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Carbon nanofiber membranes (CNMs) are expected to be used in many energy devices to improve the

reaction rate. In this paper, CNMs embedded with palladium nanoparticles (Pd-CNMs) were prepared by

electrospinning and carbonization using polyimide as the raw material. The effects of carbonization

temperature, carbonization atmosphere, and heating rate on the physicochemical properties of the as-
obtained Pd-CNMs were studied in detail. On this basis, the electrocatalytic performance of Pd-CNMs
prepared under optimal conditions was characterized. The results showed that highly active zero-valent

palladium nanoparticles with uniform particle size could be distributed on the surface of carbon

nanofibers. Under vacuum conditions, at a carbonization temperature of 800 °C and a heating rate of 2 °
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C min™, Pd-CNMs have lower H,O; yield, lower Tafel slope (73.3 mV dec™), higher electron transfer

number (~4), and superior durability, suggesting that Pd-CNMs exhibit excellent electrocatalytic activity
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1 Introduction

With the increasing demand for energy and the improvement of
environmental quality, renewable energy equipment must be
developed to solve the serious environmental pollution prob-
lems.** In energy conversion devices, in particular, fuel cells and
metal-air batteries, the oxygen reduction reaction (ORR) occurs at
the cathode and is a crucial reaction for high performance. In
order to improve cell potential, it is necessary to efficiently reduce
oxygen at the cathode. Platinum (Pt) and Palladium (Pd) mate-
rials are considered to be the most optimal catalysts for oxygen
reduction reaction (ORR) in terms of catalytic activity. Pt/C and
Pd/C catalysts are widely employed in various industrial organic
catalysis and electrochemical catalysis applications. This is
because of their high catalytic activity and resource cost-
performance ratio.*® The precious metals need to be in the
form of highly dispersed nanoparticles and uniformly loaded on
carbon materials with a large specific surface area to improve the
utilization rate of active ingredients in the fuel cells. The carbon
structure of traditional Pd/C catalysts is mostly in the form of
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for ORR in alkaline electrolyte. Therefore, polyimide-derived CNMs embedded with Pd nanoparticles are
expected to become an excellent cathode catalyst layer for fuel cells.

activated carbon, carbon black, artificial graphite, and other
particles. However, the traditional Pd/C catalyst has some prob-
lems, such as easy caking, easy corrosion loss, rapid attenuation
of catalytic activity, serious pulverization pollution, and difficult
post-use recycling.**** In the last three decades, a lot of scientific
research has been carried out in the field of carbon nano-
materials all over the world due to their significant electronic,
optical, mechanical, chemical and thermal properties." The
fibers prepared by electrospinning technology have the charac-
teristics of nano-size effects, high specific surface area, high
porosity, etc.*>™” All kinds of inorganic particulate or precious
metal catalysts can be effectively dispersed on the fibers, greatly
reducing the agglomeration probability of the catalysts and
enhancing the catalytic activity. In recent years, many researchers
have leveraged the unique characteristics of nano-catalysts to
develop an in situ loading method for nanoparticles on fiber
surfaces or inner holes. This includes the surface effect, the
small-size effect, and the high loading capacity of electrospun
fibers. This approach has enabled the preparation of supported
catalytic materials with synergistic catalytic effects.’®'* In addition
to the application of catalytic membranes for oxygen reduction
reaction (ORR) on the cathode of fuel cells,® they can also be
applied as flexible electrode materials in zinc-air batteries.*
Moreover, they are the key catalytic material in realizing green
wastewater treatment by bioelectrochemical systems.?* The other
applications of catalytic membranes include pollution-free
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supported photocatalytic materials for treating refractory organic
wastewater, electrically assisted membrane bioreactors,* form-
aldehyde adsorption in the air, indoor air purification, and
protective masks.> T. H. Vignesh Kumar fabricated semi-
conducting single-walled carbon nanotube-based field-effect
transistors (s-SWCNT/FETs) decorated with cobalt ferrite (CFO)
nanoparticles, which were subsequently utilized to connect the
source and drain electrodes, facilitating the electron transport
within the device. As-prepared CFO/s-SWCNT/FET had been used
for the non-enzymatic detection of carbaryl and carbofuran.”
Dutt S. has developed a binder-free electrode based on a MnO,/
rGO nanocomposite, which is intended for direct implementa-
tion in supercapacitor systems.”® Vasanth Magesh developed an
electrochemical sensor for the determination of ethanol in
human salivary samples. The chemical reduction of HAuCl, using
Sparfloxacin (Sp) leads to the formation of gold nanoparticles (Sp-
AuNPs). An activated screen-printed carbon electrode (A-SPE) was
modified with a dispersion of Sp-AuNPs.”” Aamir Ahmed has re-
ported the sulfonation technique for stabilizing the surgical face
masks and their conversion into carbon nanoparticles for appli-
cation as a supercapacitor electrode. The electrode is fabricated
by preparing a slurry paste of carbon nanoparticles and pasting it
on a conductive wearable fabric.?®

