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Abstract 

Platinum, palladium, cobalt, and palladium-cobalt (Pd-Co) metal nanoparticles were individually 
dispersed and stabilized within organically modified silicates (ORMOSILs) using a sol–gel process. 
The silicate matrix was formed through the polymerization of methyltriethoxysilane (MTES), 
effectively encapsulating the metal particles. In situ reduction of the corresponding metal ions 
resulted in varied enriched surface morphologies and compositions, depending on the specific metal 
nanoparticles incorporated. The prepared materials were comparatively characterized by FTIR, TEM, 
SEM, and XPS techniques.  

Keywords: metal nanoparticles; Pt; Pd; Co; and Pd-Co; methyltriethoxysilane (MTES); sol–gel; 
organically modified silicates 
 

1. Introduction 

The development of mesoporous organically modified silicates with customizable pore sizes 
began in the 1990s and has since evolved into one of the fastest growing areas of nanomaterials 
research [1–4], as functional compounds, characterized by their well-defined structures, find 
applications across various branches of chemistry and related disciplines [5–10]. One of the most 
intriguing features of these organic–inorganic hybrid materials is their molecular architecture, 
consisting of an inorganic Si–O core covalently bonded to organic substituents [11–15]. They are 
typically synthesized through the hydrolytic condensation of tailored alkoxysilane derivatives, under 
suitable conditions, resulting inorganic cage-like silicon-oxygen (siloxane) frameworks surrounded 
by functionalized organic side-chains [11–16]. 

Moreover, functionalized hydrogels derived from these materials can exhibit desirable surface 
characteristics, including high interfacial toughness, tunable thickness, fitting topology, 
transparency, and adjustable hydrophobicity, enabling properties such as anti-fouling, anti-fogging, 
lubricant, and abrasion resistance [7–9,17]. With recent advancements in surface-modified 
nanosystems for bioengineering and biomedical applications [7–9,17], silica-based nanomaterials 
have gained significant attention due to their ease of surface functionalization, bioactivity, 
biocompatibility, biodegradability, and bioavailability, and as a result have been exploited in a range 
of therapeutic processes [14,18–21]. For example, covalent hybrid networks based on substituted 
spherosilicate cores incorporating functionalized methacrylates have shown promise in bone tissue 
engineering [14,21]. Similarly, virus-like mesoporous silica nanoparticles have demonstrated 
enhanced cellular uptake [20], while large-pore mesoporous silica nanoparticles have been utilized 
in immunotherapy, particularly for the co-delivery of protein antigens and toll-like receptor 9 
agonists to boost cancer vaccine efficacy [18,19]. 
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Silica-based sol–gels are particularly notable for their high porosity, glassy rigidity, large specific 
surface area, and thermal stability, coupled with the convenience of tunability of pores size and 
volume [11,16,22–25]. In addition, the presence of heteroatoms at the organic linkers within their 
cage-like structures improve their effectiveness as metal nanoparticles’ stabilizers [23–27]. This 
feature has been exploited in the heterogenization of homogeneous catalytic systems, allowing for 
the dispersion or encapsulation of metallic nanoparticles within their porous structures [28–31]. Such 
systems not only maintain high surface area and enables customizable pore sizes, but also facilitate 
an easy product separation, and catalyst reusability [28–31]. As a result, these hybrid catalysts are 
increasingly being implemented in continuous flow chemical processes [31–34]. 

We here report the dispersion and stabilization of platinum (Pt), palladium (Pd), cobalt (Co), 
and palladium-cobalt (Pd-Co) metal nanoparticles in organically modified silicates using a sol–gel 
synthesis approach. The resulting hybrid materials were comparatively characterized using FTIR, 
TEM, SEM, and XPS techniques. These materials are ultimately designed to serve as potential 
recyclable catalysts for various chemical transformations. 

2. Materials and Methods 

2.1. Chemicals 

All chemicals and solvents were obtained from major suppliers such as Fisher Scientific or 
Avantor Science Central, and used as received, without further purification unless otherwise 
specified. 

