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Abstract

The most critical challenge in hydrogen fuel production is to develop efficient, eco-friendly, low-

cost electrocatalysts for water splitting. In this study, self-supported carbon nanofiber (CNF)
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electrodes decorated with nickel/nickel oxide (Ni/NiO) and palladium (Pd) nanoparticles (NPs) were
prepared by combining electrospinning, peroxidation, and thermal carbonation with atomic layer
deposition (ALD), and then employed for hydrogen evolution and oxygen evolution reactions
(HER/OER). The best CNF-Ni/NiO-Pd electrode displayed the lowest overpotential (63 mV and 1.6
V at j = 10 mA cm?), a remarkably small Tafel slope (72 and 272 mV dec™), and consequent
exchange current density (1.15 and 22.4 mA cm™) during HER and OER, respectively. The high
chemical stability and improved electrocatalytic performance of the prepared electrodes can be
explained by CNF functionalization via Ni/NiO NP encapsulation, the formation of graphitic layers
that cover and protect the Ni/NiO NPs from corrosion, and ALD of Pd NPs at the surface of the self-

supported CNF-Ni/NiO electrodes.
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Self Supported CNF-Ni/NiO-Pd Electrode
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1. Introduction

Renewable energy resources have attracted considerable attention because of the global energy
demand that is expected to increase in the coming decades. For instance, solar cells are used to
produce electrical energy that can be converted directly into chemical energy (i.e. hydrogen fuel)
through a process called electrochemical water splitting.? Hydrogen fuel is an attractive eco-
friendly fuel. Indeed, it is considered a low-cost and renewable alternative source of energy to fossil
fuel, with high calorimetric value and no harmful emissions in the environment.>*° It has been
reported that Pt, Pt/C, IrO2, and RuOg, are very powerful electrocatalysts for hydrogen evolution and
oxygen evolution reactions (HER/OER).%" However, their commercial applications have been
hindered by their high cost and rarity.® Therefore, the development of low-cost electrocatalysts for
highly efficient HER and OER represents a pressing industrial need. To date, a large number of
transition metals (e.g. Mo,° W, Co,** Ni,*> and Fe'®) have been tested as HER and OER
electrocatalysts. However, their poor chemical stability and corrosion property typically result in
poor performances during HER and OER tests.’

Carbon nanomaterials (CNMs) have been widely used for electrochemical applications.41516.17
CNMs can promote the electron transfer reaction kinetics, enhance electrocatalyst activity, and
minimize electrode surface fouling. Recently, CNMs have been used to improve the electrocatalytic
activity and enhance the chemical stability of transition-metal nanoparticles (NPs) for
electrochemical water splitting.'®° Indeed, the encapsulation of transition-metal NPs with carbon
paste, 22! carbon nanotubes,?? carbon nanofibers (CNFs),? or graphene,?*?® significantly enhances
their chemical stability and leads to higher electrochemical activity for OER, HER, and oxygen
reduction reactions.?82"2® The interpenetrating network formed by CNFs provides numerous active
sites, high electrical conductivity, mechanical stability, and allows the electrolyte high diffusion.?®
All these unique properties make of CNFs an ideal electrode material for hydrogen fuel

production,?®?"2 water treatment,}’° biosensing,31* batteries,*® and fuel cells.*®* CNFs can be



prepared with various methods, such as chemical vapor deposition, template synthesis, arc discharge,
laser vaporization, electrospinning, and centrifugal spinning.3®3* Polymer electrospinning (e.g.
polyacrylonitrile (PAN), polyvinylpyrrolidone, or poly(vinyl alcohol)) followed by terminal
carbonization under inert atmosphere (e.g. N2, Ar) provides a simple and versatile method to produce
CNFs and their composites, 33036

CNFs are cylindrical nanostructures with graphene layers arranged as stacked cones, cups, or
plates. Recently, CNF electrodes loaded with metal and metal oxide NPs with controllable
compositions and high electrochemical activity have been successfully fabricated by combining
electrospinning and thermal carbonization.®”?® Combining electrospinning and thermal carbonization
(peroxidation and pyrolysis) for in situ synthesis of metal NPs inside CNFs is typically more
efficient than other post-synthesis techniques, such as hydrothermal synthesis, ultrasonic synthesis,
UV-reduction, and microwave synthesis.®®*® Post-synthesis techniques are performed usually using
harsh oxidative processes, or modification with surfactant. They typically result in the degradation of
CNF mechanical properties and electrical conductivity because of the introduction of a large number
of defects in the CNFs or/and deposition of surfactant shells. However, in in situ synthesis, the
polymer (PAN) domains are converted into graphitic carbon, whereas the sacrificial phase is
volatilized. Moreover, the presence of metal salts (e.g. transition-metal acetate) can significantly
affect the orientation of the graphite layers and increase the crystallinity of the produced CNFs.** It
has been demonstrated that for the in situ synthesis of transition-metals NPs, Ni,3" Mo,?® Cu, and ¢
Fe efficiently increase CNF electrical conductivity.3® The morphologies and the dispersion of the
metal NPs into/onto CNFs can be controlled by tuning the metal slat-to-polymer ratio.>® Transition-
metal NPs supported on three types of CNFs (platelet, tubular, herringbone) and nitrogen-doped
CNFs can be fabricated by pyrolysis of metal carbonyl clusters and alkene complexes.*® The size of

the immobilized metal NPs can be controlled, and their location (e.g., on the edge of the graphite



layers, in the tubes and on the surface, and between the layers and on the edge) is dependent on the
CNF nanostructure.*

