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Abstract

Palladium spherical particles 0.23 wm in diameter were synthesized by reducing palladium acetate with hydrazine in the presence of surfactant,
with an aim of exhibiting both easy separation by filtration and easy dispersion for a catalyst. The particles in the suspension were sedimented slowly
but not aggregated. The suspension showed voltammetric redox waves. The anodic wave was ascribed to the oxidation of Pd to Pd?**, whereas the
cathodic one was to the reduction of the palladium acetate moiety to Pd. The current ratio of the anodic peak to the cathodic one 4:1, was close to the
ratios by the partial chemical oxidation with permanganate and by the thermogravimetry, suggesting the composition of 80% palladium metal and
20% palladium acetate in the molar ratio. Heating the palladium particles at 300 °C yielded palladium metal. The decomposition proceeded to the
first-order reaction with the activation energy of 40kJ mol~!. The particle catalyzed the reduction of methylene blue with hydrazine. The reaction
rate was of the first-order with respect to methylene blue. The rate constant was proportional to the geometrical surface area of the palladium

particle, suggesting a surface catalysis.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Colloidal suspensions of big particles such as polymer micro-
spheres and metal particles are sustained against aggregation
with stabilizers, which cover the surface of colloidal parti-
cles [1]. The stabilizers often used are surfactants and mono-
layer films such as alkylthiolates [2-5], carboxylates [6,7],
thioether [8], amino acids [9], and isocyanide [10]. The sta-
bilizers for colloidal suspensions are chemically bonded onto
the central material, and hence are different from adsorbed
surfactants in micelles or emulsions [11]. The colloidal par-
ticles are composed of at least two compounds, a surface
layer called a shell and a central material called a core. An
example of the well-examined core-shell structure is the ther-
mally synthesized silver stearate nanoparticles [12—15], which
is composed of 9.4% molar ratio of the shell of silver stearate
and 90.6% of the core of silver atom [16]. It is important to
identify and to determine quantitatively the two compounds
in order to evaluate their reactivity and specify the structure.
However, work in this direction is limited [16,17], probably
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because more interest has been taken in exploiting function-
ality.

The smaller are the particles, the more stable is the dis-
persion in solution and the higher is the chemical activity.
However, it is more difficult to separate and purify smaller
particles, as is exemplified by redox active latex particles
[18-20]. Metal nanoparticles have not been purified enough to
exhibit well-defined voltammograms [7,21]. On the contrary,
large particles readily sedimented with centrifugation can be
purified sufficiently to remove salts from the suspension until
showing iridescence [22,23]. Furthermore, their surface has
been modified by conventional film techniques [18-20,24] and
a layer-by-layer method [25-27]. Consequently, larger particles
have advantages in chemical modification.

We consider here a quantitative relation between the amount
of the shell and the size. It is assumed that a spherical particle
in radius r is composed of N core-molecules and that its surface
is packed in a monolayer form with n cubic shell-molecules.
If the volume of the single core molecule, a3, is close to that
of the single shell molecule, the volume of the particle is given
by (47/3)r> =Na>. Since the surface area of the particle is rep-
resented by S =47r? =47T(3Na3/47r)2/ 3 the ratio of the number
of the shell-molecules, S/a?, to that of the core-molecules,
N, becomes (S/a?)/N=367)3N-13=48N"13. Numerical
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values of the number ratio are 0.48, 0.22, 0.10 and 0.05 for
N=103, 10%, 10° and 10° (corresponding to r=1.6, 3.4, 7.3,
15.8 nm for the density 10 gcm™3), respectively [7]. This cal-
culation has been demonstrated to be nearly valid for the silver
stearate nanoparticles for r=2.5nm. For palladium nanopar-
ticles often investigated, the diameters range 2—8 nm [28-37],
which corresponds to N=500-2000 and (S/a®)/IN=0.6-0.18.
The non-negligible values of the ratio indicate a significant
contribution of shells. In contrast, a submicron particle, e.g.,
r=0.1 pm, has the ratio, 0.0056, and hence the amount of the
surfactant is as little as impurities. This value seems to be too
small for conventional synthetic conditions of the amount of a
surfactant. Either case may be realized: only the small amount
of stabilizers participates in forming particles; or a particle has
no core-shell structure but takes a mixture. Submicron particles
may be different from conventional nanoparticles in structure.
Our concern here is directed to the structure as well as the
functionality of submicron palladium particles. This report deals
with synthesis of submicron palladium particles stabilized with
palladium acetate, determination of the number ratio of the sta-
bilizer to the metal, and catalytic efficiency for methylene blue.