The carbon nanofiber membranes (CNMs) serve as a catalyst
support material with various advantages, including a large
specific surface area, strong bearing capacity, good toughness,
and high strength. Polyacrylonitrile (PAN)-derived carbon fiber
accounts for as much as 90% of the total carbon fiber output. The
PAN-derived carbon fiber is the main variety of carbon fiber
precursors. Typically, the manufacturing process of PAN is
intricate since it involves many steps, such as precursor prepa-
ration, preoxidation, oxidation, carbonization, etc., which must
be carefully controlled and optimized.>?** Compared with PAN,
polyimide (PI) exhibits superior carbon yield and enhanced
mechanical properties, which have garnered the attention of
a diverse group of researchers.* The inherent molecular struc-
ture characteristics of aromatic PI make it possible to omit the
complicated preoxidation process when preparing carbon fibers,
reducing energy consumption.**** Therefore, it is a valuable way
to prepare unique free-standing structured PI-derived support
materials for precious metal catalysts with good conductivity by
electrospinning and carbonization.

In this study, PI-derived CNMs embedded with palladium
nanoparticles (Pd-CNMs) were prepared using electrospinning
and carbonization. Detailed investigations were conducted to
analyze the impact of carbonization temperature, heating rate,
and atmosphere on the structure and properties of Pd-CNMs.
Electrochemical characterization results were obtained for Pd-
CNMs prepared under the optimal conditions. The results
showed that Pd-CNMs are expected to become an excellent
cathode catalyst for fuel cells.

2 Experimental
2.1 Materials

Pyromellitic dianhydride (PMDA, =99.5%), provided by Tianjin
Haopu Chemical Co., Ltd, was dried in vacuum at 150 °C for 2 h
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before use. 4,4’- diaminodiphenyl ether (ODA, =99.5%) was
obtained from Wanda Chemical Co., Ltd. N,N-dimethylaceta-
mide (DMAc, AR) was purchased from Sinopharm Chemical
Reagents Co., Ltd. Palladium acetylacetonate (=99.0%) was
acquired from Beijing Bailingwei Technology Co., Ltd.

2.2 Synthesis of Pd(acac),-PAA solution

PMDA and ODA were utilized as raw materials, and DMAc
served as the solvent. Initially, ODA dissolved in DMAc and
stirred thoroughly under a nitrogen atmosphere. Under
mechanical stirring, PMDA was added repeatedly to attain an
ODA-to-PMDA molar ratio of 1:1.01. The polyimide precursor
(PAA) solution with a solid content of 10 wt% was prepared by
stirring polymerization. The combination of palladium acety-
lacetonate and an appropriate amount of DMAc was prepared,
followed by ultrasound-assisted dispersion and subsequent
addition to the PAA solution. Finally, the electrospinning PAA
solution was prepared by thoroughly stirring for 12 h under
a low-temperature nitrogen flow at —10 °C. The rotational
viscosity of the solution was measured with a value ranging
from 60 000 to 80 000 mPa s.

2.3 Preparation of Pd(acac),-PAA nanofiber membrane

The fully stirred Pd(acac),-PAA precursor solution was put into
a 5 mL syringe and electrospun. Parameters were set as follows:
the advancing speed was 1 mL h™", the rotating speed was 140
r min~", the spinning voltage was 16 kV. To ensure the forma-
tion of a carbon film of a certain thickness post-heat treatment,
the spinning time was controlled to yield a Pd(acac),-PAA
nanofiber membrane with a thickness of approximately 300 um.
The resultant fiber membrane demonstrated an exceptional
degree of softness and exhibited superior mechanical
properties.