2.2. FTIR and XPS 

FTIR experiments were conducted using a Thermo Scientific Nicolet iS20 FTIR Spectrometer, 
equipped with advanced LightDrive™ optical engine technology, a GA-IR module, and external 
microscopes suitable for both liquid and solid samples. 

XPS measurements were performed using a ScientaOmicron ESCA 2SR X-ray Photoelectron 
Spectroscopy system equipped with a flood source charge neutralizer. Powder samples were pressed 
into small pellets and mounted on the sample stage using double-sided carbon tape. Samples were 
then loaded into the load-lock chamber and evacuated to a vacuum level below 5 × 10⁻⁷ mBar before 
being transferred to the analysis chamber. All measurements were conducted using a monochromatic 
Al Kα X-ray source (1486.6 eV) operating at 450 W, with the pressure in the analysis chamber 
maintained below 3 × 10⁻⁹ mBar. A wide-range survey scan and high-resolution core-level scans for 
all elements were acquired and calibrated using the C(1s) peak at 284.8 eV as the reference. Core-
level spectra were deconvoluted to determine chemical state information. 

2.3. SEM and TEM 

SEM imaging and EDS analysis were conducted using an FEI Quanta 3D FEG FIB-SEM dual-
beam system equipped with an EDAX Apollo XL EDS detector. Powder samples were mounted on 
SEM stubs using double-sided carbon tape and coated with a thin layer of platinum to minimize 
charging effects during imaging and analysis. 

For TEM imaging, data were acquired using a JEOL 2011 TEM operated at 200 kV. TEM samples 
were prepared following a standard protocol: grinding, mixing with ethanol to form a suspension, 
ultrasonic bathing, vortexing, and applying the suspension to a holey carbon film supported by 300-
mesh copper grids. 

2.4. General Procedure for the Preparation of Metal Nanoparticles Dispersed and Stabilized in Organically 
Modified Silicates 

The general procedure for the preparation of these materials was adapted from previously 
reported methods [26,35–37]. It involves vigorous stirring of the selected alkoxysilane, used as the 
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matrix precursor, in approximately 10 mL of 0.05 M HCl until a homogeneous solution is obtained. 
The appropriate metal salt, dissolved in about 30 mL of an acetonitrile:water mixture (3:2), is then 
added, and the resulting mixture stirred until fully homogeneous. Subsequently, a solution of 1 M 
NaOH is added until the pH reaches approximately 8, and the mixture stirred until gelation occurs. 
The resulting transparent gel is air-dried for 4 to 5 days, after which the xerogel is crushed and 
ground. The embedded metal nanoparticles are then reduced in situ using a sodium borohydride 
solution in 50 mL of THF:ethanol (1:1), with a metal-to-NaBH₄ molar ratio of 1:10. The reduced 
material is washed with two 100 mL portions of distilled water and one 100 mL portion of THF, then 
air-dried at room temperature for 24 hours, followed by an additional 24 hours at 150 °C in an oven 
to yield the final material. 

The distribution of metal nanoparticles within the material was analyzed using transmission 
electron microscopy (TEM), while surface morphology was examined via scanning electron 
microscopy (SEM). Qualitative and quantitative chemical microanalysis was performed using X-ray 
photoelectron spectroscopy (XPS), allowing for precise determination of both the metal content and 
the chemical state of the dispersed nanoparticles. These experiments were conducted at the Shared 
Instrumentation Facility (SIF) at Louisiana State University (LSU) in Baton Rouge. 

Preparation of Pt@MTES 

A mixture of methyltriethoxysilane (MTES: 30.0 g, 168.3 mmol) and 10 mL of 0.05 M aqueous 
HCl was vigorously stirred until the solution became homogeneous. A solution of potassium 
tetrachloroplatinate(II) (K₂PtCl₄: 2.50 g, 6.02 mmol) in 30 mL of acetonitrile–water (3:2) was then 
added. The resulting mixture was stirred until complete homogeneity, followed by the addition of 
8.4 mL of 1 M NaOH to induce gelation. The resulting light-orange xerogel was air-dried for 4 days, 
then reduced with a solution of sodium borohydride (NaBH₄: 2.28 g, 60.23 mmol) in 50 mL of THF–
ethanol (1:1), then washed and dried as above described. 

