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Abstract

Carbon nanotubes as nanosensor were synthesized on the surface of the silver electrode using
floating catalyst chemical vapor deposition reactor. Acetylene gas was used as a carbon source,
ferrocene as a source of the iron nanocatalyst and hydrogen as a carrier and an activate agent.
Several runs were performed to find the optimum conditions that produce sensitive Ag-CNTs elec-
trodes. The electrodes obtained at each run were characterized by SEM. The optimum conditions
that produce sensitive Ag-CNTs were found to be at a reaction time of 15 minutes, reaction tem-
perature of 700°C, hydrogen flow rate of 25 ml/min and an acetylene flow rate of 75 ml/min.
These optimum conditions were confirmed from the normal behavior of the resulting Ag-CNTs
electrodes in the titration of 10 pL of chloride using dc differential electrolytic potentiometry.
When conditions that differ from the optimum ones were applied in the preparation of the Ag-
CNTs electrodes, abnormal titration curves were obtained. The superiority of the Ag-CNTs elec-
trodes was demonstrated by the successful applications of these electrodes as an indicating sys-
tem in the micro titrations of different volumes of cyanide solution with silver nitrate reach. By
applying this technique a volume of 1.2 pL sample of cyanide was successfully titrated. The normal
behavior of the Ag-CNts electrodes was compared to that of the normal silver electrodes which ex-
hibit an abnormal behavior.
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1. Introduction

Differential electrolytic potentiometry (DEP) is a titrimetric technique which utilizes two identical metallic elec-
trodes that are polarized either by a dc constant current or by a time bias square wave. The potential difference
between these electrodes is measured during the course of the titration. At the end-point, this potential difference
produces a sharp symmetrical peak. DEP technique doesn’t require a reference electrode and thus the difficulties
of the salt bridge are eliminated. Moreover, polarization enhances the response of the electrodes. This technique
has been applied to various types of titrimetric reactions using different types of electrodes [1]-[7]. Carbon
nanotubes (CNTSs) have been the subject of numerous investigations in chemical, physical and material areas
due to their novel properties [8] [9]. Depending on their atomic structure, CNTs behave electrically as a metal or
as a semiconductor [10] [11]. The subtle electronic properties suggest that CNTs have the ability to promote
charge-transfer reactions when used as an electrode [12]-[15]. Various methods have been applied for the prep-
aration of carbon nanotubes. The most common techniques employed are: arc discharge [16] [17], laser ablation
[18] and chemical vapor deposition (CVD) [19]-[21]. For the first time the deposition of CNTs on silver elec-
trodeis reported and the resulting Ag-CNT electrodes were characterized by SEM and TEM. The optimum con-
ditions required to prepare Ag-CNTSs electrode that shows a normal response were achieved. The prepared Ag-
CNTs electrodes were applied in a microtitration of chloride with silver nitrate. The electrodes that were pre-
pared under the optimum conditions only have shown normal behavior and the other electrodes were found to
exhibit abnormal behaviors.

2. Expermental
2.1. Coating Silver Electrodes with CNT

Nine silver electrodes each of 2 cm length and 1 mm diameter were used to deposit the CNTs on their surfaces.
The floating catalyst chemical vapor deposition (FC-CVD) reactor was used to produce Ag-CNTSs electrodes.
The production of CNTs in the present work has been conducted in a two horizontal tubular reactor. Quartz tube
of 2.5 cm in diameter and 100 cm in length was placed in the two reactors and heated by silicon carbide heating
element as shown in Figure 1. Ferrocene (Fe CyoH1o) as a source of iron catalyst was placed at the middle of the
first reactor while a silver electrode of a length of 2 cm in was placed in the middle of the second reactor.

Acetylene gas of 99.5% purity was used as a hydrocarbon source and hydrogen gas was used as a carrier and
reactant gas. Argon was used to flush the air from the system before and after the completion of the reaction.
Several experiments were performed at reaction temperatures ranging from 600°C - 900°C. The flow rate of hy-
drogen was varied from 10 - 150 ml/min while that of the hydrocarbon was varied from 75 - 300 ml/min and the
reaction time was fixed at a period of 30 min.

Four silver electrodes were fabricated from a silver wire of 1.0 mm diameter. Two of these electrodes were
coated with the CNTs and applied in microtitrimetry. The other two electrodes were used in microtitrimetry
without treatment. A small cell that can accommodate two electrodes and the tip of a micro pipette or a micro
injector was used. The Ag-CNTs electrodes were cleaned properly using a solution of 1.0 M HNO; then rinsed
with deionized water and used as an indicating system. A solution of 1.0 M KNO;zwas used as a supporting
electrolyte.

