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Abstract: Novel precursors were developed for deposition of Cu and Pd nanoparticles on
multiwalled carbon nanotubes for supercritical carbon dioxide deposition technique. 3-
(heptadecafluorooctyl)aniline-vic-dioxime and phenanthrenequinone dioxime were used as
ligands in synthesis of the palladium and copper precursors. All synthesized ligands and
complexes were characterized with elemental analysis, 'H and !°F NMR, FT-IR and magnetic
susceptibility technique. Deposition of these precursors in supercritical carbon dioxide was
performed at 363 K in the pressure 0.69 MPa Hz and 27.6 MPa CO.. Surface morphology of metal
deposited multiwalled carbon nanotubes has been investigated with X-ray diffraction, high-
resolution transmission electron microscopy and scanning electron microscopy with EDX. TEM
micrographs showed homogenous distributions of Cu and Pd nanoparticles on the multiwalled
carbon nanotubes. The nature and crystallinity of the nanoparticles were confirmed using XRD.
This study showed that these novel vic-dioxime complexes are suitable precursors for the
preparation of supported metal nanoparticles in supercritical carbon dioxide.
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INTRODUCTION

The green chemistry techniques gain importance day by day due to their use as an alternative
solvent. Especially, supercritical fluids (SCF) have been used in various techniques such as
organic synthesis, extraction, cosmetics, energy, food, materials, pharmaceutics, chemistry,
sterilization, formulation, impregnation, cleaning, waste treatment and deposition of metals on
the solid materials (1, 2). For the past two decades, the deposition process in the scCO:
environment has become a focus of interest for scientists and has made an important
contribution to the preparation of catalysts, especially with green chemistry. The method of
preparing these nano-catalysts in supercritical fluids (SCF) follows a three-step deposition
process. The first step involves dissolving a metallic precursor and treating the support material
in the SCF. In the second step, the precursor is adsorbed onto the support surface. The last step

requires the thermal or chemical reduction of the precursors to their metallic form.

The deposition of transition metals such as Ni, Pd, Cu, Pt, and Rh on a solid support is an
important research area because of the extensive applications of these supported nanoparticles
in a wide variety of disciplines (3-6). Metal nanoparticles on supporting materials are commonly
used as catalysts for hydrogenation, oxidation, synthesis, Heck and Suzuki-Miyaura C-C bond
forming reactions. (5-8). Among various supports, carbon materials are desired for a wide
variety of applications (9). Common substrates used as supports in deposition are carbon black,
activated carbon, carbon aerogel and carbon nanotubes (CNTs). Carbon-supported nanoparticle
metals are used widely as catalysts for a variety of reactions; palladium catalysts deposited on
multi-walled carbon nanotubes (MWCNTs) are often used in hydrogenation and oxidation
reactions (10). This catalyst also shows a high electro-catalytic activity in oxygen reduction for

potential fuel cell application (11, 12).

The metal precursor plays an important role in the control of the morphology of the metal
nanoparticles (8). The metallic precursors used so far include complexes containing
cyclooctadiene, dithiocarbamate, hexamethylene glycol dimethyl ether, hexamethyl triethylene,
acetylacetonate, and tetramethyl heptanedionate ligands (13-18). However, these precursors
have proven to be inadequate for some metals due to the formation of large clusters on the
surface as well as the wide size distribution of the nanoparticles (18). By synthesizing new
precursors, it is expected that better alternatives allowing for adequately small sizes and uniform
distribution of nickel nanoparticles on the substrate will be discovered. An oxime is defined as a
compound with a C=N-OH functional group; a molecule with two of these functional groups on
adjacent carbons is known as a vic-dioxime. Another advantage of vic-dioxime type precursors
is their inexpensive and easy synthesis with a wide variety of metals, such as Ni, Pd, Cu, Co,
and Fe (17, 19).
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Our group has been working on developing new precursors used in the scCO2 deposition due to
the limited alternatives in the literature. So far, we have been able to synthesize Pd(II)
complexes of phenanthrenequinone dioxime and dimethylglyoxime ligands and carried out
depositions on alumina in the scCO2 medium and used the nanocatalysts for Suzuki-Miyaura
coupling reactions (1). In addition to this, we also synthesized bipyridyl-derived Pd(II)
complexes and deposited Pd on SBA-15 supports in the scCO2 medium (20). In this paper, 3-
(heptadecafluorooctyl)aniline-vic-dioxime and phenanthrene quinonedioxime were synthesized,
used as a ligands for preparing Cu and Pd precursors. The preparation of the M/MWCNT
composites was done by adsorbing the dissolved precursors in scCO2 followed by a subsequent
chemical reduction by introduction of a mixture of H2 and CO2 gas into the system to produce
the metal nanoparticles. The resulting MWCNT supported metal nanocatalysts were
characterized with XRD, HR-TEM and TEM. A comparative analysis of their solubility in