Atomic layer deposition (ALD) is a thin film deposition technique that allows the preparation of
inorganic layers with extreme control of their nanoscale thickness,*! and excellent conformality of
the deposits on challenging substrates, a feature that is a unique to ALD.*> Therefore, ALD has been
very useful in many different areas, such as microelectronics,** but also membranes,***
photovoltaics,*® and biosensing.** A typical ALD process is based on successive pulses of a
precursor and reactant gaseous molecules, separated by pump or purge steps.*” This process also
allows precisely controlling the growth of metallic NPs, and the inclusion of doping agents.*®
Therefore, ALD has become a promising strategy for the uniform deposition of monodispersed metal
NPs on a solid support with controllable particle size, size distribution, and morphology.'¢4°**° To
date, ALD has been used for a wide range of catalysis applications for different types of chemical
reactions, because it allows the synthesis of monometallic,>*%? bimetallic,>® and core—shell®*%°
noble-metal NPs. ALD is a particularly suitable technique for depositing expensive precious metals,
such as Pt, Au, Pd, and Ag, because it requires low amount of metals, thus making the process cost-
effective.®>” ALD has been widely used to deposit noble-metal NPs on CNF electrodes for
electrocatalytic applications,*®%%° put only few studies have investigated its potential for preparing
self-supported CNF electrodes for simultaneous HER and OER. Moreover, the impact of the
morphology of bimetallic and core-shell junctions and nanointerfaces on CNF electrocatalytic
activity has not been understood yet and is largely unexplored.

Despite the enormous efforts made, the electrocatalytic activity of earth-abundant metals is still
low compared with IrO,, RuO2 or Pt catalysts.®* Therefore, there is still great interest in improving
the performance of earth-abundant metals for HER and OER, particularly Ni, Co, Mn, and Fe. To
date, due to their relatively low stability in acids, Ni and related complexes have been rarely used as

OER and HER electrocatalysts. In this work, self-supported CNF-Ni-Pd electrodes were fabricated



by combining electrospinning and ALD.*® CNF-embedded Ni/NiO NPs were fabricated by
electrospinning of PAN nanofibers loaded with nickel acetate, followed by thermal oxidation, and
then pyrolysis under N> atmosphere. This method was developed to design CNF-Ni/NiO
heterostructures with tunable composition, leading to abundant hetero-interfaces for synergy in
electrocatalysis. Homogenously dispersed Ni/NiO NPs were formed on/into the CNFs. The
morphology and composition of CNF-Ni/NiO could be effectively tailored by adjusting the precursor
concentrations. Then, ALD was used to deposit Pd NPs around the obtained CNF-Ni/NiO electrodes,
and the obtained self-supported CNF-Ni/NiO-Pd electrodes displayed high chemical stability and
excellent electrocatalytic activity for HER and OER. Self-supported CNF electrodes not only
enhance the electrolyte accessibility to active sites, but also increase electron transfer within the
whole system. Furthermore, CNFs facilitate the dispersion of Ni/NiO and Pd NPs, hindering their
agglomeration, and protect Ni/NiO NPs from oxidation and corrosion.® These important features of
CNFs make of them a very promising electrocatalyst for HER and OER. Self-supported CNF
electrodes decorated with Ni/NiO and Pd NPs exhibit excellent electrochemical activity for HER and
OER with limited overpotential and small Tafel slope, and with excellent stability compared to

purely self-supported CNF electrodes.

2. Experimental
2.2. Fabrication of Carbon Nanofibers with Embedded Ni/NiO NPs

Self-supported CNF mats loaded with Ni/NiO NPs were prepared by electrospinning
followed by thermal peroxidation and thermal carbonization.®? First, different amounts of nickel (11)
acetate tetrahydrate were dissolved in 20 mL DMF under vigorous magnetic stirring to obtain a
uniform solution. Then, 2 g of PAN powder was added to the obtained nickel acetate solution, which

was then stirred for 15h to obtain the Ni-PAN precursor solution. Four solutions with different Ni



acetate contents (0%, 10%, 20%, and 50%) were prepared and loaded into 20 mL plastic syringe.
The electrospinning process was performed at a distance of 10 cm (tip to collector), a voltage of 25
kV, feeding rate of 2 ml/min, and drum rotation speed of 400 rpm, respectively. The as-prepared Ni-
PAN nanofibers first underwent peroxidation at 250 °C in air atmosphere for 2h, and then thermal
carbonation at 1000 °C in N2 atmosphere for 1h to obtain CNFs loaded with Ni/NiO NPs. The

heating and cooling rates were kept constant at 1 °C.min™.

2.2. Atomic Layer Deposition of Pd NPs

ALD was employed to deposit Pd NPs (co-catalysts) at the surface of CNF-Ni/NiO
electrodes. Pd NPs were deposited by carrying out 200 ALD cycles using a home-made ALD
reactor. The ALD cycle was based on a 5s pulse of Pd(hfac). as Pd precursor, 15s exposure, and 10s
purge. This was followed by 1s pulse of formalin, exposure for 15s, and purge with Ar for 60s. The
formalin container was kept at 25 °C and the bubbler containing the Pd(hfac), precursor was heated
at around 70 °C to reach the appropriate vapor pressure. The ALD lines were heated at 100 °C and
the deposition chamber was set at 220 °C. This ALD process was developed and was detailed

elsewhere.53:64

2.3. Characterization of Composite Carbon Nanofiber Electrodes

The fiber diameter and surface morphology were examined using transmission electron
microscopy (TEM) (JEOL JEM 2100, Japan) and scanning electron microscopy (SEM) (Hitachi
S4800, Japan) with an energy-dispersive X-ray (EDX) spectroscopy apparatus. The elemental
composition was determined by elemental mapping with EDX using a Zeiss EVO HD15 microscope.