1 st Furnace 2nd furnace

Mass flow 1 Quartz tube
controller Ferrocene l /
-
-

Silver Electrode

Cold Paraffin
Trap Bubbler

Figure 1. Floating catalyst chemical vapor deposition reactor.
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2.2. Preparation of Solutions

A solution of 0.05 M NaCl (BDH) was prepared by dissolving the required amount of the salt in a volumetric
flask and diluting to the mark with distilled deionized water. A solution of 0.05 M KCN (Fisher) was carefully
prepared in the fume hood. Silver nitrate (Fluka) was used to prepare a solution of 0.05 M. A solution of 1.0 M
HNO; was prepared and used to clean the electrodes. A solution of 0.05 MM KNO; was prepared and used as a
supporting electrolyte. All of the solutions were prepared using distilled deionized water. In case of investigating
the behavior of the prepared Ag-CNTs electrodes dc DEP was applied. However, in case of cyanide the tech-
nique of m.s.b. DEP which more sensitive than dc DEP was used to locate the end-point.

2.3. Procedure

The setup of the microtitration by differential electrolytic potentiometry which includes, a small cell, a dc and a
mark-space polarizing sources and a micro injector was described elsewhere [22]. The silver electrodes coated
with CNTs were cleaned properly using a solution of 1.0 M HNO3 then rinsed with deionized water and used as
an indicating system. A solution of 0.05 M AgNO; was used as a titrant in the titration of both NaCl and KCN.

Micropipettes that deliver volumes of 1, 10 and 100 micro liter were employed to deliver the sample into the
titration cell. The output of the mark-space bias and the micro liter injector were all controlled using Lab. View
software [22].

3. Results and Discussion

3.1. Effect of the Hz and Acetylene Flow Rates on the Growth of CNTs on the Silver
Electrode

In the floating catalyst method, an amount of 100 mg of ferrocene was placed in the middle of the reactor and
vaporized at a temperature of 120°C. Under these conditions and in presence of hydrogen and acetylene gases,
ferrocene is reduced to Fe ions. These ions were carried with hydrogen and acetylene gases to the reaction
chamber. The temperature of this chamber was fixed at a value of 700°C using a period of 15 minutes as a reac-
tion time. The Fe ions will aggregate into nano scaled catalyst particles and will deposit on the surface of the
silver electrode. As a result, the growth of the CNTs on the surfaces of the silver electrodes will be initiated. The
hydrogen flow rate affects the concentration of the carbon atoms produced from the cracking of the acetylene
gas and their absorption on the catalyst particles. In this study, hydrogen flow rate was limited in the range 10 -
50 ml/min while the acetylene flow rate was varied from 25 - 100 ml/min. In order to find the optimum condi-
tions that will produce Ag-CNTs electrodes that have normal performance, the flow rates of hydrogen and ace-
tylene the reaction temperatures and the reaction times used were investigated. Figure 2 shows the effect of hy-
drogen flow rate on the growth of the CNTs on the surface of the silver electrode. It is obvious from this figure

Figure 2. SEM images show the effects of the flow rates of hydrogen and acetylene on the
formation of CNTs on the silver electrode H,:C,H,, a) 10:100, b) 10:75 mL/min. The
reaction temperature and time were fixed at 700°C and 15 min.
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that there is no real growth of CNTs on the surface of the silver electrode. It seems that hydrogen at a flow rate
of 10 ml/min has no significant effect on the growth of CNTSs. At this value of flow rate there will be no enough
hydrogen in the reaction chamber that can activate the surfaces of the Fe nanoparticles to act as a catalyst. Thus
these particles will remain as iron carbide nanoparticles. However, as can be seen from Figure 2, small amounts
of carbon nanoparticles were formed due to the cracking of acetylene gas at a high flow rate.

Increasing the hydrogen flow rate to a value of 25 ml/min was found to increase the formation of solid carbon
on the surface of the iron catalyst as is shown from the SEM images in Figure 3. From these images it is appar-
ent that hydrogen has a significantly effect on the carbon deposition characteristics. As the hydrogen content of
the gas is increased, there is a gradual increase in the amount of the solid carbon formed on the Fe catalyst. It
was also noted that the deposition of CNTSs of high purity requires a hydrogen flow rate of 25 ml/min and that of
acetylene to be 75 ml/min.

