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Abstract Ligand-free palladium nanoparticles support-
ed on multi-walled carbon nanotubes (Pd/MWCNT)
were prepared by the supercritical carbon dioxide
(scCO2) deposition method using a novel scCO2-solu-
ble Pd organometallic complex as a precursor. The
precursor with the perfluoroalkyl chain group was syn-
thesized and identified by microanalytic methods. The
deposition was carried out at the temperature of
363.15 K and pressure of 27.6 MPa CO2. The prepared
metallic nanoparticles were obtained with an average
size of 2 nm. Pd/MWCNT was utilized as a heteroge-
neous catalyst in Suzuki cross-coupling reaction. The
nanocatalyst was found very effective in Suzuki reaction
and it could also be recovered easily from the reaction
media and reused over several cycles without significant
loss of catalytic activity under mild conditions.
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Introduction

Preparation of supported metal nanoparticles (NPs),
especially Pd nanoparticles, is gaining increasing

importance in catalysis of numerous organic synthesis
(Campelo et al. 2009; Hunt et al. 2014). These
nanocatalysts provide a lot of advantages such as stabil-
ity to thermal changes and recovery from the reaction
media and may be the most important one with higher
surface area (Narayanan 2010; Pérez-Lorenzo 2012).
There are several methods typically used for preparation
of NPs including impregnation (GAO et al. 2016),
deposition-precipitation (Skaf et al. 2014; Xiong et al.
2014), chemical vapor deposition (Krisyuk et al. 2015),
electrochemical deposition (Vilana et al. 2014), sol-gel
(Koli et al. 2017), and microemulsion deposition (Perez-
Coronado et al. 2016). The supercritical fluid deposition
method which has becomemore attractive because of its
environmentalist approach since the early 2000s is a
demonstrated technology for deposition of metals
(Erkey 2009; Wu et al. 2013). Especially, supercritical
carbon dioxide (scCO2) is the most favorable fluid
because of its critical temperature and pressure
(31.1 °C and 7.38 MPa) parameters. ScCO2 is non-
toxic, cheap, non-flammable, and inert in almost every
reaction (Jiao et al. 2009). All these advantages produce
a clean, successful process using the deposition method
(Ulusal et al. 2017).

In the past decades, there has been limited number
of work about the development of precursor for
scCO2 deposition methods. Solubility, magnetic prop-
erties, and stability play significant roles to choose the
right precursor for the supercritical carbon dioxide
deposition method (SCD). For preparing the supported
metal nanoparticles by the SCD method generally,
cyclooctadiene, β-diketonate, dithiocarbamate, amine,
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and their derivatives are used as a precursor (Erkey
2009). Also, it is well known that fluorine groups
attached to ligands increase their solubility in scCO2

(Teoh et al. 2013; Škerget et al. 2011). Even though
the attachment of long perfluoroalkyl chains to con-
ventional ligand has been widely utilized for the syn-
thesis of metal-based catalysts compatible with scCO2

and fluorous solvents, there have not been any report
on the use of the perfluoroalkylated precursor in a
scCO2 deposition (Erkey 2009; Škerget et al. 2011).
Vic-dioximes are among the most useful and popular
ligands because of the preparation of metal complexes
with a wide variety of transition metals. In our previ-
ous work, Pd complexes of dimethylglyoxime and
phenanthrenequinonedioxime were used as a precursor
to prepare γ-alumina-supported nanocatalyst and the
results showed that the vic-dioxime metal complexes
are alternative precursors for the scCO2 deposition
method. (Ulusal et al. 2017). In this work, an unusual
precursor, perfluoroalkylated vic-dioxime metal com-
plex, was selected and utilized in deposition.

Biaryl compounds are very important intermedi-
ates for various industrial areas such as pharmaceu-
tical, agrochemicals, fine materials, and natural
products (Torborg and Beller 2009; Magano and
Dunetz 2011; Keleş and Ylmaz 2014). Pd-
catalyzed Suzuki C-C cross-coupling reaction is the
most powerful option to synthesize biaryl interme-
diates (Sobhani and Zarifi 2015; Zhang et al. 2015;
Yaşar et al. 2008). Suzuki reaction is generally cat-
alyzed by both homogeneous and heterogeneous Pd
catalysts; however, heterogeneous Pd nanocatalysts
are more preferred over the homogeneous ones be-
cause of their ease of reusability (Pérez-Lorenzo
2012; Zhang et al. 2015; Liew et al. 2015). This
type of C-C coupling reactions requires higher en-
ergy due to their reaction temperature. To occur the
coupling reactions under milder conditions is a
promising research area. Developing more eco-
friendly new nanocatalyst for Suzuki reaction high-
lights the importance of our work.