Preparation of Pd@MTES 

A mixture of methyltriethoxysilane (MTES: 27.0 g, 151.4 mmol) and 10 mL of 0.05 M aqueous 
HCl was vigorously stirred until the solution became homogeneous. A solution of palladium(II) 
nitrate dihydrate (Pd(NO₃)₂·2H₂O: 3.00 g, 11.3 mmol) in 30 mL of acetonitrile–water (3:2) was then 
added. The mixture was stirred until a brownish homogeneous solution is obtained. Approximately 
22 mL of 1 M NaOH was added until the solution became slightly basic, as indicated by pH paper 
(pH ~ 8), and the mixture was stirred further until gelation occurred. The resulting homogeneous and 
transparent gel was allowed to air dry for 4 days. The resulting dark xerogel was reduced with a 
solution of sodium borohydride (NaBH₄: 4.26 g, 112.6 mmol) in 50 mL of THF–ethanol (1:1), then 
washed and dried as above described. 

Preparation of Co@MTES 

A mixture of methyltriethoxysilane (MTES: 35.0 g, 196.3 mmol) and 12 mL of 0.05 M aqueous 
HCl was vigorously stirred until the solution became homogeneous. A solution of cobalt(II) nitrate 
hexahydrate (Co(NO₃)₂·6H₂O: 3.00 g, 10.3 mmol) in 30 mL of acetonitrile–water (3:2) was then added. 
The mixture was stirred until a homogeneous solution is obtained. Approximately 20 mL of 1 M 
NaOH was added until the solution became slightly basic, as indicated by pH paper (pH ~ 8), and 
the mixture was stirred further until gelation occurred. The resulting homogeneous and transparent 
gel was allowed to air dry for 5 days. The resulting xerogel was reduced with a solution of sodium 
borohydride (NaBH₄: 3.90 g, 103.1 mmol) in 50 mL of THF–ethanol (1:1), then washed and dried as 
above described. 

Preparation of Pd-Co@MTES 
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A mixture of methyltriethoxysilane (MTES: 33.0 g, 185.1 mmol) and 10 mL of 0.05 M aqueous 
HCl was vigorously stirred until the solution became homogeneous. A solution of palladium(II) 
nitrate dihydrate (Pd(NO₃)₂·2H₂O: 2.00 g, 7.51 mmol) and cobalt(II) nitrate hexahydrate 
(Co(NO₃)₂·6H₂O: 3.00 g, 10.3 mmol) in 30 mL of acetonitrile–water (3:2) was then added. The mixture 
was stirred until a homogeneous solution is obtained. Approximately 45 mL of 1 M NaOH was added 
until the solution became slightly basic, as indicated by pH paper (pH ~ 8), and the mixture was 
stirred further until gelation occurred. The dark homogeneous and transparent gel was allowed to 
air dry for 5 days. The resulting xerogel was reduced with a solution of sodium borohydride (NaBH₄: 
6.66 g, 178.1 mmol) in 50 mL of THF–ethanol (1:1), then washed and dried as above described. 

3. Results and Discussion 

Mesoporous organically modified silicates are organic–inorganic hybrid materials typically 
synthesized through the hydrolytic condensation of customized alkoxysilane derivatives, as 
illustrated in Scheme 1. The choice of silane precursor is crucial, as it significantly influences the 
architecture of the resulting inorganic siloxane framework [12,24,25,38]. Owing to their high porosity, 
large specific surface area, excellent thermal stability, and the presence of heteroatoms linkers within 
their cage-like structure, these materials are particularly well-suited for the dispersion and 
stabilization of metal nanoparticles [12,24,25,38]. Consequently, they were selected as the matrix of 
choice for this study. 

 

Scheme 1. Schematic illustration of the formation of the siloxane framework via hydrolysis and polymerization 
of methytriethoxysilane. 