supercritical carbon dioxide, the size and distribution of the resulting nanoparticles is reported.

MATERIALS AND METHODS

All chemicals were obtained from Sigma Aldrich and used without further purification. It was
characterized by general spectroscopic techniques. Multiwalled carbon nanotubes (MWCNT),
obtained from Sigma Aldrich, were used and had the following average dimensions: O.D. xL (6-
9nm x 5um), diameter (mode, 5.5 nm; median, 6.6 nm). Elemental analysis was performed with
Thermo Scientific Flash 2000 CHN. The 'H NMR spectra of ligands were recorded on a Bruker
AVANCE- 500 (in DMSO). The FT-IR spectra of compounds were obtained on a Thermo FT-IR
spectrometer; Smart ITR diamond attenuated total reflection (ATR). The magnetic
susceptibilities of metal complexes were determined on a Sherwood Scientific Magnetic
Susceptibility balance (Model MK1) using CuS04.5H.0 as a calibration standard at room
temperature; diamagnetic corrections were calculated from Pascal’s constants. The separation
and washing of the MWCNTs by precipitation were performed with a Serico 80-2 centrifuge
machine. The XRD spectra were recorded on Rigaku Miniflex CuKa, A=0.154 nm. High-resolution
transmission electron microscope (HR-TEM) and hgh-angle annular dark-field scanning TEM
(HAADF-TEM) were recorded on Jem Jeol 2100F 200kV HR-TEM. Scanning Electron Microscopy
(SEM) images were recorded on Zeiss Supra 55. The resolution of this microscope is a working
distance of 10 mm at an accelerating voltage of 10 kV. The metal/MWCNTs nanoparticles were
mounted on platinum pins with double-sided carbon tape and their corresponding SEM images
were recorded. Elemental analysis of metals was obtained from EDAX Genesis EDS system. We
described the effect of a dioxime derivative on Pd loading yield by inductively coupled plasma-

optical emission spectrometry (ICP-OES) (Perkin Elmer 2100 DV).

Synthesis of phenanthrenequinone dioxime [PTQD]: PTQD was synthesized to be used as
ligand according to the methodology given in (21). A nitrogen-flushed mixture of 9,10-

phenanthrenequinone (2.1331 g, 10.2 mmol), hydroxylamine hydrochloride (2.7 g, 35.6 mmol),
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and BaCOs (2.91 g, 15.3 mmol) in 150 mL of anhydrous ethanol was refluxed for 24 hours.
Then, the mixture was cooled to room temperature, after which the ethanol was evaporated
using a rotary evaporator. The residue was treated with 250 mL of 0.25 M HCI. This mixture was
stirred for 1.5 hours and filtered. The filtered solid was washed with water, ethanol, and
anhydrous diethyl ether respectively; then, it was dried in a vacuum desiccator to afford 2.4 g
(98%) of phenanthrenequinone dioxime as a yellowish solid: m.p.: 214.2 °C ; Elemental analysis
for [C14H1002N2], calculated: C, 70.58; N,11.76; H, 4.23, found: C, 68.92; N,11.30; H, 4.14; IR
3140 cm (O-H), 3029 cm™ (C-H Ph), 1647 cm™ (C=N), 1598 cm™ (C=C Ph), 1297-1341 cm!
(N-0), 910-1021 cm™t (N-O) ; *H NMR (CDCls), d ppm: 12.45-12.10 (m, 2H, -OH), 8.4-7.4 (m,
4H, Ph). The ligand was found to be soluble in some organic solvents like THF, DMSO, ethanol

and acetone; and insoluble in chloroform, n-hexane and water. (Figure 1.)

