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A B S T R A C T

Amorphous alumina shaped as nanofibers forming a non-woven network, functioning as a heterogeneous 
dispersion for palladium (Pd) atoms and nanocrystals, is unique yet unstudied for low-temperature CO oxidation. 
This work demonstrates that nanometric-size alumina fibers (ANFs) with a surface area of ⁓230 m2/g can host 
Pd species that remain nearly intact after CO oxidation. The ANFs contain various Pd (Pd-ANFs) loadings, 
ranging from 1 %wt. (Pd1-ANFs), 3 %wt. (Pd3-ANFs), to 5 %wt. (Pd5-ANFs). Among them, Pd3-ANFs show the 
highest CO chemisorption. Hence, the chemical environment of the Pd3-ANFs is assessed using NAP-XPS under 
various CO and O2 mixtures. NAP-XPS shows the presence of metallic and oxidized Pd species. The results are 
correlated with DRIFT spectroscopy, which unveils the CO species adsorbed over Pd. Furthermore, a 
computational-based kinetic model for CO oxidation shows that Pd single atoms start the CO-oxidation, followed 
by larger Pd crystals during light-off. Our results demonstrate that the Pd-ANFs have higher activity when 
compared with the Pd alumina nanoparticles (Pd-ANP) counterpart that lacks a fibrous structure, highlighting 
the benefits of the ANF’s structural network in stabilizing atomic and nanometric scale metal catalysts for low- 
temperature CO oxidation.

1. Introduction

Al2O3 is a ceramic material with various crystalline forms [1–5]
widely used in the industry [6,7]. Al2O3 supports provide acidity, sur
face area, and thermal stability, which are key characteristics in het
erogeneous catalysis [8–11]. Synthetic approaches of Al2O3 focus on 
tuning microporosity (<2 nm pore width), mesoporosity (from 2 to 
50 nm pore width), and macroporosity (>50 nm pore width) to the finest 
level to improve chemical conversion [6,12]. Catalysis synthesis 

advancements have not stopped at tuning micro-, meso-, and 
macro-pores. Structural shaping of Al2O3 forming microscale or milli
metric size architectures while maintaining such multi-porosity char
acteristics has occurred over the years. The gap between such scales has 
been bridged using additive manufacturing (AM) methods, as in the case 
of Al2O3 monoliths [13–17]. The later methods enable the production of 
freeform geometrical architectures designed to control reaction rates via 
mass transfer and diffusivity. However, in some cases, the Al2O3 initial 
characteristics can be modified during manufacturing, perhaps due to 
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the incompatibility between materials (e.g., stabilizers, binders, and 
surfactants). It is, therefore, essential to find ways to design Al2O3 
geometrical forms without compromising the chemical properties of the 
Al2O3, e.g., acid sites [9,10], where reactants adsorb, guiding the 
transformation of molecules, which ultimately react and desorb from the 
catalyst’s active site [8,10].

Reactions relying on mesoscopic geometries [13–15] can then be 
adapted to facilitate transport throughout multiple length scales to 
outpace intermediate instabilities leading to side products. This step can 
be reached by producing geometrical architectures. Aside from AM 
[17–20], electrospinning [10,21] offers the opportunity to produce 
fiber-like geometries of a few nanometers in diameter. Arranged in a 
non-woven fashion, nanofibers composed of Al2O3 [13–15] should 
ideally allow better inter- and intra-particle diffusion, overcoming 
possible mass transfer limitations and simultaneously permitting the 
deposition of highly dispersed Pd nanocrystals.

Different systems with nanoparticles (NPs) on different nanofiber 
substrates have been studied[22–25]. Only a few groups have demon
strated the ability to decorate amorphous Al2O3 nanofibers (hereafter 
ANFs) with Pd nanocrystals (Table S1). However, understanding Pd 
atoms and nanocrystal relationships for the CO oxidation reaction has 
not been explored in detail. An additional novelty is that the proposed 
ANF approach differs from conventional preparation methods, such as 
impregnation and coprecipitation, which typically utilize bulk Al2O3 of 
virtually any shape [26–29]. Furthermore, this research effort connects 
reaction steps occurring over metal catalysts (Pd atoms and nano
crystals) supported over shaped Al2O3 fiber geometry. Understanding 
the relationship between nanometric (i.e., Pd a few atoms and nano
crystals) and micrometric (i.e., non-woven nanofiber support) length 
scales during a chemical reaction is the knowledge that can be used as a 
staircase to connect with reaction steps [30].

This work presents a one-pot synthesis method using electrospinning 
to produce non-woven Pd-ANF architectures. The functionality of the 
non-woven nanofiber architecture is demonstrated by contrasting the 
Pd-ANFs with Pd-ANPs. Morphological analysis indicates higher Pd 
distribution in ANFs. The Pd has different oxidation states, as deter
mined by NAP-XPS. The results are then compared with DRIFT spec
troscopy, showing that adsorbed CO adopts several configurations, 
which vary between ANFs and ANPs. The functionality of Pd-ANFs and 
Pd-ANPs is assessed during CO oxidation under different CO and O2 
ratios. Light-off curves for CO oxidation demonstrate that the Pd-ANFs 
have higher activity when compared to their Pd-ANP counterparts, 
highlighting the importance of Pd-decorated structured support for low- 
temperature catalysis. Aided by ab initio kinetic modeling, we evidenced 
that Pd single-atoms help to start the low-temperature reaction followed 
by nanoparticle crystal contributions during light-off. The results are 
supported by STEM ADF analysis, in which single atoms are observed, 
even after the CO oxidation reaction.

