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Abstract: Interest in cost-effective materials pushes researchers to the inexpensive and abundant
semiconductors to use photons’ energy for generating electrons and holes required for photocat-
alytic transformations. At the same time, polysilicon is one of the economic semiconductors with a
disadvantage of high bandgap which could be solved by carbon-doping. We employed this strat-
egy to the synthesis of carbon-doped polysilicon by a new approach starting from citric acid and
methyltrimethoxysilane. The nanocomposite obtained was utterly characterized, and compared
with bare polysilicon; increased UV–Vis absorbance and shift to higher wavelengths were the most
notable characteristics of the synthesized catalyst. The carbon-doped polysilicon was modified with
Pd nanoparticles to obtain a new heterogeneous photocatalyst for the formic acid degradation. The
decomposition of formic acid was photocatalyzed by the obtained nanocomposite with a hydrogen
production turnover frequency of up to 690 h−1. Moreover, it was demonstrated that the catalyst is
stable and recyclable.

Keywords: polymer; nanostructures; silicon; hydrogen generation; palladium

1. Introduction

In recent years, remarkable progress in the energy transition from fossil fuels to green
alternatives such as hydrogen, whose combustion product is simply water, has taken
place. Big companies are looking for the efficient production of hydrogen because they are
developing future engines based on clean fuels with high energy potential. Thus, there is a
significant research focus to obtain the most effective approach for the hydrogen generation.
Researchers emphasize developing catalysts with superior efficiency, stability, and selectiv-
ity for efficient hydrogen production [1]. In this regard, transition metals such as Pt, Pd,
Ru, Cu, and Co have been used in combination with a wide variety of organic and mineral
compounds [2]. The Pd has been employed as an active catalyst for hydrogen generation
combined with organic supports such as carbon-based materials [3]. While most of the
Pd-catalyzed hydrogen generation reactions are focused on water splitting [4], Pd-based
catalysts also efficiently promoted the degradation of formic acid (FA) [5], hydrazine [6],
and amino borane [7]. Moreover, Pd perched on semiconductors can catalyze hydrogen
evolution reactions through photocatalytic routes [8].

Semiconductors are widely employed in various applications on account of their
compactness, inexpensiveness, reliability, and power efficiency. Polysilicon (PS)-based
semiconductors are potentially active species for optical proposes, especially when doped
by an atom such as B or N [9]. The C-doped PS is one of the less-studied species [10–16].
The large bandgap of PS requires the photocatalytic reactions by this compound to be
conducted under highly energetic ultraviolet (UV) rays; this problem could be avoided by
doping PS with C [17]. While this abundant and non-toxic semiconductor appears to be an
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excellent support for photocatalysts, photocatalytic studies employing C-doped PS as the
support are rare. The C-doped SiO2 promotes the photocatalytic degradation of Rhodamine
B and methyl orange under visible light [18]. Furthermore, in 2010, Xue et al. reported a
significant increase in the photoconductivity of Pd-doped PS [19]. These positive effects of
C and Pd atoms on the photo-activity of silicon-based semiconductors encouraged us to
evaluate the simultaneous effects of these atoms on PS in the photocatalytic degradation of
FA for hydrogen generation.

The catalytic degradation of FA was carried out using various catalysts, among which
Pd-based catalysts are of particular importance on account of their superior activity. The
Pd nanocrystals [20], Pd supported on carbon [21], and Pd nanoparticles supported on
diamine-alkalised reduced graphene oxide [22] are some successful examples of catalysts
used for the FA degradation reaction. This active catalyst showed high conversion for the
FA degradation reaction especially when used as an alloy with Ag [23], Au [24], Cu [25],
Co [26], Ni [27], Pt [28], Cr [29], Sn [30], Zn [31], and Ru [32]. Moreover, Pd supported
on Si-based supports has been employed as the catalyst for this reaction, such as amine-
functionalized SBA-15 [33,34], dithiocarbamate-functionalized SBA-15 [35], mesoporous
silica supported Pd−MnOx [36], and silica nanosphere [37].

