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Abstract—Pd/CNT, Pt/CNT, and Pd–Pt/CNT composites having various metal contents were prepared via
ammoniate thermolysis under autoclave conditions at 180°С, and were characterized. The morphology of the
thus-manufactured items was comprehensively studied by scanning electron microscopy (SEM). Metallic
palladium had particles sizes in the range within 20−120 nm, and platinum in the range within 20−150 nm.
X-ray powder diffraction showed that the joint reduction of palladium(II) and platinum(II) ammine com-
plexes on carbon nanotubes under autoclave conditions yielded a Pd–Pt solid solution phase. When Pd/CNT
composites were brought in contact with hydrochloric acid solutions of H2PtCl6 under hydrothermal condi-
tions at 130°С, a Pd–Pt solid solution phase was also formed on carbon nanotubes.
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INTRODUCTION
Functional composite materials containing noble

metal nanoparticles are widely used in electronics, the
hydrogen energy industry, medicine, and other fields
[1–3]. Palladium and platinum particles on various
substrates are used in catalytic processes [4–6] and in
fuel cells [7]. Supports for active metals that have
recently found the greatest application are chemically
and thermally resistant porous carbon materials such
as sibunite [8], SMK-3 [9], graphene [10], and carbon
nanotubes [11, 12].

Palladium or platinum monometallic disperse par-
ticles anchored to carbon supports are conventionally
used in catalytic processes [13], but catalysts compris-
ing two or more metals have the highest activities and
selectivities [14, 15]. For example, the transition from
a palladium-on-sibunite catalyst to a gold–palladium
bimetallic catalyst significantly increased furfurol
hydrogenation rates due to the synergistic effect of the
two metals [14].

There is a whole variety of synthetic methods used
to prepare monometallic and bimetallic particles, in
particular, on carbon substrates [16–22]. The main
approaches to the chemical synthesis of bimetallic
nanoparticles can be reduced to a consecutive or
simultaneous reduction of metal complex salts from
solution, as a rule, with reducing agents and stabilizers
[19]. The most popular method involves impregnation

followed by reduction to the metal in a hydrogen envi-
ronment [16–18]. Martin-Martinez et al. [18] used
this method to manufacture a Pd–Pt/C (0.5 wt % Pd,
0.9 wt % Pt) bimetallic catalyst, which was active in
hydrodechlorination processes. Zheng et al. [20]
advanced a sonochemical method to prepare Pd/C
and Pd–Pt/C catalysts of various compositions. In
recent years, the layer-by-layer vapor deposition of
metal nanoparticles onto a substrate the have been
used very actively [14, 21, 22]; the underlying idea is
the decomposition of organometal compounds. This
method can produce both palladium monometallic
particles sized 6–10 nm on carbon [14] and core–shell
Pd–Pt bimetallic particles [22]. A very interesting
method for preparing palladium–gold bimetallic solid
solutions is via the decomposition of double complex
salts in a gas phase [23]. The thermolysis of relevant
metal ammine complexes in alkaline media under
autoclave conditions was used to coat ruthenium, pal-
ladium, platinum, and chromium on oxide and carbon
supports [24–28]. The thus-produced palladium and
platinum monometallic particles [24, 27] may be
modified by a second metal by means of the contact
reduction of noble metals from solutions [29, 30]. Bel-
ousova et al. [29] studied the formation of Pd–Au and
Au–Pt bimetallic particles having complex structure
under autoclave conditions. Borisov et al. [30] pre-
pared Au–Pd/C composites.
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One goal of this work was to study the formation of
nanosized platinum and palladium particles on carbon
nanotubes (CNTs) via the thermolysis of their
ammine complexes at 180°С. The other goal was to
study the behavior of Pd/CNT composites in contact
with H2PtCl6 solutions at 130°C.

EXPERIMENTAL

The chemicals used were palladium(II) chloride
(pure grade), H2[PtCl6] (pure grade), hydrochloric
acid (specialty grade 20-4), aqueous ammonia (spe-
cialty grade 23-5), potassium hydroxide (reagent
grade), and gaseous argon (top grade). Working solu-
tions were prepared by diluting calculated reagent ali-
quots with distilled water. The tetramminepalla-
dium(II) chloride and tetrammineplatinum(II) chlo-
ride to be used were prepared by routine methods [30].

The support used was Taunit, a commercially avail-
able carbon nanotube material [31]; its specific surface
area was 151 m2/g. Experiments were performed in 30-mL
titanium autoclaves equipped with Teflon inserts and
in 45-mL quartz autoclaves as described elsewhere
[27, 29, 30].

