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Abstract 
Catalytic infrared heating offers an energy-efficient and low-emission alterna-
tive to traditional flame-based heating. However, its practical application is 
limited by the insufficient activity, thermal durability, and structural stability 
of current catalysts under continuous combustion conditions. In this study, 
Pd-doped TiO2/SiO2/Y2O3 nanofibrous aerogel catalysts (PTSY-NFAs) with 
tunable Pd loadings were synthesized via a one-step 3D sol-gel electrospinning 
technique, followed by calcination. This process resulted in a binder-free, con-
tinuously interconnected nanofibrous aerogel framework characterized by 
high surface area, excellent thermal stability, and strong mechanical resilience. 
The influence of Pd loading on the microstructure, redox behavior, and cata-
lytic performance was examined systematically. The optimized PTSY-11-NFA 
catalyst achieved an LPG conversion efficiency of 99% and a peak infrared 
surface temperature of 587˚C. A prototype catalytic infrared heater integrated 
with this catalyst displayed uniform surface temperatures ranging from 423˚C 
to 509˚C and maintained stable long-term operation, surpassing the perfor-
mance of a commercial catalyst. This study demonstrates a scalable design 
strategy for noble metal-doped ceramic nanofibrous aerogels aimed at achiev-
ing high-efficiency catalytic infrared heating. 
 

Keywords 
3D Electrospinning, Nanofibrous Aerogel, Catalytic Infrared Heating, 
Catalytic Combustion 

 

1. Introduction 

Against the backdrop of increasingly stringent requirements for low-carbon de-
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velopment and efficient energy utilization, catalytic infrared heating has emerged 
as an efficient and environmentally benign energy conversion technology that di-
rectly transforms the chemical energy of fossil fuels into infrared radiant heat [1]-
[3]. Compared to traditional flame-based heating, catalytic infrared heating offers 
higher energy efficiency, significantly reduced emissions of CO and NOₓ, and im-
proved heating uniformity. This makes it particularly appealing for applications 
in food processing, industrial coating curing, waste gas treatment, and residential 
heating systems [4]-[7]. Catalytic infrared heating involves the complete oxida-
tion of hydrocarbon fuels on preheated catalyst surfaces, producing CO2 and H2O 
while simultaneously generating infrared radiant heat [8] [9]. Therefore, the cat-
alytic activity, thermal stability, and structural properties of the catalyst are crucial 
in determining both infrared radiative performance and long-term operational 
stability. Designing catalysts that combine high catalytic activity with robust du-
rability remains a significant challenge for large-scale deployment of this technol-
ogy. 

Given the critical importance of catalyst properties, Pd and Pt-based noble 
metal catalysts supported on ceramic fibers, metallic substrates, or carbonaceous 
materials are currently the predominant choice for catalytic infrared heaters [10] 
[11]. The exceptional catalytic activity of Pd and Pt toward hydrocarbon oxidation 
is dictated not only by the dispersion and valence states of the noble metals but 
also by the physicochemical attributes of the supports, such as specific surface 
area, pore architecture, and thermal stability [12] [13]. Among various support ma-
terials, ceramic nanofibers—including TiO2, SiO2, Al2O3, and their composites—
are particularly promising due to their high surface area, mechanical robustness, 
and superior thermal stability [14]-[16]. In particular, nanofibrous ceramic aero-
gels (NFAs), an emerging class of ultralight, three-dimensional porous materials, 
have garnered significant attention. By combining the high surface area of nano-
fibers with the continuously interconnected porous network of aerogels, NFAs 
host noble metal nanoparticles to provide abundant stable active sites, thereby 
enhancing catalytic efficiency [17] [18]. Moreover, their intrinsic flexibility and 
structural integrity enable direct integration into catalytic infrared heaters with 
complex geometries, offering clear advantages in mechanical stability and struc-
tural compatibility over conventional powder-based or bulk catalyst systems [19] 
[20]. 

