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FORMACIÓN DE NANOPARTÍCULAS DE PALADIO POR EL MÉTODO DE LOS
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Se estudió el efecto del hidróxido de sodio (NaOH) sobre el tamaño de nanopartículas de paladio (Pd) obtenidas por
la ruta del poliol simple. Las nanopartículas se sintetizaron a temperatura ambiente utilizando cloruro de paladio (II)
(PdCl2) y NaOH disuelto en etilenglicol (EG) como promotores de la reacción de reducción. No se utilizaron agentes
protectores ni estabilizadores. Monitoreamos la cinética de reacción y el crecimiento de las nanopartículas por espec-
troscopía UV-vis y su cristalinidad por difracción de rayos X (XRD) en función de la concentración de NaOH. El
tamaño de los cristalitos se evaluó a partir del patrón de difracción. Encontramos que el crecimiento de nanopartículas
está fuertemente influenciado por la relación molar NaOH:Pd. Se obtuvieron tamaños de cristalitos de 2 a 24 nm para
proporciones molares de 1 a 33. A concentraciones más bajas de NaOH, se encontró que el proceso de nucleación y
crecimiento de las nanopartículas estaba controlado por la reducción de los precursores de iones Pd. A concentraciones
más altas, la reducción intermedia de las especies de Pd-Cl-OH determina la tasa de crecimiento de las nanopartículas
que da como resultado la formación de nanopartículas de tamaño final más pequeño.

Palabras Clave: Nanopartículas de paladio, hidróxido de sodio, método de polioles, coloides de paladio.

The effect of sodium hydroxide (NaOH) on the size of palladium (Pd) nanoparticles obtained by the simple polyol
route was studied. Nanoparticles were synthesized at room temperature using palladium(II) chloride (PdCl2) and NaOH
dissolved in ethylene glycol (EG) as reduction reaction promoters. No protective agents or stabilizers were used. We
monitored the reaction kinetics and the growth of the nanoparticles by UV-vis spectroscopy and their crystallinity
by powder X-ray diffraction (XRD) as a function of NaOH concentration. Crystallite size was evaluated from the
diffraction pattern. We found that nanoparticle growth is strongly influenced by the NaOH : Pd molar ratio. Crystallite
sizes from 2 to 24 nm were obtained for molar ratios ranging from 1 to 33. At lower concentrations of NaOH, the
nucleation and growth process of the nanoparticles were found to be controlled by the reduction of the Pd ion precursors.
At higher concentrations, the intermediate reduction of Pd-Cl-OH species determines the nanoparticle growth rate
resulting in the formation of the smallest final size nanoparticles.
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I. INTRODUCTION

The production of nanoparticles from different materials
has been a topic of wide interest for several years. The im-
provement of techniques, precursors and particle size con-
trol have been the main objectives of previous works [1].
Among the different synthesis techniques, the most popular
has been the polyol method. Presented as a simple, versatile
and easy to implement method [2], it has been successfully
applied to a variety of metals [3]. In particular, palladium
(Pd) nanoparticles have received much attention, given their
multiple applications, especially in catalysis [4, 5] and bio-
medicine [6]. Ethylene glycol (EG) has been commonly
used as a solvent and reducing agent in the production of
Pd nanoparticles in a polyol medium [7]. The decomposi-
tion of EG produces a reduction, and the new metallic phase
initiates the nucleation and growth that will produce nano-
particles [8]. However, the reducing power of EG is limited,
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hence increasing the system temperature is used to bolster
oxidation [9]. The addition of promoting compounds such
as hydrazine [10] or sodium borohydride (NaBH4) [11] is a
common practice to facilitate the decomposition of EG and
shorten reaction times. In this way, it is possible to increase
the synthesis reaction rate, but it becomes more difficult to
control stabilization and material dispersion in these con-
ditions [12, 13]. Size could potentially be tuned by care-
ful control of temperature, but high temperatures have been
associated with irregular particle growth [14]. Because of
these difficulties, the addition of promoters and surfactants
for aggregation control during synthesis has also become
a common practice [15]. Although the results of such pro-
ducts are promising, it has been found that chemical resi-
dues of surfactants were chemically adsorbed on the surface
of the nanoparticles, potentially compromising the effecti-
veness of the produced material for catalytic applications
[16]. Wang et al.[17] showed that it is possible to obtain
stabilized noble metal nanoparticles with good dispersion
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using a protector-free polyol method. Arora et al. [18] de-
monstrated that even polyol can act as a stabilizer and that
by controlling solely the reaction conditions it is possible to
synthesize monodispersed Pd nanoparticles. Quinson et al.
[19] obtained nanoparticles in surfactant-free EG and stu-
died size control with sodium hydroxide (NaOH) as a pro-
moter. These studies used the combined effects of promo-
ters and temperature control to obtain small particle sizes.
However, Chen et al. [20] explored the possibility of using
only NaOH to promote nanoparticle synthesis. Since alka-
line conditions promote the reduction of noble metals, it is
accepted that the role of NaOH is that of a pH regulator
[12]. Nevertheless, it has been observed that hydroxide ions
might have an additional catalytic function [21], affecting
the reaction kinetics and therefore the particle size [12, 22].
The amount of hydroxide (OH−) employed is then expected
to become a key element in size-controlled colloidal synthe-
sis [19, 23]. The aim of the present study was to analyze
the influence of hydroxide concentration on the formation
kinetics of Pd nanoparticles by the simple polyol method.
No stabilizers were used, and temperature was kept at room
temperature to discard possible effects on the synthesis and
particle size, apart from the OH− concentration. We follo-
wed the evolution of the metallic precursor reduction and
nanoparticle growth with UV-vis absorbance spectroscopy.
Powder X-ray diffraction (XRD) was used to study the crys-
tallinity, morphology and particle size evolution as a fun-
ction of NaOH concentration. In this context, we found that
at lower OH− concentration both nucleation and grow pro-
cess are regulated by the reduction of the Pd precursor given
that the induction times are shorter. As a consequence, few
nuclei are created resulting in the formation of larger final
size nanoparticles. The increase in the OH− concentration
leads to an increase in the induction time as a result of the
formation of Pd-Cl-OH intermediate species. The dissolu-
tion of this species regulates the formation of PdO by in-
creasing the number of nuclei and giving the smallest final
size nanoparticle, independently of the subsequent growth
processes that could take place.