2. Methodology

2.1. Synthesis of Pd nanoparticles on Al2O3 nanofibers with 
electrospinning

The Pd-ANFs were prepared using a commercial electrospinning 
system (IME Technologies, The Netherlands). The IME system was 
operated utilizing a stainless-steel needle (inner diameter of 0.4 mm) at 
a separation distance of 12 cm from the aluminum collector plate. First, 
a mixture consisting of 4 %w/v C14H27AlO5 (ASB) technical grade from 
Alpha Aesar, 6 %w/v polyvinylpyrrolidone (PVP, MW ~1300,000), and 
0.53 %w/v t-octylphenoxypolyethoxyethanol (Triton x100, Sigma- 
Aldrich) dissolved in ethanol (100 % Tech. grade, BOOM BV, The 
Netherlands) was used as the aluminum precursor solution to generate 
ANFs. Pd acetate (ACS, Sigma-Aldrich) was used as Pd source. Three 
different Pd acetate concentrations were used (0.0002, 0.0005, 
0.0014 %w/v) and incorporated into the ASB precursor solution during 

mixing (1 h). The concentrations of Pd acetate used are equivalent to 1, 
3, and 5 % w/w of Pd in Al2O3. The prepared solutions were electrospun 
at environmental temperature and controlled humidity (35 %) using a 
potential of 19 kV and at 5 mL/h infusion rate. After deposition, all fiber 
samples were dried in an oven for 12 h at 353 K to remove the excess 
solvent. Subsequently, they were calcined (Nabertherm LH 15/12) in air 
with a temperature ramp of 1 K/min to 623 K for 3 h and then 1 K/min 
until reaching 773 K for 1 h. The synthesized nanofiber catalysts were 
labeled, Pd1-ANF, Pd3-ANF, and Pd5-ANF. ANP control catalysts con
taining 1, 3, and 5 % w/w of Pd were also prepared by drop-casting 
using the same ASB and Pd acetate precursor solutions. These ANP 
samples were annealed following the same procedure as the ANFs and 
labeled as Pd1-ANP, Pd3-ANP, and Pd5-ANP for simplicity.

2.2. Morphological characterization

The morphology of the ANF and ANP were analyzed using a high- 
resolution (HR) SEM microscope (Zeiss MERLIN) operated at 1.40 kV 
coupled with a High-Efficiency Secondary Electron Detector (HE-SE2). 
Before SEM analysis, samples were sonicated in ethanol, leading to 
nanofiber fragmentation into smaller pieces.

Annular dark field (ADF) scanning transmission electron microscopy 
(STEM) images were collected in bright field (BF) using an aberration- 
corrected JEOL ARM 200CF Transmission Electron Microscope oper
ated at 80 kV. Energy Dispersive X-ray Spectroscopy maps were 
collected using a JEOL Centurio 100 mm2 detector. Samples for (S)TEM 
were prepared by dispersing 5 mg of either Pd-ANFs or Pd-ANPs in 
ethanol and sonicated for 5 min. The suspension was dropcasted on Cu 
grids.

2.3. Structural characterization

The crystalline structure was analyzed by X-ray powder diffraction 
(D2 PHASER, Bruker) using Cu Kα radiation (λ = 1.5418 Å) operated at 
30 kV, 10 mA, in the 2θ range between 10 and 70◦, employing at 0.05◦

step-size and a scan speed of 0.1◦/s. A Si-low background sample holder 
(Bruker) was used for the hybrid samples.

2.4. Surface area and porosity

The BET surface area and pore diameter of the Pd-ANFs or Pd-ANPs 
were determined from the nitrogen adsorption/desorption isotherms at 
77 K on a Micrometrics ASAP 2010 instrument. Before the measurement, 
each sample was evacuated at 473 K for 4 h. The pore size distributions 
was calculated using the Barrett-Joyner-Halenda (BJH) method [31].

2.5. CO chemisorption analysis

The measurement was done using a 3-Flex Micromeritics instrument 
for the CO-Pulse chemisorption experiments. A 150 mg sample was 
loaded into a U-shaped quartz reactor and heated from RT to the cor
responding reduction temperature (573 K) with 5 K/min in 5 % H2/Ar 
(50 mL/min) for 120 min. Afterward, gas was changed to He (50 mL/ 
min), and the sample was flushed for 90 min and then cooled to RT. After 
that, the sample loop was filled with 20 % CO/He, and then pulses were 
initiated onto the sample using He as carrier gas (50 mL/min). The peaks 
were recorded and integrated using a TCD detector, assuming a chem
isorption stoichiometry metal surface: CO = 2 and a spherical shape of 
the metal particle.

2.6. FTIR measurements of CO adsorption and CO oxidation

FTIR in DRIFT-operando mode was used to investigate the adsorption 
(FTIR-CO) and oxidation of CO over the Pd-ANFs and Pd-ANPs. In both 
cases, 20 mg of the catalyst was loaded into the DRIFT cell (Harrick, 
modified). The cell was mounted into the Praying Mantis diffuse 
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reflection accessory (Harrick) inside the sample compartment of the 
FTIR spectrometer (Thermo-Electron, Nicolet 8700 with a cryogenic 
MCT detector). The bench of the spectrometer was continuously purged 
with dried air (Parker Balston FTIR purge gas generator) to eliminate 
CO2 and water vapor contributions to the spectra. Time-resolved DRIFT 
spectra were recorded at a resolution of 4 cm− 1 (up to 1 spectrum/ 
0.39 s). The exit of the cell was connected to a mass spectrometer Prisma 
QMG220 (Pfeiffer) by a sampling capillary. A flow-through 10-way 
valve, electronically actuated (Vici-Valco) and synchronized with the 
FTIR, controlled the entrance of the gases . The flow rate was regulated 
by mass flow meters (Cole-Parmer)[32].