The fabrication of ceramic nanofibers is well established via the combination of 
electrospinning and sol-gel techniques, allowing for precise control over fiber 
morphology through the tuning of spinning parameters [21] [22]. Historically, the 
construction of 3D nanofibrous aerogels relied on multi-step reconstruction strat-
egies, such as the fiber-cutting, slurry-preparation, and freeze-drying approach 
pioneered by Ding and co-workers [23]-[25]. While these methods yield low-den-
sity materials, they typically necessitate binders to form a network. Consequently, 
the lack of robust physical entanglement and chemical bonding often compro-
mises structural integrity, particularly under the harsh conditions of prolonged 
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thermal cycling or high-velocity gas flow required for catalytic heating [26]. To 
overcome these intrinsic limitations, the field has witnessed a paradigm shift to-
ward one-step 3D electrospinning. This scalable strategy eliminates the need for 
post-processing steps like fiber cutting. By judiciously tailoring the solution rhe-
ology, fibers spontaneously assemble into a continuous, ultralight, and binder-free 
network during deposition [27] [28]. Recent studies have validated the efficacy of 
this approach, Zhang et al. [29] utilized 3D electrospinning to construct hierar-
chically porous aerogels with high elasticity, while Li et al. [30] further demon-
strated the technique’s versatility by developing structurally tunable aerogels with 
excellent energy absorption. These advancements, which preserve inter-fiber con-
nectivity and enhance mechanical resilience, offer a promising pathway for devel-
oping advanced nanofibrous aerogels specifically tailored for catalytic infrared 
heating applications. 

In this study, Pd-doped TiO2/SiO2/Y2O3 nanofibrous aerogel catalysts (PTSY-
NFAs) with varying Pd loadings (2, 5, 8, and 11 mol%) were synthesized via a one-
step 3D sol-gel electrospinning process followed by calcination at 600˚C. The ef-
fect of Pd loading on the microstructural evolution, textural characteristics, and 
catalytic behavior of the resulting aerogels was systematically investigated. Partic-
ular emphasis was placed on evaluating the catalytic activity, infrared radiative 
performance, and long-term operational stability during LPG combustion. Fur-
thermore, a prototype catalytic infrared heater was assembled using the optimized 
PTSY-NFA catalyst to assess its practical feasibility and heating performance un-
der realistic operating conditions. 

2. Experimental Materials and Methods 
2.1. Materials 

Polyvinylpyrrolidone (PVP, MW = 1300000), Titanium (IV) isopropoxide (TIP, 
95%), Tetraethoxysilane, absolute ethanol (99.5%), Yttrium nitrate hexahydrate 
(Y(NO3)3∙6H2O), and Palladium acetate (Pd 46% - 48%) were all purchased from 
Aladdin Chemical Co., Ltd., China. Liquefied petroleum gas (LPG) was purchased 
from Jiangsu Huada Gas Co., Ltd., China. Commercial catalyst (Pd/Al2O3 glass 
fiber cotton) was purchased from Shanghai Macklin Biochemical Co., Ltd., China. 
All the initial chemicals were used without further purification. 

2.2. Preparation of Catalysts 

The preparation of 3D nanofibrous aerogel catalysts involves several steps, as 
shown in Figure 1. First, a pale yellow precursor solution of TiO2/SiO2/Y2O3 (TSY) 
was prepared following the protocol reported by Dong et al. [26]. The molar ratio 
of Ti: Si: Y was fixed at 1:1:0.11. Subsequently, varying amounts of palladium ac-
etate were incorporated into this solution. The molar ratios of Pd to the combined 
Ti and Pd content were adjusted to 2%, 5%, 8%, and 11%, corresponding to the 
samples PTSY-2, PTSY-5, PTSY-8, and PTSY-11, respectively. This procedure 
yielded a series of black spinning solutions. 
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The electrospinning process was carried out using a DP-30 spinning apparatus. 
The solution was delivered through a 19G needle at a flow rate of 5 mL/h, with 
the nozzle-to-collector distance maintained at 15 cm. A high voltage of 25 kV 
(Genvolt High Voltage Power Supply) was applied. The ambient temperature and 
humidity were 21˚C ± 2˚C and 45% ± 15%, respectively, without additional con-
trol. Under these conditions, 3D nanofibrous aerogels could be reproducibly fab-
ricated. The nanofibers were collected on a grounded copper plate. The as-spun 
nanoceramic fibers were subsequently calcined in a muffle furnace, heated to 
600˚C at a rate of 5˚C/min in air, maintained at this temperature for 2 h, and then 
allowed to cool naturally to room temperature. Based on the precursor spinning 
solutions, the resulting nanoceramic nanofibrous aerogels were designated TSY-
NFAs, PTSY-2-NFAs, PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-NFAs, re-
spectively. 
 

 
Figure 1. Flow chart of the electrospinning preparation of the catalyst. 

