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Abstract:
This study reports the development of a novel hybrid catalyst comprising platinum (Pt) and palla-
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frequency (TOF). These enhancements are attributed to the porous structure of MWCNT-graft-PCA
and the optimal distribution of the active catalytic phase on the substrate. The results suggest
that this novel catalyst design holds significant promise for applications requiring efficient H,O,
decomposition.
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1. Introduction tions in nanotechnology processes include the production of
nanoparticles and nanomaterials, offering advantages such
as reduced use of polluting and toxic chemicals, increased
process efficiency, and minimized generation of hazardous
waste. For instance, H,O, is utilized in the synthesis of
silver, gold, and conductive oxide nanoparticles [4, 5].

As an environmentally friendly compound that decomposes
into oxygen and water, H,O, finds extensive applications
in water treatment [6], bleach production [7], fuel cells [8],
pharmaceuticals [9], and food industries [10]. However, the
slow decay of H,O; under typical conditions, accelerated

Green nanotechnology has emerged as a crucial area in
technological research and development, offering signifi-
cant advantages in the production and storage of renewable
and clean energy. This field employs nanoscale tools and
materials to enhance the efficiency and application of vari-
ous renewable energy sources, including solar, wind, and
hydrogen [1]. In the context of renewable and clean energy
production and storage, nanotechnology has the potential
to reduce costs, increase efficiency, and mitigate environ-

mental impacts. These advancements contribute to the de-
velopment of clean and sustainable energy systems, aiding
in environmental preservation and reducing dependence on
non-renewable energy sources [2, 3].

Hydrogen peroxide (H,O;) plays a vital role in green nan-
otechnology as a powerful oxidizing agent. Its applica-

at higher temperatures, presents challenges in handling and
management. Catalysts offer a solution by enhancing and
controlling the reaction [11].

Over 100 materials have been identified with catalytic prop-
erties for HyO, decomposition [12, 13]. Metal oxides such
as Fe, 03 [14], MnO, [15], and TiO, [16] are commonly
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used, but their effectiveness may be suboptimal for high-
concentration H>O,, and many are depleted during the pro-
cess [17]. Additional drawbacks include rapid deactivation
due to metal ion contaminants and the production of unde-
sirable metal phases [18].

Noble metals, including Pt [18], Pd [19], Au [20], and
Ag [21], have demonstrated superior performance and are
popular catalyst choices. Among these, the Pt-Pd nanocata-
lyst has garnered particular interest due to its exceptional
selective power and ability to withstand various reactions
[22, 23].

The catalytic decomposition reaction of H,O, is an exother-
mic reaction according to Equation. 1 [24]:

1
Hy0,(1) —> Hy0(0) + 5 Ox(g) + 98.11kI/mol (1)

The following model is presented for the decomposition of
H;,0, on a platinum catalytic surface by Mededovic [25]:

H, + 2Pt < 2Pt — H (2)
1
5 *PL—Pt-0 3)
Pt + OH < Pt (OH),y + € 4)

Pt — (OH),q + H,0, — Pt — (OOH),q + H,O (5)
Pt — H+H,0,+¢ —= Pt+H,0+OH  (6)
Pt — (OOH),y + Pt — (OOH),4; <= 2Pt + O, + H,

)
Pt —O+2Pt—H <— Pt—H,O + 2Pt ®)
Pt — H,O — Pt + H,0 )

The initial stages of catalytic hydrogen peroxide decomposi-
tion involve the adsorption of molecular hydrogen, oxygen,
and hydroxyl ions. Hydrogen and oxygen undergo disso-
ciative adsorption, forming direct bonds with the platinum
surface, while hydroxyl ions participate in a straightforward
charge transfer reaction. These surface-bound species inter-
act with hydrogen peroxide, producing oxygen and water.
Analysis of the species balance reveals that Pt—(OH) and
Pt—(H) play direct roles in the decomposition kinetics [19].
The exothermic nature of catalyst-induced hydrogen per-
oxide decomposition facilitates subsequent spontaneous
reactions. The effective catalytic activity requires the even
distribution of active metal particles and the prevention of
their agglomeration. The addition of ligands [26] and stabi-
lizers [27] to the metal solution has been shown to mitigate
clustering.

Carbon nanotubes (CNTs) serve as excellent catalyst sup-
ports due to their unique physical properties and ability to
optimally support active-phase metal particles. However,
their low dispersal in aqueous or organic phases hinders the
effective transfer of these properties. Covalent functional-
ization of nanotube surfaces has been proposed to harness
these properties on a larger scale [28, 29].

Despite enhancement with functional groups through oxida-
tion processes, uniform distribution of metal nanoparticles
on CNT catalyst supports remains challenging due to their
propensity for agglomeration [30, 31]. Covalent function-
alization of nanotube surfaces with various groups offers
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a promising strategy to achieve desirable properties on a
macroscopic scale [31].