In our continued efforts to develop efficient catalytic systems [38–41], herein, we tried
to utilize PS as a support for Pd nanoparticles to synthesis a new photocatalyst (Scheme 1).
To transform PS into an efficient semiconductor for the powerful light absorption, doping
of the polymer was carried out by C via a new procedure, including thermal treatment of
methyltrimethoxysilane (MTMS) in the presence of citric acid (CA). The CA is an active
starting material for the constructing C-based materials, in particular, when it is thermally
treated [42]. This strategy would be a promising pathway for the synthesis of optically
active support for the Pd nanoparticles to obtain a novel heterogeneous photocatalyst for
formic acid degradation. Considering that the Pd tends to create complexes with formate
ligands, we believe that the formation of the Pd-formate complex is inevitable (the path I,
Scheme 1). The formed complex provides CO2 and H+ with losing two electrons (the path
II, Scheme 1) [43], which the produced protons subsequently evolved to H2 by taking up
the two electrons in the presence of Pd (path III, Scheme 1) [44]. However, it was shown
that the reaction has proceeded in the absence of light in three steps, including: (a) the
formation of Pd-formate, (b) releasing CO2 from Pd-formate, and formation of Pd-hydride,
and (c) finally the reaction of hydride by a proton to produce H2 [45].

Scheme 1. Formic acid degradation by Pd@C–PS and the proposed reaction mechanism.
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2. Experimental
2.1. Preparation of Pd@C-PS

In a beaker, 2 g of CA and 5 mL of MTMS were mixed and placed on a hot plate and
heated to 200 ◦C. The mixture started to bubble and solidify, and a white solid formed
after 10 min. Subsequently, the hot plate was turned off and 30 mL of deionized water
was added to the mixture. The solid was suspended using a spatula, and the mixture was
sonicated for 15 min; then, it was filtered. The residue was washed twice with 50 mL of
deionized water and 20 mL of acetone to afford 3.1 g of white solid; C–PS. 0.04 g of PdCl2
was sonicated in 10 mL of deionized water and added to 2 g of C–PS in 10 mL H2O, and
the resulting mixture was stirred at room temperature for 6 h. Then, 0.1 M NaBH4 was
added to the obtained mixture at a rate of 2 drops per min till the reaction mixture stopped
bubbling. An excess of 2 mL of NaBH4 was added to ensure that all the Pd(II) was reduced
to Pd nanoparticles. Finally, the light grey solid was separated by filtration, washed with
20 mL of deionized water five times, and dried in an oven at 80 ◦C to obtain 1.91 g of the
final catalyst Pd@C–PS.

2.2. Determination of Pd on Pd@C-PS Using Flame AAS

To 10 mL of HCl:HNO3 (3:1) mixture, 0.3 g of Pd@C–PS was added, and the mixture
was sonicated for 3 h. Next, the total volume of the filtrate was increased to 20 mL by
diluting it with distilled water. The final solution was aspirated into the AAS flame against
the blank prepared with C–PS. The Pd concentration was obtained using a calibration
curve prepared using Pd solution standards.

2.3. Typical Procedure for the FA Degradation

A two-necked round-bottom flask was placed in a box equipped with a 300 W Xenon
lamp and a hose connected one of the necks to a 12 M NaOH trap. Another hose connected
the trap to a gas burette. To the flask, 30 mL of FA and 0.05 g of the catalyst were added
from the other neck; then, the neck was closed using a rubber stopper. Subsequently,
the lamp was turned on and the mixture was mechanically stirred. The bubbling of the
generated gases was initiated in the gas burette, and the volume changes were recorded
every 10 min by measuring the replaced water by gasses. The TOF was obtained by the
following equation:

TOF (h−1) = (PV)/(2R·T·nAu·t)

where P is atmospheric pressure (atm), V is the volume of produced gas (mL), R is the
universal gas constant (0.08206 L·atm/mol·K), T is the temperature (K), nAu is the mmol of
Au in the used catalyst, and t is time (h).