Furthermore, in a previous investigation, we evaluated a series of silane precursors including 
triethoxysilane (HTEOS), methyltriethoxysilane (MTES), ethyltriethoxysilane (ETES), 
triethoxyvinylsilane (TEVS), and propyltriethoxysilane (PTES), for their ability to stabilize 
platinum(0) nanoparticles [26]. Among them, HTEOS, MTES, and ETES, which contain hydrogen, 
methyl, and ethyl substituents respectively, promoted a more uniform distribution of nanoparticles. 
In contrast, PTES and TEVS tended to form rubber-like films during the polymerization process, 
resulting in poor nanoparticle dispersion [26]. Based on these observations, methyltriethoxysilane 
(MTES) was selected as the siloxane precursor for the current study. 

The dispersion and stabilization of each of the metal nanoparticles described in this study into 
the mesoporous organically modified silicate matrix was monitored using FTIR spectroscopy. Figure 
1a displays the FTIR spectra of trihydroxymethylsilane (the hydrolyzed but unpolymerized form of 
MTES, shown in purple) and the final condensed sol–gel product following the encapsulation of 
palladium nanoparticles within the three-dimensional siloxane network (Pd@MTES, shown in red). 
A similar spectral trend was observed for the cobalt-loaded material (Co@MTES), as depicted in 
Figure 1b, where the spectrum of trihydroxymethylsilane is shown in red and that of the condensed 
sol–gel network in green. It is worth noting that the FTIR data (not shown) for other materials 
discussed in this study, namely Pt@MTES and Pd-Co@MTES, exhibited spectral patterns closely 
resembling those presented in Figure 1. 
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Figure 1. FT-IR spectra of the trihydroxymethylsilane (purple in 1A and red in 1B), and that of the three-
dimensional siloxane network (red in 1A and green 1B). 

The FT-IR spectra of both trihydroxymethylsilane and the organically modified silicate material 
in both spectra align closely with previously reported data on the characterization of organically 
modified silicate sol-gels [12,14,35,38,39]. In the spectra of trihydroxymethylsilane, a broad 
absorption band at ~3331 cm⁻¹, attributed to ν(OH), along with a bending vibration at ~915 cm⁻¹ 
corresponding to ν(Si–OH), confirms the presence of free hydroxyl groups bonded to silicon. 
Additional bands at ~1082 cm⁻¹ and ~1042 cm⁻¹, assigned to ν(O–Si–O) bending vibrations, further 
support the formation of siloxane linkages. Characteristic absorptions for the methyl groups bonded 
to silicon are also present: ν(CH_sp3) at ~2975 cm⁻¹, ν(Si–C) at ~1269 cm⁻¹, and a bending vibration at 
~776 cm⁻¹ attributed to ν[(Si)CH₃]. These signals collectively confirm the hydrolysis of 
triethoxymethylsilane to trihydroxymethylsilane. 

Following the incorporation of metal nanoparticles and subsequent polymerization of 
trihydroxymethylsilane into a gel, a comparative analysis of the IR spectrum of the hydrolyzed but 
unpolymerized trihydroxymethylsilane and that of both final materials (Pd@MTES and Co@MTES) 
is provided in Table 1. Notably, the signals associated with free hydroxyl groups, namely the broad 
ν(OH) at ~3331 cm⁻¹ and the ν(Si–OH) bending at ~915 cm⁻¹, are absent in the post-polymerization 
material. This absence indicates successful condensation and gel formation. Meanwhile, signals 
corresponding to ν(CH_sp3), ν(Si–C), ν(O–Si–O), and ν[(Si)CH₃] remain present in both spectra, 
confirming the formation of the siloxane network. These findings collectively demonstrate that 
trihydroxymethylsilane underwent complete polymerization and that the metal nanoparticles are 
effectively dispersed and stabilized within the resulting homogeneous, three-dimensional silicate 
matrix [12,14]. 

Table 1. Comparative FTIR data for the hydrolyzed and non-polymerized triethoxymethylsilane (MTES) and 
that of (Pd@MTES) and Co@MTES. 