Formation of functional groups through defect sites on CNT
walls and open ends during oxidation with strong acids (e.g.,
HNO3 and H,SOy) or their mixtures can enhance nanotube
reactivity and introduce hydroxyl or carbonyl groups. These
groups facilitate chemical reactions such as polymer graft-
ing [32], silanization [33], amination [34], and thiolation
[35]. However, the tendency of nanotubes to agglomerate
and the spontaneous formation of nanoparticles at surface
defect sites continue to pose challenges in achieving uni-
form distribution of metal nanoparticles on CNT catalyst
supports.

Previous research [36] has detailed the development of a
novel catalyst using encapsulated platinum particles with
water-dispersible MWCNT-g-PCA hybrid material, enhanc-
ing nanoparticle dispersion and catalytic activity.

This study presents the first description of a new catalyst
with improved distribution and increased catalytic effective-
ness for H,O, decomposition. The process involves coating
an aluminosilicate granule substrate with MWCNT-g-PCA-
Pt/Pd nanoparticles and modifying CNTs with polymers
using covalent attachment. Citric acid-based PCA is se-
lected for its cost-effectiveness and availability, enhancing
the performance of the resulting catalysts.

2. Experimental section

2.1 Materials

Multi-walled carbon nanotubes (COOH content: 2.6
%, length: 5 um, outer diameter: 10-15 nm, and
number of walls: 3-12) were purchased from Plasma
Chem. Monohydrate citric acid, tetrahydrofuran (THF),
cyclohexane, sodium borohydride (NaBHy), chloropla-
tinic acid (HpPtClg,6H,O) and palladium chlorides
(PdCl,), hydrogen peroxide solution (50 wt.% in H,O,
stabilized) and aluminosilicate (mesostructured MCM-
41 ,(8102)0_9875(A1203)0_0125-tzO)were purchased from
Sigma-Aldrich.

2.2 Characterization

The morphology of MWCNT-g-PCA-Pt was investigated us-
ing scanning electron microscopy (TESCAN MV2300T/40
-TS 5136MM). Fourier transforms infrared (FTIR) spectra
were obtained with a spectrometer (Magna-IR 560 Thermo
/ Nicolet Magna-IR 560). The specific surface area of
the samples was measured by N; adsorption-desorption
isotherms at 77K by the Brunauer—-Emmett—Teller (BET)
method using a Sorptomatic 1990 apparatus. Thermal gravi-
metric analysis (TGA) was performed by TGA 2950, TA
Instruments from ambient to 1000 °C at a heating rate of 10
°C/min in air atmosphere to evaluate the thermal stability
of catalysts. The distribution state of nanoparticles was
observed using transmission electron microscopy (TEM,
LIBRA 200 MC, Carl Zeiss SMT, Germany, 200 kV).
The atomic concentration of the catalyst samples was stud-
ied by X-ray photoelectron spectroscopy (XPS, BESTEC
GmbH spectrometer) with monochromatized Al K radiation
(120W). The X-ray Diffraction pattern of the nanocatalyst
was collected on a Philips analytical X-ray diffractometer
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(XPertMPD ) with monochromatized Cu K. The metal
phase content of nanocatalysts was measured by the induc-
tively coupled plasma with optical emission spectroscopy
(ICP-OES, Vista-MPX, Varian).

The hydrogen temperature-programmed reduction (H,-TPR,
Micrometrics TPD-TPR 2900 analyzer) technique was em-
ployed for the evaluation of the reducibility of the nano-
catalysts. First, the impurities were removed from the cat-
alyst surface by preheating under a helium atmosphere at
200°C for 1 h. After cooling the samples, TPR was ob-
tained under 5% H, in an argon stream during a linear
heating program of 10 to 700 °C at atmospheric pressure,
and then H; desorbed from the catalyst was monitored by a
thermal conductivity detector (TCD).

The catalytic decomposition of hydrogen peroxide was con-
ducted using a custom-designed apparatus. The setup con-
sisted of a sealed stainless steel reactor vessel equipped
with three ports: one for gas outlet, one for a safety valve,
and one for hydrogen peroxide introduction. The reactor
was maintained at a constant temperature of 45 °C using a
thermostat with a water circulation system.

The experimental procedure involved initially placing 100
mg of catalyst in the reactor, followed by the injection of
approximately 5 ml of HyO,. The generated gases were
passed through a saturated brine trap to remove H20 and
unreacted H,O,, with the remaining gas collected for mea-
surement.

The liberated oxygen was directed into an Erlenmeyer flask
containing water, which was connected to a second Erlen-
meyer flask at atmospheric pressure. Any excess pressure
caused water to flow into the second flask, which was posi-
tioned on a digital balance with 0.001 g precision to mea-
sure the water displaced by oxygen production. This setup
allowed for real-time monitoring of H,O, decomposition
kinetics.