2.4 Preparation of Pd-CNMs

Imidization of Pd(acac),-PI was achieved by placing Pd(acac),-
PAA in a muffle furnace and heating it from room temperature
to 350 °C at a controlled heating rate. The Pd(acac),-PI nano-
fiber membranes were laid between the polished artificial
graphite sheets to slow down the deformation during heat
treatment. Samples were put into a carbide furnace, and the
temperature was raised from room temperature to 500 °C at
a heating rate of 10 °C min " in different atmospheres (vacuum,
argon) separately. At different heating rates (2 and 0.5 °
C min "), the temperature was raised from 500 °C to the final
carbonization temperature (600, 800, and 1000 °C) and main-
tained for 30 min before cooling naturally. The schematic
illustration for the preparation of Pd-CNMs is shown in Fig. 1.
As a reference, the vacuum atmosphere was replaced with Ar/H,
flow (95:5) during the cooling process, abbreviated as Vac-Ar/
H,.

2.5 Characterization

The crystal structure of Pd-CNMs was characterized by X-ray
diffraction (XRD, D8 ADVANCE, Bruker, Germany). Scanning

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 The schematic illustration for the preparation of Pd-CNMs.

electron microscopy (SEM, Phenopharos, Phenom-World,
Netherlands) and transmission electron microscopy (TEM,
JEM-2100, Japan Electronics) were employed to analyze the
micro-morphology of Pd-CNMs. The valence states of elements
on the surface of materials were investigated using X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Fisher Scientific, MA, USA). The electrochemical performance
was tested using an electrochemical workstation (CHI760D,
Shanghai Chenhua, China) in a three-electrode system with
a glassy carbon electrode as the working electrode, a platinum
electrode as the counter electrode, and an Ag/AgCl electrode as
the reference electrode.

3 Results and discussion

3.1 Effect of carbonization temperature on the as-obtained
Pd-CNMs

The Pd-CNMs obtained at carbonization temperatures of 600,
800, and 1000 °C, respectively, labeled as Pd-CNMs-600 °C, Pd-
CNMs-800 °C, and Pd-CNMs-1000 °C, were carbonized under
argon atmosphere with a heating rate of 2 °C min~". The surface
morphologies of Pd-CNMs at different carbonization tempera-
tures were characterized, as shown in Fig. 2. With the increase
in the carbonization temperature, the fiber diameter decreased
significantly from 220 to 143 nm. The average diameter of the
nano fibers gradually decreases with the increase of tempera-
ture. The PI molecular chain shrinks during imidization and
carbonization. Element decomposition and solvent volatiliza-
tion also occur in the heating process, which jointly reduce the
diameter of the fibers. The average diameter of Pd-CNMs-600 °C
was approximately 220 nm. After the heat treatment at 800 °C,
the removal of non-carbon atoms was continued. At this time,
the average diameter of the fiber was about 184 nm. Further-
more, after the heat treatment at 1000 °C, the average diameter
of the fiber continued to shrink to a diameter of about 143 nm.
During the heat treatment process, due to the elevated
temperature that intensifies atomic motion, there is a greater
propensity for the atoms to aggregate towards the surface with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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higher energy. As illustrated in Fig. 2(d) and (e), a substantial
quantity of Pd nanoparticles accumulated on the surface of
carbon nanofibers. It can be seen from the cross-sectional
morphology of Pd-CNMs (Fig. 2(f)) that in many smooth cylin-
drical fibers in Pd-CNMs, a large number of pores were formed
by overlapping fibers. This shows that electrospun fibers had
the morphological characteristics of a porous structure with
a large specific surface area.

