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Palladium (Pd)-catalyzed reactions mostly show structure sensitivity: i.e., the selectivity and activity of
the reactions are highly dependent on the arrangement of Pd atoms. In this regard, branched Pd nanopar-
ticles show enhanced catalytic performance owing to the presence of low coordinated Pd atoms. In this
paper, a novel solution-phase synthesis of flower-like Pd nanodendrites using ribonucleic acid (RNA) as a
capping agent and ascorbic acid as a reducing agent was described. On the other hand, the co-use of
polyvinylpyrrolidone (PVP) and potassium bromide (KBr) instead of RNA at the same synthesis conditions
led to cuboid nanoparticles, while the sole use of ascorbic acid resulted in faceted nanoparticles. The for-
mation of nanodendritic morphology was attributed to the RNA-assisted growth through particle attach-
ment. This scenario was supported by TEM analysis that demonstrated the aggregation of small particles
to form larger nanoparticles at the onset of the reaction. The shape and size of the nanoparticles could be
readily tuned by the RNA content used. XPS confirmed the formation of metallic Pd nanoparticles. The
presence of crystalline planes of {1 1 1}, {2 0 0}, {2 2 0}, {3 1 1} and {2 2 2} was demonstrated by XRD
and SAED analyses. The Pd nanodendrites were used for the reduction of p-nitrophenol (PNP) and
2,4,6-trinitrotoluene (TNT), and reduction rate constants (k) were calculated as 1.078 min�1 (normalized
rate constant, knor = 59.66 mmol�1 s�1) for PNP and 0.3181 min�1 (knor = 17.6 mmol�1 s�1) for TNT with
the corresponding turnover frequencies (TOFs) as 16.06 and 40.80 h�1, respectively.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Noble metal nanoparticles have attracted tremendous interest
in a wide spectrum of applications, including photonics [1], elec-
tronics [2], sensing [3], biomedicine [4], and imaging [5]. They have
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been also exploited as heterogeneous nanocatalysts with facile cat-
alyst recovery and recyclability, along with low catalyst loading. In
this regard, sole palladium (Pd) nanoparticles or together with
other noble metals (e.g., Pt [6], Au [7], or Ag [8]) in different shapes
and sizes have been reported for their efficient catalytic perfor-
mance in carbon-carbon cross-coupling e.g., Suzuki, Heck and Stille
coupling reactions [9–11], as electrocatalysts in fuel cells [12], oxy-
gen reduction reactions [13], oxidation of small molecules (e.g., for-
mic acid [14,15], ethanol [15,16], and methanol [15,17]) and
hydrogenation reactions [18–20]. Since chemical reactions take
place on the particle surface, enhancing surface area with a highly
branched morphology directly boosts the catalytic performance of
the nanoparticles owing to the presence of low coordinated atoms,
mostly located in defects, such as edges and kinks [21,22]. Most Pd
nanoparticles have been synthesized through chemical and elec-
trochemical routes by the nucleation of Pd atoms toward seeds
and later nanoparticles at room temperature [23,24]. However,
the nucleation can be accelerated with a temperature rise, which
occasionally generates nanoparticles with concave surfaces [25].

