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Size and distribution of palladium
nanoparticles electrodeposited on graphite
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Morphology and particle size distribution of palladium nanoparticles obtained by pulse
electrodeposition on graphite surfaces in dimethylformamide solution containing 0.01 M
PdCl, were examined by field emission scanning electron microscopy. Chemical composi-
tion of the deposits was determined by energy dispersive X-ray spectroscopy. It was found
that the average size of palladium nanoparticles increased while their density decreased
with the number of pulse cycles.
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MeTomoM 5IeKTPOHHOU MUKPOCKONIMH HCCIENOBAHBI MOP(OJIOrud U paclpereieHne HAHO-
YaCTUIl HaNNalUud, IIOJYUYEeHHBIX ¢ UMITYJIbCHOIO PEXXNMa 2JIEKTPOOCAKIEHNA Ha II0BEPXHOC-
TU rpaduTa B AUMeTII()OPMAMUAHLIX pacTBopax, cogep:xamux 0,01 M PdCl,. Xumuuecknuit
COCTAB OCAMKOB ONPENENANN SHEPTO-IUCIIePCUOHHON PEHTTeHOBCKOH CIeKTpocKomuei. YcTa-
HOBJIEHO, UTO CPEIHIE PasMepbl HAHOUACTHUI] MANJIAANA YBEIHUNBAIOTCA, TOTMa KAK MX TJIOT-
HOCTb YMEHBIAETCA ¢ KOJMUECTBOM NMITYJIbCHBIX ITUKJIOB.

Pozmip Ta po3momis HAaHOYACTHHOK HAJagiio ejleKkTpoocamaxkeHux Ha rpadirti. [.Candan,
Alwcipenna, K.Minanese, E.@Ppamini, O Jobposeyvra, 1.Jeeuyr, O.Kynmuil.

MeTtomom esnekTpoHHOI MiKpockomnii gocaigyxeHo mMopdoJoriio i posmofgis HAHOYACTUHOK
majaniio, OTPUMAHUX 3a IMIYJABLCHOTO PEKUMY €JeKTPOoOCaKeHHsS Ha TOBepxHi rpadity B
aumeTmiadopMaMifEnxX posunHax,mo micrars 0,01 M PdCl,. Ximiuawmit cknag ocagis BusHa-
YEeHO €Hepro-IUCIIePCiiiHOI0 pPEeHTreHiBCBKOIO CHeKTpocKomico. Bceramosieno, mio cepenni
po3Mipy HAHOYACTHMHOK Iajafiio 306iapHIyIOTBCH, TOAI SK IX IyCTHHA B3MEHIIYETbCH 3
KinpkicTO iMIOyJIBCHUX ITMKJIIB.

1.Introduction

© 2018 — STC "Institute for Single Crystals”

tions. Additionally, the PdNPs are pre-

Activity of bulk palladium might be lim-
ited in comparison with nanodispersed gand
well distributed palladium nanoparticles
(PdNPs), which show unexpectedly high
catalytic activity in various chemical reac-
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ferred over platinum equivalents because of
their higher resistance against poisoning by
different reaction species [1, 2]. Detailed
studies of the nanostructured palladium
particles confirmed that their catalytic ac-
tivity essentially depends on their size
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wherever they are introduced — on solid
support, an electrode surface or even colloi-
dal solution [3]. For mono- or bimetallic
PdNPs, together with the methods of physi-
cal [4, 5] and chemical [6—8] syntheses, elec-
trochemical methods [9-14] are highly re-
producible and handy in practice. Electrode-
position constitutes a suitable method since
it is not expensive and enables to form the
nanomaterials with a wide range of sizes
and shapes. Electrochemical reduction of an
appropriate precursor to zero valence metal
in organic aprotic electrolyte (e.g. DMSO,
DMF, PC, AN [15-22]) is a reasonable ap-
proach to avoid possible secondary reactions
(hydroxide formation; oxygen/hydrogen
evolution) in common aqueous electrolytes.
Moreover, electrodeposition in a pulse mode
was found to be an effective template-free
electrochemical synthetic method for the
monometallic [15, 16] PdNPs.