At higher flow rates of hydrogen for instance at 50 mL/min., amorphous carbon materials were formed. Fig-
ure 4 shows that lumps of carbon nanoparticles and carbon nanofibres have formed on the surface of the silver
electrode. The amount of amorphous carbon materials increases with the hydrogen flow rate. However, carbon
nanotubes of low purity were also produced at such conditions.

fH
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"3 4

Figure 3. SEM images showing the effect of hydrogen flow rate to acetylene flow rate on the formation of
CNT on the silver electrode: H,:C,H,, a) 25:100, b) 25:75, ¢) 25:50, d) 25:25 mL/min. Reaction temperature
700°C and the reaction time was 15 min.
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1 M

Figure 4. SEM images showing the effect of hydrogen flow rate to acetylene flow rate on the formation of CNT
on the silver electrode H,:C,H,, a) 50:100, b) 50:75, c) 50:50, d) 50:25 mL/min. The reaction temperature and
time were fixed at 700°C and 15 min.

3.2. Effect of the Reaction Temperature on the Growth of CNTs on the Surface of the Silver
Electrode

To obtain a good yield of CNTs that have high purity, the effect of the reaction temperature was also investi-
gated. Amorphous carbon layers, nanoparticles and carbon nanotube CNTs were observed when the reaction
temperature was varied from 600°C - 850°C. Figure 5 shows the SEM images of the formation of carbon nano-
tubes produced at the six reaction temperatures studied between 600°C and 850°C. The reaction time was 30
minutes using a hydrogen flow rate of 25 ml/min and an acetylene flow rate of 75 ml/min. The SEM images re-
veal that CNTs cannot grow on silver substrate at reaction temperatures below 600°C or above 850°C. However,
the CNTs have grown with different structures when the reaction temperature was between 600°C and 750°C as
can be seen from Figure 5(a) - Figure 5(d). Figure 5(e) shows that at a reaction temperature of 800°C, a lot of
amorphous carbon mixed with various quantities of fine carbon nanotubes can be observed. Increasing the tem-
perature to 850°C has resulted in many carbon fibers as can be seen from Figure 5(f).
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Figure 5. SEM images showing the effect of the reaction temperature on the growth of CNTs on silver
electrodes a) 600°C, b) 650°C, c¢) 700°C, d) 750°C, e) 800°C, f) 850°C, flow rates (H, 25:75 C,H,), reac-
tion time 30 min.
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3.3. Effect of the Reaction Time on the Growth of CNTs on Silver Substrate

The effect of the reaction time was studied by varying this time from a period of 10 min - 60 min. As can be
seen from the SEM images shown in Figure 6, no growth was observed at the reaction time of 10 min. On in-
creasing the reaction time to15 min, it seems that this time is considered an optimum for the complete growth of
the carbon nanotubes. However, increasing the reaction time above 15 min has resulted in reducing the purity of
the CNTs and an amorphous carbon was formed Figure 6.

3.4. TEM Images of CNTs

TEM was carried out to characterize the structure of the nanotubes that have grown at the optimum conditions.
These conditions include a reaction temperature of 700°C, a hydrogen flow rate of 25 ml/min of, acetylene flow
rate of 75 ml/min. and a reaction time of 15 min. To prepare TEM samples, some alcohol was dropped on the
nanotubes film, then, these films were transferred with a pair of tweezers to a carbon-coated copper grid. The
TEM images of the carbon nanotubes are depicted in Figures 7(a) (b) and Figure 7(c). It is obvious, from these
images that most of the nanotubes appear to be hollow with a tubular shape. However, in some of these images,
catalyst particles can be seen inside the produced carbon nanotubes. Figure 7 shows that the diameters of the
carbon nanotubes are in the range of 10 nm - 30 nm. It is evident from the TEM images that pure carbon nano-
tubes of a uniform diameter were produced when the hydrogen flow rate was 25 ml/min. It was also observed
that the shape of the catalyst, which served as a seed during the production process, is important because the
produced CNTs assume to follow the shape of this catalyst.