The decomposition percentage x of HyO; at time x was
calculated as below:

NxHy0p
NOH,0,

N 02
100,

X0, =1— (10)

In this relation, nyp, is the O, mole after x time, and ngo, is
the O, mole assuming complete conversion of HyO,. The
conversion of HyO, was determined by calculating the O,
mole ratio in the rejected water measured by a digital scale
to the O, mole if hydrogen peroxide was fully decomposed.
The number of released O, moles was calculated using the
ideal gas law, where p represents atmospheric pressure, V
is the released O, volume, R is the ideal gas constant, and
T is the ambient temperature.

Although catalytic decomposition of H,O, is complex, un-
der certain operating conditions in the first 30 seconds, the
reaction kinetics can be described by a pseudo-first-order
equation:

dnmo2
dt = _kan202 (1 1)
In 22202 _ g (12)
nXH202

Turnover frequency (TOF) is the amount of H,O, conver-
sion per amount of catalyst per hour and is calculated as
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equation. 13:

pv
dnmon _ 2ny,0, _ 257
dt X Npetal I X Nyetal I X Nmetal

TOF = (13)

where 71 1S the moles of metal.

2.3 Preparation of MWCNT-COOH- Pt/Pd nanocom-
posites

complexation and reduction of metal ions in two steps
lead to the formation of MWCNT-COOH- Pt/Pd nanocata-
lysts. Typically, for preparation of MWCNT-COOH-Pt/Pd
nanocomposite with the ratio of platinum:palladium ions
equal to 2:1, 0.2 g of CNTs-COOH is diluted in 10 ml of
water, and then 0.52 g of chloroplatinic((Merck, 40 Pt) acid
and 0.26 g of palladium chloride (Merck, 40 Pt) added to
it. The mixture was ultrasonicated for 20 minutes and then
stirred at room temperature for 3 hours. Then Pt and Pd
reduction was conducted by adding 0.05 ml, 0.01 M aque-
ous sodium borohydride to the mix at room temperature
for about one hour. It should be noted that the reduction
process must be performed immediately after loading the
active metal phase.

2.4 Preparation of MWCNT-graft-PCA-
nanocomposites

Pt/Pd

MWCNT- graft -PCA hybrid materials were prepared using
the following procedure [30]. 0.05 g functionalized carbon
nanotubes with 2.5 g monohydrate citric acid are pulverized
in a mortar to be mixed. Then, the mixture was replaced
into a polymerization ampoule equipped with a vacuum
pump and a magnetic stirrer and stirred at 120 °C for half
an hour. The reaction was continued for one hour at 120°C
and 1.5 hours at 160 °C. The byproduct produced in this
process is water, which must be removed from the system to
promote the reaction. Therefore, the water vapor generated
by the reaction was removed by a vacuum pump. After the
above steps, the residue was dissolved in THF solvent, and
then cyclohexane was used as a non-solvent.

A water solution containing MWCNT-graft-PCA (0.2 g in
10 ml) was combined with H2PtCl6 (0.52 g in 3 ml) and
subjected to ultrasonication for 15 minutes to ensure effi-
cient dispersion of metal ions within the polymeric shell of
the nanocomposite. The resulting mixture was then stirred
at room temperature for 3 hours.

Subsequently, a reduction process was performed using 0.01
M sodium borohydride at room temperature for 1 hour to
form Pt nanoparticles. The encapsulation of palladium ions
followed, wherein the resulting solution was mixed with
PdC16 (0.26 g in 3 ml) and subjected to further reduction us-
ing aqueous sodium borohydride under similar conditions.
This sequential process yielded a nanocomposite material
comprising MWCNT-graft-PCA encapsulating both Pt and
Pd nanoparticles.

2.5 Deposition of the catalyst on aluminosilicate

The aluminosilicate granules were immersed in prepared
MWCNT-graft-PCA-Pt/Pd solution and stirred at 60 °C for
5h. After complete impregnation, the samples were trans-
ferred to the oven and dried at 80 °C for 12 hours in the
air. This was followed by calcination in a furnace at 500 °C
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Figure 1. schematic of synthesis steps of MWCNT-g-PCA- Pt/Pd @aluminosilicate.

for 3 hours and reduction operation at 400 °C for 2 hours
under a hydrogen atmosphere. The starting weight ratio
of the active metal phase to the support in all samples is
maintained constant and corresponds to the active metal
phase load (related to the mass of the carrier) of 10 wt%.