In this work, a new scCO2-soluble organometallic
compound, perfluoroalkylated vic-dioxime Pd com-
plex, was synthesized and used as a precursor in the
supercritical deposition method for preparing a
MWCNT-supported heterogeneous catalyst. The cat-
a ly t ic eff ic iency of synthes ized pal ladium
nanocatalyst was evaluated in Suzuki C-C cross-
coupling reaction.

Experimental

Characterization of precursor and catalyst

IR spectra of the precursor were obtained by Thermo
FT-IR spectrometer and Smart ITR diamond attenuated
total reflection (ATR). Elemental analyses (C, N, H)
were conducted by Thermo Scientific Flash 2000 and
CHNS elemental analysis apparatus. 1H and 19F NMR
spectra were recorded on a Bruker AVANCE-500 (in
CHCl3 and DMSO).

The amount of Pd metal content was determined
using an inductively coupled plasma-optical emission
spectrometer (ICP-OES) (ICAP 6300). The size and
composition of supported NPs were analyzed by pow-
der XRD diffraction (Rigaku Miniflex CuKα, λ =
0.154 nm) measurements, using Scherrer equation to
determine the metal NP crystallite size. Morphology
and distribution were studied by transmission electron
microscopy (TEM) (JEOL 2100F, 200 kV). The crushed
powders for TEM examination were suspended in eth-
anol and ultrasonicated to obtain a uniform suspension.
One drop of this suspension was deposited by syringe
onto a copper mesh grid coated with a holey carbon
film. The sample was dried at least one night to get
ready for TEM analysis. Scanning electron microscopy
(SEM) images and energy dispersion spectrum (EDS)
mapping were obtained with a ZEISS SUPRA-55 which
was used to analyze material composition.

Synthesis of organometallic precursor

All chemicals and solvents were purchased from com-
mercial suppliers and used without purification. For the
synthesis of 4-perfluoro-vic-dioxime [4PFVD], a modi-
fied procedure reported by E. Taş was used. The ligand
of p recu r so r was syn thes i zed us ing an t i -
monochloroglioxime and fluorinated aniline in absolute
ethanol (Taş et al. 1999) (Scheme 1). Yield: 94%, m.p.
205–207 °C, 1H NMR (CDCl3), δ ppm 11.5 (d, 2H, –
OH), 8.5 (s, 1H, –NH), 7.6–6.8 (m, 4H, Ph), 3.3 (s, 1H,
=CH); 19F NMR (CDCl3), δ ppm − 80.8 (−(CF2)7CF3),
− 109.7, − 112.2, − 120.9, − 121.1, − 122, − 122.6, −
126 (−(CF2)7CF3), FT-IR (ATR, mmax/cm−1); 3408
(N–H), 3255 (O–H), 1642 (C=N), 1608–1527 (C=C),
1299 (N–O), 1144–1196 (C–F), 953 (N–O); anal. calcd
for [C16H8F17N3O2]: C 32.18, H 1.35, N 7.04; found C
31.06, H 1.29, N 6.11.
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Subsequently, the organometallic precursor was syn-
thesized with PdCl2 as metal salt according to the same
reported paper (Taş et al. 1999) (Scheme 1). Yield:
70.0%, m.p. > 330 °C, 1H NMR (DMSO-d6, δ ppm):
3.9 (s, 2H, H–C=NOH), 7.9 (s, 2H, Ph–N–H), 6.8–7.6
(m, 8H, Ph–H). 19F NMR (CDCl3), δ ppm − 84
(−(CF2)7CF3), − 112, − 122.5, − 124.5, − 125, − 125.5,
− 126, − 129.5 (−CF2)7CF3), FT-IR (ATR,mmax/cm−1);
3218 (N–H), 3058 (C–H, Ph), 1678 (O•••H–O,w), 1612
(C=N), 1297 (N–O), 1196–1144 (C–F), 955 (N–O);
anal. calcd for [C32H14F34N6O4Pd]: C 29.59, H 1.09,
N 6.47; found C 28.88, H 1.05, N 6.25.