2.3. Catalyst Characterization 

The morphology and structure of the catalyst were analyzed using a high-reso-
lution transmission electron microscope (HRTEM, JEM-2100F) (JEOL, Tokyo, 
Japan). Statistical distributions of the fiber diameters were calculated by measur-
ing 50 distinct fibers (N = 50) using ImageJ software. The crystal structure of the 
catalyst was determined by X-ray diffraction (XRD, Rigaku D-Max/RB, Tokyo, 
Japan). X-ray photoelectron spectroscopy (XPS) was used to analyze the surface 
species of the catalyst on a Kratos XSAM800 spectrometer (Shimadzu/Kratos, 
Manchester, UK) with Al Kα (hν = 1486.6 eV) X-rays. The thermal stability of 
the catalyst was analyzed using a TMA-402-F3 thermogravimetric analyzer (NE-
TZSCH, Germany). The functional groups of the catalyst were analyzed using an 
is50 Fourier transform infrared spectrometer (Thermo Fisher Scientific, USA). 
The specific surface area and pore structure of the catalyst were analyzed using an 
Autosorb iO chemisorption analyzer (Quantachrome Instruments, USA). The 
mechanical properties of the catalyst were measured using a CMT6130 universal 
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electronic testing machine. The reducibility of the catalyst was analyzed using an 
AutoChem II 2920 temperature-programmed chemisorption analyzer (Micromerit-
ics, USA). 

2.4. Catalytic Combustion Performance Test 

The catalytic infrared combustion performance of the aerogel catalysts toward 
LPG was evaluated using a laboratory-built micro-scale catalytic combustion sys-
tem, as schematically illustrated in Figure 2. For each test, a catalyst sample (ap-
proximately 50 mg, shaped into a 20 mm × 20 mm × 10 mm cuboid) was posi-
tioned within the combustion chamber of a quartz tube (inner diameter: 50 mm). 
LPG was employed as the fuel gas at a constant flow rate of 27 mL/min, controlled 
by an LZB-3WB flowmeter (Taizhou Junhai Instrument Co., Ltd.), while the air 
flow rate was regulated between 0.3 and 1.5 L/min. The surface temperature of the 
catalyst during combustion was continuously monitored using a thermocouple. 
This range corresponds to an excess air coefficient (λ) spanning from 0.5 (fuel-
rich) to 2.3 (fuel-lean), effectively simulating the transition from startup to steady-
state industrial operation. To ensure steady-state conditions, the system was equil-
ibrated for 10 min at each testing condition prior to data recording. Simultane-
ously, the real-time variation in exhaust gas composition was analyzed under am-
bient pressure using a QB10N intelligent gas detection sensor (Henan Chicheng 
Electric Co., Ltd.). Consequently, the catalytic performance was assessed based on 
both the combustion temperature and LPG conversion efficiency. The LPG con-
version (XLPG, %) was calculated according to Equation (1). 

 , ,

,

100%LPG in LPG out
LPG

LPG in

X
ϕ ϕ

ϕ
−

= ×  (1) 

In the equation presented above, ,LPG inϕ  refers to the volume fraction of liq-
uefied petroleum gas before the reaction, %; ,LPG outϕ  refers to the volume fraction 
of liquefied petroleum gas after the reaction, %. 
 

 
Figure 2. Schematic diagram of the experimental system for catalytic infrared combustion: 
Gas cylinder (1); Check valve (2); Gas mass flow meter (3); Electric heating furnace (4); 
Temperature controller (5); Thermocouple compensation cable (6); Type K thermocouple 
(7); Catalyst (8); Quartz catalytic bed (9); Intelligent gas detection sensor (10). 
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2.5. Preparation and Testing of Small Infrared Heaters 

The nanofibrous aerogel exhibiting the optimal catalytic performance was selected 
to fabricate a prototype catalytic infrared heater with dimensions of 20 cm × 15 
cm × 15 cm. Figure 3 presents the photograph, schematic diagram, and internal 
configuration of the heater. The operating principle relies on the supply of LPG, 
which undergoes flameless combustion upon contact with the preheated catalyst 
surface. As shown in Figures 3(c) and Figures 3(d), this process generates CO2 
and H2O while simultaneously releasing energy in the form of infrared radiant 
heat. Subsequently, the surface temperature distribution of the heater was evalu-
ated. 
 

 
Figure 3. Structure of the catalytic infrared heater: (a) and (b) Physical diagrams of the catalytic 
infrared heater; (c) Schematic diagrams of the planar model and reaction process of the heater; 
(d) Schematic diagram of the internal structure of the heater. 