2. Experimental
2.1. Chemicals

Palladium acetate (99.9%, Aldrich), poly-(vinyl pyrroli-
done), abbreviated as PVP, with 40,000 molecular weight,
hydrazine (98.0%, Kanto), tetra-n-butylammonium hexafluo-
rophosphate abbreviated as TBAPFg (TCI), dichloromethane
(99.9%, Wako) were used as received. Acetonitrile (99.5%,
Wako) was treated with molecular sieves, 4A 1/8 (Wako) before
electrochemical measurements. Water was distilled and ion-
exchanged.

Palladium particles were synthesized as follows: 100 cm?
ethanol solution including 20 mg palladium acetate was mixed
with 100cm? water containing 80 mg PVP, exhibiting yellow
color. Five milligrams of hydrazine was added to the mixture
that was deaerated by N, for 20 min in advance. The mixture
was refluxed for 5 h, and re-dispersed in a mixture of water and
ethanol (1:1, v/v), water, ethanol, and ethanol in turn. The rinsed
material was centrifuged, re-dispersed in water, centrifuged
again, and re-dispersed in ethanol. The purified suspension in
ethanol was turbid. It was filtrated with microfilter with 0.2 pum
pores and then the filtrated solution was black transparent. The
product was dried at room temperature and got in powder form.

2.2. Electrochemical and other measurements

The Pt and Pd disks 1.6 mm in diameter (BAS) were used
as working electrodes. The Ag|Ag,O was used as a reference
electrode, of which potential was more positive by 0.053 V than
an Ag|AgCl reference electrode in 3 M NaCl.

UV- and vis-spectrometry was carried out with UV-570
(JASCO). Scanning electron microscopy (SEM) was made with
SH-600 (Hitachi) for the palladium Pd particles at 13 kV. The
instrument of thermogravimetry was home made by combining

a balance and a thermo-controlled oven through which nitrogen
gas flowed.

3. Results and discussion
3.1. Formation of Pd particles

The mixture of palladium acetate, PVP and hydrazine showed
pale yellow color. The reflux changed the color of the solution
into almost transparent black. The UV spectra (Fig. 1) show not
only consumption of palladium acetate at 400 nm after the reduc-
tion but also replacement of the ultraviolet band by the broad
visible band [38]. The appearance of the visible band supports
formation of an electronic band structure of palladium particles
[39,40]. In contrast, the disappearance of the band at 400 nm is
due to making the spectrum featureless by light scattering. The
reduction of palladium acetate may be obeyed by [41,42]

N,>Hs-H,0 — NpHs™ +OH™ (1)

Pd*t 4+ 2N,HsT + 100H™ — Pd + 2Nj + 10H,0 + 6e~
2)

If k palladium atoms and m palladium acetate molecules form
a particle with the help of PVP, the reaction is given by

kPd +mPd(CH3COO), — Pdi[Pd(CH3COO);],, 3)

Fig. 2 shows the SEM photographs of the palladium parti-
cles before (A) and after (B) the centrifugation and the filtra-
tion through the 0.2 wm micropore filter. Two sizes of spheri-
cal particles 0.2 and 2 pm in diameter are appreciable before
the treatment (A). The appearance of the uniform diameter,
0.23 £0.04 pm, after the treatment is obviously due to the
removal of small particles and residues by the centrifugation
and of large particles by the filtration. The size distribution after
the treatment is shown in Fig. 2(C).

The treated particles did not dissolve in aqueous solutions,
acetonitrile or dichloromethane, but were dispersed in a form of
a turbid suspension. The suspension in acetonitrile was stable
for more than one day without sedimentation or aggregation.