The crystal structure of Pd particles on carbon nanofibers at
different carbonization temperatures was discussed. As shown
in Fig. 3, the diffraction pattern of samples had several peaks at
26 of 40.43, 46.46, and 68.51°, corresponding to (111), (200), and
(220) facets of Pd (PDF#46-1043), respectively. This implies the
formation of a crystalline Pd with a face-centered cubic (FCC)
structure. In addition, when the carbonization temperature was
600 °C, a broadening peak appeared in the XRD pattern, cor-
responding to the Pd (111) crystal plane. This indicates that Pd
had a crystalline structure with low crystallinity and small grain
size. The Pd particles were reduced and crystallized during the
high-temperature treatment. It is widely known that the
broadening of the diffraction peak is mainly caused by grain
refinement and/or microscopic strain. The influence of micro-
scopic strain is assumed to be neglected during this preparation
process. According to the Scherrer formula, the average crys-
tallite size of Pd particles was about 5.50 nm. When the
carbonization temperature was 800 °C, the crystallinity of Pd
particles increased, and the grain size increased. According to
the profile fitting in Fig. 3(b), the XRD diffraction peak of Pd
(111) was separated into a broad peak and a sharp peak. The
corresponding grain sizes were calculated to be 11.9 and
48.3 nm according to the full width at half maximum (FWHM).
After the high-temperature treatment at 1000 °C, only sharp
diffraction peaks of the Pd appeared in the XRD pattern. This
indicates that more Pd particles (about 40.3 nm) migrated and
grew up.

Due to the distribution of Pd nanoparticles both on the
surface and inside the carbon nanofiber, the aggregation states

RSC Adv, 2024, 14, 21623-21634 | 21625


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra02023e

Open Access Article. Published on 08 July 2024. Downloaded on 7/28/2025 11:30:08 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
40 50
mean: 220 nm mean: 184 nm 40 mean: 143nm
30l 40}
9 9 Iaof
$ <5 $
200 ‘%Dzo I8
= =
& £ 10t g
0 0 0
100 200 300 400 100 200 300 100 200 300

Diameter (nm) Diameter (nm) Diameter (nm)

Fig. 2 The SEM images of (a) and (d) Pd-CNMs-600 °C, (b) and (e) Pd-CNMs-800 °C, (c) Pd-CNMs-1000 °C, and (f) the cross-sectional SEM
image of Pd(acac),-PAA.
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Fig. 3 (a) XRD patterns of Pd-CNMs at different temperatures under argon atmosphere; (b) fitting curves of Pd (111) diffraction peak for Pd-
CNMs-800 °C.

of the two were different, varying the particle size. Only the Pd  a significant deviation from the actual state. This describes the
nanoparticles on the surface of the fiber significantly impact particle size variation trend with carbonization temperature in
catalytic performance. XRD analysis indicates that the particle general terms. The TEM images of Pd-CNMs were analyzed to
size distribution of Pd nanoparticles on the surface may exhibit further investigate the distribution of Pd nanoparticles on fibers
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Fig. 4 TEM images of (a) Pd-CNMs-600 °C, (b) Pd-CNMs-800 °C, and (c) Pd-CNMs-1000 °C; (d) the STEM image of Pd-CNMs-800 °C and
corresponding elemental mapping images of (e) C, (f) Pd; (g) the enlarged TEM image of Pd-CNMs-800 °C, with the electron diffraction pattern
of Pd displayed in the upper right corner; (h) the HRTEM image of Pd nanoparticles on Pd-CNMs-800 °C.

at different carbonization temperatures. Fig. 4(a) displays the
TEM image of Pd-CNMs-600 °C, revealing that Pd nanoparticles
were evenly dispersed on the carbon fiber surface. The average
particle size was 3.44 nm, aligning with the calculated value
from XRD. This indicates that the nano-Pd particles within and
around the fibers were relatively small and uniform. When the
carbonization temperature was 800 °C, more Pd particles
migrated to the surface of the carbon fiber under high-
temperature thermal traction. At elevated temperatures, Pd
nanoparticles coalesced and expanded, increasing the particle

© 2024 The Author(s). Published by the Royal Society of Chemistry

size. Simultaneously, some palladium particles were deposited
on the surface of carbon nanofiber filaments. Due to the high-
temperature evaporation of Pd particles on the surface, the
growth rate of these particles was slower than that of the inte-
rior. This resulted in the formation of two types of Pd particles
with distinct average particle sizes, as shown in the previous
XRD results. As shown in Fig. 4(b), the average size of Pd
particles on the surface was 3.94 nm. This finding contrasts
with the small particle size of 11.9 nm calculated by XRD. This is
potentially due to the limited proportion of nanoparticles on