The crystal structure and crystallite size of the prepared CNF mats and Ni/NiO NPs were
investigated using X-ray diffraction (XRD) (PANAlytical Xpert-PRO diffractometer) coupled with

an accelerator detector (using Ni-filtered Cu radiation with a wavelength of 1.54 A).



Raman spectra (peak positions and their relative intensities) were recorded using a dispersive
Raman spectrometer (Bruker, Germany, Senterra model) and a doubled Nd:YAG laser (532 nm). For
X-ray photoelectron spectrometry (XPS) analysis, a Kratos Axis Ultra (Kratos Analytical, U.K.)
spectrometer equipped with a monochromatic Al K, source (1486.6 eV) was used. All spectra were
recorded at a 90° take-off angle, with an analyzed area of about 0.7 x 0.3 mm. Survey spectra were
acquired with 1.0 eV step and 160 eV analyzer pass energy. The high-resolution regions were
acquired with 0.1 eV step (0.05 eV for O 1s and C 1s) and 20 eV pass energy. A neutralizer was used
to perform the recording to compensate for the charge effects. Curves were fitted using a
Gaussian/Lorentzian (70/30) peak shape after Shirley’s background subtraction and using the X-
vision 2.2.11 software.

Ni elemental concentration in the as-prepared CNFs was determined using atomic absorption
spectroscopy (AAS) (AAnalyst 400, PerkinElmer). About 0.2 g of each CNF was annealed at 600 °C
under air atmosphere for 6h and the obtained ash was dissolved in 2 mL of concentrated HNO3 for
24 hrs. Then, the obtained solution was diluted in 200 mL of what and used to measure Ni
concentration by AAS.

The average pore diameter and volume, and the specific surface area of the prepared CNFs
were calculated with the Brunauer-Emmett-Teller (BET) theory from N2 adsorption-desorption
isotherms measured using the Micromeritics ASAP 2010 equipment at degassing conditions of 200

°C for 12h.

2.2. Electrochemical Measurements

HER and OER electrochemical tests were performed on a CHI 660E workstation using a
typical three-electrode configuration. The graphitic electrode and a silver/silver chloride electrode
(ErHEe) = E(sce) + 0.244 V + 0.059xpH after calibration) were used as the counter electrode and the

reference electrode, respectively. The self-supported CNF electrodes were used as the working



electrodes for HER and OER. To this aim, the as-prepared CNF electrodes were cut into circles (1
cm in diameter and 0.25 mm in thickness). The electrolyte solution was 0.5M H>SO4 for HER and
1M KOH for OER. Commercial Pt and IrO> electrodes were used as reference working electrodes for
the HER and OER tests, respectively.

Cyclic voltammetry (CV) was recorded after 10 cycles using a 100 mV st scan rate to trigger
and stabilize the prepared electrodes. Linear sweep voltammetry (LSV) was recorded with a 5 mV s
scan rate for both HER and OER tests. The electrochemical impedance spectra (EIS) were measured
from 10 to10° Hz at a constant voltage of -0.3 V vs RHE for HER, and a voltage of 1.6 V vs RHE
for OER. The electrocatalytic stability during HER was examined by determining the
chronoamperometric response (i-t curves) in 0.5 M H>SO4 at a constant voltage of -0.3 V vs. RHE

for 12h.

3. Results and Discussion

PAN has been widely used as precursor to obtain CNFs due to its high mechanical strength,
good thermal stability, high carbon yield (above 65% wt/wt), and excellent electrical conductivity of
the obtained CNFs. The thermal conversion of PAN nanofibers into graphitic CNFs involves
oxidative stabilization, carbonization, and graphitization. The oxidative stabilization step occurs in
air at 250 °C and involves the modification of the PAN nanofiber chemical structure to become more
thermally stable. This will avoid their degradation during the subsequent carbonization step at 1000
°C under N2 atmosphere. The oxidative stabilization, carbonization, and graphitization steps involve
chemical reactions, such as cyclization, dehydrogenation and aromatization, oxidation and
crosslinking, resulting in the formation of a fully aromatic cyclized structure.®>%7 In this study,
self-supported CNF electrodes decorated with Ni/NiO and Pd NPs were fabricated by combining

electrospinning, thermal carbonation, and ALD. The effects of the chemical composition, crystal



structure, fiber morphology, and specific surface area of the prepared CNF electrodes were

investigated in view of their application for HER and OER.

3.1. Composition and Morphology of the Composite Nanofiber Electrodes

The SEM results showed that PAN thermal carbonization resulted in 3D CNF networks
(Figure 1) that could effectively immobilize Ni/NiO and Pd NPs. The Ni acetate to PAN
concentration ratio had a significant effect on the fiber diameter and morphology. The CNF fiber
diameter was ~ 300 nm and it increased slightly to ~ 400 nm when Ni acetate content passed from
10% to 50%. For CNFs with the smallest (10%) Ni acetate to PAN weight ratio, the tiny Ni/NiO NPs
were mainly formed within the CNFs (Figure 1 and Table 1). When the Ni to PAN weight ratio was
increased to 20%, Ni/NiO NPs were formed inside and also on the surface of CNFs. The Ni/NiO NPs
visible at the surface presented a rhombohedral morphology with a particle size of 555 nm (Figure
1). The Ni/NiO NP size distribution at the CNF surface increased to 75+5 nm and 80+8 nm with Ni
acetate concentrations of 20% and 50%, respectively. SEM images also confirmed the increase of the
number of Ni/NiO NPs that covered the CNF surface (Figure 1). Furthermore, SEM/EDX with
elemental mapping and high-resolution was used to determine the main components of the prepared
electrodes (Figure 1e). SEM/EDX analysis of C-20Ni-Pd electrode confirmed that the prepared
electrodes were composed of carbon (50%), nitrogen (8%), oxygen (2%), nickel (38%) and
palladium (2%). EDX element mapping was used to determine the homogenous distribution of these
elements (Table 1). The edges of carbon, oxygen, nickel, palladium were well-matched with the
morphology of the 3D nanofiber network structure, indicating that C, Ni, and Pd were uniformly
distributed throughout the whole structure. Their uniform distribution should contribute to their
electrochemical activity. AAS demonstrated that the total Ni content in the prepared electrodes was