3. Results and Discussion
3.1. Characterization of the Synthesized Materials

Considering that our primary purpose of doping PS with C-atoms was to improve
the optical properties, the UV–Vis spectra of PS, C–PS, Pd@PS, and Pd@C–PS were first
investigated (Figure 1). Although PS showed weak absorbance at 227 nm, C–PS indicated
more substantial absorbance at 245 nm at the same concentration. In addition, the observed 18
nm band shift indicates that the C-doping into PS leads to a shift to higher wavelengths [17].
Moreover, the deposition of Pd decreased the absorbance wavelengths in both PS and C–
PS to 219 and 236 nm, respectively. These increasing in absorption and shifts to higher
wavelengths show that Pd@C–PS could be used as an efficient photocatalyst. The bandgap
energies of PS, C-PS, Pd@PS, and Pd@C–PS are 5.45, 5.05, 5.65, and 5.24 eV, respectively. As
a matter of fact, a new photocatalyst of Pd supported on silicon material, Pd@C–PS, was
synthesized, in which the catalyst is optically active as an additional advantage to the previous
similar catalysts mentioned above [33–37]. Therefore, Pd@C–PS might promote Pd-catalyzed
reactions photocatalytically in milder reaction conditions with higher efficiency compared to
previous reports due to the use of photons’ energies by the semiconductor support.
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Figure 1. UV–Vis spectra of PS, C–PS, Pd@PS, and Pd@C–PS.

A Fourier-transform infrared (FT-IR) spectrum was prepared to characterize the
functional groups of Pd@C–PS (Figure 2). The structure of the composite was approved
based on the absorption bands noted at 3439, 1122, 1033, and 779 cm−1 for OH, Si–O–Si,
Si–OH, and Si–O bonds, respectively. The appearance of two peaks at 2973 and 440 cm−1

confirmed the existence of carbon atoms in the composite structure, and these peaks were
assigned to CH and SiC bonds, respectively [46].

Figure 2. FT-IR spectrum of Pd@C–PS.

The Raman spectrum of Pd@C–PS also revealed peaks attributing to Si and SiC
(Figure 3). The exact value of the Raman shift for Si in the composite is size-dependent and
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lies in the range of 470–520 cm−1 [47]. The appearance of the Si peak at about 470 cm−1

revealed that the sample contains particles with the size of about 10 nm. Moreover, Raman
spectroscopy is considered a reliable method to assign SiC considering the appearance of
peaks at around 760 and 1000 cm−1, which correspond to the transverse and longitudinal
optical phonon modes, respectively [47].

Figure 3. Raman spectrum of Pd@C–PS.

The X-ray diffraction (XRD) pattern of Pd@C–PS was prepared to determine diffrac-
tion peaks corresponding to Si and Pd. The peak of PS at 2θ = ~22.45 and peaks of Pd
corresponding to (111), (200), and (220) verified the support structure and Pd doping
(Figure 4) [39].

Figure 4. XRD pattern of Pd@C–PS.
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The X-ray photoelectron spectrum (XPS) of Pd@C–PS was obtained to determine all
the atoms present in the structure and highlight specific details about the structure, such as
the Pd oxidation state and Si bonds (see ESI). The XPS showed peaks corresponding to Si,
C, Pd, and O, which authenticated the proposed structure. The peaks attributed to Si 2p, C
1s, and Pd 3d are shown in Figure 5. Three peaks appeared at 99.7, 100.3, and 103.1 eV and
attributed to the Si–Si, Si–C, and Si–O bonds, respectively [10]. In addition, three peaks were
observed for C 1s at 284.6, 286.1, and 290.0 eV, which ascribed to the C–C, C–O, and C–Si
bonds, respectively [10]. The existence of C–C peaks demonstrated that the interconnected
carbon atoms in CA remained unchanged. The XPS showed peaks of Pd 3d5/2 at 335.5
and Pd 3d3/2 at 340.5 eV, which confirmed the formation of nanoparticles [39]. In addition,
energy dispersive X-Ray analysis showed the loading of C and Pd on the composite (see
ESI). This analysis provided the weight percentages of O, C, Si, and Pd as 40.07%, 31.03%,
27.94%, and 0.97%, respectively. The mole of Pd was calculated to be 0.09 mmol per 1 g of
the catalyst.

Figure 5. Deconvoluted XPS spectra of Pd@C–PS for the peaks ascribed to Si (A), C (B), and Pd (C).