1) NH,OH.HCI,

O BaCO;, reflux
2)HCI

\ / \ Z
M: Pd, Cu

Figure 1. Synthesis of phenanthrenequinone dioxime and metal complexes.

Synthesis of 3-perfluoro-vic-dioxime [3PFVD]: The ligand was synthesized to be used as
ligand according to the methodology given in (19). A solution of 3-(heptadecafluorooctyl) aniline
(1 mmol) in 20 mL of absolute ethanol at -10 °C was added to a solution of anti-
monochloroglyoxime (1 mmol) in 10 mL of ethanol at -10 °C (22, 23). Then the mixture was
stirred for 4.5 hours, keeping its temperature under -10 °C. When the solution turned yellow,
the pH was brought to 6 by adding 0.1 M NaOH, in a drop wise manner. As a result, its color
turned to yellowish-orange. 30 mL of water was added to the mixture and left for 20 days. After
this time, yellow crystals formed. These were filtered and then dried in a vacuum desiccator.
Yield: %66. m.p.: 205.32 °C. Elemental analysis [CisHsF17N302]; Found C, 32.28; H, 1.07; N,
6.20%, calculated C, 32.18; H, 1.35; N, 7.04%; FT-IR (ATR, mmax/cm™); 3383 (N-H), 3244

(0-H), 1611 (C=N), 1608-1527(C=C), 1310 (N-0), 1202 (C-F), 950 (N-O); 'H NMR (CDCl3), &
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ppm: 11.5 (d, 2H, -OH), 8.0 (s, 1H, -NH), 7.26-6.8 (m, 4H, Ph), 3.8 (s, 1H, =CH); '°F NMR
(CDCl3), & ppm: -80.73, -80.75, -80.77, -80.81 (CF:CFs) , -110.92, -110.85, -110.78, -121,
122, -123 (CF2-CF2-CF2). The yellowish-orange ligand proved soluble in some organic solvents
like THF, DMSO, ethanol and acetone; and insoluble in chloroform, n-hexane and water. (Figure
2.).
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Figure 2. Reaction of 3PFVD and its metal complexes.

Synthesis of bis(3-perfluoro-vic-dioxime)copper(II) [Cu(3PFVD)2]: The complex was
synthesized to be used as metaloorganic precursor according to the methodology given in (19).
A solution of vic-dioxime (2 mmol) in 15 mL of absolute ethanol was added to a solution of
copper(Il) acetate monohydrate (1mmol) in 10 mL of absolute ethanol. The mixture was refluxed
at 65 °C for 4.5 hours and then it was allowed to cool to room temperature. The precipitate was
filtered and dried in desiccator by vacuum to furnish the pure Cu oxime. Yield: 80% m.p.>330
OC. Elemental Analysis [C32H14F3aNsO4Cu]; Found C, 31.20; H, 1.39; N, 6.49%; calculated, C,
30.60; H, 1.12; N, 6.69%; FT-IR (ATR) (mmax/cm); 3400(N-H), 1673 (QeeeH-0O)(wW),
1597(C=N), 1304(N-0), 1197-1140(C-F), 968(N-0O). The green complex was soluble in some
organic solvents like THF, DMSO, ethanol and acetone; and insoluble in chloroform, n-hexane

and water.

Synthesis of bis(phenanthrenequinone dioxime)copper(II) [Cu(PTQD)z2]: Synthesis was
done by following the same procedure as described above for [Cu(PTQD):z]. Yield: 98%
m.p.>330 °C. Elemental Analysis [C2sH1804N4Cu]; Found C, 61.57; H, 3.29; N, 10.03%;

calculated, C, 62.51; H, 3.37; N, 10.41%; IR(ATR)(mmax/cm); 3063(C-H (ar)), 1594 (C=N),
639
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1525 (C=C), 1240-1289 (N-0) 1095-957 (N-O). The green complex was soluble in some organic

solvents like THF, DMSO, ethanol and acetone and insoluble in chloroform, n-hexane and water.