The particles were reduced neither with ferrous ion nor ascor-
bic acid. In contrast, they were oxidized with MnO4™ in acidic
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Fig. 1. Spectra of (a) 0.05 mM Pd(COO(CH3)), and (b) 0.01 mg cm ™3 Pd par-
ticles in dichloromethane.
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Fig. 2. SEM photograph of the Pd particles (A) before and (B) after the centrifugation and the filtration through 0.2 wm micropore filter. (C) Displays the size

distribution (number of the particles vs. radii) of the filtered particles.

solution, as was demonstrated by disappearance of the purple
color of MnO4~ immediately after the addition of the particles.
Since the oxidized moiety in the particles is palladium metal,
the oxidation may occur according to the reaction:

Pd + MnOs~ +4HT +e~ — Pd*t +MnO, +2H,0  (4)

One palladium particle consumes K MnO4~ molecules (see
Egs. (3) and (4)). We titrated 3.30 mg Pd particles with 0.02M
KMnOjy in 1 M H,SOy, and consumed 1 cm?® KMnO, solution
until the end point. If the Pd particle is composed of only Pd and
Pd(CH3COQ);, as is shown in Eq. (3), its weight per mole is
106.4k + 224.5m, where 106.4 and 224.5 are molar weights of Pd
and Pd(CH3COQ);, respectively. The result of the titration leads
to the equality: 3.3 x 1073k/(106.4k +224.5m)=0.02 x 1072,
which yields m/k=0.26. The mass ratio and molar ratio
of Pd metal to that of one particle are 64% and 80%,
respectively.

The above calculation is based on the assumption of only the
two components in the particle. However, the particle necessarily
includes the surfactant, PVP. Otherwise, it would be aggregated
and precipitated. In order to determine the amount of PVP in
the particle, we dispersed the particle into water and took the
UV spectra. The absorbance at 195 nm, which can be assigned
to aqueous solution of PVP, was used for determination of PVP.
The weigh ratio and the molar ratio of PVP to the particle are,
respectively, 0.033 and 1.1 x 10~*. Consequently, PVP has a
negligible contribution to the evaluation of m/k.

Metal nanoparticles are known to have lower melting points
than those of bulk metal. The lower shift of the melting points
has been considered to be due to an excess of surface energy
of nanoparticles [43-54] or Kelvin’s effect [55]. The other con-
cept is thermal removal of the surfactant and aggregation, as has
been found for silver fatty acid nanoparticles [16,56]. In order
to estimate an apparent melting point, thermogravimetry was
applied to the present Pd particles. Vacuum-dried particles were
heated at several temperature scan rates in nitrogen atmosphere
during which they were weighed. Fig. 3 shows the variation of
the weight ratio with the temperature. The weight loss began at
210 °C and then reached a constant value over 400 °C. This vari-
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Fig. 3. Thermogravimetric curve at scan rate, 10 °Cmin~".
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Fig. 4. Analysis of thermogravimetric curve in Fig. 3 by use of the first-order
decomposition reaction. The slope of the line corresponds to —U/R.

ation is similar to the thermal decomposition of silver stearate
nanoparticles to silver metal and organic gas [16,56], and hence
the decomposition of the Pd particles may follow

Pd; [Pd(CH3COO0), 1, — (k+m)Pd + gas 5)

Twenty percent weight loss indicates the equality
0.8(106.4k +224.5m)=106.4(k+m) should hold. Conse-
quently we obtain m/k=0.29, which is close to the value (0.26)
obtained from the oxidative titration by KMnQOjy. The product
by heating at 400 °C was metal-like solid with bright white
color. Palladium becomes metal at 400 °C although the melting
temperature is 1554 °C.

The thermogravimetric curve in Fig. 3 was analyzed on the
assumption of the first-order decomposition kinetics, according
to the concept of the thermal decomposition of silver nanoparti-
cles [16]. Letting the weight ratio in Fig. 3 be x, the ratio varies
with the temperature in the following way [16]

AR

In[(—In x)T" %] =1In () u

~RT (6)

ul
where U is the activation energy of the first-order decomposi-
tion, A the frequency factor, and u is the temperature scan rate.
Plots of In[(—In X)T 2] versus T~! are shown in Fig. 4, falling
on a straight line over the domain from 210 to 360 °C. The slope
should be —U/R and hence we obtain the activation energy to be
40kJ mol~!. The large value suggests the significance of reac-
tion (5) rather than simple thermal fusion.