II. METHODS
Materials

Palladium(II) chloride (PdCl2, 99.99%) metal precur-
sor from Spex Industries, Inc. USA, Sodium hydroxi-
de (Na(OH), ≥99%) from Merck, KGaA, Germany and
Ethylene Glycol anhydrous (EG, 99.8%) from Sigma-
Aldrich, Co. USA were used in the synthesis. Acetaldehy-
de (99.5%), from Honeywell Riedel-de HaënT M , USA, was
also used as a standard of comparison. All reagents used
were analytical grade, stored at room temperature and used
without additional purification procedures.

Synthesis of Pd nanoparticles
We obtained Pd nanoparticles by the well-known polyol

method [20]. A stock solution of PdCl2 (10 mM) in EG
was prepared with the addition of concentrated hydrochlo-
ric acid (∼ 1 µ l HCl : 1 ml EG) to enhance the PdCl2.
By taking different volumes of stock solution and adding
NaOH solution in EG up to a total volume of 5 ml, sam-
ples with [NaOH]/[Pd] molar ratios (R) from 1 to 33 were

obtained. The NaOH solution was prepared by diluting a
known amount of the base in EG at room temperature. Be-
fore use, all glassware was carefully and thoroughly cleaned
and dried.

Mixing was carried out at room temperature and under
vigorous stirring. Several minutes after mixing the reagents,
a black colloid deposit containing the nanoparticle mate-
rials was observed. To extract the nanoparticles, the colloid
was washed five times with acetone (1:5 vol) in a sonication
(330 W, 50 Hz)-centrifugation (10000 rpm, 10 min) sequen-
ce. At each wash, the supernatant was removed and repla-
ced with fresh acetone. The final material was redispersed
in alcohol.

Characterization
Ultraviolet visible absorption spectroscopy (UV-vis).
Synthesis product formation and reaction evolution were

followed by UV-vis spectroscopy. Reactions were carried
out in 1 cm quartz cells (1 cm optical pathway) in an Ocean
Optics USB2000 spectrophotometer. To ensure a comple-
te and uniform mixture of the reagents, a magnetic stirrer
was used during the spectrum collections. The measurement
started when the NaOH solution was added, at a spectrum
measuring interval of 0.1 sec from the 180 to 800 nm wa-
velength. Further measurements of the final solution were
performed to determine the amount of remaining Pd. In the-
se measurements, 2.5 ml samples were centrifuged (15000
rpm, 10 min) to remove solids, and the supernatant was
analyzed as described above. An acetaldehyde/EG mixtu-
re was also analyzed as a reference standard.

Transmission electron microscopy (TEM).
Samples were prepared using droplets of the colloid.

These droplets were washed with acetone and redispersed
in methanol. A drop of this suspension was deposited on
a carbon-coated copper microscopy grid (400 mesh). Grids
were dried, and the excess liquid was removed with tissue
paper. The grids thus prepared were analyzed using a JEOL-
100CX II TEM at 100 kv and a FEI-HR TEM (TalosT M

F200X) at 200 kV.
X-ray diffraction (XRD).
The crystalline structure of the samples was analyzed by

powder XRD using a Panaytical Empyrean III diffractome-
ter with a CuKα (1.5418 Å) radiation. Diffractograms were
obtained in the interval 30 ≤ 2θ ≤ 90, with a step size of
0.02◦ and a speed of 1 sec/step. Samples were prepared by
drying a few milligrams of the solid material obtained from
the colloid after washing.

III. RESULTS AND DISCUSSION
Formation of Pd nanoparticles

The polyol method employed started with the dissolution
of the Pd salt and progressed through the commonly accep-
ted reactions depicted in Fig. 1. In the particular case of
PdCl2, acidification of the medium is required for comple-
te dissolution. The late addition of NaOH solution would
enhance EG oxidation into acetaldehyde, reducing Pd and
producing 2,3-butanedione as main oxidation product.

The reaction progress can be observed by the naked eye.
The initial PdCl2/EG solution (bright orange) changes color
according to the concentration of the added NaOH. A black
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FIG. 1: Reduction reaction of metallic ions by ethylene glycol oxi-
dation.

dispersion, typical of reduced Pd colloids, can be observed
as the NaOH solution is added. This first Pd reduction is fast
and precedes the nucleation and growth process of nanopar-
ticles. The Pd/EG solutions analyzed by UV-vis showed two
well-defined peaks at 330 and 437 nm. The intensity of the-
se peaks is directly correlated with the Pd2+ concentration
[24], so their attenuation indicates the reduction of Pd2+

and, therefore, the formation of metallic palladium (Pd0).
Thus, we monitored the reaction progress by following the
peak with the highest intensity. In this wavelength interval,
no interferences from EG or NaOH/EG solution are expec-
ted.

In preliminary experiments, we observed that the Pd re-
duction and nanoparticle production were possible in the
absence of NaOH. However, the reaction rate at room tem-
perature was very slow. The UV-vis spectra from these
Pd/EG solutions show different features in comparison to a
freshly prepared solution; however, after several weeks no
significant amount of sedimented Pd0 was obtained.

The spectra (between 190 - 540 nm) of the supernatant
solutions at different NaOH concentrations are shown in
Fig. 2. From the PdCl2/EG 10 mM reference solution, the
minimum Pd concentration would be reached at R ≈ 4.
A precipitate of clustering particles that sediment and lea-
ve a translucent supernatant can be obtained at these con-
centrations, which implies that all available Pd is reduced
and the Pd2+ peak should not be present. Instead of this
peak, two well-defined signals are detected at 220 and 282
nm in agreement with those obtained from the NaOH/EG
solution at equivalent concentrations. As the NaOH con-
centration increases, the intensity of the peaks increases;
the signals may correspond to by-products formed during
the synthesis, probably an acetaldehyde. Analysis of the
EG/acetaldehyde mixture prepared with pure reagents sho-
wed peaks at the same wavelengths, which suggests the
presence of remaining acetaldehyde not consumed during
the reaction. In this scenario, the action of NaOH would be
mainly catalytic (providing OH− ions), increasing the pro-
duction of acetyls by EG dehydration [25, 26], according to
the first part of the reaction scheme presented in Fig. 1. The
resulting high concentration of acetyls increases the possi-
bility of reduction of Pd ions and the consequent increase
in conversion. There is little evidence in the literature con-
firming the presence of acetaldehyde, as it is an unstable
compound [27] that might oxidize into other species easily.
In spite of this, Chen et al. [20] identified -CHO groups by
infrared spectrometry in a Tollens reaction and Joseyphus
et al. [28] detected acetaldehyde using UV vis with a 2,4-
dinitrophenyl hydrazine test solution. The formation of dio-
xane, glycolaldehyde and carboxylic acid has also been sug-
gested, specially at high temperature [23, 29]. A complete

discussion on the presence and quantification of the reac-
tion by-products is beyond the scope of the present study,
and further research is needed.