Synthesis of bis(3-perfluoro-vic-dioxime)palladium(II) [Pd(3PFVD)z2]: The Pd complex
was synthesized to be used as metaloorganic precursor according to the methodology given in
(24,25). A solution of oxime (2 mmol) in 20 mL of absolute ethanol was put in a solution of
palladium(II) chloride (1 mmol) in 10 mL of absolute ethanol. Sodium acetate (0.5 g) was added
to the solution. Then the mixture was refluxed at 75°C for 4.5 hours. It was allowed to cool to
room temperature. The mixture was filtered and dried in a vacuum desiccator to furnish the pure
Pd oxime complex. Yield: 70.0% m.p.:258 °C. Elemental Analysis [C32H14F34NeO4Pd]; Found C,
29.19; H, 1.05; N, 6.12%; calculated, C, 29.59; H, 1.09 ;N, 6.47%; FT-IR(ATR) (mmax/cm™1);
3302 (N-H), 3058 (C-H (ar)), 1667 (OeeeH-0O)(w), 1617 (C=N), 1568 (C=C), 1131 (N-O), 1194~
1144 (C-F), 958 (N-0); *H NMR (DMSO-ds) d ppm: 3.8 (s, 2H, H-C=NOH), 8.0 (s, 2H, Ph-N-H),
6.8-7.5 (m, 8H, Ar-H). The yellowish-orange complex was soluble in some organic solvents like

THF, DMSO, ethanol and acetone and insoluble in chloroform, n-hexane and water.

Synthesis of bis(phenanthrenequinone dioxime)palladium(II) [Pd(PTQD)z2]: Synthesis
was done by following the same method as described above for [Pd(PTQD):2]. Yield: %90.
m.p.>330 ©°C. Elemental Analysis [C2sH1804N4Pd]; Found C, 56.19; H, 2.73; N, 7.77%;
calculated, C, 57.89; H, 3.12; N, 9.65%; FT-IR(ATR) (mmax/cm); 3065 (C-H(ar)), 1595
(C=N), 1510 (C=C), 1256-1293 (N-0O), 1010 (N-O). The yellow complex was soluble in some
organic solvents like THF, DMSO, ethanol, and acetone and insoluble in chloroform, n-hexane

and water.

Determination of Solubility in Supercritical Carbon Dioxide: The solubility of the
precursors was measured in a stainless steel reactor with an inner volume of 54 mL and equipped
with two sapphire windows. In a typical experiment held in scCO2, the reactor was cleaned with
CO:2 and ethanol at a pressure of 4.8 MPa. A determined amount (45-50 mg) of precursor were
weighed and placed inside the reactor. The solubility tests were performed three times at a
temperature of 363 K and pressure (13.8, 20.7 and 27.6 MPa) for 4 hours by stirring. At the end
of this time, the solubility of each complex in scCO> was determined quantitatively by releasing
CO2 gas from the reactor into a receptacle with an inner volume of 5 mL. The COz gas in the
receptacle was run through 5 mL ethanol. The receptacle was washed with approximately 15 mL
ethanol and added to first solution. The standard solutions of complexes among 10-7-10-3 M were
prepared. These solutions were measured by UV-Vis spectrophotometer at the wavelength of
maximum absorption and concentration-absorption graph was drawn according to these data.
Molar absorption coefficients were calculated from this graph. The ethanolic solutions of
dissolved complexes in scCO2 were measured at the wavelength of maximum absorption. The