3. Results and discussion

A schematic of the synthesis method of MWCNT-graft-
PCA- Pt/Pd @aluminosilicate is shown in Fig. 1. This
figure shows the polycondensation of citric acid on the
surface of MWCNT -COOH through covalent bonding be-
tween COOH and PCA groups. The figure also illustrates
the encapsulation of Pt/Pd nanoparticles by a polymeric
shell of MWCNT-g-PCA hybrid materials and aluminosil-
icate surface coating with a solution of MWCNT-g-PCA-
Pt/Pd nanocatalyst. Fig. 2 presents the TEM images of the
functionalized MWCNT and the synthesized catalysts. In
Fig. 2a, a polymeric shell of the grafted PCA is seen around
the nanotubes. According to the microscopic images and
regarding the multi-functionality of the opened nanotubes
and citric acid, the cross-linking of the nanotubes by citric
acid is observed in some parts of the CNT wall during the
polycondensation process. The images also show an almost
uniform distribution of nanoparticles in the polymeric shell
around the sidewall of the nanotubes. The particle size of

the metal active phase is almost identical in all samples and
has a narrow distribution of 5-10 nm. In fact, the PCA is
hyperbranched with its dendritic and void-containing struc-
ture. Also, it has negative charge accumulation due to the
presence of a large number of oxygen atoms. Therefore, it
makes the MWCNT-g-PCA a suitable host for the adsorp-
tion of metal ions and proper distribution of particles on
the substrate [37, 38]. Fig. 3 shows nanocatalysts’ scanning
electron microscopy (SEM) images. The results indicated
the appropriate dispersion and distribution of metal nanopar-
ticles on all three catalyst samples without any agglomer-
ation. The proper dispersion and uniform distribution of
these active agents can play an essential role in enhancing
catalytic activity. The EDAX results show that in MWCNT-
g-PCA-Pt/Pd nanocomposite, Pt and Pd are distributed in
the form of Pt/Pd alloy and not separately.

ICP-AES was used to determine the active metal loading
of the catalysts on the support (Table. 1). In all cases,
more than 98 wt.% of the materials in the precursors are
placed on the support, evidencing the high efficiency of
the nanocatalyst synthesis method. Fig. 4a shows typical
adsorption-desorption isotherms of the nanocatalysts. All
samples show a hybrid of type-II and type-IV isotherms,
suggesting the presence of micro-and meso-cylindrical cav-
ities in the nanocatalyst structure. Fig. 4b shows the pore

Figure 2. TEM image of (a) MWCNT-g-PCA, (b) MWCNT-g-PCA-Pt, (c) MWCNT-g-PCA-Pd, and (d) MWCNT-g-PCA-
Pt/Pd and nanocomposites (black arrows show Pt and Pd nanoparticles).
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Figure 3. SEM and EDX image of (a) MWCNT-g-PCA-Pt (b) MWCNT-g-PCA-Pd and (c) MWCNT-g-PCA-Pt/Pd

@aluminosilicate.

800

Vy/em*(STP) g
g

0.5 1

--e-- -g-PCA-PUPd@alumincsilicate
MWCNT. ®
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Figure 4. (a) Nitrogen adsorption—desorption isotherms and (b) pore size distribution curves of MWCNT-g-PCA- (Pt, Pd

and Pt/Pd) @aluminosilicate nanocatalyst.

size distribution curves of these samples. As can be seen,
the pore size distribution of the samples was very narrow
in the mesoporous regime, with an average pore size of
10-12 nm. Table. 2 shows the porous characteristics of
MWCNT-g-PCA and MWCNT-COOH nanocatalysts on
a mesoporous aluminosilicate support. According to the
obtained results, the specific surface area of the aluminosil-
icate pellet is significantly reduced by metal loading on
the catalytic substrate [28] due to catalyst deposition on
the aluminosilicate surface. Here, D,y of the MWCNT-g-
PCA-M @aluminosilicate sample is smaller than that of the
aluminosilicate support, indicating the blockage of some
pores during the impregnation process [26]. Also, after
polymerization with PCA, the Sggr of MWCNTCOOH-
Pt/Pd@ aluminosilicate nanocatalyst increases from 351 to
460 m?/g. CNT functionalization with PCA generates re-
pulsion forces, thereby debundling nanotubes and creating

more interspace. As a result, it increases the porosity and
specific surface area of the nanotubes after polymerization.
This process can also facilitate the access of N to the alumi-
nosilicate substrate [38]. The results show that the surface
area of the bimetallic sample is slightly higher than that of
mono-metallic ones. This difference could be attributed to
the increase of the surface roughness [39] by introducing
the second metal, which generates more internal defects and
creates new micropores [40]. Therefore, the number of cat-
alytic active sites increases and mass transfer is facilitated
during the reaction process in bimetallic samples compared
to monometallic ones.