In the present work, pulse electrochemi-
cal deposition was used to prepare PdNPs
from PdCl, salt dissolved in dimethylfor-
mamide. Morphology and chemical composi-
tion of the PANPs were estimated by high
resolution scanning electron microscopy
(SEM) and energy dispersive X-ray spectros-
copy (EDX). Based on the experimental re-
sults, a relationship between the mean value
of the particles size and the number of
pulse cycles was found.

2. Experimental

Organic aprotic solvent, i.e. N,N-di-
methylformamide, (DMF, 99 %, AlfaAesar),
together with tetrabutylammonium per-
chlorate (Buy,NCIO,, = 99.0 %, Sigma
Aldrich) as supporting electrolyte and chlo-
ride salt as metal precursors (PdCl,,
99.9 %, AlfaAesar) were used in the elec-
trochemical experiments. The prepared elec-
trolyte has concentration of 0.01 M in
PdCl, and 0.05 M in BuyNCIO,, respectively,
in the DMF solvent. Graphite rods (R8710,
RINGSDORFF, SGL Carbon, GmbH) encapsu-
lated in fluoroplastic cartridge case and gold
plate (S =2.2.107% m?) were used as work-
ing and counter electrodes, respectively. Sil-
ver chloride electrode manufactured as
Ag/AgCI in saturated KCI| solution was used
as a reference electrode. Before each elec-
trochemical experiment, the graphite rods
surface was mechanically polished using ~
3, ~1 and ~ 0.3 um microfinishing SiC pa-
pers followed by polishing with alumina-
based suspension (~ 0.3 um, Metallchemie).
After that, the surface of the working elec-
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trode was washed with distilled water and
isopropanol in an ultrasonic bath and then
dried under argon flow. Subsequently the
three electrodes were connected to IPC-Pro
200 potentiostat and immersed into a glass
cell filled with ~ 50 cm3 of the electrolyte
at 85°C. The electrodeposition process was
carried out by pulse potentiostatic method
at the potential (E) value of —1.2 V, pulse
time (t,,) of 6 ms and pause (T,z) of
300 ms. These parameters were experimen-
tally found in [15] as optimal to growth
discrete nanoparticles uniformly distributed
on the substrate and already used in prac-
tice for PAdNPs [15, 16]. The number of the
pulse-pause repetitions (N), so called "pulse
cycles”, varied from 8 to 50. The obtained
nanoparticles were washed sequentially in
DMF and isopropanol. After that, all the
samples were dried under argon flow.
Morphology of the deposits was studied
by field emission scanning electron micros-
copy (FE-SEM). Micrographs were obtained
by SIGMA high-resolution scanning electron
microscope (Carl Zeiss) based on the GEM-
INI(r) column which features is the high
brightness Schottky field emission source,
beam booster, and in-lens secondary elec-
tron detector. After the electrodeposition
step, the graphite rods were mounted di-
rectly on standard aluminum stubs using a
bi-adhesive conductive tape. The measure-
ments were conducted at an acceleration po-
tential of 20 kV and working distance of
about 6—9 mm. The chemical composition of
the deposits was determined by energy-dis-
persive X-ray (EDX) analysis, performed by
a silicon-drift detector (Oxford Instru-
ments), directly coupled to the FE-SEM,
using the optimal working distance of
8.5 mm and at the same value of accelera-

tion potential.
The particle size distribution for the ob-

tained PANPs was modeled using the Gauss-
ian function:

[ 1'
E

where x is the mean size; b is the dispersion
associated to the mean value and a parameter
is amplitude of the Gaussian function:

1 (2)

1)

a =

b
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Fig. 1. SEM images for Pd deposition from 0.01 M PdCl, solutions in DMF after 50; 10; 5 and
3 pulse cycles at 10 000 magnification (a); (b); (c) and (d) as well at 100 000 magnification (e); (f);
(g) and (h), correspondently.
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3. Results and discussion