Since Pd nanoparticles serve as a reservoir for atomic Pd, higher
interface, particularly the presence of edge and corner atoms rises
the catalytic activity of the nanoparticles [26]. However, most Pd
nanoparticles have low surface energy because their surface is
mainly covered by low index {1 0 0} and {1 1 0} planes, and such
nanoparticles offer less catalytic activity than flower-like nanoden-
drites. In this regard, a facile and green synthesis of highly
branched Pd nanoparticles, such as nanodendrites, is always
desired owing to their high degree of structural anisotropy, along
with highly active facets, which significantly enhance the catalytic
performance of nanoparticles than the particles having low index
facets. To date, flower-like Pd nanoparticles have been synthesized
using various routes and precursors. In one example, flower-like Pd
nanoparticles were synthesized using strongly hydrophobic surfac-
tants, e.g., didodecyldimethylammonium bromide and
dimethylenebis(tetradecyldimethylammonium bromide), and the
formation of the flower-like morphology was credited to the self-
aggregation of Pd seeds [27]. Mohanty et al. described a common
Fig. 1. Cartoon illustration of the Pd nanoparticles with cuboid and dendritic morpholo
colored TEM images of the respective nanoparticles. (For interpretation of the referenc
article.)
strategy for the synthesis of nanodendrites from Pt, Pd and Au
using an amino acid based surfactant, sodium N-(4-n-dodecyloxy
benzoyl)-L-isoleucinate (SDLIL) and observed that the pH-
dependent self-assembly is critical for particle growth [9].
Recently, Ye et al. reported the synthesis of chestnut-bur-like Pd
nanoparticles using cetylpyridinium chloride (CPC) as a capping
agent in aqueous solutions and implemented the nanoparticles
for ethanol oxidation [28]. Shin et al. reported flower-like Pd
nanoparticles decorated with graphene electrodes for ultrasensi-
tive and flexible hydrogen gas sensing, where the particles were
synthesized through electrochemical methods using 0.1 M PdCl2
into 100 mMH2SO4 [29]. Liu et al. reported flower-like Pd nanopar-
ticles, which were produced by a seed-mediated method at room
temperature using cetyltrimethylammonium chloride (CTAC) and
ice-cold NaBH4 solution [30]. Recently, Wang et al. reported the
controlled synthesis of hierarchical Pd nanodendrites using Pd
(OAc)2 as a Pd source, PVP as a stabilizer, CO as a reducing agent
in the presence of sodium acetate and oleylamide at 100 �C for
3 h [31]. The formation of Pd seeds was controlled by CO and acet-
ate anions while oleylamide promoted the growth of hierarchical
branches. Likewise, oleylamine was used to the controlled nucle-
ation of Pd nanoparticles and their assembly into dendrites [32].
The particle synthesis was performed using palladium acetylaceto-
nate (Pd(acac)2) as a Pd precursor, and oleylamine served as both
capping agent and solvent in an argon atmosphere from room tem-
perature to 130 �C at a rate of about 20 �C min�1. The formation of
Pd nanodendrites via an aggregation-based growth mechanism
was revealed by TEM analysis.

In this study, flower-like Pd nanodendrites were synthesized
through RNA-mediated growth of Pd atoms in water using
L-ascorbic acid as a reducing agent (Fig. 1). RNA-mediated hexago-
nal Pd nanoparticles were previously reported by Eaton and co-
workers [33]. However, to the best of authors’ knowledge there
is no report on the RNA-mediated synthesis of Pd nanodendrites.
Pd nanoparticles were also synthesized using only ascorbic acid
or in the presence of ascorbic acid/KBr/PVP under same conditions.
The particles were characterized in terms of shape and structure by
gy and their use for the reduction of nitroarenes. Inset photos show the digitally-
es to colour in this figure legend, the reader is referred to the web version of this



208 F. Topuz, T. Uyar / Journal of Colloid and Interface Science 544 (2019) 206–216
TEM, STEM and SAED analysis, oxidation state of Pd by XPS, and
crystallographic planes by XRD. The formation of Pd nanoparticles
was discussed in terms of underlying mechanism in guiding the
particle morphology. Finally, the nanoparticles were used for the
reduction of p-nitrophenol (PNP) and 2,4,6-trinitrotoluene (TNT)
to p-aminophenol (PAP) and 2,4,6-triaminotoluene (TAT),
respectively.
2. Experimental section

2.1. Materials

Palladium(II) acetate trimer ((Pd(OAc)2)3, Pd; 45.9–48.4%) was
purchased from Alfa Aesar (Germany). Polyvinylpyrrolidone (PVP,
SP2) with an average molecular weight of Mw = 360 kg/mol, potas-
sium bromide (KBr, 99%, Sigma Aldrich), L-ascorbic acid (AA, Sigma
Aldrich), ribonucleic acid sodium salt (RNA from Yeast, TCI Chem-
icals), p-nitrophenol (PNP, 99%, Alfa Aesar), ethanol (EtOH, Sigma
Aldrich), and sodium borohydride (NaBH4, fine granular, Merck)
were received.