The followed experimental protocol is described in Scheme 1. The 
samples were activated by flowing H2 (5 % in He) at 573 K (2 h, 5 K/ 
min) and cooling down in He (Step A). CO adsorption (Step B), CO was 
adsorbed by flowing CO (1 % in He) 50 mL/min at 323 K over the 
reduced samples. After the CO adsorption in Step B, the oxidation of the 
pre-adsorbed CO was carried out by flowing O2 (5 % in He). CO 
oxidation (Step C) was studied using different αCO values to study the 
effect of the CO/O2 ratio, where αCO =

pCO
pCO+pO2

. Three different αCO (0.1, 

0.2, 0.5) conditions were tested in series. The total flow was 50 mL/min, 
and the temperature was changed from 350 to 453 K. After the testing of 
each αCO, the reactor was allowed to cool down until 323 K. For refer
ence; CO adsorption was also carried out on non-reduced (PdO) samples.

2.7. Near ambient pressure (NAP) – XPS

Operando X-ray photoelectron spectroscopy (XPS) measurements 
were performed with a near-ambient pressure X-ray photoelectron 
spectroscopy system (NAP-XPS, SPECS Surface Nano Analysis GmbH, 
Germany). The setup has a differentially pumped Phoibos 150 electron 
energy analyzer with a nozzle of 500 µm, a monochromated Al Kα ra
diation source (E = 1486.6 eV), and a laser heating system for sample 
heating. The analysis chamber can be filled by five mass flow controllers 
(Brooks, GF40) with different gases and reaction mixtures up to a total 
pressure of 10 mbar; for the current experiments, a total pressure of 2 
mbar is used. Reaction gases and formed products were monitored using 
a mass spectrometer (QMS, MKS e-vision 2) attached to the lens system 
of the spectrometer (lens 1). The powder samples are pressed into flakes 
using a laboratory press with 10 mm diameter and a load of about 0.5 t 
and mounted on the sample plate using a metal mesh and a circular 
aperture to minimize charging. Temperature is monitored by a ther
mocouple on the sample plate pressed to the sample surface.

A description of the experimental protocol is shown in Scheme 2. The 
samples were activated by flowing H2 (10 % in He) at 600 K (2 h, 5 K/ 
min) and cooling down to 350 K in He (Step A). CO adsorption (Step B): 
CO was adsorbed by flowing CO (1 % in He) at 350 K for 1.5 h over the 
reduced samples. Later, the CO concentration was increased (5 % in He) 
to adjust the CO concentration to αCO = 0.2. CO oxidation (Step C): CO 
oxidation was carried out using different temperatures (350, 450, 550, 
and 600 K) at αCO = 0.2. Each oxidation temperature was studied for 

about 1 h.
Ex-situ XPS was carried out using an ESCALAB 220iXL (Thermo 

Fisher Scientific) with monochromated Al Kα radiation (E = 1486.6 eV). 
ANFs and ANPs loaded with Pd were prepared on a stainless-steel holder 
with conductive double-sided adhesive carbon tape. The electron 
binding energies were obtained with charge compensation using a flood 
electron source. In both cases (in-situ and ex-situ), data are referenced to 
the C 1 s core level of carbon at 284.8 eV (C-C and C-H bonds). The peaks 
were deconvoluted with Gaussian-Lorentzian curves using the Unifit 
2021 software for quantitative analysis. The peak areas were normalized 
by the spectrometer’s transmission function and Scofield’s element- 
specific sensitivity factor.

3. Results and discussions

3.1. Supported Pd nanocrystals on Al2O3 nanofibers

Previous reports demonstrate that the nanofibers are produced using 
ASB as an alumina precursor[9,10]. A slight modification from our 
methodology is that Pd acetate is added to the electrospinning ASB 
precursor solution[9,10]. The rationale behind such a step is to load the 
ANF with Pd nanocrystals at the start without needing an additional 
catalyst loading step. We then proceed with preparing three indepen
dent precursor solutions with final Pd loadings of 1 %wt. (Pd1-ANF), 
3 %wt. (Pd3-ANF), and 5 % wt. (Pd5-ANF). Once the precursor is elec
trospun, the nanofibers are annealed under an air atmosphere at 773 K 
for 1 h.

The SEM images of the annealed nanofibers (Pd1-ANF, Pd3-ANF, and 
Pd5-ANF) show a non-woven fiber morphology (Fig. 1a-1c) with ANFs 
diameters of 170 ± 41 nm for Pd1-ANF, 203 ± 61 nm for Pd3-ANF, and 
241 ± 37 nm for Pd5-ANF. Three additional Pd-loaded Al2O3 samples 
are synthesized to benchmark the importance of ANF geometry. Instead 
of electrospinning, the precursor solution is drop-casted into crucibles 
and annealed in an air atmosphere. Three catalysts are obtained with 
final Pd loadings of 1 %wt. (Pd1-ANP), 3 %wt. (Pd3-ANP), and 5 % wt. 
(Pd5-ANP). SEM images for Pd-ANP reveal a particle-like morphology 
(Figs. 1d-1f).