3.5. The Performance of the Ag-CNTs Electrodes

The performance of each pair of Ag-CNTSs electrodes prepared under the different conditions applied was inves-
tigated by using these electrodes as an indicating system in the microtitration of 10 pL of 0.05 M chloride with a
standard solution of 0.05 M AgNQOs. The setup of the microtitration was described earlier [22]. The dc differen-
tial electrolytic potentiometry was applied where the electrodes were polarized by a constant current of 3pA.
Figure 8 shows the resulting titration curves. It is obvious from Figure 8(a) that this titration curve represents
the normal response of the polarized electrodes. The curve is in the form of a symmetrical peak with considera-
ble height and the end-point can be easily located from its tip. The SEM image of one of these electrodes is de-
picted in Figure 5(b) which shows the normal deposition of the CNTs on the surface of the silver electrode. The
titration curve 8. B is symmetrical, but its position has shifted and the tip of the peak gives a wrong end-point.
This is due to abnormal deposition of the CNTs on the surface of the electrodes. The SEM of this type of elec-
trode is depicted in Figure 5(d).

The performance of the Ag-CNTs electrodes prepared under the optimum conditions was further investigated
by comparing their performance to that of the bare silver electrodes during the micro titration of cyanide with
silver nitrate using mark-space bias differential electrolytic potentiometry [6] [7] [22]. Figure 9 shows the re-
sults of titrating a volume of 10 uL of 0.05 M cyanide with a solution of 0.05 M silver nitrate. This titration was
repeated for three times using bare silver electrodes as an indicating system. It is obvious that the resulting titra-
tion curves are poor and the end-points cannot be easily located from such curves. However, when these titra-
tions were repeated using the Ag-CNTSs electrodes as an indicating system, the resulting titration curves were
found to be normal and the end points can be easily located from these curves as can be seen from Figure 10. In
addition Table 1 show a better accuracy and precession of Ag-CNT compared to bare silver electrode.

To further investigate the behavior of the Ag-CNTSs electrodes, different volumes of the cyanide solution were
titrated and the results are shown in Figure 11. By applying these Ag-CNTs electrodes, a volume of 1.2 pL of
cyanide can be titrated and the endpoint can be easily located from the resulting titration curve.

4. Conclusion

For the first time, effective silver electrodes coated with CNTs were prepared using the CVD method. The op-
timum conditions were investigated by applying these electrodes as an indicating system in the titration of chlo-
ride with silver nitrate using dc DEP. The effective electrodes were applied in the micro titration of cyanide with
silver nitrate using m.s.b. DEP. A volume of 1.2 uL of cyanide was successfully titrated using the prepared elec-
trodes and the end point was easily located from the resulting titration curve.
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Figure 6. SEM images show the effect of the reaction time on the growth of CNTs on the silver electrode
a) 10 min. b) 15 min. ¢) 30 min. d) 60 min. ) 90 min. f) 120 min. Flow rates (H, 25:75 C,H,) and a reac-
tion temperature of 700°C.
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@ (b)

Figure 7. TEM image of CNT grown on a silver by CVD.
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Figure 8. Dc DEP titration of 10 pL of 0.05 M NaCl with 0.05 M AgNO3
using 0.1 M KNOj as a supporting electrolyte and Ag-CNT electrodes pre-
pared at the conditions: a): Flow rate H,: acetylene = 25:75 mL/min. temp.
= 700°C and reaction time 15 min. b): Flow rate H,: acetylene = 50:25 mL/
min. temp. = 700°C and reaction time 60 min. c): Flow rate H,: acetylene =
25:75 mL/min. temp. = 600°C and reaction time 15 min. d): Flow rate H,.
acetylene = 50:25 mL/min. temp. = 700°C and reaction time 15 min. This is
in agreement with the information deduced from the SEM images.
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Figure 9. Titration of 10 pL (three times) of 0.05 M cyanide with AgNO3 using m.s.b.-DEP (5%
bias) and bare silver electrodes as an indicating system.

150
130

110

70

50

AE / mV

30

10

V Ag NO5/ uL

Figure 10. Titration of 5 pL (three times) of 0.05 M cyanide with AgNO3 using m.s.b.-DEP (5%
bias) and Ag-CNTs electrodes as an indicating system.
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Figure 11. Titration of a-1.2 pL, b-4 pL, c-10 pL and d-20 pL of 0.05 M cyanide with AgNO;
using m.s.b.-DEP (5% bias) and Ag-CNTs electrodes as an indicating system.

Table 1. Accuracy and precision of cyanide sample microtitration by ac-DEP (n = 3).

Electrode Sample mass (pg) Recovery % RSD % STD. DEV.
Silver 32.6 106.6 8.41 0.005
Ag-CNT 16.3 103.3 5.58 0.006
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