into
two current peaks, C2 and C3, located at —0.450
and —0.570 V, respectively. It is noted that peak C3
is close to peak C2, both slightly negative than peak
Cl. Combined with the ¢—pH diagram, the
reduction of Cu®" to Cu will proceed through a
CuCl intermediate. Therefore, peak C2 corresponds
to the reduction of Cu®" to CuCl (Eq. (2)) and peak
C3 is related to further reduction of CuCl to Cu

(Eq. (3)).

Cu*"+Cl +e=CuCl Q)#

CuCl+e=Cu+CI (3)
Some similar studies on Cu electrorefining in

a sulfuric acid system have proved the existence

of this cuprous intermediates [21,22]. GILEADI
and TSIONSKY [23] also considered that a portion

Table 1 Reactions and their p—pH equations in Cu**—CI —H,0 system at 25 °C

Reaction ¢—pH equations
0,+4H +4e=2H,0 »=1.229-0.0591pH
2H'+2e=H, »=—0.0591pH

2CuCl(s)+H,0= Cu,0+2Cl +2H"
2Cu* +H,0+2e= Cu,0+2H"
Cu,O+2H"+2e=2Cu+H,0

CuCl(s)+e=Cu+CI~
Cu**+CI +e=CuCl(s)

2CuO+2H +2e=Cu,0+H,0

Cuy(OH);CI+3H'+Cl +2e=2CuCl(s)+3H,0
2Cu**+Cl +3H,0=Cu,(OH),Cl+3H"
Cu,(OH);Cl+H+2e=Cu,0+2H,0+C1"

pH=5.81+1g[Cl ]
¢=0.203+0.0591pH+0.05911g[Cu*']
»=0.471-0.0591pH
»=0.128—-0.05911g[CI ]
9= 0.546+0.05911g[Cu*1+0.05911g[CI ]
9=0.669—0.0591pH
»=0.765—0.0887pH+0.02951g[CI ]
¢=2.47-0.6671g[Cu*'1-0.3331g[CI ]
9=0.422—-0.0295pH—-0.02951g[C1 ]
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Fig. 2 CV curves of GCE in 0.1 mol/L Cu(NOs),

solution with or without CI" ([HNO;]=0.03 mol/L,

=25 °C)

CuCl may be produced on the electrode surface via
the coordination of Cu®" and CI". Further reduction
of intermediates CuCl leads to the appearance of
peak C3; simultaneously, partial unreduced
intermediates will be included by the electrolytic
elementary Cu around it. Therefore, we can get
some valuable information on the electrochemical
behavior of intermediates CuCl in cathodic process
from the evolution of peaks C2 and C3, based on
which an in-depth understanding of the inclusion
mechanism of chlorine can be obtained. Naturally,
if the electron transfer rate of CuCl to Cu is low,
excessive CuCl will be included by the rapidly
produced Cu from the reduction of Cu*".

Figure 3 shows the variation of CV curves in
copper nitrate solution with different CI°
concentrations. It is noted that the peak current
densities of C2 and C3 decrease sharply with the
augment of CI concentration and their peak

potentials both shift negatively. As known to all, the
ClI' will combine with metal ions to produce
complex species, then leading to the increase of
cathodic polarization. So, with increasing the Cl
concentration, the reduction density
becomes weaker. This result further indicates the
participation of CI in cathodic process of Cu
electrorefining. Apart from this, it is noted that the
potential difference Ap between peaks C2 and C3
becomes larger with increasing the CI
concentration, indicating that CI' has a greater
obstruction effect on the reduction of CuCl to Cu.
This result reveals that more CuCl will remain in
the electrolytic Cu, i.e., a high inclusion of chlorine
under high Cl" concentration.

current

rC3

J/(mA-cm™)
2
S

[C']=0.7 g/L

—016 —6.4 —0|.2 0 O.I2 0.4
o(vs SCE)/V
Fig. 3 CV curves of GCE in 0.1 mol/L Cu(NOs),
solution with different CI* concentrations ([HNO;]=
0.03 mol/L, =25 °C)

XRD patterns of cathodic products prepared
from copper nitrate system are shown in Fig. 4. The
diffraction peaks denoting CuCl are clearly seen for
Sample (a), which proves that the chlorine exists in
copper products in the form of CuCl. It can also be
seen from the XRD pattern that the presence of Cl
has an effect on the growth orientation of copper
grains, making it more prone to grow along the
(022) lattice plane, rather than the general (111)
lattice plane.