Signals Trihydroxymethylsilane Pd@MTES Co@MTES 
ν(O–H) (cm-1) 3331.72 - - 
νCHsp3 (cm-1) 2974.91 2970.03 2971.07 
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ν(Si–C) (cm-1) 1269.62 1269.79 1271.20 
ν(O–Si–O) (cm-1) 1082.61 

1042.10 
1111.64 
1012.10 

1113.33 
1016.67 

ν(Si–OH) bending (cm-1) 915.64 - - 
ν[(Si)CH3] bending (cm-1) 776.76 763.89 765.37 

3.1. Characterization of Pt@MTES 

The distribution of metal nanoparticles within Pt@MTES was examined using transmission 
electron microscopy (TEM), while scanning electron microscopy (SEM) was employed to assess 
surface morphology. TEM images revealed that the nanoparticles were uniformly dispersed 
throughout the siloxane matrix, with particle diameters ranging approximately from 5 to 7 nm 
(Figure 2a). SEM analysis showed the surface of Pt@MTES to be relatively rough, granular, and 
uneven, yet overall uniform in texture (Figure 2b). 

 

Figure 2. (a) TEM image, (b) SEM image, (c) XPS scan survey, (d) Si(2p) XPS spectrum, (e) C(1s) XPS spectrum, 
(f) O(1s) XPS spectrum, and (g) Pt(4f) XPS spectrum of Pt@MTES. 

X-ray photoelectron spectroscopy (XPS) was conducted to further analyze the surface 
composition. The survey spectrum revealed peaks corresponding to silicon (Si 2p), carbon (C 1s), 
oxygen (O 1s), and platinum (Pt 4f), with binding energies located at 102.54, 284.69, 532.74, and 73.04 
eV, respectively (Figure 2c). Deconvolution of the Si(2p) signal revealed superimposed peaks at 
102.88 (Si 2p3/2) and 101.44 (Si 2p1/2) eV (Figure 2d), characteristic of silicones and siloxanes [40,41]. 
The C(1s) spectrum exhibited three fitted peaks at 283.38 eV and 284.80 eV corresponding to C–Si, 
and at 287.51 eV attricutable to the C–O bond, respectively (Figure 2e) [42–44]. While the C–Si signal 
is characteristic of the siloxane framework [22], the marginal C–O peak (1.05 At%) is attributed to 
residual ethoxy groups from the methyltriethoxysilane precursor used in the sol–gel synthesis. 
Additionally, the analysis of the O(1s) region revealed deconvoluted peaks at 531.41 and 532.67 eV 
(Figure 2f), supporting the predominance of organically modified silicate species on the material’s 
surface. The same XPS analysis displayed in Pt(4f) region, two primary peaks at 72.76 eV (Pt 4f₇/₂) 
and 76.11 eV (Pt 4f₅/₂), indicating the presence of metallic platinum, Pt(0) (Figure 2g) [45]. Additional 
peaks at 73.39 and 76.74 eV were detected, suggesting a significant presence of Pt(II) species [45]. 
Quantitative analysis based on peak areas estimated Pt(0) at approximately 44.53 At% and Pt(II) at 
about 55.48 At%, attesting for only a partial reduction of Pt(II). The total platinum loading was 
estimated at 0.36 At% of the material. 
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3.2. Characterization of Pd@MTES 

As with Pt@MTES, the distribution of metal nanoparticles within Pd@MTES was examined by 
TEM, and the surface morphology analyzed using SEM. Both materials showed strong similarities, 
with the Pd nanoparticles uniformly dispersed and approximately 3 to 5 nm in diameter (Figure 3a). 
The surface of Pd@MTES also exhibited a rough, granular, uneven and consistent texture, mirroring 
the morphology observed in Pt@MTES (Figure 3b). 

 

Figure 3. (a) TEM image, (b) SEM image, (c) XPS scan survey, (d) Pd(3d) XPS spectrum of Pd@MTES. 

XPS analysis further confirmed the material's composition, with the survey spectrum (Figure 3c) 
displaying characteristic peaks for silicon (Si 2p), carbon (C 1s), oxygen (O 1s), and palladium (Pd 
3d), with binding energies at approximately 103.07, 284.87, 532.67, and 336.87 eV, respectively. The 
deconvolution of the Si(2p), C(1s), and O(1s) peaks revealed trends consistent with those seen in 
Pt@MTES. The high-resolution XPS spectrum of Pd(3d) (Figure 3d) showed only two main peaks at 
336.88 and 342.28 eV, corresponding to Pd(3d₅/₂) and Pd(3d₃/₂), respectively, indicative of metallic 
Pd(0) [46,47]. Unlike in Pt@MTES, no additional signals were observed in the XPS spectrum of Pd(3d), 
indicating the absence of other palladium species, with the total palladium content estimated to be 
0.42 At% of the material. This suggests that, in contrast to Pt@MTES, where less than half of the Pt(II) 
species were reduced to Pt(0), all Pd(II) species in Pd@MTES were successfully reduced. 