Palladium and platinum fine particles were formed
on CNTs in autoclaves at 180°С. The carbonaceous
material and the required amount of tetramminepalla-
dium(II) chloride or tetrammineplatinum(II) chlo-
ride were placed in a Teflon reactor, f looded with
20 mL of 0.05 M KОН, then air was removed by purg-
ing argon, and the system pressurized. Stirring at 25°С
was for 120 min, after which the autoclave was placed
in a thermostat preheated to 180°С to be held there for
240 min under constant vertical stirring. After the
experiment was over, the autoclave was disassembled,
the liquid phase was sampled to be analyzed, and the
solid was repeatedly washed with distilled water and
then dried at 100°С.

Palladium–platinum particles were synthesized via
contact exchange under hydrothermal conditions.
A quartz autoclave was charged with a certain portion
of hydrochloric solution (1 M) having a set H2PtCl6
concentration. A Pd/CNT composite weight was
placed in a Teflon cup on the inner surface of the auto-
clave lid. Argon was bubbled through the solution for
1 h. Bubbling and autoclave pressurizing were per-
formed in a box filled with an inert gas. Then, the
autoclave was vertically positioned in the shaft hole of
an air thermostat preheated to 130°С. After the reactor
was heated (which took 40 min), stirring was switched
on in order for the solid and solution were in contact
only at the set temperature. After being thermostated
for 15–240 min, the autoclave was cooled. A solution
aliquot was sampled to be analyzed, and the deposit
was washed with distilled water until the chloride ion
test was negative and then dried at 100°С. The
amounts of metals in the composite were derived from
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the results of atomic-absorption analysis of solutions
before and after the reaction.

X-ray diffraction patterns were recorded in the 2θ
angle range from 5° to 90° in 0.02° steps on a Proto
AXRD (Proto Manufacturing) benchtop diffractome-
ter using CuKα radiation with an accumulation time
per point of 3 s. The morphologic features of prepared
particles were studied by scanning electron micros-
copy (SEM) on a ТМ3000 (Hitachi) microscope
equipped with a Quantаx 70 (Bruker) microanalytical
unity and on an S5500 (Hitachi) microscope. Energy
dispersive X-ray microanalysis was used to assess the
uniformity of particle distribution over the support
and the particle morphology.

Nitrogen adsorption isotherms for the studied materi-
als were recorded on an ASAP-2420 (Micromeritics)
analyzer at 77 K. The textural characteristics were calcu-
lated by the BJH and BET methods.

The chemical elements in solutions were deter-
mined by atomic absorption spectroscopy on an AAn-
alyst-400 (PerkinElmer) atomic absorption spectrom-
eter.

RESULTS AND DISCUSSION
Manufacturing of Pd/CNT, Pt/CNT, and Pd–Pt/CNT 

Materials via Ammoniate Thermolysis
in Alkaline Solutions

At 170°C or higher temperatures, alkaline aqueous
solutions of tetramminepalladium(II) chloride and
tetrammineplatinum(II) chloride are reduced to fine-
grained metal powders [24, 27, 30]. The thermolysis of
palladium and platinum complexes in alkaline aque-
ous solutions follows the following equations:

(1)

(2)

When a carbonaceous material is added to the reac-
tor, ammine complexes are reduced on its surface to
form nanosized particles, as shown in [27, 30]. We
used this method to prepare Pd/CNT and Pt/CNT
composites (Table 1). The quantitative reduction of
ammoniates makes offers an easy way to vary the
amount of metal on the support. The simultaneous
reduction of platinum(II) and palladium(II) to metal
particles provided their production on a carbon sup-
port in the tailored molar ratio (Table 1). The specific
area decreased insignificantly (Sin = 151 g/cm3) when
the metals were applied to the carbonaceous material;
the decrease corresponds to the contribution to the
total weight of the sample made by metals, which have
low specific surfaces relative to CNTs.

The electron-microscopic studies of Pd/CNT,
Pt/CNT, and Pd–Pt/CNT composites in all cases

( )[ ]3 24

2 3 2

3 Pd NH Cl 6KOH
3Pd N 10NH 6H O 6KCl.

+
→ + + + +

( )[ ]3 2 24

2 3 2

3 Pt NH Cl H O 6KOH
3Pt N 10NH 9H O 6KCl.

⋅ +
→ + + + +
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Table 1. Thermolysis products of complexes

Sample 
no. Sample

Composition, wt %
Ssp, m2/g

Pd Pt

1 Pd/CNT 4.8 – 147
2 Pt/CNT – 6.0 145
3 Pt/CNT – 3.0 146
4 Pd–Pt/CNT 2.2 4.0 144
5 Pd–Pt/CNT 2.9 3.6 145
detected metallic particles bound to carbon nano-
tubes. The Pd/CNT (4.8 wt % Pd) material contained
metal particles sized from 20 to 120 nm; the larger par-
ticles consisted of smaller fragments sized 8–12 nm
(Fig. 1а).