Electrodeposition experiments were conducted
to verify the role of Cl in electrolytes on the
inclusion of chlorine in electrolytic copper. Figure 5
displays the wvariation of chlorine content in the
electrolytic copper with Cl" concentration. It can be
seen from Fig. 5 that as the Cl concentration
increases, the content of chlorine in copper products
increases monotonously.
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Fig. 4 XRD patterns of electrolytic copper prepared from
0.1 mol/L Cu(NOs3),+0.5 mol/L HNOj; solution (=25 °C,
J=25 mA/cm?): (a) [C1 ]=0.5 g/L; (b) [CI ]=0 g/L
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Fig. 5 Effect of CI" concentration on chlorine content in

electrolytic copper ([Cu(NO;),]=0.1 mol/L, [HNO;]J=

0.5 mol/L, /=25 °C, J=25 mA/cm?)

This result is consistent with the CV studies,
i.e., the increase of Cl  concentration leads to more
CuCl remained, which is the main source of
chlorine inclusion when further reduction or
dissolution of CuCl is limited. What’s more, the
content of chlorine impurity in electrolytic copper
increases at a large rate, for example, when it is up
to 165 mg/g in the case of 1.0 g/L Cl in electrolyte,
almost 5 times as that under 0.1 g/L CI'.
3.1.3 Effect of temperature on chlorine inclusion in

electrolytic copper

Figure 6 shows the CV curves of samples at
different temperatures. It can be seen that as the
temperature increases, the current density peaks of
C2 and C3 show an obvious increase and the peak
potentials shift positively, which indicates that the
two reactions can be promoted by the increased

electrolysis temperature. As we know, the diffusion
rate of ions in solution increases at higher
temperature, which can eliminate the influence of
concentration polarization and reduce the cathodic
overpotential, thus making the reaction easier.

=100 |

=125 ¢

-150

—OI.6 -OI.4 —Ol.2 O O.I2 0.4
o(vs SCE)/V

Fig. 6 CV curves of GCE in 0.1 mol/L Cu(NOs),

solution measured at different temperatures ([HNO;]=

0.03 mol/L, [C1 ]=0.5 g/L)

However, from the comparison of peaks C2
and C3, it is noted that the increasing extents of the
two current density peaks are much more different.
To be specific, at a lower temperature (<30 °C), the
reduction peak C2 is much higher than peak C3,
i.e., the reaction of Cu** to CuCl is dominant under
low temperatures; while for the case of higher
temperature (40 °C), there is a reversal and the
reduction peak C3 becomes stronger than peak C2,
which indicates that the reaction of CuCl to Cu
becomes significant with the increase of
temperatures. The enhancement of peak C3 may
result from two aspects: the fast generation of CuCl
and the increased reaction rate of CuCl to Cu with
temperature increment.

Figure 7 shows the effect of electrolysis
temperature on the chlorine inclusion in electrolytic
copper. It is observed that the temperature
increment does not lead to a monotonic variation in
chlorine inclusion. With the temperature rising, the
content of chlorine in electrolytic copper decreases
first and then reaches a minimum level at around
35 °C, after which the content of chlorine inclusion
increases sharply. As mentioned above, both the
generation of CuCl and the reduction of CuCl can
be accelerated by the temperature increasing, which
ultimately determines the quantity of chlorine
inclusion. When the generation of CuCl is more
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dominant, it will result in the increase of chlorine in
electrolytic copper. However, if the reduction of
CuCl is more dominant, the fast depletion of CuCl
will lead to an opposite result. From Fig. 7, it seems
that the reduction of CuCl is faster than the
generation of CuCl at 35 °C, so a relatively high
purity copper with low chlorine content can be
obtained in this condition.

100

[}
(==}

N
S

Chlorine content/(mg-g™")
[
S

20 . . . . .
25 30 35 40 45

Temperature/°C

Fig. 7 Effect of temperature on chlorine content in
electrolytic copper ([HNO;]=1 mol/L, [CI]=0.5 g/L,
[Cu(NO;),]=0.1 mol/L, J=25 mA/cm?)