2.2. Synthesis of Pd nanoparticles

Pd nanoparticles were synthesized at 80 �C using different cap-
ping agents. For the synthesis of cuboid Pd nanoparticles, the mix-
ture of PVP (210 mg), KBr (150 mg) and AA (120 mg) was dissolved
Fig. 2. (a and b) TEM and (c) HRTEM images of cuboid Pd nanoparticles synthesized
cPVP = 58 lmol and cKBr = 1.26 mmol. (d) The fast Fourier transformation (FFT) calculate
inverse-FFT pattern. (f) The size-distribution plot of the Pd nanoparticles.
in 16 mL water and stirred for �30 min. Afterwards, an aqueous
solution of Pd(OAc)2 was added dropwise. The reaction was con-
ducted at 80 �C for 3 h under continuous stirring. The nanoparticles
were separated by centrifugation at 13,000 rpm for 20 min, and
organic reactants were removed by washing with water and etha-
nol. On the other hand, flower-like Pd nanodendrites were synthe-
sized at the same conditions using RNA as the capping agent at
various concentrations and ascorbic acid as a reducing agent.
RNA (at various concentrations) was dissolved in water (16 mL)
and heated to 80 �C and thereafter, AA (120 mg) was added and
the solution stirred until both additives were completely dissolved.
Afterwards, an aqueous solution of Pd(OAc)2 was added dropwise
and stirred for �30 min. The reaction was conducted at 80 �C for
3 h under continuous stirring. The nanoparticles were separated
by centrifugation at 13,000 rpm for 20 min, and organic reactants
were removed by washing with water and ethanol. Pd nanoparti-
cles were also produced using only ascorbic acid.
2.3. Characterization methods

Transmission electron microscopy (TEM) was performed using
a Tecnai G2F30 (FEI) apparatus. The aqueous solutions of the
nanoparticles were dropped and dried on carbon-coated copper
grids. TEM was operated with an accelerating voltage of 300 kV.
Scanning transmission electron microscopy (STEM)mode was used
to characterize the nanoparticles. X-Ray photoelectron spectra of
in the presence of PVP/KBr as the capping agents. cPd = 0.22 wt%, cAA = 32 mM,
d from the area marked with a dotted-square in Fig. c, and (e) the corresponding
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the samples were recorded using an X-ray photoelectron spec-
trometer (Thermo Fisher Scientific, U.K.). Al K-a X-ray monochro-
mator (0.1 eV step size, 12 kV, 2.5 mA, spot size 400 mm) was
exploited as an X-ray source at an electron take-off angle of 90�.
XPS spectra of Pd 3d orbital were measured 30 times with 50 ms
dwell time (pass energy 30 eV). X-Ray diffraction experiments
were performed using a PANalytical X’Pert Pro MPD, which was
powered by a Philips PW3040/60 X-ray generator fitted with an
X’Celerator detector. X-Rays were generated from a Cu anode that
was supplied with 40 kV and current of 40 mA. The data were col-
lected in the 2h range of 30–90� using the scanning X’Celerator
detector system. All scans were carried out in continuous mode,
and the data were analyzed using X’Pert Highscore Plus software
(version 2.0).