about 13% for C-10Ni, 24% for C-20Ni, and 39% for C-50Ni (Table 1).
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Figure 1. Field emission SEM images of the prepared CNF electrodes: (a) C-200Pd; (b) C-10Ni; (c)
C-Ni20; (d) C-Ni50; and (e) Images of SEM/EDX elemental mapping of carbon, oxygen, nickel, and

palladium in C-20Ni-Pd.

High-resolution TEM images of the C-20Ni electrode showed that Ni/NiO NPs can be
observed as dark particles on the wire surface (Figure 2a-c). The corresponding TEM/EDX mapping
analysis of the C-20Ni electrode (Figure 2d) clearly demonstrated the uniform distribution of C and
Ni and the CNF surface. Their distribution was uniform, and was limited to the wire surface that was
coated by Ni/NiO NPs. Moreover, high magnification high-resolution TEM images (Figure 2c)

showed that Ni NPs on the CNF surface were conformally coated by graphitic layers. Figure 2 shows



the TEM images of C-20Ni-Pd of a single CNF, in which both 25£10 Ni NPs and 5+2 Pd NPs are
uniformly distributed over the CNFs. TEM/EDX of C-20Ni-Pd (Figure 2d) indicated the Ni/NiO and
Pd NPs and graphitic layers formed on the CNF surface had a highly crystalline structure. Ni NPs
displayed a d-spacing of about 0.19+£0.02 nm that corresponded to the (111) plane of the face-
centered cubic (fcc) crystal structure of Ni. Pd NPs displayed a d-spacing of about 0.22+0.02 nm that
corresponded to the (011) plane of the crystalline structure of Pd. Ni and Pd NPs were separated by
crystalline graphitic layers with a d-spacing of about 0.33+£0.02 nm. The obtained multifunctional
catalyst (Pd-C-Ni nanostructure) had a heterojunction structure that allows strong electronic
coupling, and can lead to higher catalytic efficiency. Gao et al.®® fabricated CNFs-FesC-Mo.C and
showed that they are efficient HER electrocatalysts leading to remarkable improvements in the HER
activity compared with the single-component counterparts. This is due to their good conductivity,
unique porous structure and synergistic heterojunction. Interestingly, in our work, graphene
nanosheets were clearly visible on TEM images (Figure 2c). The formation of graphene nanosheets
as well as Ni/NiO NPs were confirmed by Raman (Figure 3b) and XPS spectroscopy (Figure 4).
They were not observed in other previously published, similar works.5®"°"* For example, Guo et al.”™
prepared CNFs-Ni-Pd nanofibers by dissolving PAN, Pd acetate, and Ni acetate in DMF
(electrospinning parameters: 100 kV m™ applied voltage and 1.2 mL h™* flow rate). The produced
nanofibers (PAN/Ni acetate/Pd Acetate) were stabilized at 250 °C in air for 3h, reduced at 500 °C in
a Ha/N2 mixture for 2h, and then carbonized at 1000 °C.7 In our study, the Ni acetate content was
progressively increased from 10wt% to 50wt% relative to the PAN concentration. The high Ni
acetate content and the electrospinning, peroxidation and carbonation parameters optimized the
formation of hybrid Ni/NiO/graphene nanostructures. The produced nanofibers (CNF-20Ni) were
made of a graphene architecture interpenetrated with Ni NPs grown in situ alongside the entire
framework, yielding CNF-NIi/NiO interpenetrated graphene nanostructure. The CNF network

structure prevents the restacking of graphene sheets and provides ample space between graphene



sheets, giving a strong structure with exceptional electrical conductivity and excellent mechanical

stability.

Figure 2. TEM images of the prepared nanofiber C-20Ni-Pd electrode (a) TEM image; (b, c) high

magnification TEM images; and (d) EDX-based elemental mapping.

XRD measurements were performed to determine the crystal structures of the CNFs, Ni/NiO
and Pd NPs (Figure 3a). All samples showed an obvious diffraction peak at ~26.4° (110) assigned to
carbon (JCPDS, no. 01-089-8489). The diffraction patterns of Ni/NiO NPs embedded in CNFs were
consistent with the fcc structure (JCPDS No. 04-010-6148). The peaks at ~44.3°, 51.9° and 76.5°
corresponded to the (111), (220) and (200) planes of Ni metal crystals. However, formation of
Ni/NiO NPs were could not be confirmed by XRD analysis but they are conformed by Raman
(Figure 3b) and XPS (Figure 4) spectroscopy. The other phases (i.e. NiO and NiC) were not detected
by XRD analysis. The absence of NiO and NiC could be attributed to the small content of NiO and
NiC impurities, or to their amorphous nature.” The formation of metallic Ni crystals as a domain rather
than NiO may be explained by the formation of reducing by-products, such as charcoal, activated carbon,
hydrogen, during thermal carbonization under reduced pressure.” The average crystallite size of Ni

crystals was calculated with the Scherrer equation,’>”>™ and the obtained results were 32.0+0.4,