Platinum was distributed over carbon nanotubes
less uniformly in the form of particles sized 20–
200 nm; these particles, as palladium particles, were
built of finer particles sized 5–10 nm (Figs. 1b–1d). In
addition to spherical globules, platy platinum particles
were observed (Fig. 1d). X-ray powder diffraction
proved the formation of palladium and platinum metal
phases on carbon supports. The diffraction patterns
(Fig. 2) featured peaks corresponding to the metals.
The peak broadening calculated by full-profile X-ray
diffraction analysis correlates with the particle sizes of
the produced particles. Along with the metal peaks,
the diffraction patterns featured peaks of the carbon
material (at 2θ = 26° and 43°), in agreement with pub-
lished data [31, 32].

The simultaneous autoclave reduction of platinum
and palladium complexes was shown to yield spherical
particles sized 20–120 nm, consisting of finer spheres
(Fig. 3). The platinum and palladium were uniformly
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo

Fig. 1. SEM images of particles deposited on carbon nanotubes: (a
Pt, 240 min, 180°С; and (c) Pt/CNT, 3.0 wt % Pt, 240 min, 180

200 nm
(c)

500 nm
(а)
distributed over the carbon support as shown by
energy dispersive X-ray microanalysis. The ammonic
ratio Pd : Pt for sample 4 (Table 1) varied from spot to
spot from 1 : 0.8 to 1 : 1.1. The X-ray diffraction pattern
(Fig. 2), in addition to the carbon peaks, featured
peaks corresponding to the palladium–platinum solid
solutions phase (Pd0.5Pt0.5) with the unit cell parame-
ter 3.905 Å. Changing the ratio of the initial complex
salts, one can prepare functional materials comprising
the tailored amounts of palladium and platinum. In
sample 5 (Table 2), for example, the atomic ratio Pd :
Pt was 1 : 0.7 and the particle distribution was uniform.
l. 65  No. 10  2020

) Pd/CNT, 4.8 wt % Pd, 240 min, 180°С; (b, d) Pt/CNT, 6.0 wt %
°С.

200 nm
(d)

1000 nm
(b)
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Fig. 2. Fragment of X-ray diffraction patterns of the prod-
ucts of Pd, Pt (6.0 wt %), and Pd–Pt particle deposition on
carbon nanotubes via alkaline thermolysis.
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Manufacturing of Pd–Pt/CNT Materials via 
Cementation in Hydrochloric Acid Solutions

Another approach to the manufacturing of bime-

tallic particles can be the contact reduction of the

metal from solution by a second, more electropositive,

metal [29, 30].

We first discovered that, when carbon nanotubes

were brought in contact with hydrochloric acid solu-

tions of H2PtCl6 (cPt = 0.002 mol/L) and H2PdCl4

(cPd = 0.002 mol/L) for 240 min, the change in metal

concentration in the solution at 180°С was less than

7%, and at 130°С less than 5%. This fact indicates low

sorption and reduction abilities of carbon nanotubes

toward [PtCl6]
2– and [PdCl4]

2– ions, unlike in

H[AuCl]4 solutions, from which gold(III) can be

reduced at high temperatures in the form of metallic

particles on a carbon support [33]. In addition, elec-
RUSSIAN JOURNAL OF

Fig. 3. SEM images of a Pd–Pt/CNT composite (sample 4, T

500 nm

0

I

tron microscopy failed to detect metal particles, so we
did not dwell on those processes and ignored them.

It was shown [34] that finely disperse palladium at
high temperatures (>130°С) reacts with platinum(II)
and platinum(IV) chloro complexes to yield Pd–Pt
solid solutions. Platinum(IV) reduction by palladium
proceeds in steps involving platinum(II) formation.
The overall process can be written as

(3)

The reaction produces Pd–Pt bimetallic particles,
which consist of a palladium core surrounded by a
Pd–Pt solid solution phase; the composition of this
phase can be purposefully changed by changing the
molar ratio Pd/Pt [34]. Along with platinum(IV)
reduction (Eq. (3)), metallic palladium is dissolved
(Eq. (4)) due to being oxidized by the oxygen [30] con-
tained in the vapor phase of the reactor or
chemisorbed on the surface of the sample [35]:

(4)

Thanks to the high specific surface areas of
Pd/CNT materials, the palladium solubility in hydro-
chloric acid media, associated with chemisorbed oxy-
gen, can be higher than reported for palladium fine
powders [35]. It was for this reason that we performed
experiments at 130°С under an argon atmosphere to
determine the palladium fraction that dissolved in the
course of the experiment (Table 2; samples 1 and 2).
We found that 15% of the palladium was dissolved due
to process (4), and this amount was independent of the
time of the autoclave process.