2.4. Catalytic activity tests

Catalytic tests were carried out in a standard quartz cuvette
with an optical length of 1 cm. The Pd nanoparticles were homoge-
nously dispersed and freshly used for the measurements.

p-Nitrophenol (PNP) reduction: An aqueous solution (2.9 mL,
0.055 mM) of PNP was transferred into a cuvette. Afterwards,
150 lL of 0.3 M NaBH4 was added. After the addition from the dis-
persion of Pd nanoparticles at various volumes, UV–Vis spectra
were collected on a Cary-UV 100 spectrophotometer every 30 or
60 s depending on the reaction rate within the wavelength range
of 250–500 nm. The intensity of the absorption peak at 400 nm
was used for the calculation of the PNP conversion to
Fig. 3. (a) TEM and (b) STEM images of the Pd nanodendrites synthesized in the presenc
nanodendrite. Inset shows the SAED pattern of the Pd nanodendrites. (d) EDS spectrum
nanodendrites.
p-aminophenol (PAP). The measurements were performed at room
temperature (25 �C).

2,4,6-Trinitrotoluene (TNT) reduction: An aqueous solution
(0.4 mL, 1.01 mM) of TNT was transferred into a cuvette. After-
wards, 200 lL of 0.3 M NaBH4 and 3 mL water were added. After
the addition from the dispersion of Pd nanoparticles at various vol-
umes, UV–Vis spectra were collected every 30 or 60 s depending on
the reaction rate in the wavelength range of 250–600 nm. The
intensity of the absorption peak at �420 nm was used for the con-
version of TNT to triaminotoluene (TAT). The measurements were
performed at room temperature (25 �C).
3. Results & discussion

Pd nanoparticles were synthesized through a facile, one-pot
method in the presence of KBr/PVP or RNA at 80 �C. The use of
KBr/PVP as the capping agents first led to the formation of small
nanoparticles through the nucleation of Pd atoms, followed by
the growth of these particles to larger ones via a seed-growth
mechanism. Fig. 2(a and b) shows the TEM images of the Pd
nanoparticles, which were synthesized in the presence of
KBr/PVP and reducing agent, L-ascorbic acid. The particle morphology
was not uniform and displayed the presence of cuboid and cubic
nanoparticles. The HRTEM image demonstrates that the Pd
nanoparticles are crystalline as shown by well-defined fringe pat-
terns (Fig. 2c). In the HRTEM image, the crystal fringes can be
indexed as the {2 0 0} planes. Fig. 2d displays the corresponding
e of RNA. cPd = 0.22 wt%, cAA = 32 mM and cRNA = 0.47 wt%. (c) HRTEM image of a Pd
of the respective nanodendrite. Inset displays the STEM image of the respective
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fast-Fourier transform (FFT) image of the Pd nanoparticle. The FFT
pattern shows {2 0 0} plane with a corresponding lattice space of
1.96 Å. Fig. 2e shows the inverse Fast-Fourier Transform (FFT)
image reconstructed from the mask-applied FFT image of the area
selected in Fig. 2c. The plane {2 0 0} is clearly observed and
ascribed to a face centered cubic (fcc) Pd. The mean size of the
nanoparticles was measured as 5.60 nm (Fig. 2f).
Fig. 4. (a and b) TEM, (c) HRTEM images and (d) SAED pattern of the Pd nanoparticles sy
RNA was used during the particle synthesis. (e) TEM image of the Pd dispersion, which wa
and absence of ascorbic acid.

Fig. 5. (a and c) TEM and (b and d) STEM images of the Pd nanodendrites synthesized in th
and (f and h) STEM images of the Pd nanodendrites synthesized in the presence of 0.04
Unlike cuboid nanoparticles obtained with PVP/KBr, the use of
RNA as the capping agent led to flower-like Pd nanodendrites.
Fig. 3 shows the morphology of Pd nanoparticles synthesized using
0.47 wt% RNA as the capping agent. TEM images of the nanoparti-
cles revealed the formation of a three-dimensional nanodendrite
morphology whose core was denser than the corona because of a
high number of branches. Their highly branched structure was also
nthesized in the presence of only ascorbic acid. cAA = 32 mM and cPd = 0.22 wt%. No
s synthesized in the presence of RNA molecules (cRNA = 0.71 wt% and cPd = 0.22 wt%)