Preparation of catalyst (Pd/MWCNT)

MWCNTs were obtained from Sigma Aldrich and used
and had the following average dimensions: O.D. × L (6–
9 nm × 5 μm) and diameter (mode, 5.5 nm; median,
6.6 nm). Carbon dioxide (99.98%) and hydrogen
(99.999%) gases were purchased from Linde Gas. The
precursor and support material amounts were placed in a
100-mL inner volume stainless steel reactor (Amar
brand) (Fig. 1.) in order to achieve 8% of Pd/MWCNT
ratio.

Subsequently, the cell was sealed and heated up to
363.15 K and pressurized with CO2 by using a syringe
pump (ISCO, 260D). Following this step, the cell was
filled with H2 (0.5MPa) and CO2 (27.6MPa) and stirred
4 h at desired pressure and temperature. At the end of
4 h, the reactor was stopped and cooling until room
temperature and the system was depressurized slowly
by using vent valve. Finally, obtained palladium

nanoparticles were washed with THF several times to
remove unreduced organometallic complex and then
dried in an oven overnight. ICP-OES, XRD, and TEM
analysis techniques were used to confirm the presence
of metal nanoparticles, the size of metal nanoparticles,
and their distribution on MWCNT.

General procedure for Suzuki reaction

Bromobenzene (0.25 mmol), phenylboronic acid
(0.30 mmol), base (0.50 mmol), Pd/MWCNT
(0.5 mol%, 1.85 mg), and organic solvent water (1:1,
4.0 mL) were allowed to react at 60 °C. An aliquot of the
reaction mixtures was withdrawn periodically and ex-
tracted with CH2Cl2 (3 × 10 mL). The extracts were
washed with brine (10 mL) and dried over Na2SO4

and solvent was evaporated. The crude was directly
analyzed by gas chromatography (GC) (Agilent 6850
with HP-5 column) to get the reaction yield. In the
calculation of the percent conversions of the products,
the consumption of bromobenzene determined fromGC
was based on.

Results and discussion

Catalyst preparation and characterization

Differently from the other preparation procedures, Pd/
MWCNT nanoparticles were prepared by an environ-
mentally friend deposition method. Using scCO2 as a
solvent and absence of by-products and residue after the

Scheme 1 The reaction of
precursor synthesis
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deposition makes this method more advantageous than
the others. Utilizing synthesized scCO2-soluble organo-
metallic compound as a precursor provides a new per-
spective on the scCO2 deposition method. The synthe-
sized precursor was characterized by various micro-
analytical and spectrometric methods and the results
were in agreement with literature data (Taş et al.
1999). In the FT-IR spectrum of ligand, the peaks that
appeared between 1144 and 1196 cm−1 represent ν(C–
F) frequencies of perfluoroalkylated vic-dioxime. For
the Pd complex, the shift of the (C=N) vibration from
1642 cm−1 to lower frequency to 1612 cm−1 is due to
N,N-metal coordination. Also, the loss of (O–H) peak
and appearance of a new peak that belongs to (O•••H–
O) indicate that the vic-oxime group takes part in com-
plexation with Pd metal. FT-IR spectra (Fig. 2) of the Pd
precursor and Pd/MWCNT samples were obtained to

show whether there is non-reduced Pd precursor that
remained in the sample or not. After the reduction
process in scCO2, the characteristic peaks of the precur-
sor disappeared and the new peaks have occurred which
belong to Pd/MWCNT. So, it can be said that there is not
non-reduced form of Pd precursor in the prepared cata-
lyst according to these comparative results.

It was known that fluorinated precursors are more
soluble in scCO2 media; the ligand was chosen with
perfluoroalkylated tail accordingly (Teoh et al. 2013;
Škerget et al. 2011). The solubility of synthesized pre-
cursor was determined qualitatively (at 28 MPa and
363.15 K) with a sapphire glass of reactor cell. The
significant color change has verified its solubility
clearly.