31.1+0.4 and 31.1+0.5 nm for C-10Ni-Pd, C-20Ni-Pd and C-50Ni-Pd, respectively (Table 1). The
crystallite sizes and particle sizes were much smaller than the CNF diameter, indicating that the
Ni/NiO NPs are highly dispersed in the CNFs, as observed in the TEM images (Figure 2). The
diffraction peak intensity was higher for C-50Ni-Pd than for C-10Ni-Pd and C-20Ni-Pd, confirming
its higher Ni/NiO NP content. A broad diffraction peak at 26.4° (002) indicated the high amorphous
carbon content of pristine CNFs. Particularly, the increased intensity of the peaks at 26.4° showed
that the existing Ni acetate accelerates the formation of graphitic carbon. The XRD patterns of C-
ONi-Pd did not show crystalline peaks for Pd, possibly due to the small crystallite size and number of
deposited Pd NPs. In addition, as shown by SEM/EDX elemental mapping (Figure 1e), the presence
of 2% oxygen in CNFs may indicate slight oxidation in CNFs or formation of NiO impurities during
the peroxidation step.

To confirm the XRD results, Raman spectra of the prepared CNF-Ni/NiO-Pd electrodes were
recorded to investigate the influence of Ni acetate on graphite carbon crystallinity (Figure 3b). All
the prepared CNF electrodes showed an obvious D (disorder) peak at ~1364 cm™ and a G (graphite)
peak at ~1592 cm™. The Raman spectrum of C-50Ni-Pd also showed a strong peak at about 633
cm™* that corresponds to the Ni-O bond.”® The G peak is related to the in-plane stretching vibration
of all pairs of sp2 -hybridized C atoms and does not require the presence of six-fold C atom rings of
graphite. The D peak cannot be observed in perfect graphite, but only in the presence of disorders in
the graphene layer structures. It represents the breathing modes of sp2 -hybridized C atoms in the
rings. The relative intensities (R) of the two peaks (ID/IG) were proportional to the amount of
disorder (defected carbon) in the prepared CNFs. The R value increased with the graphitized carbon
transformation into amorphous carbon.”” The ID/IG value of pure CNFs was1.18, and it decreased to
0.92 and 0.35 for C-10Ni-Pd and C-20Ni-Pd, respectively. This indicates that a graphite layer
structure is gradually created with the increase of the Ni content in Ni acetate-PAN nanofibers at a

specific weight ratio of Ni acetate (20%). Furthermore, the existing nickel acetate accelerated PAN
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thermal transformation into graphite carbon, with a very low concentration of structural defects.’
However, the R value of C-50Ni-Pd increased to 0.66, suggesting damage of the planar structure at
higher PAN to Ni acetate weight ratios. When the Ni/NiO NP content increases from C-20Ni to C-
50Ni, the amount of graphitic carbon decreases and the disordered carbonaceous structures is less
able to form ordered graphitic ones. C-20Ni showed an absorption band between 2680-2730 cm?,
corresponding to the first overtone of the D mode (the so-called 2D band). The presence of the 2D
band is often used to confirm the existence of graphene nanosheets. The peak at 510 cm™ was

associated with Ni-O defects, absent in a perfect Ni-O crystal.”
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Figure 3. Characteristics of the prepared electrodes: (a) XRD patterns, (b) Raman spectra, and (c) N2

adsorption/desorption isotherms.

The N2 adsorption/desorption isotherms of the prepared electrodes were measured and the
corresponding BET surface area and pore distribution were calculated with the Barrett-Joyner—

Halenda (BJH) method (Table 1). The addition of Ni acetate to the electrospinning solution can



significantly affect the electrospinning process and the porosity of the obtained CNFs. When more
Ni acetate was added to the electrospinning solution, the BET surface area significantly increased by
a factor of thirty compared with pristine CNFs. It is worth noting that higher BET surface areas can
significantly increase the diffusion of electrolytes, thus improving the electrochemical activity. Pure
CNFs showed a microporous or non-porous structure (BET surface area: 6.7 cm?/g and pore volume:
138.4 A"). The increased mesoporosity in C-20Ni (BET surface area: 193.9 cm?/g and pore volume:
62.9 A") could be attributed to the degradation products of Ni acetate during the carbonization
process that act as a pore generator. The higher gas by-product evolution can cause a morphology
change in the composite CNFs. The resulting increased BET surface area and decreased pore size
indicated the formation of a larger mesoporous structure in the presence of Ni acetate (pore
generator).

Next, XPS was performed to determine the electrode composition (i.e. C-Ni/NiO-Pd). The
XPS spectra of C-20Ni and C-20Ni-Pd (Figure 4a) showed the presence of peaks corresponding to C
(1s), O (2p), N (1s), and Ni (2p). This was attributed to CNF composite nature. All spectra were
calibrated to the C 1s peak at 284.6 eV, which corresponds to the aliphatic chains (Figure 4b).
Analysis of the C1s signal indicated the presence of four carbon species at a specific binding energy:
sp® carbon (C-C / C-H, 284.6 eV), (C-O, 285.5 eV), (C=0, 286.8 eV), and (C-O=C, 288.2 eV)
(Supplementary information, Figure S1).8% The O 1s spectrum of C-20Ni was decomposed in three
peaks located at 530.5 eV (O?, corresponds to the oxide of nickel), 532.2 eV (OH, hydroxyl and O-
C), and 533.6 eV (peak of unknown origin, perhaps some residual water) (Figure 4c). The O 1s
spectrum of the C-20Ni-Pd sample could not be decomposed due to charge effects. The N 1s peak of
CNF and C-20Ni displayed three types of N species: C-NH, 389.7 eV, protonated nitrogen (C-NH",
401.0), and an unknown chemical bond, possibly oxidized-N (402.5 eV) (Figure 3d).8! The 32.2 wt%
of C-20Ni presented pyridinic N as the main nitrogen state. Pyridinic N is an edge-plane heteroatom,

whereas graphitic N is an in-plane heteroatom of the graphene-like structure (Figure 4d and Figure