3. Results and Discussion 
3.1. Structural Properties of Catalysts 
3.1.1. Surface Morphology Analysis of Catalyst  
The morphology of nanofibrous aerogel catalysts is pivotal in determining both 
their mechanical integrity and catalytic performance during combustion. As shown 
in Figure 4(a), the as-spun TSY-NFAs exhibited a continuous and well-intercon-
nected nanofibrous network with an average fiber diameter of approximately 1418 
nm, as calculated from the corresponding diameter distribution histogram (Figure 
4(b)). In contrast to conventional multi-step strategies relying on binder-bonded 
short fibers, this one-step technique generates a physically entangled, binder-free 
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framework, thereby eliminating binder-induced structural weaknesses. Following 
calcination at 600˚C, the integral fibrous architecture was well preserved (Figure 
4(c)), avoiding the skeletal collapse or pore blockage typical of binder-based aer-
ogels upon organic decomposition. Notably, the average fiber diameter decreased 
to 908 nm (Figure 4(d)); this reduction is primarily attributed to the decomposi-
tion of organic components and the subsequent volume contraction of the ce-
ramic fibers during thermal treatment. 

The morphology of the Pd-doped nanofibrous aerogels was further scrutinized 
at varying magnifications. As shown in Figure 4(e), the PTSY-11-NFAs exhibited 
a highly porous architecture characterized by isotropically distributed, open mac-
roscopic pores, a feature conducive to efficient gas diffusion and the catalytic com-
bustion of LPG. The highlighted regions in Figure 4(f) underscore the continuous 
nature of individual nanofibers, corroborating the integrity of the three-dimen-
sional fibrous network following Pd incorporation. High-magnification SEM im-
ages (Figure 4(g)) revealed that the nanofibers retained smooth surfaces and rel-
atively uniform diameters, averaging approximately 985 nm (Figure 4(h)). These 
observations confirm that Pd doping did not compromise the nanofibrous aerogel 
framework, thereby maintaining the structural attributes pivotal for both mechan-
ical stability and catalytic performance. 
 

 
Figure 4. Microstructure diagrams of different nanofibrous aerogels. (a)-(d) SEM images of TSY-NFAs before and after calcina-
tion, with histograms of the diameter distribution of TSY-NFAs before and after calcination; (e)-(f) SEM images of PTSY-11-
NFAs at different magnifications; (h) Histogram of the diameter distribution of PTSY-11-NFAs. 

3.1.2. Thermal Stability Analysis of Catalyst 
The thermal decomposition characteristics of the precursor fibers were analyzed 
to guide the ceramicization process. As shown in Figures 5(a) and Figures 5(b), 
the TG curves of PVP/TSY-NFAs and PVP/PTSY-11-NFAs exhibited similar ther-
mal decomposition profiles. Both samples experienced a distinct two-stage weight-
loss process. Initially, a mass loss of approximately 16.4% occurred from room 
temperature to 200˚C, attributed to the evaporation of physically adsorbed mois-
ture and residual organic solvents. The second, more pronounced weight loss took 
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place between 200˚C and 500˚C. This stage corresponded to the decomposition 
of the PVP polymer backbone and the removal of residual organics, resulting in a 
mass loss of approximately 29.6%. Above 600˚C, negligible weight loss was ob-
served, indicating the complete removal of organic components and the for-
mation of a stable inorganic framework. Consequently, both calcined TSY-NFAs 
and PTSY-11-NFAs demonstrated excellent thermal stability. This confirms that 
Pd incorporation does not compromise the structural integrity of the catalysts un-
der high-temperature conditions. 

To further clarify the chemical evolution of the polymeric components during 
calcination, the FTIR spectra of TSY-NFAs and PTSY-11-NFAs treated at varying 
temperatures were analyzed (Figure 5(c) and Figure 5(d)). At lower calcination 
temperatures, both samples exhibited similar characteristic absorption bands, 
suggesting comparable decomposition behaviors. The absorption peaks located at 
approximately 1650, 1540, 1425, and 1291 cm−1 are ascribed to the vibrational 
modes of PVP, corresponding to C=O, C(=O) O⁻, -CH2, and C-N groups, respec-
tively. As the calcination temperature increased, the intensities of these organic-
related peaks progressively diminished, eventually becoming negligible at 600˚C. 
This observation confirms the near-complete decomposition of the PVP matrix. 
These findings corroborate the TG results, collectively verifying the effective re-
moval of polymeric species and the subsequent formation of a stable inorganic 
aerogel framework. 
 