The thermal stability of the nanocatalysts was evaluated
using TGA analysis (Fig. 5). Carboxylated nanotubes are
thermally stable up to 350°C. A weight loss of 8% at
350 °C can be attributed to the carboxylic groups attached
to the CNT surface during functionalization with nitric acid

Table 1. Content of Pt and Pd in precursors and final nanocatalysts ICP-AES analysis.

sample Pt wt. % Pd wt. %
+0.01 +0.01
prepared sample precursor prepared sample precursor
MWCNT-g-PCA-Pt@aluminosilicate 9.80 10.00 - -
MWCNT-g-PCA-Pd@aluminosilicate - - 9.70 10.00
MWCNT-g-PCA-Pt/Pd (2:1) @aluminosilicate 6.55 6.65 3.25 3.35
MWCNT-COOH-Pt/Pd (2:1) @aluminosilicate 6.21 6.65 3.15 3.35
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Figure 5. TGA curves of various synthesized @aluminosilicate nanocatalysts.

[41]. Moreover, the weight loss at 400 to 550 °C is due to
amorphous carbon oxidation. Compared to carboxylated
nanotubes, polymerized nanotubes begin to decompose at
a lower temperature. The onset of significant weight loss
is 150 °C, at which the nanotube loses 60% of its initial
weight due to the decomposition of PCA hyperbranches.
The amount of metal phase can be obtained based on the
TGA analysis’s residual mass, which is in good agreement
with the results of the ICP-AES analysis. Although all sam-
ples were made with the same values of Pt precursors, the
higher values reported from TGA for polymerized samples
indicate that the PCA hyperbranch trapped more Pt particles.
Also, they had a better anchorage of nanoparticles on the

catalyst support.

The XRD patterns of the catalysts are given in Fig. 6. For
the carboxylated MWCNT, the peak at the plane (002) ob-
served at 260 = 25.90 ° corresponds to the diffraction of the
nanotubes’ graphite structure. The same peak is seen at 20
= 24.95 ° for polymerized MWCNT. By an increase in the
spz, carbon-carbon double bond distance can cause a down-
ward shift in the peak (002) for the grafted sample [42]. The
other diffraction peaks that appeared at 20 = 39.65, 46.3,
and 67.4 ° are indexed to the (100), (200), and (220) reflec-
tions, respectively, for MWCNT-g-PCA-Pt nanocomposite.
By adding Pd, the peaks related to Pt® are shifted to higher
angles. For the Pd (2:1) nanocatalyst, 20 = 40.30, 47.20,

(o MWCNT-COOH. Pt
(a) MWCNT-g PCA-Pt
MWCNT.g-PCA-Pé
MWCNT.gPCAPvpd | | POPAOID ®)
mTTmy
4 '
| PePA(LID) ! PAPAC200 Pd(111)
. : { BNGS PiPe20) .
£ 4 v
H R e ) Paczoy| | PHID b
= ! ; =~
' '
| '
_ i N,m.),: Pe(200) Pe(200) 40
S Lo -:-- E— I -0
ORI | pes
L — P200)
10 20 30 40 50 60 70
20

Figure 6. (a) XRD pattern of some nanocatalysts, (b) a magnification of (111) reflection.

Table 2. The porous properties of various nanocatalysts.

Aluminosilicate pellet (Si/Al= 32

MWCNT-g-PCA-Pt@aluminosilicate
MWCNT-g-PCA-Pd@aluminosilicate
MWCNT-g-PCA-Pt/Pd (2:1) @aluminosilicate
MWCNT-COOH-Pt/Pd (2:1) @aluminosilicate

920 097 12.0 0.83 0.09
442 064 11.1 042 0.16
438 060 105 038 0.19
460 0.68 114 0.53 0.10
351 044 9.6 027 0.24

2 SpeT (specific surface area) obtained from Brunauer-Emmett-Teller surface plot
b Vot (total volume) was obtained from the adsorbed N volume at P/Py = 0.99.
4 Average pore diameter obtained from Barrett-Joyner-Halenda (BJH) plot
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and 68.55° are related to the same reflections as those of
the Pt nanocatalyst. The XRD peaks for Pt/Pd bimetallic
nanocomposite are seen in 260 = 39.95, 46.25, and 68.10 °,
respectively. According to Fig. 6b, the bimetallic catalyst
peaks appear between Pt and Pd mono-catalyst. The aver-
age lattice parameter obtained for Pt/Pd nanocomposites
is consistent with the reports of other researchers. These
results confirm the formation of Pd/Pd alloys. This can
happen because Pt and Pd have similar atomic sizes and
electronic structures, allowing them to form solid solutions
(alloys) even in non-equimolar ratios. [43, 44].