3.2. Electrochemistry

Fig. 5 shows cyclic voltammograms of Pd particles-
suspended acetonitrile solution including 0.05 M tetrabutylam-
monium hexafluorophosphate (TBAPFg). There were mainly the
anodic wave at 1.72V (a) and the cathodic wave at —0.32V
(b). Appearance of these well-defined waves is ascribed to the
purification by iterative centrifugation and re-dispersion. The
voltammogram only at the anodic scan starting at 0.5V was
almost the same as the anodic part in Fig. 5, and the voltam-
mogram at the cathodic one was similar to the cathodic part.
Therefore, there is no redox pair in the potential domain across
0.5 V. Since the cathodic wave at 1.0 V appeared only when the

E/V vs. Ag|Ag,O

Fig. 5. Cyclic voltammograms with waves (a) and (b) of 0.55 mg cm ™~ Pd parti-
clesin acetonitrile including 0.05 M TBAPFg atv=0.15 V s~! at the Ptelectrode.
Wave (c) is for the blank solution at v=0.15 V s~! at the Pt electrode. Voltammo-
gram (d) is at the palladium electrode in acetonitrile including 0.05 M TBAPFg
atv=0.15Vs~!.

reverse potential went over 1.9V, it is due to oxidation products
at 2.0 V. Anodic wave (a) can be attributed to the oxidation of Pd
of the particle to Pd** because the palladium electrode showed
a rise of the anodic dissolution wave at 1.6V, as is shown in
curve (d) of Fig. 5. Values of the peak current were proportional
to the concentration of Pd particles. When the suspension was
kept quiescent until it got transparent owing to sedimentation,
its voltammogram showed neither anodic nor cathodic wave.
These facts confirm the attribution of wave (a) to Pd (in parti-
cle) — Pd%*.

Itis predicted that the cathodic wave is attributed to the reduc-
tion of palladium acetate moiety in the particles. As a control
experiment for attribution of wave (b), we made voltammetry of
the solution of the palladium acetate molecule. The voltammo-
gram had a cathodic wave at —0.55V, which is ascribed to the
reduction

Pd(CH3COO), +2¢~ — Pd + 2CH;CO0™ )

The positive shift of the reduction wave for the Pd particles
(at —0.32 V) indicates that the palladium acetate moiety is more
unstable by 22 kJ mol~! (=F(0.55 — 0.32) V) than the palladium
acetate molecule. The unstableness is ascribed to a loss of solva-
tion energy owing to packed palladium atoms in the Pd particle.

The anodic peak currents and the cathodic ones were pro-
portional to the concentration of the Pd particles, as is shown
in Fig. 6. They were also proportional to the square-root of the
potential scan rate, as is shown in Fig. 7. Consequently, both the
peak currents are controlled by diffusion of the particles. The
ratios of the anodic slope to the cathodic one are 0.31 and 0.28
for the I, versus ¢ and I, versus v!72, respectively. The expres-
sion for the diffusion-controlled peak current of the concomitant
n-electron transfer reaction is expressed by [57]

F 12
I, = 0.446n°? FAcD'/*v' 2 [ — (8)
P RT

where D is the diffusion coefficient of the particle and A is the
area of the electrode. On the other hand, the expression for the
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Fig. 6. Variations of the anodic and the cathodic peak current with the concen-
tration of Pd particles at v=0.1 Vs~! at the Pt electrode.

consecutive n-electron transfer reaction is expressed by [58]
F 2
I, = O.446nFAcD1/2v1/2<RT) )

When the two equations are applied to the 2k-electron oxida-
tion for the Pd particle, the anodic peak current are expressed,
depending on the 2-electron concomitant or the 2-electron con-
secutive reaction, by

F 1/2
(Ip)y COm:0.446(2k)«/§FAcD1/2v1/2 <RT> (concomitant)
(10A)

F 1/2
(Ip) A sec = 0.446 (2K) FAcDY*y!'/2 (RT> (consecutive)

(10B)
The cathodic peak currents are similarly given by
F\ 2
(IP)C,com = _0'446(2m)\/§FACD1/2v1/2 (RT)
x (concomitant) (11A)

P12
(I gec = —0.446(2m)FAcD'/*y'/? (RT) (consecutive)
(11B)
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Fig. 7. Dependence of the anodic and the cathodic peak current on the square-
root of the scan rate in the solution of 0.55mgcm™> Pd particles at the Pt
electrode.