From the SEM images in Fig. 1, evaluating the presence of Pd 
nanocrystals in ANFs and ANPs is challenging. However, the catalysts in 
Fig. 1 comprise amorphous Al2O3 and PdO, as identified with XRD; the 
results are shown in Figure S1. Furthermore, the ANFs and ANP with 
PdO treated under H2/He are inspected with STEM to identify the 
nanocrystal sizes (Fig. 2). Figs. 2a, 2c, and 2e show Pd1-ANF, Pd3-ANF, 
and Pd5-ANF pre-treated in 5 % H2/He following step A in Scheme 1. 
Figs. 2b, 2d, and 2f show Pd1-ANF, Pd3-ANF, and Pd5-ANF after the CO 
oxidation (step C, Scheme 1). The Pd particle size distribution for step A 
is presented in Fig. 2a’, 2c’, and 2e’. The nanocrystal size distribution 
for step C is presented in Fig. 2b’, 2d’, and 2 f’. It should be noted that 
the reduction treatment in H2 has no apparent influence on the nano
crystal shape when compared, for example, to the Pd3-ANF treated 

Scheme 1. Experimental scheme of the CO-FTIR adsorption and CO oxidation at 323 K using various αCO ratios (αCO = 0.1, 0.2, 0.5) experiments.
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under an air atmosphere only (Figure S2).
From a number (n) = 100 Pd nanocrystals, the nanocrystal distri

bution shows a bimodal Pd-ANF distribution. A large number of small 
nanoparticles of ca 1.2 nm has been found after the reduction treatment, 
and a lower number of bigger particles (3.1, 3.2, and 4.8 nm for Pd1- 
ANF, Pd3-ANF, and Pd5-ANF). Additionally, the Pd3-ANF presents a 
high number of particles smaller than 3 nm. After CO oxidation, the 
nanocrystals’ diameters widen, lowering the amount of small particles 
by ~1.2 and 1.7 nm. The results indicate that Pd nanocrystals might 
redistribute and form slightly larger particle sizes after CO oxidation 
(Fig. 2b’, 2d’, and 2f’). Nanocrystal redistribution can be attributed to 
sintering[33,34]. A possible mechanism is that sintering occurs by 
removing smaller nanocrystals at the expense of even larger crystals[35, 
36]. Despite the sintering, small nanocrystals remain present after the 
CO oxidation. A transversal SEM image from a broken nanofiber shows 
the presence of Pd NP inside the nanofiber when using SEM back
scattered and secondary electrons (Figure S3). This indicates that adding 
metallic precursors while preparing the Al2O3 support generates a strong 
metal-support interaction (MSI), encapsulating and stabilizing Pd crys
tals [37,38].

Pd-ANFs (Fig. 2) are contrasted to Pd-ANPs (Figure S4) to evaluate 
the influence of the alumina morphology on the Pd nanocrystal’s size. 
Similar sintering effects have been observed in the nanocrystal size 
distribution for Pd-ANPs. We observe for Pd1-ANF a slightly smaller 
nanocrystal size diameter than Pd1-ANP after H2 reduction, which 

prevails after CO oxidation. After CO oxidation, Pd1-ANF and Pd1-ANP 
reveal similar nanocrystal sizes of 3.2 and 3.3 nm. Pd3-ANF, after H2 
reduction, has a significant number of 1.2 and 2.1 nm nanocrystals 
compared to Pd1-ANF. Compared to Pd3-ANP, a small number with 
1.2 nm size has been found. Larger nanocrystals of 2.1 nm are observed 
in Pd3-ANP but not as pronounced as in Pd3-ANF. Nanocrystals of 
3.2 nm have been found in both Pd3-ANF and Pd3-ANP. For CO 
oxidation in Figs. 2d-2d’ and S4d-S4d’, larger nanocrystals have been 
observed for Pd3-ANP. To this end, no large variations have been 
observed for Pd5-ANF and Pd5-ANP.

The CO chemisorption is used to estimate the dispersion of the Pd- 
ANFs and Pd-NPs after their reduction in H2 (Table 1). CO chemisorp
tion increases when the Pd content is increased from 1 %w/w to 5 % w/ 
w, either in Pd-ANF or Pd-ANP. From all samples, Pd3-ANF shows the 
highest dispersion. When we compare Pd3-ANF against Pd3-ANP, a 
drastic decrease in CO chemisorption is observed. A similar trend is 
observed when Pd5-ANF and Pd5-ANP are compared. Although slight 
SBET variations between ANFs and NPs are observed in Table 1, differ
ences can be considered negligible (~50 m2/g). Our attributions are 
based on the SBET representing the ANFs’ and ANPs’ internal surface 
area. For example, the external surface area associated with the fibers’ 
geometry is smaller than the internal area and only adds a marginal 
increase to the SBET. Please note that the diameter of the ANFs is around 
200 nm; thus, the external surface area is insignificant. The ANFs are a 
better heterogeneous support for Pd crystals than their NPs counterpart. 

Scheme 2. Experimental scheme of the NAP-XPS experiments during CO oxidation using αCO = 0.2 at different temperatures.

Fig. 1. SEM images of (a) Pd1-ANF, (b) Pd3-ANF, (c) Pd5-ANF, (d) Pd1-ANP, (e) Pd3-ANP, and (f) Pd5-ANP after annealing in air. It should be noted that SEM 
images in (a-c) are broken fibers. The fibers have been damaged during the preparation of the SEM specimen.
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ANFs comprise a non-woven geometry facilitating CO to diffuse 
throughout their mesoscale network, promoting chemisorption, as 
shown in Table 1. Our attribution is evidenced in Figure S3, with pores 
inside the ANFs, which grants reactants contact with the encapsulated 
Pd crystals[9,10]. It should be noted that STEM ADF in Fig. 2 evidences 
the presence of single atoms and atom clusters. However, the particle 
size distribution of single atoms and clusters lower than < 1.2 nm is 
somewhat challenging to resolve unless it is used together with other 
spectroscopic techniques like EDX in Fig. 8. Hence, particle size distri
bution is not shown as it might require many particles to be revolved, e. 
g., n = 100.