Generally, a higher or more positive redox potential indicates a greater tendency for a metal ion 
to accept electrons and be reduced. Based on this principle, one would expect platinum(II) (Pt²⁺/Pt(s), 
E° = 1.18 V) to be more readily reduced than palladium(II) (Pd²⁺/Pd(s), E° = 0.915 V). It is unclear why 
this does not appear to be the case in the present context. It is possible that palladium, as a result of 
the smaller particle sizes, is occupying a higher effective surface area resulting in a more efficient 
reduction of Pd(II) to metallic palladium, despite the thermodynamic expectations based on redox 
potentials. 

3.3. Characterization of Co@MTES  

The nanoparticles in Co@MTES also appeared to be uniformly dispersed, with particle sizes 
ranging from approximately 2 to 4 nm in diameter (Figure 4a). In contrast to Pt@MTES and 
Pd@MTES, which exhibited relatively rough and uneven surfaces, the surface morphology of 
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Co@MTES appeared smooth, dense, and finely textured, with a polished appearance as illustrated by 
the SEM image in Figure 4b. 

 
Figure 4. (a) TEM image, (b) SEM image, (c) XPS scan survey, (d) Co(2p) XPS spectrum of Co@MTES. 

XPS analysis further confirmed the composition of the material, with the survey spectrum 
(Figure 4c) showing characteristic peaks for silicon (Si 2p), carbon (C 1s), and oxygen (O 1s), similar 
to those observed in Pt@MTES and Pd@MTES, along with an additional signal corresponding to 
cobalt (Co 2p), with binding energies at approximately 102.89, 284.74, 532.59, and 781.49 eV, 
respectively. Deconvolution of the Co(2p) spectrum (Figure 4d) revealed two peaks at 784.02 and 
800.02 eV, corresponding to Co(2p₃/₂) and Co(2p₁/₂), indicative of metallic cobalt (Co⁰) [48–50]. Two 
additional peaks at 781.44 and 797.44 eV, also attributed to Co(2p₃/₂) and Co(2p₁/₂), suggest the 
presence of another cobalt species, likely cobalt(II) [48–51]. The XPS data also indicated that the 
material contains approximately 21.56 At% of metallic cobalt and 78.44 At% of Co(II), with the total 
cobalt content estimated at 0.49 At% of the material. These observations from the XPS data suggest 
that only a limited fraction of Co(II) species in Co@MTES was successfully reduced to metallic cobalt. 
In this case, the negative redox potential of cobalt(II) (Co²⁺/Co(s), E° = –0.277 V) may be responsible 
for the limited reduction, as the nanoparticles appear to be well distributed throughout the material. 

3.4. Characterization of Pd-Co@MTES 

Similar to the other materials above described, both palladium and cobalt nanoparticles in this 
sample appeared uniformly dispersed, with particle sizes ranging from approximately 2 to 5 nm in 
diameter (Figure 5a). Notably, the two types of nanoparticles were indistinguishable in appearance 
under TEM imaging. The surface morphology of this material is also markedly different from that of 
Co@MTES and Pd@MTES. While Co@MTES exhibited a smooth, dense, finely textured, and polished 
surface, and Pd@MTES showed a relatively rough and uneven topography, the surface of the current 
material is distinctively more irregular and complex. It is primarily characterized by jagged, craggy 
formations and deep ridges, with crevices cutting through the material (Figure 5b). The texture 
appears as a heterogeneous blend of hardened crusts and semi-glossy flows, evocative of thick 
caramel that has unevenly cooled, with the edges smooth in places as if softened and warped by 
intense heat (Figure 5b). Interestingly, this unique morphology arises despite the standard sol-gel 
synthesis procedure being carried out at room temperature, with drying performed only at 150 °C for 
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24 hours. It is also noteworthy that such surface behavior was not observed in either of the other 
materials prepared using the same method. 