e presence of 0.024 wt% RNA, cPd = 0.22 wt% and 32 mM ascorbic acid. (e and g) TEM
8 wt% RNA and 32 mM ascorbic acid. cPd = 0.22 wt%.
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confirmed by the STEM image with a highly dense core (Fig. 3b).
The particles were obtained in the shape of nanoflowers in the size
range between 50 and 70 nm. HRTEM image displayed the pres-
ence of different crystalline fringes, suggesting their polycrys-
talline nature (Fig. 3c). The selected area electron diffraction
(SAED) pattern revealed the presence of various planes, e.g.,
{1 1 1}, {2 0 0}, {2 2 0} and {3 1 1} of fcc Pd (Fig. 3c, inset). The
EDS analysis of the respective particles revealed the peaks related
to the Pd atom, demonstrating the formation of Pd nanoparticles
(Fig. 3d). As the capping agents can affect the performance of Pd
nanoparticles by restricting the accessibility of active sites, the
removal of RNA from the nanoparticle surface can enhance their
performance in catalytic applications. On the other hand, the use
Fig. 6. Synthesis scheme of the flower-like Pd nanodendrites. The TEM (i, ii) and STEM (
cRNA = 0.47 wt%, cAA = 32 mM and cPd = 0.22 wt%.

Fig. 7. TEM images of the Pd nanodendrites synthesized at two different RNA concentratio
and (b) cRNA = 0.71 wt%. cAA = 32 mM and cPd = 0.11 wt%.
of RNA together with PVP led to unshaped small nanoparticles,
suggesting that the incorporated PVP disturbed the nanodendritic
morphology (Fig. S1). Similar nanodendritic morphology was
reported by Yamauchi and co-workers for Pt using Brij58 as the
capping agent [34].

Pd nanoparticles were also prepared in the absence of RNA
using only ascorbic acid. Interestingly, the nanoparticles with
faceted morphology were formed, including the forms of trigon,
pentagon, and hexagon whose sizes ranged between 100 and
150 nm (Fig. 4(a–c)). Unlike the Pd nanoparticles synthesized in
the presence of RNA, no aggregation or small particles was
observed, suggesting their formation via a seed growth mecha-
nism. The SAED pattern of the respective particles revealed highly
iii) images of Pd nanoparticles were taken before the solution turned black in color.

ns. Inset shows the STEM images of the respective nanoparticles. (a) cRNA = 0.23 wt%
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crystalline rings related to {1 1 1}, {2 0 0}, {2 2 2} and {3 1 1} planes
(Fig. 4(d)). The formation of such morphology can be ascribed to
the capping role of ascorbic acid beside their main role in the Pd
(II) reduction. The synthesis of Pd nanoparticles were also tried
in the presence of only RNA, however, no Pd particle formation
was observed. The TEM image of the reaction solution did not dis-
play any particles, but dark domains appeared due to the disper-
sions of RNA/Pd (Fig. 4(e)). Further, unlike other reaction systems
catalyzed by ascorbic acid, the reaction mixture did not show color
change to black even after 24 h, demonstrating that RNAmolecules
could not reduce Pd2+ to Pd0 for the particle formation in the
absence of ascorbic acid (Fig. S2).