3.2. Active sites on Al2O3-supported Pd nanocrystals

Understanding the active sites of Pd nanocrystals over mesoscopic 
architectures is a staircase toward connecting single atoms, clusters, and 
nanocrystals activity with processes occurring at larger scales. Pd ac
tivity can correlate to the type of active site in Pd. Therefore, IR spec
troscopy of adsorbed CO (CO-IR) is assessed.

The non-H2 reduced Pd3-ANFs and Pd3-ANPs’ CO-IR spectra (i.e., 
primarily oxidized Pd over ANFs and ANPs) are benchmarked in 
Figure S5. After H2 reduction, CO is adsorbed over the Pd-ANFs or Pd- 
ANPs (Fig. 3). For both catalysts, the spectra show IR signals of CO 
gas, possibly overlapping with a small IR band corresponding to linear 
CO-Pd2+, as shown in Fig. 3, region 1 (R1). Region 2 (R2) is assigned to 
linear CO on Pd (Pd-COL), and Region 3 (R3) to multi-coordinated 

Fig. 2. STEM ADF images and Pd nanocrystal size distribution of (a, a′) Pd1-ANF, (c, c′) Pd3-ANF, and (e, e′) Pd5-ANF after CO adsorption. STEM ADF images and 
nanocrystal size distribution after CO oxidation are presented in (b, b′) Pd1-ANF, (d, d′) Pd3-ANF, and (f, f′) Pd5-ANF. Yellow open circles show Pd particles 
~3.2–5 nm sizes, and orange arrows show the ~1.2 nm particles on the fibers.

Table 1 
Textural, CO adsorption, surface Pd content by XPS, and TOF for Pd-ANFs and Pd-ANPs.

Sarea 

(m2/g)
CO chemisorption (µmol/g)* Particle diameter (nm)* * Pd/Al Ex-situ 

XPS* **
TOF 
(s− 1) 
at 353 K

Pd1-ANF 207.7 26.1 2 0.01 0.052
Pd3-ANF 257.6 95 1.7 0.03 0.050
Pd5-ANF 220.8 95.1 2.8 0.05 0.050
Pd1-ANP 267.4 27.8 1.9 0.03 0.031
Pd3-ANP 250.8 59.1 2.7 0.06 0.029
Pd5-ANP 259.1 68.5 3.8 0.10 0.025

*CO chemisorption after H2 reduction
**Calculated from the CO chemisorption experiment
* **Calculated from atomic % ratio, based on XPS areas
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bridge species (Pd-COB). In the case of Pd-ANP, three prominent IR 
bands at 2086 cm− 1 (Pd-COL), 1985 cm− 1 (Pd-COB1), and 1928 cm− 1 

(Pd-COB2) have been found. Pd-COB1 is assigned to bi-coordinated CO on 

structurally open Pd nanocrystal planes, such as (100) or (210). IR bands 
around 1956 cm− 1 (Pd-COB2) are ascribed to bi-coordinated CO on Pd 
(111) [39–41].

Compared to Pd1-ANPs in Fig. 3, Pd1-ANF possesses similar Pd-COL 
features. These features remain similar between higher ANF loading but 
with increased relative intensity for Pd-COL and Pd-COB2. In the case of 
Pd-COB1, no band has been observed in the Pd-ANFs. Similar to the Pd3- 
ANF and Pd5-ANF, relative intensity increases of the Pd-COB2 band have 
been reported in the literature and attributed to a high metal fraction 
exposed in the catalyst, denoting the importance of ANF support prop
erties and geometry. The development of the 1980–1995 cm− 1 band 
(Pd-COB1) has also been attributed to low metal fractions[42,43]. 
Furthermore, the multiple CO bands in Fig. 3 appear due to a change in 
the exposed Pd facet[43–46]. The CO-IR results suggest that Pd (111) 
planes might be favored when Pd is supported in ANFs. STEM ADF 
images of Pd3-ANF in Fig. 4a and 4b support this hypothesis. The STEM 
results reveal that Pd is faceted, with Pd (111) planes dominating the 
nanocrystal morphology. At this point, the existence of Pd atoms cannot 
be confirmed with IR due to the heterogeneous system of Pd particles.

3.3. The chemical environment at the surface of Al2O3-supported Pd 
nanocrystals

Ex-situ XPS measurements have been carried out on air-annealed 
ANF and ANP loaded with Pd to understand the chemical environ
ment. Figure S6 shows the Pd 3d spin-orbit coupling pair with two peaks 
corresponding to Pd 3d5/2 and Pd 3d3/2. For the fit, two doublets are 
assumed leading a Pd 3d5/2 peak at binding energy (BE) between 336.4 
and 336.7 eV characteristic for Pd2+ in PdO [47,48] as well as between 
338.2 and 339.0 eV, indicating the presence of PdO2 species [48–50]. In 
general, great similarities can be found between the as-prepared 
Pd1-ANF, Pd3-ANF, and Pd5-ANF, which have more PdO2 species. In 
contrast, Pd supported on ANP is mainly in the Pd2+ state with only 
minor PdO2 present. Table 1 might help to shed light on this observation 
by looking at the Pd/Al ratio. Compared to the ANPs, the Pd/Al ratio is 1 
order of magnitude lower for ANFs. Table 1 results indicate that ANPs 

Fig. 3. CO-IR spectra after the exposure to 1 % CO on reduced Pd-ANFs and Pd- 
ANPs (Point B, Scheme 1).