S3, Supplementary Information). The XPS spectrum of C-20Ni-Pd was characterized by Ni 2p
(Figure 4e) and Pd 3d peaks (Figure 4f). This confirmed the formation of Ni and Pd NPs in CNFs.
Concerning Ni oxidation state, the peak at 852.7 eV for Ni 2p3/2 indicated the existence of Ni.
However, the Ni 2p3/2 (approximately 855 eV) peak could indicate the presence of some NiO
impurities (Ni%*).” This peak sharpened slightly with the increase of Ni/NiO content. The binding
energy values of Ni 2p could shift towards higher values, which can be due to the transformation of
the electronic structure after the deposition of Pd NPs. Therefore, these results confirm the successful
deposition of Pd NPs and Ni/NiO NPs on the CNF surface. Concerning the Pd 3d spectrum of C-
20Ni-Pd, the Pd 3d5/2 and Pd 3d7/2 peaks were detected at ~341.9 eV and 335.7 eV (Pd 3d7y)
(relatively weaker), the oxidation state corresponding to Pd (0). The chemical composition of the C-
20Ni and C-20Ni-Pd electrodes, extracted from the XPS curves, is listed in Table S1 (Supplementary

Information).
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Figure 4. XPS spectra of the prepared C-20Ni and C-20Ni-Pd electrodes: (a) survey scan; (b) C 1s;

(c) O 1s; (d) N 1s; (e) Ni 2P; and (f) Pd 3d.

Table 1. Characteristics of the prepared CNFs including the crystallite size calculated from the XRD

data, elemental composition estimated by AAS, the ID/IG value calculated from the Raman spectra

and their BET surface area, average pore diameter, and average pore volume calculated using the

BJH method.
Crystallite Elemental Io/lg ratio
) ) . BET Surface Area
size of Ni Composition
Samples crystals Carbon Ni BET Average | Average
(nm) content | content surface pore pore
(Wt%) (wWt%) area diameter | volume




(cm?g) | (A) (cm®/g)

C No 100 0.0 6.7 138.4 0.0143 1.18
C-10Ni 32 87 13 48.6 74.4 0.0594 0.92
C-20Ni 32 76 24 193.9 62.9 0.0716 0.35
C-50Ni 31 60 40 170.0 191.9 0.1377 0.66

3.2. Hydrogen Evolution Reactions

HER and OER tests were performed using a typical three-electrode cell. To determine the
HER and OER performance of the composite CNF electrodes, the performance of commercial Pt and
IrO> catalysts was also measured for comparison. The electrolyte solution consisted of 0.5 M H2SO4
for HER, and 1 M KOH for OER. As shown by the LSV curves in Figure 5a, C-20Ni-Pd was the
best electrocatalyst among the tested samples, with a very limited overpotential of 63 mV at 10 mA
cm™? of current density, compared with C-ONi-Pd (146 mV), C-10Ni-Pd (101 mV), and C-50Ni-Pd
(167 mV). C-20Ni-Pd was in close competition with the commercial Pt catalyst (76 mV at 10 mA
cm™?). These data indicate that C-20Ni-Pd is the most promising catalyst for HER.

To further investigate the electrocatalytic features and HER Kkinetics of composite CNF
electrodes, the Tafel slopes were determined using the Tafel equation and the LSV data (Figure 5b
and Table S2, Supplementary Information). According to the Tafel equation (n=b log j+a, where j is
the current density, n is the overpotential and b is the Tafel slope), there are two main steps for HER
in an acid medium. The first step is the primary discharge step, called “Volmer reaction” (HsO" + e
—Hags +H20, 120 mV dect). The second step is the desorption step, called “Heyrovsky reaction”
(Hags + H3O" + & — H21 +H,0, 40 mV dec?), or the recombination step, called “Tafel reaction”
(Hads + Hags — H21, 30 mV dec). The Tafel slope of C-20Ni-Pd (72 mV dec?) was much smaller
than those of C-ONi-Pd (79 mV dec?), C-10Ni-Pd (76 mV dec), and C-50Ni-Pd (123 mV dec™),

and was close to that of the Pt/C catalysts (36 mV dec?)*. This implies that HER with CNF



electrodes is mainly described by the VVolmer-Heyrovsky mechanism. The small Tafel slope of C-
20Ni-Pd can lead to a significant increase of the current density and fastest proton discharge kinetics,
correlates with efficient energy conversion, and lower n is required for HER. These are all good
quality for its application as catalyst.

Water electrolysis can be performed in acidic (0.5 M H2SOs) or alkaline conditions (1 M
KOH). In 1 M KOH, the best electrode (C-20Ni-Pd) exhibited a limited overpotential of 590 mV,
reaching 10 mA cm2 current density with a Tafel slope of 70 mV dec™ (LSV curves in Figure 6a
and Supplementary information, Figure S4). This indicates that C-20Ni-Pd is a promising
electrocatalyst for HER in acidic and alkaline conditions. Water electrolysis in acidic conditions is
typically employed in an electrochemical cell with a proton exchange membrane with high energy
efficiency and fast H> evolution rate. The activity of an electrocatalyst for HER relies solely on its H-
binding energy (HBE) that is sensitive to the electrolyte pH. In alkaline conditions, the
electrocatalyst HBE is larger, thus resulting in slower HER reaction kinetics. However, water
electrolysis in alkaline conditions may broaden the range of used electrocatalysts, from expensive
rare earth elements (e.g. Pt, Ir, Ru) to earth-abundant elements (e.g. Co, Ni, Mn, Fe NPs).