 

Figure 5. (a) TEM image, (b) SEM image, (c) XPS scan survey, (d) Co(2p) XPS spectrum, (e) Pd(3d) XPS spectrum 
of Pd-Co@MTES. 

X-ray photoelectron spectroscopy (XPS) analysis further revealed that the material is primarily 
composed of silicon, carbon, and oxygen, with the survey spectrum (Figure 5c) showing characteristic 
peaks at binding energies of 102.76 eV (Si 2p), 284.86 eV (C 1s), and 532.51 eV (O 1s). Signals 
corresponding to cobalt (Co 2p) and palladium (Pd 3d) were also present at 781.71 eV and 335.96 eV, 
respectively. 

Deconvolution of the Co(2p) spectrum (Figure 5d) yielded features consistent with those 
observed for Co@MTES, with the Co(2p₃/₂) and Co(2p₁/₂) peaks for metallic cobalt (Co⁰) at 783.66 eV 
and 799.46 eV, respectively [48–51]. Additionally, peaks at 781.61 eV (Co 2p₃/₂) and 797.41 eV (Co 
2p₁/₂) indicated the presence of cobalt(II) species [48–50], and as with Co@MTES, the composition was 
found to be approximately 19.26 At% metallic cobalt and 80.74 At% cobalt(II), with a total cobalt 
content of 0.44 At%. 

The high-resolution XPS spectrum for Pd(3d) (Figure 5d) showed the Pd(3d₅/₂) and Pd(3d₃/₂) 
signals for metallic palladium (Pd⁰) at 336.01 eV and 341.55 eV, respectively [46,47]. In contrast to 
cobalt, and consistent with observations in Pd@MTES, no additional palladium species were 
detected, suggesting the exclusive presence of metallic Pd, with a total palladium content of 0.61 at%. 
Since the particle sizes are very similar, with cobalt nanoparticles even statistically smaller than those 
of palladium, the more negative redox potential of cobalt (Co²⁺/Co(s), E° = –0.277 V) compared to that 
of palladium (Pd²⁺/Pd(s), E° = 0.915 V) is likely the determining factor in the observed difference in 
reduction behavior. 

4. Conclusions 

Platinum, palladium, cobalt, and palladium–cobalt metal nanoparticles were individually 
dispersed and stabilized within organically modified silicates, synthesized via sol–gel 
polymerization of methyltriethoxysilane (MTES) as the siloxane matrix precursor. In situ reduction 
of the corresponding metal ions yielded finely dispersed nanoparticles with distinct surface 
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morphologies and compositions depending on the metal incorporated. The resulting materials were 
characterized by FTIR, TEM, SEM, and XPS. Among the nanoparticles, it appeared that only 
palladium was fully reduced to metallic Pd(0) during the in situ process. In contrast, platinum(II), 
despite its higher redox potential, was only partially reduced, while cobalt showed minimal 
reduction, even when co-dispersed within the same matrix with palladium, which appears fully 
reduced at the end. The limited reduction of cobalt could be attributed to its negative redox potential. 
As Pt(II) was expected to be more readily reduced than Pd(II), it was speculated that palladium’s 
smaller nanoparticle size and higher effective surface area facilitated a more efficient reduction. 
Therefore, the contrasting reduction behaviors of palladium and platinum might be driven more by 
nanoparticle distribution and surface accessibility than by redox potential alone. 
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The following abbreviations are used in this manuscript: 

EDAX energy dispersive x-ray analysis  
EDS energy-dispersive x-ray spectroscopy 
ETES ethyltriethoxysilane 
FIB-SEM focused ion beam scanning electron spectroscopy 
HTEOS triethoxysilane 
MTES methyltriethoxysilane 
ORMOSILs organically modified silicates 
PTES propyltriethoxysilane 
SEM scanning electron microscopy 
TEM transmission electron microscopy 
TEVS triethoxyvinylsilane 
XPS x-ray photoelectron spectroscopy 
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