3.1.4 Effect of HNO; concentration on chlorine
inclusion in electrolytic copper

Figure 8 shows the CV curves at different
HNO; concentrations. An obvious inhibition effect
is observed by the addition of HNQO;, the cathodic
current density drops and the current density peaks
of C2 and C3 both have a significant shift towards
negative position. This detrimental effect may be
ascribed to polarization role under the strong acid
condition and the strong oxidation property of
HNO;, which gives rise to the oxidation and
depletion of cuprous intermediate. According to the
Nernst equation (Eq. (4)), the concentration decline
of CuCl on cathode surface will lead to the decrease
of reduction potential, i.e., the reduction potential
shifts to more negative position.

RT RT _
Pcuct/cu = (ﬂguCVCu +——In[CuCl]-—In[CI"] 4
nk nkF

By a close comparison, it is noted that the
potential difference Ap between peaks C2 and C3
becomes larger with the HNO; concentration
increasing, which indicates that the dissolution
effect of HNO; on CuCl intermediate is much

stronger, leading to a more negative deviation of C3.

That is to say, the addition of HNO; is favorable to
reducing the quantity of CuCl intermediate and then
limiting the chlorine inclusion.

AN
[HNO,]=0.03 mol/L

[HNO,]=0.1 mol/L

[HNO;]=0.5 mol/L

Ag, Ag,

-0.6 -()I.4 —OI.2 0 0.2 0.4
o(vs SCE)/V

Fig. 8 CV curves of GCE in 0.1 mol/L Cu(NOs),

solution with different HNO; concentrations ([Cl ]=

0.5 g/L, =25 °C)

Figure 9 shows the influence of HNO;
concentration on the chlorine content in electrolytic
copper as well as the corresponding current
efficiency. It is clearly seen that the increment of
HNO; concentration leads to a sharp decrease of
chlorine content in electrolytic copper (Fig. 9(a)),
that is, HNO; really has a positive role for the
control of chlorine inclusion. To be specific, the
quantity of chlorine in electrolytic copper is as high
as 200 mg/g when the electrolyte contains 0.5 g/L
Cl' and low HNO; concentration (0.03 mol/L),
which decreases to a very low level (20.1 mg/g) at
HNO; concentration up to 4 mol/L. However, high
HNO; concentration will also bring to some adverse
effects, for example, the current efficiency drops
gradually due to its strong oxidizing property
(Fig. 9(b)). But fortunately, the current efficiency
still maintains a relatively high level (>80%) at
HNO; concentration of 4 mol/L. By comprehensive
consideration of the chlorine inclusion and the
cathodic current efficiency, the favorable
concentration of HNO; is 1-2 mol/L.

3.1.5 Effect of current density on chlorine inclusion
in electrolytic copper

Current density is also an important factor that
influences the inclusion of chlorine. The
experimental results of chlorine content in
electrolytic copper under different current densities
are presented in Fig. 10. As the current density
increases, the content of chlorine in the products
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Fig. 9 Chlorine content in electrolytic copper (a) and
corresponding current efficiency (b) under different
HNO; concentrations ([C1 ]=0.5 g/L, [Cu*']=0.1 mol/L,
=25 °C)
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Fig. 10 Relationship between chlorine content in
electrolytic copper and current density ([Cu(NO;),]=
0.1 mol/L, [C1 ]=0.5 g/L, =25 °C)

increases sharply. When the current density is
30 mA/cm?’, the quantity of chlorine impurity is
180 mg/g, almost three times of that prepared at
15 mA/ecm®. The reduction of Cu®" to CuCl and
CuCl to Cu occurs simultaneously, large current

density accelerates the two reaction rates, but a
portion of unreduced CuCl will be included by the
rapidly generated Cu around it. Judging from the
rapid increase of chlorine impurity with current
density augment, the reduction rate of CuCl is
slower than the generation rate of it, and this
difference is particularly prominent under high
current density. So, large current density is
disadvantageous for the control of chlorine
inclusion.

3.2 Microstructures of electrorefined high purity
copper

Figure 11 shows the EDS mapping images of
the prepared electrolytic copper. It is clearly found
that the copper fabricated from this system has a
more obvious preferred orientation, which is in
accordance with the XRD analysis in Fig. 4. At the
same time, trace of chlorine is uniformly distributed
in the electrolytic copper.