As shown in Fig. 7, more detailed information about the
composition of the catalyst is obtained using the XPS analy-
sis. Fig. 7(a) shows the XPS spectra of MWCNT-g-PCA-Pt
and MWCNT-g-PCA-Pt/Pd nanocatalysts. These spectra
confirm the existence of Al 2s (arising from support), C
Is and O 1s (arising from CNT and its surface functional
groups), and Pt 4f and Pd 3d (arising from the catalytic
active component). Also, Fig. 7(b) presents the Pt 4f core
level spectra of the different catalysts. For MWCNT-g-
PCA-Pt, two main peaks are observed at binding energy
71.25 eV and 74.43 eV, which are related to the spin-orbital
splitting of Pt 4f7/, and Pt 4fs/, regions, respectively. The
peak 4f of MWCNT-g-PCA-Pt/Pd nanocatalyst is positively
shifted by about 0.45 eV and 0.54eV compared to that of
MWCNT-g-PCA-Pt nanocomposite. This shift is due to
the interaction between Pt and Pd and the modification of
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their electronic structure. Here, the higher binding energies
of polymerized nanocatalysts emphasize the strong interfa-
cial interaction between Pt and PCA branches in this case.
The high-resolution spectra of C Is for carboxylated and
polymerized MWCNT nanocatalysts are shown in Fig. 7(c).
Both samples show a major peak at approximately 284.5 eV
that corresponds to the graphene-shaped structure of CNT
with sp? hybridized (C=C). The samples also show a peak
at 285.2 eV related to SP? hybridizes carbon atoms (C-C).
The other peaks at 286.7 eV, 288.1 eV, 289.6 eV, and 291.1
eV are related to carbon atoms attached to one or more
oxygen atoms that induce a positive charge on the carbon
atoms and are indexed to C-O, C=0, O-C=0, and 7 — 1"
transitions, respectively [45—47]. Table. 3 compares the
atomic concentration data of each component for MWCNT-
COOH and MWCNT-g-PCA. A decrease in the sp> peak
and an increase in the sp> peak indicate that the PCA shell
caused more breakage of nanotube graphite exterior walls
than carboxyl groups. At the same time, oxygenated func-
tional groups increased, indicating that carboxyl groups are
covalently attached to MWCNT-COOH.

Fig. 8 shows the TPR spectra of the prepared catalysts. The
H,-TPR profile of the Pt nanocatalysts shows two peaks: the
first hydrogen consumption peak is related to the reduction
of PtO, to metallic Pt, and the second to the reduction of
metal Pt-Al to metallic Pt. For MWCNT-COOH-Pt alumi-
nosilicate nanocatalyst, these peaks are observed at 389 and

(a)
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e MWCNT-g-PCA-Pr Pd@alumina
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A

]

C1s

-

400

500

600 700

Binding Energy(ev)

(b) e MIWCNT-g-PCA-Pt@alumina
e NTWCNT-g-PCA-PUPd@alumina

—\WCNT-COOH-Pt@alum ima

Ptdfn
7413V

Ptdf s>
71V

Intensity

Intensity(a.u.)

(©)

—MWCNT-COOH - - ~MWCNT g PCA

Binding energy(eV)

Figure 7. XPS spectra of (a) MWCNT-g-PCA -M (Pt, Pt/Pd) @aluminosilicate nanocatalyst, Pt4f (b) different nanocatalysts,
(c)peak fitting results from C 1s of carboxylated and polymerizd MWCNT nanocatalyst.
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Table 3. Atomic concentration of carboxylated and polymerized CNT by Cls XPS data.

MWCNT-COOH  60.7

19.2

56 41 58 46

MWCNT-g-PCA 539 263 7.1 28 82 1.7

598 °C, respectively. Compared to the MWCNT-COOH-Pt
nanocatalyst, the reduction temperature of the MWCNT-g-
PCA-Pt sample decreased by 25 °C, indicating the enhanced
surface activity of the nanoparticles with a uniform distribu-
tion in the polymeric shell [43]. Notably, the reduction peak
in the sample consisting of encapsulated platinum in poly-
merized CNT is quite narrow and symmetrical. However,
the wide and asymmetrical peak at higher temperatures in
the sample containing carboxylated CNT indicated differ-
ent types of PtO, domains with different interactions with
support. These domains can be created by the aggregation
of PtO; clusters, leading to a reduction in surface active
areas [48]. For the Pd nanocatalyst, the first peak at 40 °C
is related to PdO large crystals, and the negative peak at
100 °C is attributed to the hydrogen evolution of Pd hydrate
phase decomposition. The stable peak observed at 240 °C
is related to the reduction of PdO nanoparticles with strong
interaction with the support [38].

Analysis of the TPR profile of the bimetallic Pd-Pt cata-
lysts reveals behavior distinct from a simple aggregation of
monometallic samples. The proximity of Pd and Pt parti-
cles is evidenced by the shift in the peak associated with Pd
hydrate phase formation. Both the dispersion of Pd particles
and the Pt content in the Pd-Pt alloy influence the reduction
of the Pd hydrate phase formation.

In the bimetallic catalyst, a negative peak observed at 60 °C
corresponds to the palladium hydrate phase. These findings
align with those reported by Victor Santes [49], who noted
that the interaction between platinum and palladium mod-
ifies the formation temperature of the hydrate phase. The
absence of a peak related to PtO reduction on the substrate
in bimetallic catalysts suggests the presence of platinum in
its metallic form.