Flower-like Pd nanodendrites were also synthesized at very low
concentrations of RNA (0.024 and 0.048 wt%) to elucidate the
underlying mechanism leading to the nanodendritic morphology.
Fig. 5 shows the SEM and STEM images of the respective nanopar-
ticles. Interestingly, when a low amount of RNA (0.024 wt%) was
used, firstly, the formation of less densely nanodendrites was
observed within 2 mins, and with time, highly densely nanoparti-
cles were formed, suggesting that more Pd atoms were bound to
such structures and converted the overall morphology into densely
nanodendrites (Fig. 5a–d). On the other hand, when the higher
concentration of RNA (0.048 wt%) was used, the formation of den-
sely particles was observed even after 2 min, suggesting the signif-
icance of RNA content on the morphology of the resultant
particles: i.e., less densely Pd nanoparticles can be synthesized in
the presence of low RNA content in short reaction times.
Fig. 8. (a and b) Deconvoluted Pd 3d XPS spectra of the Pd nanocuboids (Pd NCs, cPd = 0.2
NDs, cPd = 0.22 wt%, cAA = 32 mM and cRNA = 0.47 wt%). The experimental data points, a
respective Pd nanoparticles.
The formation mechanism of the nanodendritic morphology
was explored by TEM analysis. Before the solution turned black
in color, the sample taken from the solution showed small Pd par-
ticles sizing about 15 nm, which were tending to form large
nanoparticles through particle attachment (Fig. 6). With time,
small nanoparticles disappeared, while larger nanoparticles were
observed. After 3 h, flower-like Pd nanoparticles were formed,
demonstrating the formation of Pd nanodendrites through particle
attachment. At room temperature, the growth of most Pd nanopar-
ticles takes place slowly, and in this regard, stabilizing agents play
a crucial role in the particle shape by changing the order of surface
energies throughout the facets until the end-form has the lowest
surface energy. However, the nanoparticles formed by
kinetically-controlled synthesis mostly deviates from the thermo-
dynamically favored structure, forming high index facets and con-
cave surfaces. Due to high reaction temperature (i.e., 80 �C), the
particle growth mainly proceeded in an uncontrolled way. The
driving force for the particle growth is considered to be the reduc-
tion of the surface energy with particle attachment, ultimately
forming nanodendrites with a polycrystalline structure [35].

The use of various synthesis routes has led to different flower-
like Pd nanoparticles. To the best of our knowledge, RNA-assisted
synthesis route, for the first time, has been used to produce Pd nan-
odendrites whose size could readily be tuned by the RNA content
used. In the particle synthesis, RNA acts as the capping agent and
does not involve in the reduction of Pd2+ to Pd0. As a polyion,
RNA binds to the facets of Pd nanoparticles without requiring
2 wt%, cAA = 32 mM, cPVP = 58 lmol and cKBr = 1.26 mmol) and Pd nanodendrites (Pd
long with the sum of the spectra are given as well. (c) The XRD patterns of the
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any other capping molecules, e.g., KBr and PVP, and its self-
assembly property ultimately leads to nanodendritic morphology.
Fig. 7 shows the TEM analysis of the Pd nanoparticles synthesized
at two different RNA contents (0.23 and 0.71 wt%) in the presence
of the same concentration of L-ascorbic acid and Pd. The TEM
images of the respective nanoparticles showed that the particle
size was also influenced by the RNA content when lower Pd con-
tent was used (i.e., 0.11 wt%). The formation of larger Pd nanopar-
ticles was evident, while the mean particle size significantly
increased with an RNA content rise. This is a general trend for Pd
nanoparticles and a similar increasing trend in the particle size
was observed when the higher concentration of the capping agent
was used [28]. This can be attributed to their tendency to form lar-
ger aggregates in the presence of higher RNA concentration.
Fig. 9. Catalytic performance of the Pd nanodendrites in the reduction of PNP to PAP, mo
Pd nanodendrites as function of time (a–d; time interval is 30 s, e; time interval is 1 min
0.0181 lmol, (b) 0.0365 lmol, (c) 0.0725 lmol, (d) 0.15 lmol, and (e) 0.3 lmol. Inset pho
for 5 min. (f) The kinetic rate of PNP reduction with respect to time.
With respect to the chemical state of Pd on the nanoparticle
surface, XPS analysis was carried out to find the proportion of
metallic and oxidized atoms. Fig. 8(a, b) shows the XPS spectra of
Pd 3d electrons, where the sample showed a two-electronic transi-
tion because of the bands of Pd 3d3/2 and Pd 3d5/2, of which both
were consisted of doublets [22]. The shift between these peaks is
arisen due to the spin orbit coupling. The deconvoluted Pd 3d
XPS spectra indicate Pd(0) is predominant in the particles. The
occurrence of Pd(II) state on the particle surface can be attributed
to the incomplete reduction of Pd2+ to Pd0. The relative percentage
of Pd2+ and Pd0 atoms was respectively found as 30 and 70% with
the corresponding Pd2+/Pd0 of 0.43. Fig. 8c shows the XRD patterns
of Pd NCs and NDs revealed the presence of {1 1 1}, {2 0 0}, {2 2 0},
{3 1 1} and {2 2 2} crystal planes, demonstrating the
nitored by UV–vis, at room temperature in the presence of various concentrations of
). The final amount of Pd nanodendrites in the reaction cuvettes are as follows: (a)
tos (e) show the PNP solutions before and after exposed to NaBH4 or NaBH4/Pd NDs
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polycrystalline structure of both nanoparticles. This is in line with
the SAED patterns of the respective nanoparticles (Fig. 3c, inset).
The corresponding d-spacing values were respectively calculated
as 2.236, 1.936, 1.369, 1.170 and 1.116 Å, demonstrating the pres-
ence of metallic Pd with a fcc structure. The highest peak intensity
was observed for {1 1 1} plane, followed by {2 0 0}. The {1 1 1}
plane is the most active facet among low index planes. Further-
more, the cuboid nanoparticles are likely larger in a single crystal
domain size than the nanodendritic nanoparticles due to the pres-
ence of narrower peak widths in the XRD patterns.