The surface morphologies of electrolytic
copper are shown in Fig. 12. It is observed that
many particles grow uniformly on the surface,
throughout the surface of electrolytic copper. Table
2 presents the composition of the particles. As can
be seen, the mole fraction of copper and chlorine in
the square particles is approximate to 1:1. From this
we can infer that these particles are composed of
CuCl.

According to the above theoretical studies, the
of Cl concentration in electrolyte
inevitably leads to a large quantity of chlorine
inclusion. Too-high or too-low temperatures, and
large current density are disadvantageous for the
control of chlorine inclusion. Oppositely, the
addition of HNO; is favorable to reducing the
quantity of chlorine inclusion although the cathodic
efficiency declines slightly. So, an
optimized copper electrorefining experiment was
designed to simulate the industrial electrolysis, in
the case of 1 mol/L Cu(NOs), and 0.1 g/LL Cl at
HNO; concentration of 1 mol/L, -electrolysis
temperature of 35°C and current density of
20 mA/cm®. For comparison, the sample under non-
optimal condition was also fabricated. Figure 13
shows the SEM images of the electrolytic copper
obtained under different deposition conditions. As
can be seen, the quantity of CuCl particles in the
product obtained under optimized condition
(Fig. 13(a)) is significantly less than that of the

increase

current
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Fig. 11 EDS mapping images of electrolytic copper ([Cu(NO;),]=0.1 mol/L, [CI ]=0.5 g/L, [HNO;]=1 mol/L, =25 °C,
J=30 mA/cm?): (a) EDS scanning image; (b) EDS composite color-map image; (c) Cu; (d) CI

Fig. 12 Surface morphologies of electrolytic copper ([Cu(NOs),]=0.1 mol/L, [C1 ]=0.5 g/L, [HNO;]=1 mol/L, =25 °C,

J=30 mA/cm?)

Table 2 EDS data of electrolytic copper ([Cu(NO;),]=
0.1 mol/L, [HNOs]=1 mol/L, [CI ]=0.5 g/L, =25 °C,
J=30 mA/cm?)

Area 1 Area 2
Element  Mass Mole Mass Mole
fraction/% fracton/% fraction/% fracton/%
Cl 36.74 51.00 33.15 47.06
Cu 63.26 49.00 66.85 52.94

unoptimized sample (Fig. 13(b)). This indicates that
the optimized condition derived from the above
study is effective for the control of chlorine
inclusion in electrolytic copper. At the same time,

the product obtained under the optimized condition
was dissolved in nitric acid and analyzed by using
ion chromatography. The result shows that the
chlorine content in the product is less than 10 pg/g
and the current efficiency is higher than 90%.

4 Conclusions

(1) Inclusion mechanism of chlorine in copper
electrorefining from nitric acid system was revealed
by cyclic voltammetry. A distinctive reduction peak
of intermediate CuCl was found during the negative
scanning, which accounts for the main reason for
the excessive content of chlorine.
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Fig. 13 SEM

images of

electrolytic  copper:
(@) [Cu(NO;),]=1 mol/L, [ClI]=0.1g/L, [HNOs]=
1 mol/L, =35°C, J=20mA/ecm’; (b) [Cu(NO;),]=
1 mol/L, [C1]=0.1 g/L, [HNO;]=0.1 mol/L, =45 °C,
J=30 mA/cm’

(2) A detailed study of experimental
parameters on chlorine inclusion was performed.
The increase of Cl concentration in electrolyte
inevitably leads to a large quantity of chlorine
inclusion, and too-high (>40°C) or too-low
(<25°C) temperatures as well as large current
densities (>25 mA/cm?) are disadvantageous for the
control of chlorine inclusion. Oppositely, high nitric
acid concentration can effectively reduce the
chlorine content in the product although it will lead
to a slight decline in cathodic current efficiency.

(3) Based on the theoretical studies, an
optimized copper electrorefining experiment was
designed to simulate the industrial electrolysis,
which was conducted under 1 mol/L Cu(NO;),,
0.1g/L ClI', 1mol/L HNO; with electrolysis
temperature of 35°C and current density of
20 mA/cm’. High purity copper can be prepared
with chlorine inclusion less than 10 pg/g and

current efficiency higher than 90%. This work thus
hopefully provides an effective guideline for the
industrial applications.
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