Fig. 4. (a-b) A close-up STEM ADF image of single Pd nanocrystals oriented in the [100] zone axis from Pd3-ANF. The Pd nanocrystal facets are colored yellow. NAP- 
XPS Pd 3d core spectra for Pd3-ANF during the pre-treatment (c) in various conditions (He, H2, CO, and O2) and (d) the MS data associated with each gas over time.
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have more Pd exposed at the surface, which could prompt the formation 
of Pd2+ species. Furthermore, to explain the low Pd/Al ratios for ANFs, 
an SEM cross-section is shown in Figure S3. SEM results reveal the 
encapsulation of Pd crystals within the ANFs matrix, suggesting that a 
large portion of Pd is encapsulated within the ANFs.

Now, we focus on understanding the different chemical species in Pd 
nanocrystals under near-ambient pressure reaction conditions at a total 
pressure of 2 mbar. The pre-treatment and CO oxidation conditions at 
αCO = 0.2 are shown in Scheme 2 and have been chosen to be as similar 
as possible to the experimental conditions used for the IR-CO tests in 
Scheme 1. First, we start Pd3-ANF pre-treatment (Scheme 2). The Pd3- 
ANF has been selected among the other catalysts due to its highest CO 
oxidation characteristics. First, the as-prepared (known as air-annealed) 
Pd3-ANFs are analyzed in 2 mbar He at room temperature, see Fig. 4c. 
The two peaks in the Pd 3d region are fitted again with two doublets, 
assuming Pd2+ and Pd4+ (in PdO2) are the oxidation states. However, 
comparing these results to the ex-situ measurements (Figure S6), it be
comes evident that the relative amount of PdO2 is even higher in the 
NAP-XPS data. A reason could be the preparation process with a me
chanical press, which leads to breaking the ANFs apart and promoting 
more exposure to Pd NPs. In the next step, the sample is reduced to 10 % 
H2 diluted in He at 600 K, leading to the appearance of a peak around 
335.2 eV characteristic for Pd0. Small amounts of Pd2+ can be found as 
well, thus indicating the formation of partially reduced Pd nanocrystals 
[51–54]. Cooling down to 350 K and changing the gas environment to 
1 % CO leads to the decrease of Pd0 and the increase of Pd+2 species. 
After that, we changed to 5 % O2 diluted in He, maintaining the tem
perature at 350 K. The XPS analysis suggests that Pd nanocrystals are 
oxidized to Pd2+ again.

The NAP-XPS results are then correlated with mass spectrometry 
(MS), which is used to monitor the generation of CO2 (Fig. 4d). In 
Fig. 4d, the MS data during the pre-treatment show a small amount of 

CO2 generated during the reduction with H2, possibly from carbonate 
species adsorbed on the catalyst. Interestingly, during the MS time 
course, CO2 is generated when 1 % CO and 5 % O2 pre-treatments are 
switched (⁓5 h in Fig. 4d). This indicates that after CO pre-treatment, 
CO remained adsorbed on the Pd, reacting with O2 to form small 
amounts of CO2.

Fig. 5 demonstrates the changes in the Pd oxidation states over 
various temperatures at αCO = 0.2. In Fig. 5a (αCO = 0.2 at 350 K), we 
observe a mixture of Pd2+ and PdO2 species[51–54], which remains 
present across temperatures ranging from 350 to 600 K. The results are 
then compared with the recorded data from MS in Fig. 5b. The results 
evidenced that CO2 formation starts around 350 K. As the temperature 
increases to 550 K, the highest CO2 amount has been found. Higher 
temperatures than 550 K do not necessarily lead to an increase in the 
CO2 content. No variations for the Pd oxidation state between αCO = 0.1, 
0.2, and 0.3 are expected for the various ANF and NP loadings. However, 
discussing the reaction performance is essential for the multiple cata
lysts. The results are presented in the section below.

3.4. Light-off curves of Al2O3-supported Pd nanocrystals

The catalytic performance of the Pd-ANFs and Pd-ANPs for CO 
oxidation demonstrates the importance of controlling the Pd species in 
ANFs. In this experiment, we use three αCO values (αCO = 0.1, 0.2, and 
0.5) described in Scheme 1. The light-off results are shown in Fig. 6, and 
it should be noted that they agree with NAP-XPS findings in Fig. 5, 
where CO starts oxidizing around 350 K. Light-off curves for CO 
oxidation for Pd1-ANF, Pd3-ANF, and Pd5-ANF are shown in Fig. 6a-c. 
Light-off curves for Pd1-ANP, Pd3-ANP, and Pd5-ANP are shown in 
Fig. 6d-f. It is worth mentioning that at low conversions (αCO = 0.1), the 
S/N ratio is too low and causes a very noisy baseline.

A common feature for αCO = 0.5 in Fig. 6 is that temperatures higher 

Fig. 5. (a) NAP-XPS Pd 3d core spectra for Pd3-ANF after the pre-treatment at αCO = 0.2 over various temperatures and (b) the associated MS data during the 
CO reaction.
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than 393 K are required to oxidize CO. This is a known phenomenon 
since the CO surface reaction depends on the CO and O2 coverage. At 
higher CO coverages, CO blocks O2 to adsorb (possibly poisoning), 
hindering oxidation[40,55]. For other alpha values (i.e., αCO = 0.1 and 
0.2), the light-off curve shows that a lower temperature is required to 
oxidize CO to CO2. Within this set of experiments, αCO = 0.1 shows the 
lowest oxidation temperature. The Pd-ANFs have a light-off onset of 
around 353 K, 20 K lower than Pd-ANPs.