 
Figure 5. (a) TG curves of PVP/TSY-NFAs and TSY-NFAs; (b) TG curves of PVP/PTSY-11-
NFAs and PTSY-11-NFAs; (c) FTIR spectra of TSY-NFAs and (d) PTSY-11-NFAs at different 
calcination stages. 
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3.1.3. Chemical State and Crystal Structure Analysis of Catalysts 
According to related studies, the crystal structure and valence states of active 
metal species play a decisive role in determining catalytic performance [31] [32]. 
To clarify the crystalline phases and chemical states of Pd in the synthesized nan-
ofibrous aerogel catalysts, XRD and XPS analyses were systematically conducted, 
as summarized in Figure 6. The XRD patterns of TSY-NFAs and Pd-doped PTSY-
NFAs with different Pd loadings are presented in Figure 6(a). All samples exhibit 
a broad diffraction peak centered at 2θ = 23˚, characteristic of amorphous SiO2. 
In addition, a broadened diffraction peak located at 2θ = 25.3˚ is assigned to the 
(101) plane of anatase TiO2. The pronounced peak broadening suggests reduced 
crystallinity, which can be attributed to lattice distortion induced by the incorpo-
ration of amorphous SiO2 into the TiO2 lattice [33] [34]. With increasing Pd load-
ing, distinct diffraction peaks emerge at 2θ = 33.9˚, 41.9˚, and 54.7˚ in the PTSY-
11-NFAs, corresponding to the (101), (110), and (112) crystal planes of PdO, re-
spectively. Notably, the anatase TiO2 diffraction peak in PTSY-11-NFAs becomes 
sharper compared with that of TSY-NFAs, indicating that Pd incorporation effec-
tively alleviates lattice distortion and enhances the crystallinity of anatase TiO2. 
The relatively narrow and intense PdO peaks further suggest good crystallinity of 
the PdO phase within the nanofibrous aerogel matrix. 

The surface elemental composition and chemical states of the Pd-doped nano-
fibrous aerogels were investigated via XPS analysis. As shown in the survey spectra 
(Figure 6(b)), all Pd-containing samples exhibited distinct signals for O, Ti, Si, Y, 
and Pd, corroborating the successful incorporation of Pd into the aerogel frame-
work. The detection of a carbon signal is attributed to the partial carbonization of 
PVP during calcination, a phenomenon frequently observed in sol-gel derived ox-
ide systems [35]. To identify the valence states of palladium, the high-resolution 
Pd 3d spectra (Figure 6(c)) were deconvoluted into two pairs of spin-orbit dou-
blets. The peaks located at binding energies of approximately 336.9 eV (Pd 3d5/2) 
and 342.2 eV (Pd 3d3/2) are assigned to Pd2+ species, while those at around 335.0 
eV and 340.2 eV correspond to metallic Pd0 [36]. The coexistence of Pd2+ and Pd0 
indicates partial reduction of Pd2+ during calcination at elevated temperatures, 
which is commonly observed in Pd/TiO2 systems owing to strong metal-support 
interactions [37]. The binding energy ranges observed for Pd2+ (Pd 3d5/2: 336 - 340 
eV; Pd 3d3/2: 341 - 345 eV) align well with literature values [38], confirming that 
Pd in the nanofibrous aerogel predominantly exists as Pd2+ species, with a minor 
fraction of metallic Pd0. The coexistence of these Pd species is beneficial for redox 
cycling and oxygen activation during catalytic combustion, thereby enhancing 
catalytic performance [39]. 

The elemental distribution within the nanofibrous aerogels was further scruti-
nized via EDS mapping of a representative PTSY-11-NFA nanofiber (Figures 6(d)-
(i)). The mapping results revealed a smooth and continuous morphology, charac-
terized by the uniform distribution of Ti, O, and Si throughout the fiber matrix. 
Notably, Pd was homogeneously dispersed along the nanofiber devoid of discern-
ible agglomeration, while Y, despite its lower concentration, also exhibited uni-
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form distribution. These observations corroborate the XPS results, verifying the 
successful integration of all components into the aerogel framework. While a di-
rect comparison with Y-free samples was not conducted in this study, previous 
literature suggests that Yttrium species can effectively inhibit grain growth and 
suppress phase transformation in zirconia and titania-based systems [40]. There-
fore, it is hypothesized that the uniform distribution of Y in the current PTSY 
system likely contributes to maintaining the structural integrity of the nanofibrous 
network during high-temperature calcination. 
 

 
Figure 6. (a) XRD spectra of TSY-NFAs, PTSY-2-NFAs, PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-NFAs. (b)-(c) XPS 
survey spectra and Pd 3d XPS spectra of PTSY-2-NFAs, PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-NFAs; (d)-(i) EDS 
elemental mapping image of PTSY-11-NFAs. 