MWCNT-g-PCA-Pt/Pd exhibits the highest H, consump-
tion during reduction steps, as indicated by the largest sur-
face area under its curve. This corresponds to a greater
number of active sites.

FESEM images of used catalysts were obtained to examine
surface characteristics, nanoparticle durability, distribution,
and potential agglomeration resulting from the catalytic

~==MWCNT-COOH-Pt
==—=MWCNT-g-PCA-Pt
===MWCNT-g-PCA-Pd
=——=MWCNT-g-PCA-Pt/Pd

_/’\\

H2 Consumotion (a.u.)
N\
py

0 100 200 300 400 500 600 700
Temperature (°C)

Figure 8. H,-TPR profile of various nanocatalysts.

decomposition of hydrogen peroxide (Fig. 9). The images
do not show surface denuding typically associated with
complete washing. EDAX results indicate an absence of
catalyst poisoning, suggesting that the catalyst maintains its
efficiency and usability at levels comparable to those before
the decomposition test.

Fig. 10 shows H,O; conversion over time in the presence
of various catalysts. The reaction rate is also obtained using
the slope of this curve. According to the obtained results,
the catalytic activity of Pt nanocatalysts in the presence
of polymerized carbon nanotubes is higher than that of
carboxylated carbon nanotubes. The highest catalytic activ-
ity related to MWCNT-g-PCA-Pt/Pd nanocatalyst, which
shows an approximately twice increase compared to that of
similar bimetallic catalysts without a polymerization pro-

Figure 9. SEM and EDX image of (a) MWCNT-g-PCA-
Pt (b) MWCNT-g-PCA-Pd and (¢) MWCNT-g-PCA-Pt/Pd
@aluminosilicate after catalyst decomposition.
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cess and near-complete decomposition occurs after 40 s
for the bimetallic polymer catalyst. This result could be
due to the better dispersion of Pt on the support surface
and the proper interaction of metallic nanoparticles with
aluminasilicate in the presence of citric acid polymer chains.
These results agree with BET analysis in evaluating the
surface properties of various types of synthesized nanocat-
alysts. Overall, the significant improvement of SBET and
surface-active sites in pol polymerized samples compared
to carboxylated samples will improve catalytic properties.

Table. 4 summarizes the effects of various parameters on hy-
drogen peroxide decomposition. The reaction rate constant
is expressed by equation. 12. Results indicate that H,O, de-

composition follows bimolecular first-order kinetics, consis-
tent with findings from other researchers [24]. At elevated
temperatures, H,O, tends toward auto-decomposition, and
the low solubility of oxygen at high temperatures shifts the
reaction equilibrium forward, resulting in increased reac-
tion rates. However, due to the 50% H,O, concentration
used, temperature increases could lead to heat generation,
ignition, and potential explosion. Consequently, the temper-
ature parameter’s effect on H,O, decomposition was not
investigated.

During H,O, decomposition, localized pressure and tem-
perature increases subject the catalyst support to thermal
and mechanical stress, potentially causing destruction and

Table 4. Effects of important experimental variables on the catalytical decomposition of H,O5.

Parameter PCA  Value k (min!) £0.01 TOF(minT) £1
Pt/Pd PCA

v 0 41.20 712
v 1 39.18 612
v 2 54.80 803
v o0 56.32 830

0 15.91 314
X 1 17.72 370
X 2 18.83 396
X o 12.84 246
X

Initial pH
(Pt=0)
v 3 40.50 680
v 5 41.20 712
v 7 39.10 632
v 9 38.33 610
(Pd=0)

v 3 33.43 580
v 5 48.11 760
v 7 56.32 830
v 9 54.54 801
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Figure 11. Schematic of hydrogen peroxide decomposition on the prepared catalyst.

sintering. Therefore, a catalytic support with high mechan-
ical and chemical resistance and suitable surface area is
essential. The selected alumina-silica supports, chosen for
their desired properties, form a constant base across all sam-
ples. The porous ceramic catalyst supports used have low
thermal conductivity, which can lead to hot spots in the
catalyst bed. Carbon nanotubes were incorporated in all
samples to enhance thermal conductivity and mitigate this
phenomenon, as well as to improve particle distribution.

The metal catalyst’s oxidation state is crucial for HyO,
decomposition, and catalyst activity requires adjustment
in the presence of protons and/or anions in feed solutions
[50-53]. The effect of pH on H,O, decomposition activity
was evaluated in the range of 3 to 9. The initial pH of the
H, 0, solution was 5.5, with acidic or basic conditions cre-
ated by adding 0.1 M H,SO4 or 0.1 M NaOH, respectively.
Findings indicate that decreasing solution pH slowed the
reaction, with this effect more pronounced for the Pd active
phase compared to Pt. Oxidized Pd surfaces show greater
responsiveness to proton and/or anion interaction, restrict-
ing H,O; molecule access and inhibiting decomposition.