T50 has been obtained from Fig. 6 and is shown in Fig. 7 for a direct 
comparison. In Fig. 7, T50 is plotted against αCO, where we observed that 
Pd-ANFs have lower reaction temperatures than Pd-ANPs counterparts, 
indicating that (i) the Pd chemical environment and (ii) the ANF 
structure can aid, in general, chemical reaction outperformance. It 
should be noted that compared to the highly loaded catalysts, Pd1-ANF 
and Pd1-ANP required a higher temperature for CO to oxidize.

The turnover frequency (TOF) values are calculated for Pd-ANFs and 
Pd-ANPs. Table 1 presents the TOF at 353 K and αCO= 0.1, which were 
ca. 0.05 s− 1 for the Pd-ANF and 0.03 s− 1 for the Pd-ANP, respectively. 
Fig. 8 shows the tendency of all Pd-ANFs and Pd-ANPs. These results 
confirm that Pd-ANFs exhibit higher catalytic activity due to (i) the 
unique structural properties of the nanofibers, including a small length- 
to-diameter (L/D) ratio, high surface area, and optimized pore distri
bution, which enhances diffusion; (ii) the higher Pd dispersion, which 
increases the CO reaction rate by exposing more active Pd atoms; and 
(iii) the distinct chemical environment of Pd nanoparticles, as revealed 
by XPS and CO-IR analyses.

We can then connect the results from Figs. 6–8 with CO chemisorp
tion in Table 1. The Pd-ANFs are more active for CO chemisorption. 
Higher dispersion indicates higher catalytic activity, which agrees with 

Fig. 6. Light-off curves during CO oxidation at various αCO ratios (0.1, 0.2, 0.5) for (a) Pd1-ANF, (b) Pd3-ANF, (c) Pd5-ANF, (d) Pd1-ANP, (e) Pd3-ANP, and (f) 
Pd5-ANP.

Fig. 7. T50 as a function of αCO for Pd-ANFs and Pd-ANPs.
Fig. 8. TOF as a function of Pd dispersion for Pd-ANFs (black) and Pd-ANPs 
(red) loaded with 1 % wt., 3 % wt., and 5 % wt.
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Figs. 7 and 8. These demonstrate the functionality of structuring the 
materials, particularly in the ANF shape. Structured catalysts can 
improve the accessibility to active sites and help increase the catalytic 
activity[56]. In the case of nanofibers, higher performance is attributed 
to the stabilization of Pd species, as it could be prone to PdO2. It is also 
proposed that the specific fiber stacking increases diffusivity and re
duces transport limitations [56–59]. Although these experiments have 
been carried out under a kinetic control regime, the nanofiber structure 
can help to reduce the mass and heat transfer limitations in more 
demanding reactions in two ways: (i) the low particle (nanofiber) 
diameter and thus the high length/diameter ratio, reduces the internal 
transport limitations, while (ii) the open space between the nanofibers 
creates pores high enough to enhance the transport processes. To this 
end, it is important to understand the reaction mechanism behind the 
experimental light-off curves. The mechanism is discussed in the next 
section.

The XPS and CO-IR results also revealed significant differences in Pd 
nanoparticles’ electronic state and surface chemistry. XPS analysis 
indicated a stronger metal-support interaction (MSI) when Pd is sup
ported on the nanofibers. The CO-IR results showed that Pd-ANFs 
exhibit a higher fraction of Pd-COL than Pd-ANPs, which presents a 
more significant amount of Pd-COB. This suggests that Pd-NFs likely 
contain a higher proportion of isolated Pd atoms and small Pd clusters, 

which facilitate O₂ activation and mitigate CO poisoning, thereby 
enhancing catalytic performance.

3.5. Mechanistic insights: light-off

Experimentally, the importance of Pd nanocrystals over mesoscopic 
architectures, like ANFs, has been demonstrated, and understanding 
helps us connect catalyst structures with activity. Hence, it is important 
to understand the role of Pd species during light-off mechanistically. 
Therefore, existing predictive ab initio kinetic models have been imple
mented for Pd(111), Pd(110), Pd(100), and Pd single atoms adsorbed/ 
supported on Al2O3 (see Supporting Information Sections 7 and 8 and 
Table S2, Figures S7-S10 for computational and kinetic modeling 
details).

Our models have been evaluated in the same temperature window 
(250–450 K) for different αCO (Fig. 9). The light-off curves are simulated 
for ab initio kinetic models of various molecular systems; the pristine low 
index Pd surfaces Pd(111), Pd(110), Pd(100), and Pd single atoms 
adsorbed on Al2O3. Interestingly, the light-off order for these model 
systems follows the same trend, i.e., α0.5 < α0.2 < α0.1, in order of 
increasing light-off temperature (Figure S9, Fig. 9h), which is the 
opposite of the order depicted experimentally (Figs. 6 and 7).