FIG. 2: UV-vis absorbance (left scale) and remaining Pd concen-
tration (right scale) of Pd-EG solutions for different R (0-10, as
indicated): after completion of the reaction (black solid lines);
without NaOH and stored for four weeks (red dashed double dot-
ted line); fresh acetaldehyde-EG solution (blue dashed dotted li-
ne); and fresh NaOH-EG solution for a similar concentration of R
= 4 (green short dashed line). Conditions: [Pd]0 = 10 mM, VTotal
= 5 ml, room temperature.

Crystalline structure, particle size and morphology
The crystalline structure, average particle size and

morphology of the obtained material were analyzed by
XRD and TEM. Fig. 3 shows the diffraction patterns for
different NaOH concentrations. Planes (111), (200), (220),
(311) and (222) at Bragg angles 2θ of 40.2◦, 46.6◦, 68.0◦,
82.0◦ and 86.5◦, respectively, are identified by compari-
son with the Crystallography Open Database, COD file
1534921, indicating that the samples are composed of Pd0

in a face-centered cubic (fcc) structure. These results are
in good agreement with those reported by Long et al. [30]
for Pd nanoparticles in EG. In some samples, we observed
the presence of sodium oxalate (Na2C2O4), which could be
removed after the purification process. Although the forma-
tion of Pd(OH)2 has been suggested [20], this compound
was not detected in our samples.

TEM images showed that the material is formed by irre-
gularly shaped aggregates, as seen in Fig. 4 for the case of
R = 10, which is representative of the overall samples. Ne-
vertheless, it can be assumed that these clusters are formed
by smaller particles, although it is difficult to make a proper
estimation of the particle size mainly due to the overlapping
caused by the aggregation itself. These aggregates were al-
ready described in the literature and attributed to the self-
assembling nature of oxalate dianion [31]. In this context,
XRD data were also used to calculate the crystalline do-
main size to assess the effect of NaOH concentration on the
size of the nanoparticles. The average crystallite size can be
estimated from the width of the powder diffraction peaks.
As can be seen, the initially narrow XRD peaks increase in
width as the NaOH concentration increases (Fig. 3). This
correlation may suggest a direct relationship between nano-
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FIG. 3: XRD patterns of Pd nanoparticles for different R, as indi-
cated.

particle size and NaOH/Pd ratio, even when it is difficult to
rule out that the nanoparticles may consist of more than one
crystallite.

FIG. 4: TEM image of Pd nanoparticle aggregates obtained for R
= 10.

Fig. 5 shows the average crystallite size as a function of
R, obtained from the Williamson-Hall plot [32, 33]. The
average size decreases rapidly from 24 to ∼4 nm for R < 6,
remaining an approximately constant size of about 2.5 nm
for higher NaOH concentrations. This behavior is in good
agreement with those published elsewhere [20, 34].

To obtain more insight about nanoparticle morphology,
we evaluated the crystallite sizes for each diffraction peak
by applying the Scherrer equation [32]. The results for dif-
ferent R values are plotted in Fig. 6. As expected, the ave-
rage size for each plane increases as the proportion of the
Pd precursor decreases. Furthermore, a noticeable relative
growth of the average crystallite size is observed for pla-
nes (111) and (222), while a decrease is expected according
to the Bragg angle increase. This result suggests that the
crystallite has a preferential growth in the direction of plane
{111} [31, 35, 36]. However, for R less than 3, the diffe-
rences between the sizes obtained for the plane (111) and
the ones obtained for the plane (222) become larger as R
decreases; for values greater than 3, the difference becomes
negligible. Therefore, it can be assumed that the nanopar-
ticles have a nonspherical shape and that their anisotropy
increases as R increases.

FIG. 5: Average size of Pd nanoparticles from XRD analysis.

FIG. 6: Average crystallite size of Pd nanoparticles for different R
obtained from XRD analysis by applying the Scherer equation.

Nanoparticle formation process
The kinetic study of nanoparticle formation was perfor-

med by in situ UV-vis data analysis of the reaction, without
stabilizers. The omission of stabilizing agents allowed the
analysis of the process without diffusional or mass trans-
fer limitations that might have originated by the use of the-
se substances. In this way, the maximum formation speed
of the nanoparticles can be determined [37]. Fig. 7 shows
the absorbance at 437 nm as a function of time for diffe-
rent R values. This process occurs differently in each ca-
se, and the plotted curves vary according to the time inter-
val and the NaOH concentration used. The identified sta-
ges are in agreement with typical nanoparticle formation
mechanisms [38, 39]. The reduction reaction starts at the
time tad when NaOH is added to the PdCl2/EG referen-
ce solution. Thereafter, the absorbance sharply drops due
to a combination of dilution and Pd reduction effects. At
this stage, seed nuclei appear and would eventually deve-
lop into nanoparticles. Following this stage, the absorban-
ce increases owing to the dispersion produced by the nu-
clei growth. This growth continues until the ripening phase
is reached, at which point Pd2+ ion concentration is mi-
nimum and larger particles would continue to grow at the
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expense of smaller ones. This particle coarsening has been
studied in the formation of metallic nanoparticles [40, 41].
As the reagent concentration increased, the time difference
between nucleation and growth was greater and maturation
was clearly observable. Under these conditions, the results
are similar to those reported by Tojo et al. [42] in obtai-
ning metallic particles in a confined environment. When the
amount of reagent is increased, the formation of nuclei is
favored and the amount of Pd+ decreases. However, if the
reducing agent is not strong enough, unstable nuclei will
form, redissolve and condense on the surface of more stable
ones. For this reason, the total number of particles decrea-
ses causing a dispersion reduction, which eventually leads
to an absorbance drop. Finally, the absorbance signal beco-
mes noisy due to the effect of continuous aggregation and
precipitation of larger particles. In all experiments, a rapid
reduction step was observed, with the minimum absorbance
being recorded a few seconds after the start of the reaction.
However, the reaction was not completed in all cases. At
low NaOH concentrations, this variation is approximately
45%, and increases to 93% at the maximum concentration.
It has been reported that reduction processes would have a
direct effect on the formation of nuclei, and therefore also
on the final nanoparticle sizes [43].

FIG. 7: Evolution of the absorption for reactions with different
concentration of NaOH as a function of time at room temperature,
[Pd]0 = 10mM, Vtotal = 5 ml.