RSC Adv, 2024, 14, 21623-21634 | 21627
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the surface and insufficient migration and aggregation of
internal nanoparticles, resulting in the coexistence of particles
with two distinct sizes. When the carbonization temperature
was 1000 °C, the Pd particles continued to migrate and slightly
agglomerated on the surface, resulting in a particle size of
10.6 nm. A crucial factor influencing the utilization rate of the
catalyst is the distribution of metal particles. This diminishes
the electrochemically active surface area and mass-specific
activity. Consequently, a smaller particle size correlates with
an enhanced electrochemical performance.*

Energy-dispersive X-ray spectroscopy (EDX) was also
employed to further probe the elements and their locations on
the CNMs. As illustrated in Fig. 2(d-f), the CNMs had a uniform
distribution of Pd elements. This well-distributed presence of
Pd sites significantly enhanced the ORR performance. Fig. 4(g)
displays the outcome of amplification of Pd-CNMs nanofibers.
Pd nanoparticles appeared in dark regions due to the higher
electron density. Fig. 4(h) shows the high-resolution TEM
(HRTEM) image of a single Pd nanoparticle, and the lattice
spacing of the (111) crystal plane of FCC Pd was 0.224 nm.

Fig. 5 depicts the XPS spectra of Pd-CNMs at different
carbonization temperatures. It can be seen that nitrogen existed
in the form of pyridinic-N, pyrrolic-N, and graphitic-N.
Pyridinic-N (where N is bonded to two carbon atoms) and
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graphitic-N (where N is bonded to three carbon atoms) are the
active sites to facilitate the 4e~ pathway of ORR due to their sp>
hybrid orbital that enhances electronic conductivity.**>*
Fig. 5(d) shows that the contents of pyridinic-N and graphitic-N
at different temperatures were almost the same. This suggests
that the temperature will not affect the electronic conductivity
by changing the nitrogen content.

Fig. 6 displays the detailed XPS spectrum of Pd3d located on
CNMs, revealing two chemical valence states. One state was the
Pd metal in a zero-valence state within the Pd3d orbit, with
binding energies of 335 and 340 eV. The other state represents
the oxidized form of Pd, with binding energies of 337 and
342 eV. The relative atomic percentage in the XPS spectra was
determined, as illustrated in Fig. 6(d). The highest content of Pd
oxide was 73 at% at 800 °C. This shows that most of Pd was
oxidized during carbonization at 800 °C. With the temperature
increase, the surface oxidation of Pd became more severe. Due
to the migration and agglomeration of Pd particles at 1000 °C,
particles became larger and the specific surface area decreased,
decreasing the Pd oxidation. Therefore, a higher concentration
of divalent Pd was present at 800 °C. Altering the reaction
atmosphere and heating rate can increase the proportion of
active zero-valent Pd particles and decrease the content of Pd
oxide. Based on the above analysis, the optimal carbonization
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Fig. 5 The N1s spectrum for (a) Pd-CNMs-600 °C, (b) Pd-CNMs-800 °C, and (c) Pd-CNMs-1000 °C; (d) ratios of the N content.
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Fig. 6 Pd3d spectra for (a) Pd-CNMs-600 °C, (b) Pd-CNMs-800 °C, and (c) Pd-CNMs-1000 °C; (d) ratios of the Pd content.

temperature was 800 °C, and further research was carried out
on this basis.

3.2 Effect of carbonization atmosphere on the as-obtained
Pd-CNMs

At 800 °C, Pd particles exhibited a favorable particle size
distribution and size. Nonetheless, the surface of the Pd parti-
cles on the surface of the fiber possessed a high oxygen content.
A reducing atmosphere was introduced during the cooling

(a)

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (°)

Fig. 7

© 2024 The Author(s). Published by the Royal Society of Chemistry

annealing process to reduce Pd oxide. The carbonization
temperature was set at 800 °C, the heating rate was 2 °C min™,
and the reduction of Pd was adjusted by controlling different
environmental atmospheres during carbonization and anneal-
ing. This aimed to obtain zero-valent Pd nanoparticles with
a small particle size and uniform dispersion.