3.1.4. Mechanical Property Analysis of Catalysts 
Mechanical characterization was conducted to assess the structural robustness 
and elasticity of the TSY-NFAs. As shown in Figure 7(a), the compressive stress-
strain (σ-ε) curves of TSY-NFAs exhibited a robust quasi-linear elastic response 
up to 60% strain with negligible plastic deformation. This remarkable elasticity is 
critical for heater assembly; it allows the catalyst to be slightly pre-compressed 
into the reactor housing, ensuring conformal contact with the walls. This tight 
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packing effectively eliminates edge voids, preventing gas channeling and forcing 
the fuel-air mixture to permeate uniformly through the mesoporous network for 
maximum catalytic utilization. Furthermore, the long-term structural integrity 
under dynamic conditions was assessed via cyclic compression tests (Figure 7(b)). 
The aerogels retained over 90% of their maximum stress with minimal permanent 
deformation of only 6%. In a practical combustion environment, the heater un-
dergoes repeated thermal expansion and contraction. The demonstrated fatigue 
resistance suggests that the PTSY-NFA catalyst can act as a “mechanical cushion,” 
accommodating thermal stresses and operational vibrations without pulverization 
or settling. The energy dissipation coefficient, calculated to be as low as 0.22 in the 
first cycle (Figure 7(c)), further indicates efficient elastic recovery rather than en-
ergy absorption through damage accumulation. 

A macroscopic test (Figure 7(d)) visually corroborated this resilience, showing 
rapid recovery after substantial loading. Finally, comparative analysis (Figure 7(e) 
and Figure 7(f)) confirmed that increasing Pd loading to 11 mol% caused negli-
gible fluctuations in the compressive modulus and energy dissipation (maintained 
at 0.25). This confirms that the active metal phase does not compromise the elas-
ticity of the support, ensuring that the optimized catalytic sites are housed within 
a mechanically stable framework capable of sustaining uniform combustion over 
extended operational periods. 
 

 
Figure 7. (a) Compressive σ-ϵ curves of TSY-NFAs under different strains of 20%, 40%, and 60%; (b) 40-cycle fatigue compression 
tests of TSY-NFAs at ε = 50%; (c) Variations of maximum stress and energy loss coefficient with the number of compression cycles; 
(d) TSY-NFAs can quickly recover from large compressive deformation; (e) Compressive σ-ϵ curves of TSY-NFAs, PTSY-2-NFAs, 
PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-NFAs at ε = 60%; (f) Maximum stress and energy loss coefficients of TSY-NFAs, PTSY-
2-NFAs, PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-NFAs. 
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3.1.5. Texture Properties Analysis of Catalysts 
The specific surface area and pore architecture are pivotal factors governing the 
catalytic performance of nanofibrous aerogels. As displayed in Figure 8, the N2 
adsorption-desorption isotherms of all prepared samples exhibited Type IV 
curves with H2-type hysteresis loops. According to IUPAC classification, these 
features indicate the presence of distinct mesoporous structures within the aero-
gels [41]. Notably, increasing the Pd loading from 0 to 11 mol% resulted in a grad-
ual increase in both the specific surface area and the average pore size (Table 1). 
This enhancement is primarily attributed to the suppression of lattice distortion 
in anatase TiO2 by Pd doping, which stabilizes the crystal structure. Such stability 
facilitates gas diffusion during LPG combustion, thereby contributing to the ob-
served improvement in catalytic activity. 
 

 
Figure 8. N2 adsorption-desorption isotherms of TSY-NFAs, PTSY-2-NFAs, PTSY-5-
NFAs, PTSY-8-NFAs, and PTSY-11-NFAs nanofibrous aerogels. 
 

Table 1. Texture properties of TSY-NFAs, PTSY-2-NFAs, PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-NFAs nanofibrous aerogels. 

Nanofibrous aerogels Specific surface area/(m2∙g−1) total pore volume /(cm3∙g−1) average pore size/nm 

TSY-NFAs 78.8 0.023 4.11 

PTSY-2-NFAs 85.6 0.035 5.59 

PTSY-5-NFAs 90.3 0.041 6.87 

PTSY-8-NFAs 96.8 0.059 8.96 

PTSY-11-NFAs 100.7 0.077 10.12 

3.1.6. Reduction Analysis of Catalysts 
The reduction behavior of the PTSY-NFA series was systematically investigated 
via H2-TPR analysis (Figure 9). Crucially, the reduction profiles offer direct in-
sights into the availability of active oxygen species required for the catalytic oxi-
dation of LPG. All catalysts exhibited a negative peak in the temperature range of 
65˚C - 75˚C. This inverted signal is widely identified as the thermal decomposi-
tion of palladium hydride (PdHX) [42]. As the Pd loading increased, this peak be-
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came more pronounced, indicating stronger Pd-H interactions and the progres-
sive nucleation of Pd particles within the nanofibrous framework. Such structural 
evolution facilitates PdO reduction. Furthermore, it promotes the reversible 
transformation between Pd0 and Pd2+ during catalytic cycles [36]. 