To study these processes, the first step was addressed
using the slope of the curve (absorbance versus time) at the
beginning of the reaction. Experimental data for the diffe-
rent reactions are presented in Fig. 8. Initial rate (starting
slope) values along with the R concentrations values are
presented in Fig. 9a. and the final average nanoparticle size
along with initial rates in Fig. 9b. These results suggest the
existence of two underlying mechanisms that would affect
nanoparticle size in relation to the NaOH concentration. At
lower concentration (R = 0 to 2) the reduction rates increa-
se from 0.5 s−1 up to 2.4 s−1 and the average particle size
drops from about 18 nm up to ∼ 10 nm. For higher values
of R, the reduction rate decreases to a minimum of 0.7 s−1,
which was not altered with further increases of R. In agree-
ment with this behaviour, the particle size decreases to a
minimum of around 3 nm for the highest R values tested

(Fig. 9b).

FIG. 8: Absorbance (λ = 437 nm) vs. time of the initial region of
the Pd2+ reduction curves at different R.

Once the absorbance minimum was reached, an induction
period became apparent, which precedes an increase in the
UV-vis signal (see Fig. 7). We defined this induction period
(ti) as the time in which absorbance does not vary, that is,
from – dA/dt ≈ 0 until the rate of increase is continuous
and greater than 0.2 s−1 (which is the minimum absorbance
change that can be detected by our equipment).

Fig. 10 shows how ti increases with R and a linear co-
rrelation from R = 2. The maximum value of ti was 20 min,
achievable at R = 33, after which a barely perceptible (∼ 0.2
s−1) increase in absorbance occurs, probably due to the noi-
se produced by the aggregation of the nanoparticles. These
results indicate that as the NaOH concentration increases, ti
also increases, which is indicative of the formation of small-
sized nanoparticle.

At the end of the induction period, the absorbance in-
crease rate is different for each case. For R < 3, ti is very
short and the experimental data can be represented by the
first-order kinetic law, dA/dt = k A, where k is the kinetic
constant. A plot of ln A against time would correspond to a
straight line (see Fig. 11a), being the slope the rate constant.
A similar experimental behavior was observed by Cai [44]
in silver nanoparticle formation kinetics and by Sau [45] in
a seed particle-mediated synthesis. When R is increased (3,
4), the reduction increases, a longer induction time is recor-
ded and finally a rapid increase in absorbance is observed.
At this point, the nucleation and growth stages begin to be
distinguished separately. For higher R (6, 8), the induction
time continues to increase and the growth kinetics can be
fitted using a sigmoidal curve, suggesting an autocatalytic
reaction. If this autocatalytic stage exists, then ln [a / (1-a)]
will change linearly with time, where a = A f /At and At and
A f are the absorbance at t and final times, respectively [46,
47]. This is plotted in Fig. 11b; the growth is actually auto-
catalytic, which becomes less pronounced with the increase
of R. At high R values, the growth rate and the slope of the
curve are so low that the absorbance versus time could be
described by a straight line (linear growth, Fig. 7).
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FIG. 9: (a) Initial rate for different R ratios. (b) Particle size fun-
ction of the initial rate, (R value is indicated).

Influence of NaOH concentration
The different behaviors seen in Fig. 7 could be explai-

ned on the basis of the initial NaOH concentration. This
concentration would determine the reduction reaction ra-
te and the following nucleation and growth steps. Initially,
when R < 2, the reaction rate is low. The concentration of
Pd ions remains high given the weak reduction character
of the solution, thus few nuclei will form. Then, the first
particles formed act as catalysts, attracting precursor ions
to their surface, where they would be subsequently reduced
[48-50]. The low OH− concentration delays the reduction
process, and therefore could increase the adsorption of pre-
cursor ions to the newly formed nuclei. Furthermore, the
absence of capping agents or other protective agents allows
easy access of ions to the surface of the catalytic nuclei.
In addition, since there is a high material flow to the surfa-
ce, both reduction and growth occur simultaneously, spee-
ding up the increase in the average size of the newly formed
particles. Reported studies have proved that high concentra-
tions of a strong reducing agent promote fast initial reduc-
tion and the formation of a large number of small nuclei.
In other words, the average particle size decreases as the
concentration of the reducing agent increases. In the pre-
sent study. we found that the initial rate decreases as the
amount of hydroxide increases (Fig. 10a). This relationship

FIG. 10: (a) Induction time for different R ratios. (b) Particle size
function of the induction time, (R is indicated).

could be indicative of a deceleration of the reduction pro-
cess; consequently, the nanoparticles formed will tend to
grow. However, no larger nanoparticles were observed. To
study this phenomenon, we followed the evolution of the
UV-vis spectra of each reaction as we increased the NaOH
concentration from R = 0 to 33. Fig. 12a shows the absor-
bance spectra corresponding to zero induction time, ti, for
each reaction. As the reaction progresses from the NaOH
addition (tad) to the beginning of the induction period, ti,
for R > 2 the intensity of the 437 nm peak decreases, and
also shifts to lower wavelengths as shown in 12b for the ex-
treme case of R = 33. Initially, this occurs by nonisosbestic
behavior, implying that the starting Pd (Pd2+) is transfor-
med into an intermediate ionic complex [51] (possibly of
the Pd-Cl- OH type), which will eventually decompose and
reduce to Pd0. The speciation of Pd has been researched
[52, 53], and published results show that the species dis-
tribution is highly pH dependent. Under acidic conditions,
only [PdCl4]−2 type ions are present [54]; as pH increases,
these species gradually disappear and start forming comple-
xes of [PdClm(OH)n]2−-type composition that end up being
the predominant species [55]. Mechanisms for the forma-
tion of these complexes, in which NaOH is used as the redu-
cing agent, have been proposed in the polyol reduction pro-
cess [56]. In the present study, the dissolution of Pd chloride
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FIG. 11: (a) Absorbance as a function of reaction time (first-order
growth). (b) Plots of ln(a/(1-a) as a function of reaction time (au-
tocatalytic growth).

was performed in acidic medium (pH = 2), so the predomi-
nant complexes would be tetrachloropalladates. Thus, the
observed variations in the UV-vis are due to the decrease in
the concentration of these compounds. For higher R values,
along with the reduction, the formation of chloro-hydroxo
complexes occurs, showing that absorption bands are lower
wavelengths. The UV-vis signal variation then corresponds
to both the reduction of Pd [PdCl4]−2 and the formation
of a new complex, decreasing the intensity and shifting the
signal, respectively. This behavior is pronounced as the con-
centration of OH− ions increases, so the initial reaction ra-
te is lower [57]. The formation of intermediates also limits
growth, decreasing the average particle size. The strong re-
ducing character of the solution (R > 3) creates many small
nuclei, which do not have the ability of attracting precursor
ions to trigger autocatalytic surface growth, as these would
not be available. The intermediates compete for these ions
and become a regulated supply store of Pd2+ [58].