The exchange current density (Jo) was calculated by extrapolation of the Tafel plot to study
the electrochemical activity of the electrodes relative to the surface-active area. The Jo of C-20Ni-Pd
was about 1.15 mA cm, which is considerably higher than the Jo values of C-ONi-Pd (0.86 mA cm’
2), C-10Ni-Pd (0.93 mA cm?), and C-50Ni-Pd (0.90 mA cm?) (Table S2, Supplementary
Information). The formation of Ni/NiO NPs on the CNF surface can lead to a larger interfacial area
between CNFs and Ni/NiO NPs, and higher apparent current density (compare C-20Ni-Pd and C-
10Ni-Pd). However, the increase of the Ni/NiO NP content up to 50% decreased the CNF electrode
electrical conductivity and increased their Ohmic resistance. The superior HER activity of C-Ni20-
Pd can be attributed to the proper construction of the composite CNFs with more Ni/NiO edge sites.

This can result in promising electrocatalytic activity and rapid electron transfer between CNFs and



Ni/NiO NPs, thus enhancing the electrode electrical conductivity and improving the HER
performance.

To confirm this, EIS measurements were performed at a potential of -0.3 V vs RHE, and the
corresponding charge transfer resistance (Rct) are in Table S2, Supplementary Information. The
Nyquist plots (without the Warburg impedance) for the prepared CNF electrodes are shown in
Figure 5c fitted with the equivalent circuits (inset). According to the data extracted from the curves,
the charge transfer resistance (Rct) of C-20Ni-Pd (5.7 ©) was considerably lower than that of C-ONi-
Pd (13.5 Q), C-10Ni-Pd (15.2 Q) and C-50Ni-Pd (23.3 Q), as indicated in Table S2 (Supplementary
Information). These results are in agreement with the high electrocatalytic activity observed with the
C-20Ni-Pd electrode, as a result of the high intrinsic conductivity and excellent electrical exchange
between CNFs and Ni/NiO NPs.

Then, the double-layer capacitances (Cdl) were measured to determine the electrochemical
active surface areas (ECSA) of the prepared electrodes (Figure 5d). The CV plots of the CNF
electrodes were measured in the absence of a faradic current at a potential of 60 mV vs RHE for scan
rates from 20 to 200 mV s*. The Cdl and ECSA values of the prepared electrodes calculated from
the CV plots are listed in Table 2. The Cdl of the C-20Ni-Pd electrode (85 mF cm™2) was higher than
that of C-10Ni-Pd (83 mF cm2) and C-50Ni-Pd (70 mF cm™2), showing that C-20Ni-Pd has the
largest catalytically active sites per surface area. This indicates that the prepared C-20Ni-Pd catalyst
displays excellent electrocatalytic activity for HER.

The chemical stability of the prepared electrodes is another important characteristic to take
into account when evaluating their electrochemical performance for HER. The chronoamperometry
test showed that the C-20Ni-Pd electrode displayed long-term stability during 12h of water
electrolysis at 60 mV (Figure 5e). The XRD analysis of the C-20Ni-Pd electrode after this test

(Figure 5f) indicated that the peak intensity corresponding to Ni crystals was slightly reduced, while



the characteristic peaks of Ni crystals showed almost no shifting, demonstrating the durability and

chemical stability of this self-supported CNF electrode.
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Figure 5. Electrocatalytic HER activity with the commercial Pt electrode, and the self-supported
CNFs-Ni-Pd electrodes obtained in the presence of 0.5 M H»>SOa. (a) Linear sweep voltammetry
(LSV) at 5 mV s%; (b) Tafel slopes; (c) Histograms of the overpotentials measured at j =10 mA cm;
(d) The linear fit of the capacitive currents of the catalysts vs. potential scanning rates from 20 mV s’
1 to 200 mV s; (e) EIS at a -0.3 V potential vs RHE; inset: the Nyquist plots without the Warburg
impedance for the prepared electrodes fitted with the equivalent circuits; (f) Chronoamperometric
response (j-t) curve of C-20Ni-Pd at a constant voltage of 60 mV vs RHE; (g) XRD patterns of a
fresh C-20Ni-Pd electrode and the electrode after the chronoamperometric response (j-t) test.

Missing one panel in figure.

3.3. Oxygen Evolution Reaction

The anodic OER performance of the prepared electrodes was studied by testing their OER
electrocatalytic activities in an electrolyte solution of 1 M KOH. The tests showed that C-10Ni-Pd
displayed outstanding OER activity with a relatively lower overpotential of approximately 1.61 mV
to reach 10 mA cm2 compared with the commercial 1IrO; electrode (1.68 mV) (Figure 6a). The Tafel
slopes (Figure 6b and Table 3), calculated as before, of C-10Ni-Pd (272 mV dec™) and C-20Ni-Pd
(280 mV dect) were much smaller than those of C-ONi-Pd (358 mV dec?) and C-50Ni-Pd (419 mV
dec?). This suggested that the C-10Ni-Pd electrode possesses the highest catalytic activity for OER
due to the unique porous architecture of the nanofiber composite and the conductivity boost thanks to
the Ni edge on the outer surface of CNFs, as revealed by EDX elemental mapping (Figure 2d).3” The
Jo value of C-10Ni-Pd was about 22.4 mA cm2, which is relatively higher than that of C-ONi-Pd
(21.40 mA cm?), C-20Ni-Pd (20.89 mA cm?), and C-50Ni-Pd (15.74 mA cm?) (Table 3). EIS
measurements were performed at a potential of 1.6 V vs RHE and the corresponding charge transfer