The deposition was carried out at the pressure of
27.6 MPa and temperature of 363.15 K in supercritical
CO2 media as shown in Fig. 1. The metal loading
amount of the prepared catalyst was determined by the
ICP-OES technique and the amount was found to be
7.0 wt%. At the beginning of the deposition, the calcu-
lated ratio was 8.0 wt%. It shows that the yield of
deposition is almost 90% which is a very satisfactory
yield for the scCO2 deposition method.

Distribution and size of palladium nanoparticles onto
MWCNTwere analyzed by TEM. Figure 3 displays the
TEM images of the Pd/MWCNT catalyst. As can be
seen, circled areas in the figure represent some of the
biggest Pd nanoparticles. On the other hand, the smaller
nanoparticles were distributed on MWCNTs more uni-
formly with an average diameter of 2 nm. In order to
verify the chemical composition of the obtained Pd/
MWCNT, energy-dispersive X-ray spectroscopy
(EDS) analysis was used. The typical SEM result is
shown in Fig. 4a. Since the average size of the

Fig. 1 Experimental setup for
scCO2 deposition

Fig. 2 FTIR spectra of Pd/MWNT and Pd precursor
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nanoparticles is less than 10 nm, it is very difficult to use
this image for size analysis due to the resolution. There-
fore, mapping scanning was employed. Figure 4b indi-
cates that the blue background is the MWCNT and it is
decorated with red dots corresponding to the Pd nano-
particles. Figure 4c, d shows the distribution of the
elements carbon (C) and palladium (Pd) respectively.
All results show that Pd nanoparticles are distributed
uniformly onto MWCNT.

The XRD patterns of the MWCNT as a support
material and Pd/MWCNT as a catalyst are shown in
Fig. 5. The difference between two patterns obviously
shows the presence of metallic Pd nanoparticles. The
metals on the MWCNT surface are polycrystalline. The
observed main diffraction peaks of the Pd nanoparticles
on the MWCNTs were as expected at 2θ values of 39.6°
for Pd(111); 46.5°, Pd(200); and 68.1°, Pd(220) (Rather
et al. 2007). Pd(111) peak showed the highest intensity.
According to N. Narayanan, those with (111) facets and
sharp edges and corners were known to be the most
catalytically active sites of nanoparticles for Suzuki
reaction (Narayanan and El-Sayed 2005). The average
particle size of the Pd nanoparticles was calculated
according to the Scherrer equation taking Pd(111) as
the main peak and it was calculated to be 1.4 nm. The
calculated particle size from the XRD peak was similar
with the size obtained by the TEM image. It was known
that the size of nanoparticles plays a key role in the
activity of Suzuki C-C cross-coupling reactions
(Collins et al. 2014).

In a typical scCO2 deposition method, the mecha-
nism occurs in three steps: the dissolution of the metallic

precursor in the scCO2, adsorption of the metallic pre-
cursor on the substrate, and reduction of the precursor to
its metal form (Erkey 2009). Although all of these steps
affect the size of the nanoparticles, the most effective
one is the final step in this process. The reduction that
occurred in the scCO2 deposition method is generally
preferred in a thermal or chemical way. In this study, the
chemical reduction was carried out with H2 gas in
scCO2 media. After the adsorption of the decomposed
precursor molecules onto the active sites of MWCNT,
the chemical reduction with H2 gas occurs autocatalyt-
ically. The reduction takes place over all surfaces of the
support when the hydrogen gas is injected. Then, Pd
nanoparticles at the surface of MWCNT continue to
grow until the entire metal precursor or hydrogen in
scCO2 phase is consumed (Ulusal and Güzel 2018). In
addition, the selected metal precursor has a large molec-
ular structure and it was suggested that this type of huge
molecules comes close to the surface planarly and then
adsorbs onto the support. This approach prevents ag-
glomeration of Pd nanoparticles at the surface and al-
lows the size of smaller nanoparticles to be obtained.

Catalysis

For Suzuki C-C cross-coupling reaction, bromobenzene
and phenylboronic acid were chosen as the model reac-
tants. The influence of solvents and bases on the cross-
coupling reaction was investigated. To optimize the
conditions of cross-coupling reaction, the reaction was
held on in the presence of 0.5 mol% Pd/MWCNT at
60 °C in air and conversion ratio of C-C coupling

Fig. 3 TEM images of Pd/MWCNT catalyst at a 20-nm and b 2-nm resolution
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reaction is summarized in Table 1. Conversion ratio
clearly shows that the best solvent-base combination
was methanol and K2CO3 for prepared catalyst on
bromobenzene-phenylboronic acid coupling reaction.