amount of precursors dissolved in scCO2 was calculated from Beer law.
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Deposition of Precursors on MWCNT: A stainless steel reactor with a 100 mL inner volume
was used for the deposition of the metals onto MWCNTs. The precursor was first adsorbed onto
a MWCNT and then converted to metal nanoparticles (Figure 3). The reactor was firstly cleaned
using chemical solvents and then with flowing CO2 under a pressure of 5 MPa. 50 mg precursor
and 50 mg MWCNT (precursor/MWCNT:1/1 mass ratio) were placed in the reactor. The reactor
was heated to 363 K and charged to 0.69 MPa with H2 gas and to 27.6 MPa with CO2. It was
stirred for 4 hours and then the reactor was allowed to cool to room temperature. Then the
pressure in the reactor was released. The MWCNTs were then washed by centrifuging with THF
until the impurity had been removed. The M/MWCNT nanoparticles were dried in an oven at 75
O0C. XRD was used to confirm the presence of the metal, the size of its particles. SEM-EDX was
used to confirm of the distribution of the metals on the MWCNT and the percent of metals
present. HR-TEM was used to confirm of the metals’ distribution on the MWCNT and the particle

size range.

Figure 3. Schematic diagram of deposition system (1: CO2, 2: Hz, 3: Syringe pump, 5:
High pressure reactor, 6: Support and precursor 7: Vent, 8: Receiving vessel, 9: Mantle
heater.
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RESULTS AND DISCUSSION

Structure characterization of ligands and metal complexes (precursors)

3-Perfluoro vic-dioxime [3PFVD]: The elemental analysis of the [3PFVD] agreed with the
calculated values, confirming the successful synthesis of the desired compounds. The FTIR
spectra showed characteristic peaks at 3383 cm™ (N-H), 3244-3000 cm™ (O-H), 1680 cm
(C=N), 1310 cm™ (N-0), 1202 cm™ (C-F) and 950 cm™ (N-O). New bands, which were not
present in the starting material, appeared between 1100 cm™ and 1250 cm™ in the FTIR spectra
of 3PFVD which correspond to the new C-F bond. The presence of these as well as the peaks
corresponding to O-H, C=N and N-O bonds confirm that the desired ligand was synthesized. The
!H NMR spectra showed two overlapping singlet peaks at 11.5 ppm (19). This is due the presence
of two different =N-OH groups in the ligand. The rest of the peaks observed in the 'H NMR and
19F NMR spectra were consistent with what was expected. The expected number of peaks was

present in the °F NMR spectrum.

Phenanthrenequinone dioxime [PTQD]: The IR spectra of [PTQD] showed peaks at 3140-
3050 cm™ (O-H), 3029 cm™ (C-H (aromatic)), 1647 cm™ (C=N), 1598 cm™ (C=C), 1297-1341
cm™t (N-O), 910-1021 cm™ (N-O). The presence of the N-O, O-H and C=N bands confirm that
the desired ligand was procured. The 'H NMR spectra of [PTQD] demonstrated a very sharp
singlet peak at 12.45-12.10 ppm, arising from the two identical =N-OH groups present (19).
The other peaks observed in the 'H NMR spectra were as expected. All of the spectral data agree
with what would be expected for this ligand, so it was determined that the desired ligand was

synthesized.

Bis(3-perfluoro-vic-dioxime)palladium(II) [Pd(3PFVD):]: The elemental analysis data for
this complex was in agreement with the calculated values. The analytical and physical data
(elemental analysis, magnetic susceptibility) indicated a metal to ligand ratio of 1:2 (26). This
showed that reactions of [3PFVD] with PdCl> yielded complexes with the overall formula
[Pd(3PFVD)z]. The FTIR spectra of the palladium complex showed that the peaks assigned to the
v(C=N) frequency shifted downfield from those the free ligand. This is due to coordination of the
metal to the nitrogen atom, which in turn weakened the C=N bond. For the [3PFVD] ligand, the
C=N peak was observed at 1680 cm™. The same peak was shifted downfield to 1667 cm™ in
[Pd(3PFVD)z]. In the free ligand, bands arising from the O-H bond were observed. These were
lost after complexation (27, 28). The magnetic susceptibility of the Pd(II) complex 3PFVD

indicated that the complex is diamagnetic.