For PTSY-5, PTSY-8, and PTSY-11-NFAs, an additional reduction peak emerged 
near 105˚C. This feature corresponds to the reduction of PdO species with weak 
metal-support interactions. Notably, PTSY-11-NFAs exhibited a distinct second-
ary peak at 178˚C. This signal is attributed to the reduction of highly dispersed 
PdO clusters that remained unreduced at lower temperatures. Such behavior sug-
gests that higher Pd loading induces structural heterogeneity. Specifically, smaller 
PdO domains exhibit stronger metal-support interactions, thereby necessitating 
higher energy for reduction [37]. 

Additionally, all catalysts exhibited a weak, broad reduction signal between 
450˚C and 500˚C. This feature is attributed to the surface reduction of Ti4+ spe-
cies within the TiO2 matrix [43], which contributes negligibly to the overall cata-
lytic performance. In contrast, distinct high-temperature reduction peaks near 
670˚C were observed for the samples with lower Pd loadings (PTSY-2 to PTSY-
8). These peaks arise from strong interfacial interactions between PdO and the 
TiOx/SiOx support, rendering them difficult to reduce and thus catalytically inert 
at typical operating temperatures. The complete absence of this high-temperature 
signal in PTSY-11-NFAs indicates that the optimized Pd loading prevents the for-
mation of these “locked” inactive species. Consequently, the superior reducibility 
of PTSY-11-NFAs ensures that a maximal fraction of palladium active sites re-
mains available for the redox reaction, validating its superior catalytic combustion 
performance. 
 

 
Figure 9. H2-TPR curves of PTSY-2-NFAs, PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-
NFAs. 

3.2. Catalytic Performance Assessment of Catalysts 

The LPG conversion efficiency and catalytic infrared temperature of the aerogel 
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series were initially evaluated under varying air flow rates (Figure 10(a) and Fig-
ure 10(b)). As shown in Figure 10(a), the LPG conversion efficiency increased 
progressively with the air flow rate. Notably, PTSY-11-NFAs achieved a maxi-
mum conversion of 99% at 0.7 L/min. This superior performance is ascribed to 
the synergistic effects of high Pd loading, large specific surface area, and enriched 
surface lattice oxygen. These factors collectively promote active oxygen mobility 
and enhance catalytic oxidation efficiency. Regarding the infrared surface temper-
ature (Figure 10(b)), all samples exhibited a specific trend: the temperature ini-
tially increased and then decreased with rising air flow. This phenomenon is at-
tributed to reduced heat retention in the combustion zone at higher flow veloci-
ties. Specifically, PTSY-11-NFAs attained a peak temperature of 587˚C at 0.8 
L/min, surpassing that of PTSY-8-NFAs (566˚C) by 21˚C. This rapid attainment 
of peak temperature corroborates the superior catalytic activity and efficient heat 
generation of PTSY-11-NFAs, aligning well with the enhanced redox performance 
revealed by the H2-TPR analysis. 
 

 
Figure 10. (a) Conversion rates of LPG and (b) infrared temperatures of catalytic combus-
tion for PTSY-2-NFAs, PTSY-5-NFAs, PTSY-8-NFAs, and PTSY-11-NFAs under different 
air flow rates; Effects of calcination temperature on (c) conversion rates of LPG and (d) 
infrared temperatures of catalytic combustion for PTSY-11-NFAs under different air flow 
rates; (e) Stability of continuous catalytic combustion for PTSY-11-NFAs; (f) Test results 
of reusability for PTSY-11-NFAs. 
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The impact of calcination temperature on the catalytic performance of PTSY-
11-NFAs was examined under varying air flow rates (Figure 10(c) and Figure 
10(d)). With the 0.3 - 0.7 L/min range, both LPG conversion and infrared tem-
perature increased with the air flow rate for all samples. The catalyst calcined at 
400˚C exhibited inferior performance. This is attributed to the incomplete decom-
position of organic precursors. The resulting residual carbonaceous species block 
active sites, thereby limiting catalytic efficiency. Conversely, samples calcined at 
600˚C and 800˚C achieved LPG conversions exceeding 95% and surface temper-
atures above 550˚C. These metrics indicate superior redox capability and en-
hanced surface activation. Consequently, elevated calcination temperatures pro-
mote structural stabilization and strengthen metal-support interactions without 
compromising catalytic activity. This improves the thermal tolerance of PTSY-11-
NFAs for sustained infrared combustion. 