As shown in Fig. 7(a), a broadening peak with low intensity
appeared in the XRD pattern, corresponding to the Pd (111)
crystal plane in a vacuum atmosphere. This indicates that the Pd

Intensity (a.u.)

36 38 40 42 4
20 (°)

(a) XRD patterns of samples at 800 °C in different atmospheres, (b) fitting curves of Pd (111) diffraction in Vac-Ar/H,.
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particles were crystalline with a low crystallinity. Due to the high
vacuum atmosphere in the carbonization process, some fine Pd
particles that migrated to the fiber surface quickly evaporated.

Moreover, the vacuum condition had a higher vapor pres-
sure, resulting in the generation of smaller palladium particles
on the surface of the fiber under the same conditions. Accord-
ing to the Scherrer formula, the average crystallite size of Pd
particles was about 5.1 nm. As mentioned, under a high-argon
atmosphere, a broad peak and a sharp peak related to the
(111) crystal plane appeared, indicating an increase in the
crystallinity of Pd particles. The average particle size of Pd
particles after increasing crystallinity was about 30.1 nm.

In general, the particle size of Pd particles could be reduced
under vacuum conditions. Ar/H, gas with low reduction
protection was introduced in the annealing process to partially
reduce divalent Pd to continuously increase the proportion of
active zero-valent state and reduce the proportion of oxidized
state. The (111) crystal plane also had a sharp peak and broad
peak. Both narrow and broad peaks are ascribed to the (111)
crystal plane. The sizes of the internal and external palladium
particles were 43.7 and 4.70 nm, respectively. This phenomenon
is attributed to the pressure variation from vacuum to argon-
hydrogen mixed gas during the cooling annealing process,
which led to the formation of coarse palladium particles.
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As shown in Fig. 8, after high-temperature carbonization in
different atmospheres, Pd exhibited two states: zero-valent
metallic Pd and oxidized Pd in the Pd3d orbit. The relative
atomic percentage of Pd in XPS was calculated by area integra-
tion. Its oxidized state accounted for 73% in the argon atmo-
sphere, 55% in the high vacuum atmosphere, and 64% in the
annealing atmosphere with reducing protective gas after high
vacuum. When a high-purity protective gas is used as a carbon-
ization condition, “toxic gases” such as CO react with Pd to form
PdO, resulting in a deactivated oxidation state. Under high
vacuum conditions, some “toxic gases” are rapidly extracted
without binding with Pd in time, and the proportion of oxidized
Pd generated is reduced. After high-vacuum carbonization and
annealing in a reducing atmosphere, part of the oxidized Pd is
reduced to zero-valence Pd under H, reduction. However, in the
gas conversion process, the trace amount of oxygen entering the
furnace from the gas pipeline may be the main factor that
increases the oxygen content. Therefore, in this experiment, the
combined effect of hydrogen reduction was not obvious.

3.3 Effect of heating rate on the as-obtained Pd-CNMs

The pyrolysis process of PI was explored based on the above
study to explore the formation mechanism of divalent Pd and
improve the activity of Pd-CNMs. With the temperature
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Fig. 8 The Pd 3d spectrum of samples at 800 °C under different atmospheres (a) Ar, (b) Vac-Ar/H,, and (c)Vac; (d) ratios of the Pd content.
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increase, PI molecules gradually changed into a crystalline
state, and the carbonyl group in the molecular chain broke and
deoxygenated at 700 °C. At 800 °C, the residual nitrogen and
oxygen were removed to form a polycyclic compound.* In
addition, when heated to 800 °C, Pd will react with CO to form
PdO and lose activity.*® It is not clear whether altering the
heating rate can affect the release rates of CO and CO,, thus
achieving the objective of lowering the PdO content. The
subsequent experiments aimed to confirm the relationship
between the formation of PdO and the release rate of CO and

View Article Online
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CO,. The experiment was designed to mitigate the adverse
effects of CO on Pd by reducing the carbonization rate within
a high vacuum environment. Carbonization was carried out in
vacuum, and the temperature was raised to 800 °C at the
heating rates of 0.5 and 2 °C min~". The XPS results mentioned
above are illustrated in Fig. 9.