Bis(3-perfluoro-vic-dioxime)copper (II) [Cu(3PFVD)2: The elemental analysis of the
complex is in agreement with calculated values. The analytical and physical data (FTIR and

magnetic susceptibility) indicated a metal to ligand ratio of 1:2. This showed that reactions of
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[3PFVD] with Cu(CH3C0O)2.H20 yielded complexes with the overall formula [Cu(3PFVD)2]. The
FTIR spectra of the complex showed that the peaks assigned to the v(C=N) frequency shifted
downfield from those of the free ligand. This is due to coordination of the metal to the nitrogen
atom, which in turn weakened the C=N bond. For the [3PFVD] ligand, the C=N peak was
observed at 1680 cm!. The same peak was shifted downfield to 1673 cm! for [Cu(3PFVD)z]. In
the free ligand, bands arising from the O-H bond were observed. These were lost after
complexation. The Cu(Il) complexes are paramagnetic as expected and the magnetic

susceptibility value of the copper complex is 1.42 uB.

Bis(phenanthrenequinonedioxime)palladium(II) [Pd(PTQD):2]: The elemental analysis of
the complex is in agreement with calculated values. The analytical and physical data (elemental
analysis, magnetic susceptibility) indicated a metal to ligand ratio of 1:2. This showed that
reactions of [PTQD] with PdCl: yielded complexes with the overall formula [Pd(PTQD)2]. The
FTIR spectra of the complex showed that the peaks assigned to the v(C=N) frequency shifted
downfield from those the free ligand. This is due to coordination of the metal to the nitrogen
atom, which in turn weakened the C=N bond. For the [3PFVD] ligand, the C=N peak was
observed at 1680 cm™. The same peak was shifted downfield to 1595 cm™* for [Pd(3PFVD)z]. In
the free ligand, bands arising from the O-H bond were observed. These were lost after
complexation. Magnetic susceptibility measurements supplied sufficient data to characterize the
geometry of the metal complexes. The magnetic susceptibility of the Pd(II) complex PTQD

indicated that the complex is diamagnetic.

Bis(phenanthrenequinone dioxime)copper(II) [Cu(PTQD)z2]: The elemental analysis of
the complex is in agreement with calculated expectations. The analytical and physical data (FTIR
and magnetic susceptibility) indicated a metal to ligand ratio of 1:2. This showed that reactions
of [3PFVD] with Cu(CH3CO0O0)2.H20 yielded complexes with the overall formula [Cu(3PFVD)2].
The FTIR spectra of the complex showed that the peaks assigned to the v(C=N) frequency shifted
downfield from those the free ligand. This is due to coordination of the metal to the nitrogen
atom, which in turn weakened the C=N bond. For the [3PFVD] ligand, the C=N peak was
observed at 1680 cm. The same peak was shifted downfield to 1594 cm- for [Cu(3PFVD)z]. In
the free ligand, bands arising from the O-H bond were observed. These were lost after
complexation. The Cu(II) complexes are paramagnetic as expected and the magnetic

susceptibility value of the copper complex is 2.12 uB.

Solubility of Precursors

The solubility of all four complexes was performed, to indicate the suitability of these oxime
complexes for using precursor in scCO2 deposition method. The solubility of all synthesized vic-
dioxime precursors were in agreement with commonly known precursors reported in literature

(29, 30). The solubility data are shown in Table 1. Precursors in comparison, the solubility of Pd
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complexes are better than Cu complexes. Distance between ligand and center atom is the bigger
in palladium complexes because of palladium diameter is bigger than copper’s. The distance
between ligand and center atom is inversely proportional to the shielding of the center palladium
atom by the ligands. The solubility of Pd complex of 3PFVD was 6.7 times, PTQD was 2 times

better than Cu complexes.

Tablel. The solubility data of precursor in scCO2 at different pressures.