Table 1
Combination of Egs. (10) and (11)
Up)clUp)a mlk
A,com A,sec A,com A,sec
Iyvs.c Ivs. V12 Iyvs.c Ipvs. v!2
C,com  mlk mi2Y2k 031 0.28" 0.44 0.40
Csec  2V2mik  milk 0.22 0.20 0.31 0.28"

There are four combinations of the ratios of the cathodic
current to the anodic current, e.g., (Ip)c,com/(Ip)A sec. Since vari-
ables of F, A, ¢, D and v are common to the four equations, the
ratios are reduced to m/k, m/2V2k and 212m/k, as is shown in
Table 1. Equating these variables to the experimental values of
the (I,)c/(Ip)a obtained from the relations of I, versus c (Fig. 6)
and /, versus v!2 (Fig. 7), we determined values of m/k for the
four cases. It is the value 0.28 (marked by a star) in Table 1
that is close to 0.26-0.29 obtained for the titration and the ther-
mogravimetry. This case corresponds to (Ip)c,com/(Ip)A,com and
(Ip)C sec/(Ip)A,sec- Both the anodic and the cathodic 2-electron
reactions are either concomitant or consecutive, although we
cannot assign the either electron transfer step.

If the Pd particle 0.2 um in diameter were to take a core-
shell structure, the value of m/k should be 0.0056, as has been
discussed in Introduction. It is much smaller than the values of
mlk=0.26-0.29 evaluated from the oxidation titration, thermo-
gravimetry and cyclic voltammetry. This contradiction suggests
invalidity of a core-shell structure and hence supports a mix-
ture of palladium acetate molecules and palladium atoms with-
out localization. A loss of core-shell structure has been found
for alkylcarboxyl silver nanoparticles when alkylchains became
short [56].

We evaluated the diffusion coefficient of the parti-
cle by use of the Stokes—FEinstein equation, D=kgT/6mnr,
to be 5.6 x 107 8cm?s~! for the viscosity of acetonitrile,
n=0.34mPas. Replacing the molar concentration in Eq. (10)
by the weight concentration, we can rewrite the term (2k)c in
Eq. (10) as

2kcy,
106.4k + 224.5m
Cw

T 532+ 112.2mlk

k), =
= 0.0118¢y, (mol/g) (12)

where m/k =0.28 was employed. Inserting this equation into Eq.
(10), the value of (Ip)A,sechZ is 83 pA V12612 The exper-
imental slope in Fig. 7 was 8.4 wA V~25!2 The agreement
of the experimental value with the theoretical one supports not
only the diffusion-control of the particle to the electrode but
also the complete oxidation without leaving any non-reacting
portion. Redox latex particles larger than ca 0.1 pm diameter
have exhibited partial charge transfer [18-20]. The absence of
the partial charge transfer in the present particle may be ascribed
to a predominant component of palladium metal (75%), which
should have electric conduction inside of the particles owing to
the electric percolation.
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Fig. 8. Time-variation of UV spectra of the solution of 9 M methylene blue and
4 mM hydrazine (a) O min, (b) 1 min, (¢) 2 min and (d) 3 min after the addition
of 0.02 mg cm~3 Pd particles.

3.3. Catalytic activity

Palladium particles frequently exhibit catalytic activity
[59-66]. As an example of examining the catalytic activity, we
selected the reduction of methylene blue by hydrazine. Nine
micromoles of methylene blue mixed with 4 mM hydrazine in
water was kept at 20°C in a given period, and the UV- and
vis-spectrum was obtained, as is shown in Fig. 8. The band at
664 nm is obviously due to methylene blue [59]. The absorbance
decreased slowly with the time on the logarithmic scale, as is
shown in Fig. 9(a). When the Pd particle was added to the mix-
ture, the spectra decreased without any deformation, indicating
no influence of side reactions or light scattering of the Pd parti-
cles. The time-variation of the absorbance was much larger than
that without adding the Pd particle. Therefore, the Pd particle
has catalytic activity for the reduction of methylene blue with
hydrazine.