When a palladium–carbon composite was brought
in contact with a H2PtCl4 solution with the initial

molar ratio Pd : Pt = 1 : 0.2, platinum(IV) was reduced
and the palladium metal was dissolved by Eqs. (3) and
(4). This process took 120 min, and a further increase in
time had almost no effect on the composite (Table 2).

2 6 2 4H PtCl 2Pd 2HCl 2H PdCl Pt.+ + → +

2 2 4 22Pd О 8HCl 2H PdCl 2Н О.+ + → +
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able 1) and the energy dispersive spectrum in the imaged area.
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Palladium
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Table 2. Formation conditions and compositions of Pd–Pt/CNT composites (130°С, Ar atmosphere)

Sample no. Batch mole ratio Pd : Pt Autoclaving time, min
In the composite, wt %

Pd Pt

1 1 : 0 30 4.1 –

2 1 : 0 240 4.1 –

3 1 : 0.2 30 2.9 1.1

4 1 : 0.2 60 2.2 1.6

5 1 : 0.2 120 2.3 1.7

6 1 : 0.2 240 2.3 1.7

7 1 : 0.5 240 2.2 1.8
Platinum ions remained in the solution even after
240-min exposure (Fig. 4), and cementation did not
occur further, may be due to either the isolation of pal-
ladium or due to the disproportionation of the newly
formed platinum(II) [34].

The X-ray diffraction patterns of Pd–Pt/CNT
materials featured peaks from Pd–Pt solid solutions
and poorly defined peaks from metallic palladium, the
latter becoming almost inconspicuous as the synthesis
time increased (Fig. 5). The uniform distribution of
the metals over the carbon support as probed by energy
dispersive X-ray microanalysis and the ratio of metals
were unchanged from spot to spot, giving indirect evi-
dence to solid solution formation.

Scanning electron microscopy showed that partial
destruction and recrystallization of metal particles
occurred around filamentary carbon nanotubes (Fig. 6).
The spherical particles sized 40–100 nm consisted of
finer particles. The destruction of spherical particles
was related to palladium dissolution, and their growth
was due to both the reduction of platinum ions on the
palladium surface and to the recrystallization of palla-
dium itself. The result was that the finest particles dis-
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo

Fig. 4. Platinum(IV) reduction kinetics in contact with a
Pd/CNT (4.8 wt %) composite and palladium metal disso-
lution kinetics (autoclave, 130°С, argon atmosphere).
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appeared with the autoclave experiment time increas-
ing from 30 to 240 min, while the large ones were
coarsened (Fig. 6).

The Pd : Pt molar ratio increasing to 1 : 0.5 did not
give rise to the appearance of separately lying plati-
num(0) particles. A platinum(0) phase was not
detected by X-ray diffraction; only some enrichment
of the solid solution by platinum was observed. A con-
siderable part of platinum remained in solution, and
the composite only insignificantly deviated from the
molar ratio 1 : 0.2. This fact may be regarded as evi-
dence for the isolation of palladium by palladium–
platinum solid solution and the impossibility of fur-
ther proceeding of process (3).

CONCLUSIONS

We have shown that the thermolysis of ammoniates
in alkaline solution offers a way to produce both palla-
dium and platinum monometallic particles and Pt–Pd
bimetallic solid solutions on carbon nanotubes. The
reduction of hydrochloric H2PtCl6 solutions by Pd/CNT

composites at 130°С in hydrothermal conditions was
shown to yield Pd–Pt bimetallic particles on carbon
nanotubes. The molar reagent ratio in the batch and
the synthesis time were shown to influence the particle
sizes and compositions of the produced metal phases.
l. 65  No. 10  2020

Fig. 5. Fragment of the X-ray diffraction pattern of a Pd–
Pt/CNT sample (sample 5, Table 2).
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Fig. 6. SEM images of Pd–Pt particles on a carbon support manufactured at 130°С under autoclave conditions: (a) sample 3 and
(b) sample 6 (Table 2).

500 nm(а) 500 nm(b)
The formation of Pd–Pt solid solutions was proved by
X-ray powder diffraction.
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