Solubility (molar fraction) abSr(I:::JI:i:Iity Wavelength
2000 (PSI) (335010) ?F?SOI‘; COGf{;;Ient (nm)
[Pd(PTQD),] | 1.59 x10 | 1.89x103 | 2.74 x10°3 14883 235
[Cu(PTQD)] | 1.06x103 | 1.64 x103 | 2.55x1073 19407 236
[Pd(3PFVD):] 3.26 x1073 5.22 x103 | 8.27 x103 6006 234
[Cu(3PFVD).] | 1.78 x10* | 3.96 x10* | 9.12 x10* 9761 316

Characterization of MW-CNT supported metal nanoparticles

The following vic-dioxime metal complexes were used as precursors in the deposition process.
The deposition was performed in three steps:

(1) Dissolving of the precursor in supercritical carbon dioxide,

(2) Adsorbing of metal complex on the MWCNTs

(3) Supercritical reduction.

A chemical reduction method utilizing H2 gas was employed to deposit Cu(0) and Pd(0) form
nanoparticles onto MWCNTSs. After this step, precursors were converted to metallic Cu and Pd.
However, Cu nanoparticles were found to convert to Cu(OH)2, CuO and Cu20 form by contact

with oxygen in air after the synthesis.

HR-TEM results

High resolution TEM image that was taken from the composite obtained from the [Pd(PTQD)z]
precursor, after its deposition using a 1:1 ratio of precursor: MWCNT indicates that palladium
nanoparticles were distributed homogeneously on the MWCNTs. HR-TEM image is shown in
Figure 4. The HR-TEM results indicated a size range between 2-5 nm, which is as good as
nanoparticles obtained from available precursors (6,13,14). Aggregate of palladium was not
observed on MWCNT. The HR-TEM images of Cu/MWCNT composite obtained from [Cu(3PFVD):z]
precursor is shown in Figure 5. These images indicate that the copper nanoparticles are
distributed homogeneously on the MWCNTSs and there is no aggregate on the substrate. The HR-

TEM results indicated a size range between 2-5 nm.
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2l

Figure 5. High resolution TEM images of Cu/MWCNT obtained from [Cu(3PFVD)2].

SEM-EDX Results
The percentages of the metals on the MWCNTs were obtained from SEM-EDX images. SEM-EDX

data provided the chemical properties of these particles.

The SEM-EDX micrographs of Pd/MWCNT obtained from [Pd(PTQD):] is shown in Figure 6(a) and
[Pd(3PFVD)z] is shown in Figure 6(b). These EDX spectra showed that Pd and C atoms are the
main elements in these composites. While a high intensity carbon peak was observed, the
palladium peak had a relatively low intensity. This is because MWCNTSs are the main components
in these samples. Metal content was calculated from the EDX data. From the SEM-EDX
micrograph of Pd/MW-CNTs composites indicated that the palladium nanoparticles were
distributed homogeneously on the MWCNTs. The ICP-OES and EDX data results showed that the
percentage of Pd on the MWCNTs is 5.6 % wt. (68 % of the total Pd in the system) for
[PA(3PFVD)2] and 10 % wt. (54.4 % of the total Pd in the system) for [Pd(PTQD):].
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Figure 6. SEM-EDX images of Pd/MWCNT obtained from [Pd(PTQD):] (a) and
[PA(3PFVD)2] (b).

The SEM-EDX micrographs of Cu/MWCNT obtained from [Cu(PTQD)z] is shown in Figure 7(a)
and [Cu(3PFVD)2] is shown in Figure 7(b). The Cu and C atoms are the main elements in these
composites according to EDX spectra. Carbon peaks were observed to have a high intensity and
the copper peaks had relatively low intensity. This is because MWCNTSs are the main components
in these samples and MWCNT is composed from only carbon atoms (31). EDX figures were used
for calculation of metal content. SEM images show that a large fraction of Cu nanoparticles had
very small size. Differently from Pd/MWCNT, there were no Cu agglomerates on MWCNTs. From
the SEM-EDX micrograph of Cu/MWCNTs composites clearly show that the copper is distributed
on the MWCNTs. The ICP-OES and EDX data results showed that the percentage of Pd on the
MWCNTSs is 7.19 % wt. (59.3 % of the total Cu in the system) for [Cu(3PFVD)2] and 2.3 % wt.
(46.5% of the total Cu in the system) for [Cu(PTQD):].