The slow dissolution of the intermediates would control
the eventual Pd reduction [28], governing the formation of
new nuclei and the increase in size of the nanoparticles [56].
This behavior will produce a lower growth rate, as indicated
by longer induction times, and a steeper slope in the growth
curve as R increases.

FIG. 12: (a) Variation of the characteristic Pd absorption bands
for different R when the induction time is equal to zero. (b) Maxi-
mum absorbance peak evolution for R = 33.

These observations indicate that NaOH not only regulates
the pH in the EG nanoparticle synthesis reaction. It Initially
acts by promoting the EG oxidation, which will increase the
rate of the reaction, therefore reducing the average size of
the formed nuclei. At the same time, the remaining hydroxi-
des could interact with metal ions, capturing them from the
solution and preventing them from participating in the au-
tocatalytic growth step. The process involves a simultaneo-
us reduction of Pd ions and the formation of intermediate
species, which are determining factors in the control of the
reduction reaction and the size of the nanoparticles.

IV. CONCLUSIONS

Palladium nanoparticles were obtained by NaOH-
promoted EG reduction at room temperature. The nanopar-
ticle formation process was analyzed by UV-vis spectros-
copy, and the influence of the NaOH concentration was stu-
died. A typical three-stage mechanism (reduction, nuclea-
tion and autocatalytic growth) was observed in the forma-
tion of the nanoparticles. The reaction involves the forma-
tion of an intermediate Pd species (Pd-Cl-OH), which de-
composes into Pd0. The dependence of the average particle
size on the initial OH concentrations is attributed to the for-
mation of this compound, which competes for the available
Pd2+ ions and thus modifies the growth kinetics. Hence, the
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hydroxide acts as a catalyst that promotes EG decomposi-
tion and simultaneously as a regulator of the amount of Pd
ions available for reduction. The overall effect observed is
a control of the average nanoparticle size, which is in the
range of 24 to 4 nm as R increases to a value between 4 and
6, and then stabilizes around 3 nm for higher values of R.
As we show by means of XRD analysis, the resulting nano-
particles have a preferential growth along the plane {111}
direction; therefore, they are nonspherical in shape with an
increasing anisotropy as R decrease. Our results show that
for this synthesis process increasing the concentration of
NaOH lengthens the induction times, resulting in the ge-
neration of more nuclei, which determines the smallest final
particle size independently of subsequent growth processes.

Acknowledgements
This work was supported by the Agencia Nacional de

Promoción Científica y Tecnológica (ANPCyT), Argentina
[PICT-2019-3185]; the Consejo Nacional de Investigacio-
nes Científicas y Técnicas (CONICET), Argentina [PIP GI
n◦ 11220200101754CO]; and Universidad Nacional del Sur
(UNS), Argentina [PGIUNS 24/F080 and 24/F082].

REFERENCES
[1] J. F. S. M., M. D. Sánchez, R. D. Falcone y H. A. Ritacco.

Production of Pd nanoparticles in microemulsions. Effect
of reaction rates on the particle size. Phys. Chem. Chem.
Phys. 24, 1692-1701 (2022).

[2] F. Fievet, J. Lagier, B. Blin, B. Beaudoin y M. Figlarz.
Homogeneous and heterogeneous nucleations in the polyol
process for the preparation of micron and submicron size
metal particles. Solid State Ion. 32-33, 198-205 (1989).

[3] H. Dong, Y.-C. Chen y C. Feldmann. Polyol synthesis of
nanoparticles: status and options regarding metals, oxides,
chalcogenides, and non-metal elements. Green Chem. 17,
4107-4132 (2015).

[4] F. Harraz, S. El-Hout, H. Killa e I. Ibrahim. Palladium
nanoparticles stabilized by polyethylene glycol: Efficient,
recyclable catalyst for hydrogenation of styrene and nitro-
benzene. J. Catal. 286, 184-192 (2012).

[5] I. Saldan, Y. Semenyuk, I. Marchuk y O. Reshetnyak. Che-
mical synthesis and application of palladium nanoparticles.
J. Mater. Sci. 50, 2337-2354 (2015).

[6] T. T. V. Phan, T.-C. Huynh, P. Manivasagan, S. Mondal y J.
Oh. An Up-To-Date Review on Biomedical Applications of
Palladium Nanoparticles. Nanomaterials 10, 66 (2019).

[7] I. Favier, D. Pla y M. Gómez. Palladium Nanoparticles in
Polyols: Synthesis, Catalytic Couplings, and Hydrogena-
tions. Chem. Rev. 120, 1146-1183 (2019).

[8] J. Turkevich, P. C. Stevenson y J. Hillier. A study of the nu-
cleation and growth processes in the synthesis of colloidal
gold. Discuss. Faraday Soc. 11, 55 (1951).

[9] E. Lebègue, S. Baranton y C. Coutanceau. Polyol synthesis
of nanosized Pt/C electrocatalysts assisted by pulse micro-
wave activation. J. Power Sources 196, 920-927 (2011).

[10] C. Ducamp-Sanguesa, R. Herrera-Urbina y M. Figlarz. Fi-
ne palladium powders of uniform particle size and shape
produced in ethylene glycol. Solid State Ion. 63-65, 25-30
(1993).

[11] J. Chen, G. Wang, X. Wang, X. Yang, S. Zhu y R. Wang.
Effect of NaBH4 concentration and synthesis temperature
on the performance of Pd/C catalyst for formic acid electro-
oxidation. Mater. Express 3, 176-180 (2013).

[12] F. Papa, C. Negrila, A. Miyazaki e I. Balint. Morphology
and chemical state of PVP-protected Pt, Pt-Cu, and Pt-Ag
nanoparticles prepared by alkaline polyol method. J. Nano-
particle Res. 13, 5057-5064 (2011).

[13] W. Zhang. en Adv. Exp. Med. Biol. 19-43 (Springer Nether-
lands, 2014).

[14] B. K. Park, S. Jeong, D. Kim, J. Moon, S. Lim y J. S. Kim.
Synthesis and size control of monodisperse copper nano-
particles by polyol method. J. Colloid Interface Sci. 311,
417-424 (2007).

[15] S. C. Jung, Y.-K. Park, H.-Y. Jung y S. C. Kim. Effect of
Stabilizing Agents on the Synthesis of Palladium Nanopar-
ticles. J. Nanosci. Nanotechnol. 17, 2833-2836 (2017).