G. Collins (Collins et al. 2014) reported that the
presence of dissolved O2 plays a key role in the catalytic
activity of Suzuki reaction. O2 affects Pd leaching con-
centration and it also correlated with reactivity. The
higher conversion was observed in the aerobic media.
It means that molecular O2 is beneficial for catalytic
activity. So, in this paper, the catalytic reaction medium
selected was air atmospheric.

The Suzuki cross-coupling reactions between
phenylboronic acid and iodobenzene catalyzed by
MWCNT-supported Pd in methanol under reflux
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Fig. 5 XRD pattern of Pd/MWCNT catalyst

Fig. 4 SEM image (a) and EDS mapping (b–d) of Pd/MWCNT catalyst
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conditions were reported by Pan et al. (2006). The
conversion yield in Suzuki C-C coupling reaction was
reported to be 96% when the most active aryl halide,
iodobenzene, was used. However, the activity with other
aryl halides was not noticed.

In Suzuki coupling reactions, due to the high activa-
tion barriers of the mechanism steps, heterogeneous Pd
nanocatalysts require high temperatures (Li et al. 2013;
Molnar 2011; Dumbre et al. 2016). By increasing the
reaction temperature, the product yield increases auto-
matically. Improving new Pd nanocatalysts, which are
active at room temperature, is one of the most rising
research areas. In our work, the temperature effect was
investigated at three different temperatures: room tem-
perature and 60 and 90 °C, and the results are given in
Fig. 6. As can be seen, the reaction could be catalyzed
by Pd/MWNT catalyst at room temperature with 100%
percent of yield. Therefore, less energy is required to

perform the reaction which is a critical point for indus-
trial applications.

Table 1 Optimization of reaction conditions

Entry Solvent Base Yield
a
(%)

1 NMP K2CO3 39

2 DMF K2CO3 24

3 EtOH K2CO3 71

4 MetOH K2CO3 100

5 1,4 Dioxane K2CO3 41

6 THF K2CO3 NR
b

7 NMP Na2CO3 54

8 DMF Na2CO3 12

9 EtOH Na2CO3 82

10 MetOH Na2CO3 93

11 1,4 Dioxane Na2CO3 41

12 THF Na2CO3 NR

Conditions: 0.25mmol ArBr, 0.3 mmol PhB(OH)2, 0.5 mmol base, 1.85mg 7wt% Pd-MWCNT (0.5 mol% Pd), 4.0 mL solvent:water (1:1),
60 °C, in air. 9 h
a Isolated yields
b No reaction
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Fig. 6 Effect of temperature on catalysis in Suzuki cross-coupling
reaction
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The reusability of Pd/MWCNT was tested at the
same reaction conditions except for the reaction time
and temperature parameters. This time, the room tem-
perature was selected as reaction temperature and the
reaction time automatically changed with 24 h. The
results are summarized in Table 2. From the results,
the catalyst was reused three times without significant
loss of activity. After the third run, the efficiency de-
creased, but it is still satisfying.

Conclusions

A highly efficient, eco-friendly, and recyclable
nanocatalyst was prepared by a scCO2 deposition meth-
od. Firstly, the scCO2 soluble organometallic precursor
was synthesized and it shows that vic-dioxime is a viable
option for use in a supercritical deposition. The synthe-
sized perfluoroalkylated vic-dioxime ligand can be uti-
lized with various transition metals and different appli-
cation areas.

Using an environmentally friendly method, the de-
position was carried out. Prepared catalyst was analyzed
by ICP-OES, SEM-EDS, TEM, and XRD. The metal
nanoparticles formed were evenly dispersed over the
substrate with particle sizes as small as almost 2 nm
and they showed polycrystalline shape on the support.
The catalytic activity of the prepared catalyst was inves-
tigated on Suzuki C-C cross-coupling reaction under
mild conditions and 100% of yield was obtained at room

temperature. The catalyst was reused three times with-
out any significant loss of catalytic activity.
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