Polycrystalline structure can be attributed to the uncontrolled
growth of Pd nanoparticles. The firstly formed small particles coa-
lesced into seeds, followed by the attachment of the remaining
particles to reduce surface energy. The process continued until
flower-like nanodendrites were formed as shown in Fig. 3, where
the average crystalline sizes regarding {1 1 1} and {2 0 0} reflec-
tions were dominant due to their anisotropy. This also shows the
preferential orientation of {1 1 1} and {2 0 0} facets.

The catalytic activity of the Pd nanodendrites was explored over
the reduction of nitroaromatic compounds. Nitroaromatic com-
pounds are mostly synthetic molecules and rarely found in nature.
They are hazardous to human health and thus, registered as the
priority pollutants for environmental remediation on the U.S. Envi-
ronmental Agency’s list [36]. They have been used for the synthesis
of polymers, pesticides and explosives [36]. In this study, we used
Pd nanodendrites for the reduction of p-nitrophenol (PNP) and
2,4,6-trinitrotoluene (TNT) to p-aminophenol (PAP) and 2,4,6-
triaminotoluene (TAT) as a function of time in the presence of
NaBH4 as a co-catalyst. Pd nanoparticles decorated nanowebs were
previously used in the reduction of PNP [37] and TNT [38]. Nitro
groups can easily be reduced to give amino compounds by the help
of metals in the presence of H+. Normally, PNP solution gives an
absorbance peak at 316 nm, and after the addition of NaBH4, it
shifted to 400 nm, and with that, the solution became yellowish
owing to the formation of p-nitrophenolate ion. In the absence of
Fig. 10. TNT reduction catalyzed by Pd nanodendrites. (a–e) UV spectra of the TNT during
are shown at 1 min intervals (a–d) and 30 s (e). The contents of Pd nanodendrites in the
(d) 0.15 lmol, and (e) 0.3 lmol. (f) The kinetic rate of the TNT reduction with respect t
Pd nanodendrites, the reduction rate was extremely slow. Upon
the addition of small amount of Pd nanodendrites (i.e.,
0.0181 lmol), the absorption peak at 400 nm decreased and a
new peak appeared at 300 nm, which was ascribed to the forma-
tion of p-aminophenol (PAP). An inverse correlation between two
peaks depending on the nanoparticle content was shown in
Fig. 9a–e, suggesting the reduction reaction proceeds slowly in
the presence of low amount of the catalyst and faster at higher cat-
alyst contents. The NaBH4 content in the system is excessive to be
ensure that the reaction follows pseudo-first-order kinetics with
respect to PNP only: hence, the reaction kinetics can be formulated
as �kt = ln(At/A0), in which k is the first-order rate constant, t is the
reaction time while At and A0 stand for the absorbance at time t and
0, respectively. The linear relationship of kt = ln(At/A0) versus reac-
tion time for the systems containing various catalyst loadings was
shown in Fig. 9f. The rate constant (k) was determined from the
slope of the fitted lines. Higher catalyst content increased the reac-
tion rate (k), and the reaction was completed in few minutes. The
representative optical photos of the PNP solution before and after
the nanoparticle treatment shows that the yellowish solution
becomes colorless, suggesting the conversion of PNP to PAP by
the naked eye (Fig. 9e). The highest k was calculated as
1.078 min�1 (17.9 � 10�3 s�1). Since the used Pd nanodendrite
(Pd ND) content is 0.3 � 10�3 mmol, the normalized rate constant
(knor) of the reaction is calculated to be 59.66 mmol�1 s�1. This
high catalytic activity of the Pd nanodendrites can be attributed
to their highly branched morphology. The respective TOF value
was calculated as 16.06 h�1.