[16] Z. Niu e Y. Li. Removal and Utilization of Capping Agents
in Nanocatalysis. Chem. Mater. 26, 72-83 (2013).

[17] Y. Wang, J. Ren, K. Deng, L. Gui e Y. Tang. ChemInform
Abstract: Preparation of Tractable Platinum, Rhodium, and
Ruthenium Nanoclusters with Small Particle Size in Orga-
nic Media. ChemInform 31, no-no (2000).

[18] S. Arora, M. L. Singla y P. Kapoor. Evidence for mono-
alkoxide species on the surface of palladium nanoparticles
synthesized in ethylene glycol. Mater. Chem. Phys. 114,
107-112 (2009).

[19] J. Quinson, M. Inaba, S. Neumann, A. A. Swane, J. Bu-
cher, S. B. Simonsen, L. T. Kuhn, J. J. K. Kirkensgaard,
K. M. Ø. Jensen, M. Oezaslan, S. Kunz y M. Arenz. In-
vestigating Particle Size Effects in Catalysis by Applying
a Size-Controlled and Surfactant-Free Synthesis of Colloi-
dal Nanoparticles in Alkaline Ethylene Glycol: Case Study
of the Oxygen Reduction Reaction on Pt. ACS Catalysis 8,
6627-6635 (2018).

[20] L.-J. Chen, C.-C. Wan e Y.-Y. Wang. Chemical preparation
of Pd nanoparticles in room temperature ethylene glycol
system and its application to electroless copper deposition.
J. Colloid Interface Sci. 297, 143-150 (2006).

[21] S.-H. Wu y D.-H. Chen. Synthesis and characterization
of nickel nanoparticles by hydrazine reduction in ethylene
glycol. J. Colloid Interface Sci. 259, 282-286 (2003).

[22] N. R. N. Roselina, A. Aziz, K. M. Hyie, C. Mardziah, A.
Kalam, N. Saad y Z. Salleh. The Role of Hydroxide Ions in
the Synthesis of Ni Nanoparticles Using High Temperature
Polyol Method. Appl. Mech. Mater. 391, 18-22 (2013).

[23] G. S. Okram, A. Soni y R. Prasad. The pH-Controlled Par-
ticle Size Tuning of Nanocrystalline Ni in Polyol Synthe-
sis Method Without Additional Cappant. Adv. Sci. Lett. 4,
132-135 (2011).

[24] L. D’Souz y S. Sampath. Preparation and Characterization
of Silane-Stabilized, Highly Uniform, Nanobimetallic Pt-
Pd Particles in Solid and Liquid Matrixes. Langmuir 16,
8510-8517 (2000).

[25] H. Ewe, E. Justi y M. Pesditschek. Ethylene glycol as fuel
for alkaline fuel cells. Energy Conversion 15, 9-14 (1975).

[26] I.-H. Ko, W.-D. Lee, J. Y. Baek, Y.-E. Sung y H.-I. Lee.
Modified polyol method for a highly alloyed PtRu/C elec-
trocatalyst: Effect of hot injection of metal precursor and
NaOH. Mater. Chem. Phys. 183, 11-17 (nov. de 2016).

Sanchez / Anales AFA Vol. 33 Nro. 4 (Enero 2023 - Marzo 2023) 103-111 110

http://dx.doi.org/10.1039/d1cp05049d
http://dx.doi.org/10.1039/d1cp05049d
http://dx.doi.org/10.1039/d1cp05049d
http://dx.doi.org/10.1016/0167-2738(89)90222-1
http://dx.doi.org/10.1016/0167-2738(89)90222-1
http://dx.doi.org/10.1039/c5gc00943j
http://dx.doi.org/10.1039/c5gc00943j
http://dx.doi.org/10.1039/c5gc00943j
http://dx.doi.org/10.1016/j.jcat.2011.11.001
http://dx.doi.org/10.1016/j.jcat.2011.11.001
http://dx.doi.org/10.1007/s10853-014-8802-2
http://dx.doi.org/10.1007/s10853-014-8802-2
http://dx.doi.org/10.3390/nano10010066
http://dx.doi.org/10.3390/nano10010066
http://dx.doi.org/10.1021/acs.chemrev.9b00204
http://dx.doi.org/10.1021/acs.chemrev.9b00204
http://dx.doi.org/10.1039/df9511100055
http://dx.doi.org/10.1039/df9511100055
http://dx.doi.org/10.1016/j.jpowsour.2010.08.107
http://dx.doi.org/10.1016/j.jpowsour.2010.08.107
http://dx.doi.org/10.1016/0167-2738(93)90081-d
http://dx.doi.org/10.1016/0167-2738(93)90081-d
http://dx.doi.org/10.1166/mex.2013.1109
http://dx.doi.org/10.1166/mex.2013.1109
http://dx.doi.org/10.1007/s11051-011-0486-9
http://dx.doi.org/10.1007/s11051-011-0486-9
http://dx.doi.org/10.1007/s11051-011-0486-9
http://dx.doi.org/10.1016/j.jcis.2007.03.039
http://dx.doi.org/10.1016/j.jcis.2007.03.039
http://dx.doi.org/10.1016/j.jcis.2007.03.039
http://dx.doi.org/10.1166/jnn.2017.13341
http://dx.doi.org/10.1166/jnn.2017.13341
http://dx.doi.org/10.1021/cm4022479
http://dx.doi.org/10.1021/cm4022479
http://dx.doi.org/10.1002/chin.200041202
http://dx.doi.org/10.1002/chin.200041202
http://dx.doi.org/10.1016/j.matchemphys.2008.08.082
http://dx.doi.org/10.1016/j.matchemphys.2008.08.082
http://dx.doi.org/10.1016/j.matchemphys.2008.08.082
http://dx.doi.org/10.1021/acscatal.8b00694
http://dx.doi.org/10.1021/acscatal.8b00694
http://dx.doi.org/10.1021/acscatal.8b00694
http://dx.doi.org/10.1016/j.jcis.2005.10.029
http://dx.doi.org/10.1016/j.jcis.2005.10.029
http://dx.doi.org/10.1016/s0021-9797(02)00135-2
http://dx.doi.org/10.1016/s0021-9797(02)00135-2
http://dx.doi.org/10.4028/www.scientific.net/amm.391.18
http://dx.doi.org/10.4028/www.scientific.net/amm.391.18
http://dx.doi.org/10.1166/asl.2011.1181
http://dx.doi.org/10.1166/asl.2011.1181
http://dx.doi.org/10.1166/asl.2011.1181
http://dx.doi.org/10.1021/la000496y
http://dx.doi.org/10.1021/la000496y
http://dx.doi.org/10.1021/la000496y
http://dx.doi.org/10.1016/0013-7480(75)90003-0
http://dx.doi.org/10.1016/0013-7480(75)90003-0
http://dx.doi.org/10.1016/j.matchemphys.2016.05.052
http://dx.doi.org/10.1016/j.matchemphys.2016.05.052


[27] C. Bock, C. Paquet, M. Couillard, G. A. Botton y B. R.
MacDougall. Size-Selected Synthesis of PtRu Nano-
Catalysts: Reaction and Size Control Mechanism. J. Am.
Chem. Soc. 126, 8028-8037 (2004).