resistance (Rct) values are listed in Table 3. The charge transfer resistance (Rct) of C-20Ni-Pd (2.2 Q)



was considerably lower than that of C-ONi-Pd (7.9 Q), C-10Ni-Pd (3.0 Q) and C-50Ni-Pd (5.4 Q)
(Figure 6¢). These results confirmed the high electrocatalytic activity of the C-20Ni-Pd electrode and

the excellent electrical exchange between CNFs and Ni/NiO NPs.
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Figure 6. Electrocatalytic activity of OER with the commercial IrO. electrode, and the self-
supported CNFs-Ni-Pd electrodes measured in the presence of 1 M KOH. (a) Linear sweep
voltammetry of the different samples; (b) Tafel slopes; (c) EIS at the potential of 1.6 V vs RHE. The
inset shows the Nyquist plots without the Warburg impedance for the prepared electrodes fitted with

the equivalent circuits; (d) Chronoamperometric response (j-t) curve of C-20Ni-Pd at 1.6V vs RHE.

The best electrode (C-20Ni-Pd) displayed optimal HER and OER activity with a lower

overpotential at 10 mA cm current density and also a smaller Tafel slope, which is better than what



reported for recently described electrocatalysts.?>2"2°82 For example, Chen et al.>" prepared CNFs
loaded with Pd and Ni using PdCl> and NiN2Og-6H20 with a weight ratio of 1:2. The prepared
electrodes exhibited high HER with a limited overpotential of 55 mV at 10 mA c¢cm™2 current density
in 0.5 M H2SO4. Conversely, in the present work, a very small amount of Pd NPs was used
compared with what reported in the literature (Supplementary information, Table S3). The
outstanding electrocatalytic activity of C-20Ni-Pd in water splitting can be attributed to (i) the high
loading percentage of Ni/NiO NPs in CNFs; (ii) the formation of Ni/NiO NPs inside and on the
surface of CNFs; (iii) the deposition by ALD of ~5 Pd NPs on the surface of the CNFs and Ni/NiO
NPs alter the electronic structures and lead to enhanced electrical conductivity, rapid charge transfer,
and higher electrochemical activity; (iv) the ultrathin protective layer of Pd NPs over the composite
CNFs and the embedded Pd NPs might improve the chemical stability; (v) the protection of an inert
layer of graphitic carbon and Pd NPs over the Ni/NiO NPs surface might prevent the surface and
structural decomposition of the prepared CNFs-Ni/NiO; (vi) Pd NP deposition on the Ni/NiO NP
surface improves the CNF corrosion resistance and electrochemical stability; (vii) the CNF network
structure facilitates the diffusion of the gas and electrolyte during electrolysis; and (viii)
heterostructures composed of different active materials with various H-binding energy (i.e. CNF-
Ni/NiO-Pd) offer a superior HER activity compared with their counterparts (i.e. CNF-Ni/NiO and
CNF-Pd nanofibers). This is explained by the well-exposed active sites or by the optimized
electronic configuration on the interfaces.®® The strong H binding on the heterostructures (CNF-
Ni/NiO-Pd) and the relatively weak binding on C-Ni or C-Pd might explain why CNF-Ni/NiO-Pd
heterostructures can efficiently catalyze both H* reduction and Hags desorption in HER, resulting in

optimized HER Kkinetics and superior activity.%

Conclusion



In summary, efficient, highly conductive and self-supported CNF-Ni/NiO-Pd electrodes with
heterostructure have been successfully fabricated by combining electrospinning, thermal treatment,
and ALD. Self-supported CNFs mats embedded with Ni/NiO NPs were fabricated by electrospinning
a PAN solution containing Ni acetate followed by peroxidation under air, and then thermal
carbonization under nitrogen atmosphere. The self-supported CNFs mats were further modified with
Pd NPs using the ALD method, and then the unmodified and modified mats were tested as electrodes
for HER and OER in acidic and alkaline solution, respectively. The self-supported CNF electrodes
decorated with Ni/NiO and Pd NPs displayed high HER and OER activity and excellent stability,
compared with the commercial Pt and IrO> catalysts. The morphology and composition of the
composite CNFs were controlled by adjusting the precursor nanofibers. The composite CNF
electrodes showed excellent electrochemical activity, low overpotential, remarkable exchange
current density and long-term stability compared with pristine CNFs. The control of the CNF
diameter, as well as the size and dispersion of Ni/NiO and Pd NPs on CNFs explain their high HER
and OER activity. The C-20Ni-Pd electrode, which has very high Ni NPs content (up to 50%) with
traces of NiO, and small Pd NPs, acts as remarkable electrocatalyst for HER and OER. Its
outstanding electrocatalytic activity can be attributed to the positive and synergistic effect between
the CNFs, Ni/NiO and Pd NPs at the nanoscale interfaces. The fast kinetics observed for gas
desorption might originate from the CNF network structure. The present study describes a new
strategy for the design of self-supported CNF electrodes for energy conversion-related applications.
Self-supported CNF electrodes loaded with Ni/NiO and Pd NPs can be considered as promising
candidates for large-scale HER and OER applications at the place of Pt and IrO; electrodes. The
approach developed in this work is highly versatile and is applicable for the in situ synthesis of CNFs
that incorporate other transition metals and metal alloys (e.g. Ni, Mn, Co, Fe, Mo) for application in

water electrolysis and electrochemical oxidation of wastewater. ALD deposition of tiny metal NPs



(e.g. Pd, Au, Ag) of different thickness also is highly versatile and is applicable for water electrolysis

and electrochemical oxidation of wastewater.
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