The linearity of the logarithmic absorbance at 664 nm with
the time indicates that the reaction should proceed at the first-
order kinetics with respect to the concentration of methylene
blue. The slope of the linearity corresponds to the catalytic
reaction rate constant, k. The linear variation held for several
concentrations of the Pd particle ¢ (Fig. 9(b—e)), at least less
than 0.064 mg cm 3, and hence the first-order kinetics is still
valid. The reaction rate increased with an increase in c. Fig. 10
shows the logarithmic variation of k with c, where kg is the slope

In (A/Aw)

0 50 100
tls

Fig. 9. Time-variation of the absorbance at 664 nm of the mixture of 9 puM
methylene blue and 4mM hydrazine after addition of (a) O mg dm™3, (b)
8mg dm3, (c) 18 mg dm~3, (d) 56 mg dm™3, and (e) 64 mg dm—3 Pd particles.
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Fig. 10. Logarithmic dependence of the first-order rate constants on concentra-
tion of Pd particles on the lower x-axis and PdCl, on the upper x-axis. The rate
constants were obtained from the slopes in Fig. 9.

in Fig. 9 without Pd particles. The slope was 0.73, close to 2/3.
Letting the weight of the one particle be w, the radius of the
particle be r, the density be d, the number of particles added be
J, the volume of the suspension be V, then we have the following
equality:

. . 2/3
OT3 Jw 23 _ J(47‘[/3)r3d /
Vv Vv

1\ 2/3
— (@4n)" 13 <3jv) 47r? = § (const) (12)

where S is the surface area of one particle. The catalytic reac-
tion turns to occur on the Pd particle surface rather than as a
volume reaction. The surface reaction is an essential feature of
the catalysis.

The proportionality of k with S implies that the reaction zone
is so small that it is regarded as the surface of the Pd particles. If
the reaction zone were less than the diameter, the reaction should
be observed as a volume reaction and hence the slope in Fig. 10
might be unity. A catalytic reaction occurs generally only on a
surface of a catalyst and hence the thickness of the reaction layer
may be close to the diameter of conventional ions. Then, non-
aggregated palladium ions are predicted to show a slope close
to unity rather than 2/3. We carried out this catalytic reaction by
use of palladium chloride. The spectra for the catalytic reaction
for PACl, were almost the same as those for the Pd particles.
The reaction order was unity for ¢(PdCly)<0.1 mM from the
viewpoint of the proportionality of InA at 664 nm versus time.
Fig. 10 shows the plot of the rate constant against ¢(PdCly) on
the logarithmic scale. The slope is 0.98, indicating the shift from
the surface reaction to the volume reaction.

We compare the catalytic efficiency of the Pd particles with
that of PdCl,. We select log(k — ko) (s7')=—2.1 as a common
reaction rate constant although the slope of the two lines are
different. The corresponding concentrations (denoted as the
arrows in Fig. 10) are 10'3 =20mgdm™3 for the Pd particles
and 10712 mM =0.063 mM =6.7mgdm™> for Pd** in PdCl,.
Since the weight ratio of palladium acetate in the Pd particle
is 36%, the effective concentration is 20 x 0.36 =7.2 mg dm 3.
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Consequently, the catalytic efficiency of the Pd particle is
apparently similar to that of PdCl, per mol of salt.

4. Conclusion

Palladium spherical particles 0.23 wm in diameter, collected
by filtration after reduction of palladium acetate, were composed
of 4:1 molar ratio of palladium metal and palladium acetate. The
large ratio of the palladium acetate indicates that the particles
take no structure of a Pd metal core and a palladium acetate
shell. The particles changed into a white bright block with heat-
ing at 400 °C. The product was like Pd bulk as if palladium
powder were to be melted at much lower temperature than bulk
palladium metal. The metallization by heat was of the first-
order kinetics with 40kJ mol~! of the activation energy. The
first-order chemical kinetics supports the significance of decom-
position of the particle rather than fusion.

The colloidal suspension of the particles was electrochemi-
cally active, exhibiting the oxidation wave of Pd metal and the
reduction wave of palladium acetate. The waves did not become
well defined until the purification, the centrifugation, the re-
dispersion and the filtration were carried out. The currents were
diffusion-controlled of the particles. The ratio of the anodic to the
cathodic peak current agreed with the ratios by the partial chem-
ical oxidation with permanganate and by the thermogravimetry.
All the redox charge can be reduced and oxidized, suggesting
the complete reaction. The absence of the partial charge transfer
is due to keeping electric conduction inside of the particles.

The particles worked as a catalyst for the reduction of methy-
lene blue by hydrazine. The rate constant was of the first order,
and was proportional to the surface area of the Pd particles, as
predicted for a surface catalytic reaction. This is in contrast with
the volume catalytic reaction by palladium chloride.
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