[28] R. Joseyphus, T. Matsumoto, H. Takahashi, D. Kodama,
K. Tohji y B. Jeyadevan. Designed synthesis of cobalt and
its alloys by polyol process. J. Solid State Chem. 180,
3008-3018 (2007).

[29] S. E. Skrabalak, B. J. Wiley, M. Kim, E. V. Formo e Y. Xia.
On the Polyol Synthesis of Silver Nanostructures: Glyco-
laldehyde as a Reducing Agent. Nano Lett. 8, 2077-2081
(2008).

[30] N. V. Long, T. Hayakawa, T. Matsubara, N. D. Chien, M.
Ohtaki y M. Nogami. Controlled synthesis and properties
of palladium nanoparticles. J. Exp. Nanosci. 7, 426-439
(2012).

[31] S. Navaladian, B. Viswanathan, T. Varadarajan y R. Viswa-
nath. A Rapid Synthesis of Oriented Palladium Nanopar-
ticles by UV Irradiation. Nanoscale Res. Lett. 4, 181-186
(2008).

[32] N. Gonçalves, J. Carvalho, Z. Lima y J. Sasaki. Size-strain
study of NiO nanoparticles by X-ray powder diffraction li-
ne broadening. Mater. Lett. 72, 36-38 (2012).

[33] G. Williamson y W. Hall. X-ray line broadening from fi-
led aluminium and wolfram. Acta Metallurgica 1, 22-31
(1953).

[34] T. Harada, S. Ikeda, M. Miyazaki, T. Sakata, H. Mori y M.
Matsumura. A simple method for preparing highly active
palladium catalysts loaded on various carbon supports for
liquid-phase oxidation and hydrogenation reactions. J. Mol.
Catal. A Chem. 268, 59-64 (2007).

[35] S. Navaladian, B. Viswanathan, T. Varadarajan y R. Vis-
wanath. Fabrication of Worm-Like Nanorods and Ultrafine
Nanospheres of Silver Via Solid-State Photochemical De-
composition. Nanoscale Res. Lett. 4, 471-479 (2009).

[36] M. K. Aminian, N. Taghavinia, A. Iraji-zad, S. M. Mahdavi,
M. Chavoshi y S. Ahmadian. Highly porous TiO2 nanofi-
bres with a fractal structure. Nanotechnology 17, 520-525
(2005).

[37] N. R. N. Roselina, A. Azizan, Z. Lockman et al. Synthe-
sis of nickel nanoparticles via non-aqueous polyol method:
effect of reaction time. Sains Malaysiana 41, 1037-1042
(2012).

[38] N. T. K. Thanh, N. Maclean y S. Mahiddine. Mechanisms
of Nucleation and Growth of Nanoparticles in Solution.
Chem. Rev. 114, 7610-7630 (2014).

[39] S. Papp, R. Patakfalvi e I. Dekany. Formation and stabiliza-
tion of noble metal nanoparticles. Croatica Chemica Acta
80, 493-502 (2007).

[40] I. Lifshitz y V. Slyozov. The kinetics of precipitation from
supersaturated solid solutions. J. Phys. Chem. Solids 19,
35-50 (1961).

[41] A. Baldan. Review Progress in Ostwald ripening theories
and their applications to nickel-base superalloys Part I: Ost-
wald ripening theories. J. Mater. Sci. 37, 2171-2202 (2002).

[42] C. Tojo, M. C. Blanco, F. Rivadulla y M. A. López-
Quintela. Kinetics of the Formation of Particles in Micro-
emulsions. Langmuir 13, 1970-1977 (1997).

[43] N. Steinfeldt. In Situ Monitoring of Pt Nanoparticle Forma-
tion in Ethylene Glycol Solution by SAXS-Influence of the
NaOH to Pt Ratio. Langmuir 28, 13072-13079 (2012).

[44] M. Cai, J. Chen y J. Zhou. Reduction and morphology of
silver nanoparticles via liquid-liquid method. Appl. Surf.
Sci. 226, 422-426 (2004).

[45] T. K. Sau, A. Pal, N. Jana, Z. Wang y T. Pal. Size Con-
trolled Synthesis of Gold Nanoparticles using Photoche-
mically Prepared Seed Particles. J. Nanoparticle Res. 3,
257-261 (2001).

[46] K. Esumi, T. Hosoya, A. Suzuki y K. Torigoe. Forma-
tion of Gold and Silver Nanoparticles in Aqueous Solution
of Sugar-Persubstituted Poly(amidoamine) Dendrimers. J.
Colloid Interface Sci. 226, 346-352 (2000).

[47] M. Wojnicki, K. Fitzner y M. Luty-Błocho. Kinetic studies
of nucleation and growth of palladium nanoparticles. J. Co-
lloid Interface Sci. 465, 190-199 (2016).

[48] A. Henglein y M. Giersig. Formation of Colloidal Silver
Nanoparticles: Capping Action of Citrate. J. Phys. Chem.
B 103, 9533-9539 (1999).

[49] C. J. Murphy, T. K. Sau, A. M. Gole, C. J. Orendorff, J.
Gao, L. Gou, S. E. Hunyadi y T. Li. Anisotropic Metal
Nanoparticles: Synthesis, Assembly, and Optical Applica-
tions. J. Phys. Chem. B 109, 13857-13870 (2005).

[50] J. I. Hussain, S. Kumar, A. A. Hashmi y Z. Khan. Silver
nanoparticles: preparation, characterization, and kinetics.
Adv. Mater. Lett. 2, 188-194 (2011).

[51] C. D. Tait, D. R. Janecky y P. S. Rogers. Speciation
of aqueous palladium(II) chloride solutions using optical
spectroscopies. Geochim. Cosmochim. Acta 55, 1253-1264
(1991).

[52] J.-F. Boily y T. M. Seward. Palladium(II) chloride comple-
xation: Spectrophotometric investigation in aqueous solu-
tions from 5 to 125◦C and theoretical insight into Pd-Cl
and Pd-OH2 interactions. Geochim. Cosmochim. Acta 69,
3773-3789 (2005).