It is well-known that electrodeposition is
a multi-stage process where diffusion in
electrolyte is quite often the slowest stage,
i.e. the limiting step in the whole electro-
chemical process. Recently, it was concluded
that during the pulse mode of the gold-pal-
ladium electrodeposition in dimethylsulfox-
ide solutions the pause corresponds to the
diffusion of precursor ions (from the bulk
of electrolyte to pre-electrode area) while
the pulse induces nucleation and particle
growth [21]. It was afterwards confirmed
that surface properties of the working elec-
trode are mainly responsible for the nuclea-
tion of nanoclusters and their subsequent
growth to nano- and microdeposits. These
two stages take place on the electrode sur-
face and very often supplement each other
or stay in competition. In our case, the elec-
trochemical reduction of Pd2* ions to metal-
lic palladium takes place at the base of the
cylindrical graphite rods. EDX analysis on
the graphite rods after the electrodeposition
definitely showed the Pd L emission line
confirming the presence of monometallic de-
posits of palladium on the graphite surface.
SEM images for the palladium electrodepo-
sition after 50; 10; 5 and 3 pulse cycles
with magnification of 10 K and 100 K are
shown in Fig. 1 to assess the surface mor-
phology of the obtained PANPs. In all cases,
the uniformly distributed PdNPs were ob-
served by SEM even though their size and
density gradually changed depending on the
number of pulse cycles.

The SEM images at 200 K magnification
and the related calculated PAdNPs average
size distribution are shown in Fig. 2. Image
analysis confirmes that the PdNPs around
18 nm in diameter are obtained after
3 pulse cycles, that is comparable with
29 nm in diameter of AuNPs [22] while a
higher number of pulse cycles leads to big-
ger particles. In particular, in our case,
after 8, 5, 10 and 50 pulse cycles the mean
diameter increased from ~18 to 46, 89 and
101 nm while the calculated coverage per-
centage of the deposited PANPs were 27.9,
23.4, 22.0 and 12.8 %, respectively. Nor-
malized autocorrelations (Fig. 3) were done
on the SEM images from Fig. 2. The small
maximum (Fig. 8) at distances higher than
100 nm gives the typical distance between
PdANPs which is around ~200 nm in the case
of 50 pulse cycles and ~400 nm for both the
cases of 10 and 5 pulse cycles. Distance be-
tween the particles is not really defined in
the case of 3 pulse cycles.
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Additionally, it was observed that the
density of particles decreased with the num-
ber of the applied pulse cycles (Figs. 1, 2).
Experimental results confirm the hypothesis
that after three pulse cycles the electrode-
position process is still dominated by nu-
cleation while the growth is limited. The
deposition process on a solid is thermody-
namically favored at the surface defects and
on the formed metallic nanoclusters. Thus,
at the beginning of the electrodeposition,
the palladium nanoclusters are formed at
the surface defects, that is nucleation proc-
ess. When all possible defects on the sur-
face are occupied, subsequent portion of the
metallic palladium covered the prepared
nanoclusters, that is particle growth proc-
ess. These two processes are in a permanent
competition and the particle growth is pre-
ferred over nucleation at the higher number
of pulse cycles.

Using the results from Fig. 2, the de-
pendences of particle size and particle num-
ber per surface area on the number of pulse
cycles are obtained (Fig. 4). The number of
the PANPs decreases while their sizes in-
crease with the number of the pulse cycles.
It is expected that the paraboloid depend-
ence might be found experimentally using
more detailed analysis beginning from the
first pulse cycle. These relationships natu-
rally confirmed a competition between the
nucleation and growth stage during the
pulse period.

4. Conclusions

The obtained experimental results con-
firmed the appearance of PANPs on graph-
ite during the beginning of palladium elec-
trodeposition in the pulse mode. Well dis-
tributed PdNPs with size <100 nm in
diameter were found by the SEM observa-
tion after 3—50 pulse cycles. The paraboloid
dependence of the mean value of the parti-
cle size and particle number per surface
area on the number of pulse cycles was ex-
perimentally found. Since the size of the
PdNPs increased while their density de-
creased with the number of the pulse cycles a
competition between the nucleation and the
growth stage was proposed. In the next ex-
perimental works, attention will be focused
on the geometrical shape of the PANPs.
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Fig. 2. SEM images for Pd deposition from 0.01 M PdCl, solutions in DMF after 50; 10; 5 and
3 pulse cycles at 200 000 magnification (a); (b); (c) and (d), correspondently. Calculated particles
distribution is shown in (e); (f); (g) and (h), correspondently.
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