646



Ulusal F and Guzel B. JOTCSA. 2018; 5(2): 635-652. RESEARCH ARTICLE

B cicu
Map data 501
MAG: 60000 x HV: 10.0 kV WOD: 11.0 mm

Map data 404 @
MAGE 60000 x ‘HY: 10.0 &V WO: 11.0 mm

Figure 7. SEM-EDX images of Cu/MWCNT obtained from [Cu (PTQD)2] (a) and [Cu(3PFVD)2]
(b).

XRD Results

The XRD patterns of the Pd/MWCNT composites obtained from the [Pd(PTQD)2] and
[Pd(3PFVD)2] precursors are given in Figure 8 and show that the metals on the MW-CNT surface
were polycrystalline. The observed main diffraction peaks of the Pd nanoparticles on the MW-
CNTs were as expected. Three very sharp diffraction peaks were observed at 40.0, Pd(111);
46.5, Pd(200); and 68.1, Pd(220) (Reference was made to the surface-centered cubic system
with JCPDS card number; 46-1043) [7-9, 32]. All these peaks indicate that the Pd metal particles
are arranged in a cubic crystallite structure on the MW-CNTs. The average particle size of the Pd
metal nanoparticles were calculated according to the Scherrer’s equation taking Pd(111) as the
main peak. The mean metal particle size was calculated to be 6.4 nm for the composite obtained
from [Pd(PTQD)2] and 3.1 nm for the one obtained from [Pd(3PFVD):]. The mean particle size
obtained from the TEM images was slightly different than that obtained from the XRD data.
(Figure 8)
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Figure 8. XRD pattern of MWCNT deposited with Pd by [Pd(PTQD):] (a) and
[PA(3PFVD)2] (b) mechanism of PTQD and it's metal complexes.

The XRD patterns of the Cu/MW-CNT composites obtained from the [Cu(PTQD)2] and
[Cu(3PFVD)2] precursors are given in Figure 9 and show that the metals on the MW-CNT surface
were polycrystalline. The Cu nanoparticles seem to have been converted to CuO and Cu20 form
by contact with air after removing from the reactor. The observed main diffraction peaks of the
Cu nanoparticles on the MW-CNTs were as expected. Three diffraction peaks were observed at
17.0, Cu(OH)2 (020) (JCPDS 13-420); 33.1, CuO(110) (JCPDS 48-1548) and 42.3, Cu(111)
(JCPDS 04-0836) (13,21,30-31). The main diffraction peak was observed at 17.0, Cu(OH)2 for
[Cu(PTQD)2] and at 33.1, Cu(111) for [Cu(3PFVD)2]. Cu and Cu(OH)2 peaks for [Cu(3PFVD)2]
and Cu peak for [Cu(PTQD)2] appear to be amorphous. The average particle size of the Cu metal
nanoparticles were calculated according to the Scherrer’'s equation taking Cu(OH): for
[Cu(PTQD)2] and CuO for [Cu(3PFVD)2] as the main peak. The mean metal particle size was
calculated to be 2.0 nm for obtained from [Cu(PTQD)z2] and 2.1 nm for obtained from
[Cu(3PFVD)2]. The mean particle size obtained from the TEM images was slightly different than
that obtained from the XRD data (Fig.9).
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Figure 9. XRD pattern of MWCNT deposited with Pd by [Cu(PTQD)2] (a) and
[Cu(3PFVD)2] (b).

CONCLUSION

Vic-dioxime metal complexes were synthesized, characterized, and used as precursors for the
deposition of Pd and Cu nanoparticles on MWCNTSs. The resulting composites were analyzed by
TEM, SEM-EDX, and XRD. The metal nanoparticles formed were evenly dispersed over the
substrate with particle sizes as small as 2 nm. These results clearly show that vic-dioxime metal
precursors have been used as a precursor on SCF deposition technique. Further research on the
different isomers of vic-dioximes, such as the syn form, could provide insight. This research is
hoped to be expanded by studying the deposition of other oxime derivatives on various supports
as well as testing the effects of different temperature and pressures during the deposition

process.
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