[53] J. J. Cruywagen y R. J. Kriek. Complexation of palla-
dium(II) with chloride and hydroxide. J. Coord. Chem. 60,
439-447 (2007).

[54] N. A. Polotnyanko e I. L. Khodakovskii. Thermodynamic
properties of Pd chloride complexes and the Pd2+(aq) ion
in aqueous solutions. Geochem. Int. 52, 46-56 (2013).

[55] M. Wojnicki, K. Pacławski, E. Rudnik y K. Fitzner.
Kinetics of palladium(II) chloride complex reduction in
aqueous solutions using dimethylamineborane. Hydrome-
tallurgy 110, 56-61 (2011).

[56] L. Ren e Y. Xing. Effect of pH on PtRu electrocatalysts
prepared via a polyol process on carbon nanotubes. Elec-
trochim. Acta 53, 5563-5568 (2008).

[57] L.-L. Li, H.-H. Wu, C.-H. Tsai y E. W.-G. Diau. Nanofa-
brication of uniform and stabilizer-free self-assembled pla-
tinum monolayers as counter electrodes for dye-sensitized
solar cells. NPG Asia Mater. 6, e118-e118 (2014).

[58] L. Biao, G. Jian-guo, W. Qi y Z. Qing-jie. Preparation of
Nanometer Cobalt Particles by Polyol Reduction Process
and Mechanism Research. Mater. Trans. 46, 1865-1867
(2005).

Sanchez / Anales AFA Vol. 33 Nro. 4 (Enero 2023 - Marzo 2023) 103-111 111

http://dx.doi.org/10.1021/ja0495819
http://dx.doi.org/10.1021/ja0495819
http://dx.doi.org/10.1021/ja0495819
http://dx.doi.org/10.1016/j.jssc.2007.07.024
http://dx.doi.org/10.1016/j.jssc.2007.07.024
http://dx.doi.org/10.1016/j.jssc.2007.07.024
http://dx.doi.org/10.1021/nl800910d
http://dx.doi.org/10.1021/nl800910d
http://dx.doi.org/10.1080/17458080.2010.543988
http://dx.doi.org/10.1080/17458080.2010.543988
http://dx.doi.org/10.1007/s11671-008-9223-4
http://dx.doi.org/10.1007/s11671-008-9223-4
http://dx.doi.org/10.1016/j.matlet.2011.12.046
http://dx.doi.org/10.1016/j.matlet.2011.12.046
http://dx.doi.org/10.1016/0001-6160(53)90006-6
http://dx.doi.org/10.1016/0001-6160(53)90006-6
http://dx.doi.org/10.1016/j.molcata.2006.12.010
http://dx.doi.org/10.1016/j.molcata.2006.12.010
http://dx.doi.org/10.1016/j.molcata.2006.12.010
http://dx.doi.org/10.1007/s11671-009-9267-0
http://dx.doi.org/10.1007/s11671-009-9267-0
http://dx.doi.org/10.1088/0957-4484/17/2/030
http://dx.doi.org/10.1088/0957-4484/17/2/030
http://dx.doi.org/10.1021/cr400544s
http://dx.doi.org/10.1021/cr400544s
http://dx.doi.org/10.1016/0022-3697(61)90054-3
http://dx.doi.org/10.1016/0022-3697(61)90054-3
http://dx.doi.org/10.1016/0022-3697(61)90054-3
http://dx.doi.org/10.1023/a:1015388912729
http://dx.doi.org/10.1023/a:1015388912729
http://dx.doi.org/10.1021/la9607870
http://dx.doi.org/10.1021/la9607870
http://dx.doi.org/10.1021/la3026232
http://dx.doi.org/10.1021/la3026232
http://dx.doi.org/10.1016/j.apsusc.2003.10.046
http://dx.doi.org/10.1016/j.apsusc.2003.10.046
http://dx.doi.org/10.1016/j.apsusc.2003.10.046
http://dx.doi.org/10.1023/a:1017567225071
http://dx.doi.org/10.1023/a:1017567225071
http://dx.doi.org/10.1023/a:1017567225071
http://dx.doi.org/10.1006/jcis.2000.6849
http://dx.doi.org/10.1006/jcis.2000.6849
http://dx.doi.org/10.1006/jcis.2000.6849
http://dx.doi.org/10.1016/j.jcis.2015.11.066
http://dx.doi.org/10.1016/j.jcis.2015.11.066
http://dx.doi.org/10.1016/j.jcis.2015.11.066
http://dx.doi.org/10.1021/jp9925334
http://dx.doi.org/10.1021/jp9925334
http://dx.doi.org/10.1021/jp9925334
http://dx.doi.org/10.1021/jp0516846
http://dx.doi.org/10.1021/jp0516846
http://dx.doi.org/10.5185/amlett.2011.1206
http://dx.doi.org/10.5185/amlett.2011.1206
http://dx.doi.org/10.1016/0016-7037(91)90304-n
http://dx.doi.org/10.1016/0016-7037(91)90304-n
http://dx.doi.org/10.1016/j.gca.2005.03.015
http://dx.doi.org/10.1016/j.gca.2005.03.015
http://dx.doi.org/10.1016/j.gca.2005.03.015
http://dx.doi.org/10.1080/00958970600873588
http://dx.doi.org/10.1080/00958970600873588
http://dx.doi.org/10.1080/00958970600873588
http://dx.doi.org/10.1134/s0016702914010054
http://dx.doi.org/10.1134/s0016702914010054
http://dx.doi.org/10.1016/j.hydromet.2011.08.006
http://dx.doi.org/10.1016/j.hydromet.2011.08.006
http://dx.doi.org/10.1016/j.hydromet.2011.08.006
http://dx.doi.org/10.1016/j.electacta.2008.02.109
http://dx.doi.org/10.1016/j.electacta.2008.02.109
http://dx.doi.org/10.1016/j.electacta.2008.02.109
http://dx.doi.org/10.1038/am.2014.57
http://dx.doi.org/10.1038/am.2014.57
http://dx.doi.org/10.2320/matertrans.46.1865
http://dx.doi.org/10.2320/matertrans.46.1865

	INTRODUCTION
	METHODS
	Materials
	Synthesis of Pd nanoparticles
	Characterization

	RESULTS AND DISCUSSION
	Formation of Pd nanoparticles
	Crystalline structure, particle size and morphology
	Nanoparticle formation process
	Influence of NaOH concentration

	CONCLUSIONS