Balancing experimental safety and energy efficiency, the PTSY-11-NFA sample 
calcined at 600˚C was selected for stability and durability assessment. The tests 
were conducted at an air flow rate of 0.8 L/min. As depicted in Figure 10(e), the 
infrared surface temperature remained stable at approximately 560˚C throughout 
12 h of continuous operation. Notably, negligible fluctuation was observed during 
this period. Subsequently, the catalyst underwent 30 consecutive reuse cycles, with 
each cycle lasting 12 h (Figure 10(f)). Even after this rigorous testing, the infrared 
temperature showed only a modest decline of 50˚C from its initial value. These 
results demonstrate that the PTSY-11-NFA catalyst possesses robust thermal sta-
bility and excellent reusability under practical combustion conditions. 

3.3. Evaluation of Catalytic Infrared Heater for Catalyst 
3.3.1. Assessment of Commercially Available Catalyst and PTSY-11-NFAs 

Catalyst 
To assess its practical efficacy, the high-performing PTSY-11-NFA catalyst was 
compared with a commercial catalyst (Figure 11). As shown in Figure 11(a), 
PTSY-11-NFAs achieved over 90% LPG conversion at a relatively low air flow rate 
of 0.6 L/min. In contrast, the commercial catalyst required a higher flow rate of 
1.0 L/min to achieve a similar conversion level. Additionally, in terms of thermal 
output (Figure 11(b)), PTSY-11-NFAs reached a peak infrared temperature of 
587˚C at 0.8 L/min, exceeding the commercial catalyst’s temperature of 568˚C by 
19˚C. These comparative findings underscore the superior catalytic efficiency and 
heat generation of PTSY-11-NFAs. This performance advantage is attributed to 
its optimised nanofibrous architecture and highly dispersed Pd active sites. 

3.3.2. Temperature Distribution of Catalytic Infrared Heater 
Figure 12(a) illustrates the configuration of temperature measurement points on 
the catalytic infrared heater. During the test, LPG was injected at point 8 and dif-
fused uniformly across the surface, facilitating stable and homogeneous infrared 
combustion. Figure 12(b) presents the corresponding 3D temperature profile. 
Notably, a high-temperature region covered approximately 90% of the surface, 
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where temperatures exceeded 475˚C. The overall surface temperatures ranged 
from a minimum of 423˚C to a peak of 509˚C. The slight temperature drop ob-
served at the periphery was ascribed to incomplete catalyst packing and mechan-
ical constraints from edge riveting. These factors locally restricted gas flow and 
oxidation. Despite these minor edge effects, the heater exhibited exceptional ther-
mal uniformity and operational stability. This validated the significant potential 
of nanofibrous aerogel catalysts for advanced infrared heating applications. 
 

 
Figure 11. (a) Conversion rates of LPG, (b) Infrared temperatures during catalytic combustion of 
PTSY-11-NFAs and commercially available catalysts under different air flow rates. 

 

 
Figure 12. (a) Temperature distribution measurement points of the catalytic infrared heater; (b) 
Temperature distribution diagram of the catalytic infrared heater. 

4. Conclusion 

In this study, Pd-doped TiO2/SiO2/Y2O3 nanofibrous aerogel catalysts were devel-
oped via a one-step 3D electrospinning technique. This approach yielded a binder-
free, continuously interconnected porous framework, wherein Y2O3 played a piv-
otal role in stabilizing the nanofibrous architecture. Furthermore, the incorpora-
tion of Pd optimized the crystalline structure and pore characteristics, thereby fa-
cilitating gas diffusion and efficient LPG oxidation. The resulting aerogels demon-
strated exceptional thermal stability and mechanical resilience, retaining over 90% 
elastic recovery after 40 compression cycles. Among the prepared series, the opti-
mized PTSY-11-NFA catalyst achieved an LPG conversion efficiency of 99% and 
a peak infrared surface temperature of 587˚C. A prototype infrared heater inte-
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grated with this catalyst displayed a highly uniform temperature distribution, sur-
passing the performance of a commercial benchmark. These findings provide a 
scalable and reliable strategy for constructing 3D nanofibrous aerogels and high-
light their significant potential for advanced catalytic infrared heating applica-
tions. 
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