A microscopic study was conducted on Pd@C–PS to observe the surface topography,
size, and shape distribution of the prepared particles (Figure 6). The obtained SEM images
showed several uniform spherical particles, which were considered to be PS particles [47].
Elemental mapping was also carried for Pd@C–PS to observe the distribution of C and Pd
atoms in the composite (Figure 6). This showed that the C atoms were uniformly dispersed
on PS and that the C-doping improved the optical properties of PS; thus, a homogeneous
support was obtained that was desirable for photo-induced reactions. Further, homoge-
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neous distribution of Pd was observed in this analysis, indicating that a uniform catalyst
was synthesized.
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The decoration of Pd nanoparticles on the composite encouraged us to focus on ob-
taining higher resolution images of the produced structure using transmission electron
microscopy (TEM) of C–PS and Pd@C–PS (Figure 7). The TEM micrograph of C–PS indi-
cated a homogeneous mesoporous structure, which is consistent with previous reports [10].
To elucidate the deposition of Pd nanoparticles, a TEM micrograph of Pd@C–PS was also
obtained, which showed that particles other than PS are present. These particles showed
a different mass-thickness contrast than the other particles, confirming the existence of
particles other than PS particles with an average size of 8–12 nm.
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Figure 7. Transmission electron microscopy micrographs of C–PS (A), and Pd@C–PS (B).

A Brunauer–Emmett–Teller analysis of Pd@C–PS provided valuable information about
the structure (Figure 8). The adsorption and desorption isotherms at 77 K revealed a type
II curve, indicating a mesoporous structure with a pore size of 2–50 nm. Moreover, the
presence of some hysteresis in the adsorption and desorption isotherms demonstrated that
the small amount of pore-blocking might be due to the presence of Pd nanoparticles [48].
The specific surface area was calculated to be 283 m2/g. Furthermore, the pore size
distribution revealed a maximum size of 6.10 nm of the composite.
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Figure 8. Nitrogen adsorption and desorption isotherms (A), and pore size distribution of Pd@C–PS (B).

3.2. Investigation of the Photocatalytic Activity of Pd@C-PS

A series of circumstances is required for efficient hydrogen generation from FA degra-
dation under light irradiation. Photocatalysts having high catalytic activity, superior
absorbance in the desired optical region, and the possibility of recovery and recyclability
meet these needs. Although numerous catalysts have already been developed for FA
degradation, a powerful one has not yet been found. The high catalytic activity of Pd for
FA degradation, satisfying absorbance of the UV–Vis light of the prepared composite and
heterogeneity of Pd@C–PS in the FA solution makes the prepared composite a promising
catalyst for hydrogen generation. Therefore, the photocatalytic degradation of FA catalyzed
by Pd@C–PS under light irradiation and effects of various parameters and conditions have
been investigated.

Strong evidence of the catalytic activity of Pd was confirmed when the reaction was
conducted using PS and C–PS (without Pd doping), in which none of them promoted the
degradation reaction. Further assays using Pd@C–PS and Pd@PS demonstrated the benefits
of C-doping. As expected, C-doping enhanced the photo absorbance of the composite,
increasing the efficiency of Pd@C–PS in the decomposition reaction compared to that
of Pd@PS. As a result, 0.53 mmol of hydrogen was obtained in 10 min by Pd@C–PS
vs. 0.41 mmol of hydrogen generated by Pd@PS. Furthermore, all kinds of the employed
catalysts showed lower yields in a dark room, which confirmed the photo-induced pathway
(Figure 9A). For instance, Pd@C–PS produced 0.53 mmol and 0.29 mmol of hydrogen in
10 min under light irradiation and in a dark room, respectively. A significant positive
correlation between the Pd loading and hydrogen generated when using Pd@C–PS was
noted (Figure 9B). In this study, three kinds of catalysts, including Pd (1 w%)@C–PS, Pd
(2 w%)@C–PS, and Pd (3 w%)@C–PS were examined. The Pd (1 w%)@C–PS showed better
performance compared to the others, indicating that the lower concentration and broader
distribution of Pd provides a more efficient catalyst. Various concentrations of FA were
screened to find the optimal reactant concentration (Figure 9C); 0.12 M of FA afforded the
highest turnover frequency (TOF) of 690 h−1 (calculated in 10 min). Surprisingly, the power
of light irradiation obtained by the lamp used had an impressive effect on the reaction
yield with higher power affording higher conversion (Figure 9D).

In addition, the effect of the reaction temperature on the reaction rate was evaluated to
determine kinetic parameters such as the activation energy (Ea). The reaction was carried
out at 19, 25, 30, 40, 50, and 60 ◦C (Figure 10). Interestingly, the reaction rate increased with
temperature, as shown in Figure 10. The Ea was calculated to be 3.6 KJ/mol for the reaction
catalyzed by Pd@C–PS.
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Figure 9. FA degradation toward H2/CO2 production: (A) Volume of the produced gases (H2 + CO2) as a function of
reaction time, (B) Volume of the produced gases (H2 + CO2) as a function of Pd concentration at 10 min, (C) Catalytic TOF
of the reaction as a function of FA concentration at 10 min, and (D) Catalytic TOF of the reaction as a function of light power
at 10 min.