Results suggest that platinum and palladium particles in
combination carry negative and positive charges, respec-
tively. The presence of more negatively charged particles in
the Pt/Pd=2 sample creates an additional negatively charged
surface, enhancing catalytic activity by accelerating reac-
tions 4 to 6. Optimal decomposition rates were achieved
at an initial pH of 7.5 for the prepared catalysts. The de-

composition reaction mechanism according to the obtained
data and the Mededovic model [25] is shown in Figure. 11,
which includes hydrogen peroxide adsorption on the cat-
alytic substrate and electron transfer from the metal alloy to
the adsorbate and a series of intermediate reactions on the
metal surface as described above. These absorbed species
and intermediate products react with hydrogen peroxide and
produce oxygen and water.

To assess catalyst stability and reusability, the prepared cat-
alyst was washed with excess deionized water after each
cycle, then dried for 2 hours at 120 °C. The dried catalyst
was subsequently used for H,O, decomposition in three
consecutive cycles.

Table. 5 presents the reaction rate constant (k) and turnover
frequency (TOF) in three cyclic steps in HyO, decomposi-
tion. According to the obtained results, in MWCNT-g-PCA-
Pt@ aluminosilicate nanocatalyst, the H;O, conversation
percentage has decreased from 89 to 78 from the first cycle
to the third one. However, in MWCNT-COOH-Pt @ alumi-
nosilicate, this value has decreased from 35 to 21% under
the same conditions.

In fact, PCA chains lead to a better distribution of active
metal sites and stronger interaction between the metal ac-
tive phase and support. But in bimetallic nanocatalysts,
the cyclic conversion rate has decreased from 94 to 88%
for MWCNT-g-PCA-Pt/Pd @ aluminosilicate and from 42
to 31% for MWCNT-COOH-Pt/Pd @ aluminosilicate. In
these nanocatalysts, the presence of the second metal in-

Table 5. Comparison of previous reports of HO, decomposition rates with the present research work.

Catalyst type Temperature (k) TOF (min™") Reference

MnO, 298 135 [12]

Nal 298 72 [12]

Ru pincer complex 298 540 [53]

1% AuPd/C 275 167 [54]

Co/Zn-ZIF-8 298 47 [55]

Au/SRAC 303 29 [56]
MWCNT-g-PCA-Pt/Pd@ aluminasilicate 298 830 present work
MWCNT-g-PCA-Pt@aluminasilicate 298 712 present work
MWCNT-g-PCA-Pd@ aluminasilicate 298 616 present work
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creases the specific surface area and modifies the electronic
structure of Pt nanoparticles. Generally, it is inferred that
the catalytic activity is a function of electronics and geome-
try.

In this work, the catalytic reaction rate for MWCNT-g-PCA-
Pt/Pd @ aluminosilicate nanocatalyst for HO, decompo-
sition is about 830 min™!, which is significant compared
to that in similar works. In addition, the durability of the
performance of this catalyst is shown in successive cycles.
Table. 5 summarizes the catalytic activity of some catalysts
for H,O, decomposition in different research works and the
present study. According to this table, MWCNT-g-PCA-
Pt/Pd@ aluminosilicate has the highest catalytic activity
among the reported catalysts.

4. Conclusion

In conclusion, we have developed novel nanocatalysts com-
prising encapsulated platinum group metal nanoparticles
supported on aluminosilicate, utilizing a newly synthesized
water-soluble MWCNT-g-PCA hybrid material for H,O;
decomposition. The physicochemical properties of these
new nanocatalysts were examined and compared with
those of Pt@aluminosilicate nanocatalysts developed using
carboxylated MWCNT. In polymer-grafted nanotubes,
PCA hyperbranching resulted in efficient dispersal of
metal nanoparticles on the substrate, while carboxylated
nanocomposites exhibited some agglomerated nanoparti-
cles anchored to the nanotube via hydroxyl and carbonyl
clusters.

Significantly, the surface area of PCA-bonded CNT
catalysts increased by 30% compared to carboxylated
CNT, attributed to nanotube segregation and the creation
of additional internal voids. The design material featuring
a hyperbranched polymer structure as the active phase’s
base demonstrated an interconnected porous pattern on
the supporting surface, substantially enhancing H,O,
decomposition rates and catalyst longevity.
MWCNT-g-PCA-Pt/Pd@aluminosilicate exhibited the
highest catalytic activity, showing marked improvement
over analogous metallic catalysts. In contrast, the catalytic
performance of MWCNT-COOH-Pt/Pd @aluminosilicate
was less than half that of the polymerized catalyst. The
polymerized sample demonstrated exceptional durability
through multiple experimental cycles. To our knowledge,
this level of catalytic activity for HO, decomposition is
unprecedented in the literature.
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