Likewise, flower-like Pd nanodendrites were also exploited in
the reduction of 2,4,6-trinitrotoluene (TNT) in water. The reaction
was performed at room temperature using various concentrations
of Pd nanodendrites. The time-dependent UV–Vis spectra during
the reduction of TNT in the presence of various catalyst contents
were shown in Fig. 10. After the addition of NaBH4, a clear peak
appears at 420 nm in the UV–Vis spectrum of the TNT. With the
the reduction by Pd nanodendrites in the presence of co-catalyst NaBH4. The spectra
reaction cuvettes are as follows: (a) 0.0181 lmol, (b) 0.0365 lmol, (c) 0.0725 lmol,
o time.
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reduction of nitro groups, a new peak appeared at 350 nm, suggest-
ing the reduction of nitro groups to amine. Increasing the concen-
tration of Pd nanodendrites significantly increased the reaction
rate (Fig. 10f). The reaction rate constant (k) varied between
0.029 and 0.32 min�1 depending on the nanodendrite content
used, and the highest k was calculated as 0.32 min�1

(5.30 � 10�3 s�1). Since the used Pd NDs content is 0.3 � 10�3 -
mmol, the normalized rate constant (knor) of the reaction is calcu-
lated to be 17.66 mmol�1 s�1 for TNT. The corresponding TOF value
for the reduction of TNT molecules was calculated as 40.80 h�1.

4. Conclusion

A facile and green synthesis route of flower-like Pd nanoden-
drites was reported. Using RNA as the capping agent led to flower
like morphology via aggregation-based nanoparticle growth, while
the formation of cuboid nanoparticles was observed in the pres-
ence of KBr/PVP. The nanodendritic morphology was attributed
to the RNA-assisted aggregation of small particles, which was con-
firmed by TEM at the onset of the nanoparticle formation. Increas-
ing RNA content led to larger nanodendrites. The oxidation state of
Pd was explored by XPS as Pd2+/Pd0 of 0.43. The occurrence of
highly branched morphology was analyzed by HRTEM analysis,
which revealed the presence of various crystalline planes. Their
polycrystalline structure was also confirmed by SAED and XRD
analysis. The catalytic activity of the nanodendrites was tested
over the reduction of PNP and TNT to PAP and TAT: reduction rate
constants (k) were found as 1.078 min�1 (knor = 59.66 mmol�1 s�1)
for PNP and 0.3181 min�1 (knor = 17.6 mmol�1 s�1) for TNT and the
corresponding TOF values were calculated as 16.06 and 40.80 h�1,
respectively. The high catalytic activity of Pd nanodendrites can be
ascribed to their highly branched nanodendritic morphology. Due
to their facile green synthesis and tunable particle size, Pd nan-
odendrites are promising catalytic nanomaterials for the reduction
of nitroaromatic compounds.
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