Figure 10. The temperature effect on TOF of FA degradation by Pd@C–PS.
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Stability is one of the notable characteristics of heterogeneous catalysts because it
offers recyclability. This could be evaluated by conducting a catalyst leaching study,
which shows the catalyst releasing to the reaction media. Therefore, the amount of Pd
released from Pd@C–PS into the FA solution of the degradation reaction was investigated
using flame atomic absorption spectroscopy (AAS). The catalyst was filtered off, and the
filtrate was analyzed to determine the Pd concentration using calibration curves obtained
from various concentrations of Pd. Interestingly, the Pd concentration was lower than
the detection limit of the instrument (i.e., less than 9 µg/L), indicating that Pd@C–PS
is relatively stable. Moreover, a hot filtration test was conducted to check the reaction
phase, in which Pd@C–PS was separated by filtration after 15 min from the start of the
reaction, and the reaction progress was monitored. The reaction quenching in this stage
approved the heterogeneous progressing of it. Finally, the Pd@C–PS recyclability was
examined for the FA degradation reaction. The Pd@C–PS was separated and reused for the
degradation reaction for seven cycles. No significant decrease in the produced gas volumes
was noted (Figure 11). Furthermore, the FT-IR spectrum of the recovered catalyst revealed
no significant changes in the main peaks (see ESI).

Figure 11. Recyclability test of Pd@C–PS for the FA degradation towards H2/CO2 production.

Finally, the TOF of the FA degradation catalyzed by Pd@C–PS was compared with
those from previous reports that used amine-functionalized SBA-15 [33,34], dithiocarbamate-
functionalized SBA-15 [35], mesoporous silica supported Pd-MnOx [36], and silica nanospheres
as the catalyst for FA degradation [37]. While some of these catalysts showed better perfor-
mances than Pd@C–PS without photo-irradiation, our catalyst showed satisfying activity
under photocatalytic conditions (see ESI). The better the performance of Pd@C–PS com-
pared to some of the reports listed here is attributed to the promoting of the Pd-catalyzed
evolution reaction by the driving force of C–PS as the semiconductor, generating electrons
and holes under irradiation, which in turn accelerate redox transformations. Promoting
the reaction by Pd@C–PS with low yield in the darkroom (Figure 9A) demonstrated the
importance of electron/hole creation by light in the reaction mixture. In addition, a better
performance of Pd@C–PS in the degradation reaction compared to the C-doped SiO2 is
ascribed to the presence of Pd as a powerful catalyst [18]. This study could create a new in-
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sight into the application of silicon-based heterogeneous catalysts since the catalyst activity
was enhanced remarkably with C-doping as a bit of manipulation in the structure.

4. Conclusions

In conclusion, a new composite of Pd was fabricated in two distinct stages, including
the preparation of C-doped PS via the thermal treatment of a mixture of PS precursor/CA,
and subsequent deposition of Pd nanoparticles on the support. A UV−Vis absorbance study
was conducted for the composite, which indicated enhanced optical behaviors, confirming
its potential to be employed in photocatalytic reactions. After complete characterization,
the composite employed in the FA degradation reaction showed a TOF of up to 690 h−1.
The reaction yield increased with temperature, amount of Pd loading, FA concentration,
and irradiation power. Moreover, the recycling study confirmed that the catalyst has high
stability and can be recycled several times. In our view, this work gives a new perspective
on the utilization of photocatalysts based on C–PS for various chemical reactions. Future
works should concentrate on the deposition of other transition metals on C–PS to assay the
possibility of synthesizing potent photocatalysts. In addition, C-doping in PS needs more
studies to be optimized by introducing new pathways.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/polym13223919/s1, Figure S1: EDX analysis of Pd@C-PS, Figure S2: XPS analysis of Pd@C-PS,
Figure S3: FT-IR analysis of recovered Pd@C-PS, Figure S4: GC spectrum of the produced gas mixture,
Table S1: Comparison of TOFs obtained by various catalysts for FA degradation.
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