The key factor playing an essential role in the experimental light-off 

Fig. 9. (a-d) ADF and STEM-EDXS map for (b) oxygen (light blue), (c) aluminum (yellow), and Pd (green). (e) Pd3-ANF after the reduction step and (f-g) after the CO 
oxidation cycle steps. (h) Simulated light-off curves as a function of αCO for Pd/Al2O3 for the Alexopoulos kinetic model[63] and (i) the modified kinetic model. Open 
yellow circles are assigned to Pd atoms, and arrows are assigned to slightly larger crystals.
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behavior (Figs. 6 and 7) is the existence of Pd single atoms, which are 
clearly observed experimentally with STEM ADF (see Figs. 9a-9g). 
STEM-EDXS reveals the chemical composition of the Pd3-ANF (Scheme 
1, step A). Pd3-ANF is composed of oxygen (light blue), aluminum 
(yellow), and Pd (green), as shown in Figs. 9a-9d. Pd clusters have been 
observed in the STEM-EDXS maps, indicating the presence of small 
particles (orange arrows). Remarkably, Pd atoms have been observed 
after the reduction reaction (Scheme 1, step A), as shown in Fig. 9e 
(yellow open circles), which prevailed after CO oxidation 
(Figure Scheme 1, step C). After the CO oxidation reaction, the STEM 
ADF results provide additional support for the co-existence of Pd atoms, 
clusters, and nanocrystals over the ANFs (Figs. 9f-9g, yellow open cir
cles, and orange arrows).

The presence of Pd as single atoms in ANFs is crucial since it can help 
maximize the efficiency of metal atom use and enable high activity and 
selectivity during reaction [60–62], such as temperature reduction 
during light-off (Figs. 6 and 7). Herein, it is shown that using ab initio 
kinetic modeling Pd single-atoms is necessary to explain the light-off 
trends. Our model plots surface coverages for an original kinetic 
model for CO oxidation on Pd single atoms adsorbed on Al2O3 with 
different values of α (Figure S10). We remark that below 340 K, at 
temperatures before the experimental light-off starts, it is clear that the 
dominant species are in decreasing order of abundance 2CO*P
dO2/Al2O3, 2CO*Pd/Al2O3, and CO*Pd/Al2O3 (Figure S10a-c); never
theless, the qualitative light-off trends for different α remain the same as 
on the low-index Pd surfaces. However, suppose we imagine that the 
abundant species can react with each other. In that case, the probability 
that these species become neighbors in the kinetic model can be statis
tically determined by multiplying both coverages and their reaction 
probability by calculating the activation barriers for the first and second 
CO oxidation (Figure S8).

We proceed then to extend the Alexopoulos kinetic model [63]
(Fig. 9h) with a 16th reaction featuring CO oxidation by abundant 
Pd-single atoms species coupling of neighboring (see Table S2), yielding 
a revised kinetic model for which the light-off temperatures increase 
with increasing αCO (Fig. 9i). The results align with Fig. 6 experimental 
data and allow us to understand why the light-off temperature is typi
cally below 400 K (Figs. 6 and 7), which does not happen on pure 
low-index Pd facets (Figure S9) nor Pd nanoparticles at such low tem
peratures. Experimentally, the picture is somehow complex as both 
single atoms and nanoparticles are present (Fig. 2, Fig. 4, and Fig. 9). 
While it is nearly impossible to construct ab initio kinetic models ac
counting for a whole active site distribution of supported Pd single 
atoms and Pd nanoparticles (Fig. 2), it is nevertheless possible, thanks to 
our ab initio kinetic modeling results (Figure S10) to unravel the 
importance and role of Pd single atoms to start the CO-oxidation light-off 
at temperatures below 373 K when Pd-nanoparticles and Pd-facets are 
still CO-poisoned. Furthermore, subsequent translation of CO molecules 
from Pd nanoparticles to Pd single atoms could allow these single atoms 
to be replenished with CO molecules. Finally, because Pd single atoms 
can be readily oxidized without CO poisoning, the Mars-Van Krevelen 
reaction mechanism will thrive at these low temperatures, as observed 
for other oxide/metal interfaces [64].

4. Conclusions

ANFs containing Pd nanoparticles have been synthesized using 
electrospinning, and their chemical surface has subsequently been 
analyzed. Analysis of the chemical surface revealed different Pd chem
ical species. STEM ADF reveals Pd particles are highly dispersed in the 
Pd loaded alumina nanofibers (Pd-ANF), compared to the Pd loaded 
alumina nanoparticles (Pd-ANP), while an infrared analysis of adsorbed 
CO on both types of catalyst helps to identify various CO adsorption sites 
over the catalysts.

More in particular, the CO-IR spectra of Pd-ANFs and Pd-ANPs after 
H2 reduction reveal the presence of CO adsorbed in Pd (CO-LI, CO-LII, 

CO-B2), while the presence of CO-B1 adsorption site is only present in Pd- 
ANPs. The absence of CO-B1 sites is attributed to smaller Pd particle sizes 
and higher chemisorption in Pd-ANFs. Furthermore, CO oxidation ex
periments also pointed to the advantage of Pd-ANFs over Pd-ANPs, 
contributing to a decrease in the light-off temperature, most probably 
due to the higher dispersion of Pd nanoparticles and Pd single atoms in 
the more structured ANF catalysts, which is another indication of the 
higher intrinsic activity of smaller Pd nanoparticles and their stronger 
metal support interactions. Light-off curves based on ab initio kinetic 
models on different molecular systems, such as pristine low index Pd 
surfaces and Pd single atoms adsorbed on Al2O3, shade light on the 
underlying light-off mechanisms. An amendment to an existing kinetic 
model on Pd single atoms by including a CO oxidation reaction between 
abundant single-atom species can explain the experimentally observed 
low light-off temperatures for the different CO/O2 ratios.
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