As shown in Fig. 9, the relative atomic percentage in XPS
spectra was calculated, and when the heating rate was 0.5 °©
C min~", the ratio of oxidized state was 55%. Similarly, when
the heating rate was 2 °C min~", the ratio of oxidized state was
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Fig. 9 The Pd3d spectrum of samples at 800 °C and different heating rates of (a) 0.5 and (b) 2 °C min~tin a vacuum atmosphere.
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54%. The small difference between these two values indicates
that the heating rate had little effect on the surface chemical
state of Pd.

3.4 Electrochemical performances of the as-obtained Pd-
CNMs

The cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) results for Pd-CNMs-800 °C are presented from Fig. 10(a)
and (b). The test employs 0.1 M KOH (Ph = 13) as the electrolyte
due to its favorable conductivity, which facilitates efficient
electron and ion transport, crucial for the progression of elec-
trode reactions. Additionally, controlling the acidity and alka-
linity at this concentration allows for the fulfillment of
experimental conditions while mitigating risks and costs.
Fig. 10 displays the ORR activity analysis of Pd-CNMs using
0.1 M KOH electrolyte, either O,-saturated or N,-saturated, at
a scan rate of 10 mV s~ '. When the electrolyte was saturated
with O,, Pd-CNMs showed a substantial reduction process, and
the cathodic peak corresponding to ORR was observed in the
range between 0.65 and 0.68 V. This indicates that Pd-CNMs
had good oxygen reduction electrocatalytic performance. LSV
measurements were performed to understand the electron
transfer kinetics of Pd-CNMs-800 °C at different rotation speeds
ranging from 400 to 2500 rpm using a rotating disk electrode
(RDE), as shown in Fig. 10(b). It can be seen that the limiting
current density increased with increasing the rotating rate. The
limiting current density curves of Pd-CNMs and commercial Pd/
C were recorded at 1600 rpm and are shown in Fig. 10(c). The
onset potential of the Pd-CNMs sample is 0.726 V, lower onset
potential and half-wave potential suggest that commercial Pd/C
exhibited higher electrocatalytic activity compared to Pd-CNMs.
The poor catalytic activity is believed to be mainly due to the
lower specific surface area. The low Tafel slope of Pd-CNMs
(73.3 mV dec™") further demonstrates excellent ORR perfor-
mance, as shown in Fig. 10(d), much better than that of Pd/C
(134.96 mV dec™ ).

As shown in Fig. 11, the electron transfer numbers of Pd-
CNMs ranged from 3.5 to 3.9, which is close to 4. The
percentage of peroxide produced by Pd-CNMs varied from 5 to
24%. These results show that the ORR process catalyzed by Pd-
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CNMs nearly followed the four-electron pathway. An important
issue in fuel cell applications is the durability of catalysts in
long-term operations. The electrocatalytic durability of Pd-
CNMs and Pd/C was also compared, as shown in Fig. 11(b).
After 4000 CV cycles, the half-wave potential of Pd-CNMs and
commercial Pd/C decreased by about 0.03 V and 0.042 V,
respectively. This indicates that the durability of Pd-CNMs was
better than that of commercial Pd/C. After the initial testing,
multiple tests were conducted on the oxygen reduction activity,
and the results were consistent with the initial test, confirming
the electrode's good reproducibility and practical value.

4 Conclusion

In conclusion, PI-derived Pd-CNMs were prepared using an
electrospinning and carbonization strategy. The high crystal-
linity and active zero-valent palladium particles were dispersed
uniformly on the self-supported nanofiber films by adjusting
the carbonization process. When the carbonization tempera-
ture was controlled at 800 °C, the as-obtained carbon fiber film
had good synergistic catalytic activity with the catalyst. When
the carbonization atmosphere was in a vacuum state, zero-
valent palladium with high activity was formed. The as-
obtained Pd-CNMs had excellent electrocatalytic ORR activity
in an alkaline electrolyte.
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