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We report the combination of electrospinning and calcination to
synthesize many free-standing electrocatalytic electrodes made of
nanostructured nickel particles (active sites) and three-dimensional
carbon microfibers (support). Precisely, we have used five different
nickel precursors to elucidate the nitrogen origin (polyacrylonitrile
or metal salts) and the impact on the electrocatalytic properties.

Electrospinning is a versatile technique that allows the genera-
tion of micro to nanoscale fibers with diverse compositions,
structures and properties for uses ranging from biological to
catalytic.’™® Specifically, any metallic particle can be added on
the surface and inside the fibers by using single or coaxial
electrospinning setups,”™° which offers an edge over atomic
layer deposition (ALD, we do not have available precursors for
all metals and multimetallic compositions),""** and standard
calcination methods."*'®

Despite the recent progress regarding the synthesis of
electrospun fibers for various applications, the implementation
in electrocatalysis does not fully exploit the true potential as
electrode materials in which the support and the active sites are
connected (Fig. 1a). Indeed, to be used in electrocatalysis,
for example for electrochemically green H, production by
water electrolysis (the hydrogen or oxygen evolution reaction
(HER/OER)), electrocatalysts from electrospun mats after calci-
nation are conventionally immobilized onto electron conduct-
ing supports such as glassy carbon, metal foams, carbon paper,
etc.””>'%2% Given the real end-use conditions, a drawback is
material milling to obtain a catalytic ink (catalyst + additives
(Nafion ionomer, etc.): Fig. 1b (pathway A)) and to drop-cast it
onto a support, which often results in the use of high metal
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loading, etc. Very few studies have focused on the synthesis of free-
standing electrocatalysts by combining electrospinning (to have a
non-conducting mat) and calcination (to have an electron conduct-
ing support).'>*" Li et al. synthesized free-standing electrodes made
of high-entropy alloy catalysts and carbon fibers with an OER
overpotential of 0.407 V at 50 mA cm™ > in 0.1 M KOH.*!

As shown in Fig. 1b (pathway C), electrospinning represents
an alternative method to circumvent the synthetic problems of
multiple steps by using the precursors of the support and the
active sites as starting materials. On this basis, it should be
possible to simultaneously create the support and the active
sites (metal (nano)particles) to strengthen the connections
between them compared to traditional methodologies (path-
ways A and B in Fig. 1b). It is well-known that, for supported
electrocatalysts, the physicochemical interactions between
the electrocatalytic (nano)particles and the support can criti-
cally affect the weight loading, surface area, activity, and
stability of the electrodes under operational conditions."”
However, the systematic combination of electrospinning and
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Fig. 1 (a) The "support-contact-active-site” model of the electrocatalyst. (b)
The three approaches to the fabrication of a catalytic electrode. (c) The design
methodology that combines the electrospinning and two thermal treatments.
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calcination strategies to yield free-standing electrodes is miss-
ing (Table S1, ESI¥).

Furthermore, nickel is the model electrocatalyst for HER and
OER in alkaline electrolytes for sustainable H, production.'® To
synthesize Ni-based electrocatalysts, Ni(NOj3), is the commonly
used precursor. Because polyacrylonitrile (PAN) is the most used
polymer for the preparation of electrospun fibers,*>** the origin
of the nitrogen that dopes the carbon fibers has become a debate
because the few available studies are discordant.”?® Also, the
improvement of the electrocatalytic properties is sometimes
attributed to the nitrogen of the pristine PAN and sometimes to
that of the nitrates resulting from metal salts.”*° So, controlled
syntheses with different nickel precursors needs to be performed
to elucidate not only the origin of the nitrogen but also a possible
impact on the electrocatalytic properties.

Herein, with nickel as a proof of concept, we address the
above challenges by using five different Ni(u) precursors during
electrospinning: nitrate [Ni(NOj3),], acetate [Ni(CH3;COO),], sul-
phate (NiSO,), phosphate [Ni;(PO,),] and acetylacetonate
[Ni(acac), or Ni(C,H,COO),]. The present study offers concrete
strategies for improving the synthetic protocols of free-standing
electrocatalytic electrodes made of the support and the active
sites. Using a variety of physicochemical (TGA-DSC, XRD, SEM,
EDX, XPS) and electrochemical (CV, LSV, EIS) characterizations,
we scrutinized the physical and electrocatalytic properties.

The different steps of the synthesis are sketched in Fig. 1c (see
the ESIt for the detailed description and Fig. S1 for the home-made
electrospinning setup) by controlling the formation of electron-
conducting materials through a two-stage calcination (Fig. 1d).

Aiming to determine a suitable temperature for the cross-
linking (also referred to as the stabilization, the consolidation
or the reticulation) of the constituting polymer of the electro-
spun mat, we performed thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) analysis of PAN and
PAN-Ni. In Fig. 2a, the process below 200 °C was attributed to
the removal of solvent and the surface adsorbed water mole-
cules. The presence of nickel species decreases the reticulation
(AT = 13 °C) similar to Fe-Co-Ni catalyst precursors when
combined with PAN (peak downshift from 266 °C to
218 °C).>* The peaks found at 305 °C for PAN and at 292 °C
for PAN-Ni are in agreement with the 220-300 °C range that is
sufficient to trigger the processes of cyclization, dehydrogena-
tion and oxidation, which are associated with the stabilization
(Fig. S2, ESIt).”'*'9"?° Fig. 2a also shows that nickel catalyses
the polymer degradation where the combustion ends at 420 °C
for PAN-Ni (final: 11.7 wt%) in comparison to PAN at 615 °C
(final: 0.5 wt%). The final nickel content of 11.7 wt% is in
agreement with our expectation of 10-12 wt% of nickel content
in the final material (ESIT).

Based on these results, the electrospun mats were stabilized
at 290 °C under air and then carbonized at 1000 °C under inert
gas (nitrogen) to create electrical conducting carbon electrodes.
Fig. S2 (ESIT) reports the different chemical processes, resulting
in a colour change from white to brown and then to black as
shown in Fig. 1d. We next used energy-dispersive X-ray spectro-
scopy (EDX) to monitor the evolution of the C/N atomic ratio
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Fig. 2 (a) TGA (left y-axis, solid lines) and DSC (right y-axis, dotted lines) of

electrospun PAN and PANI-Ni mats under air atmosphere (5 °C min~?,

100 mL min~Y). (b) XRD patterns of the as-fabricated free-standing
electrodes from different Ni (+1) precursors. (c) EDX spectra: inset is the
zoom out of 0—-1 keV. (d) Atomic composition from EDX.

during the three steps, i.e., electrospinning, stabilization and
calcination. The results of Fig. S3 (ESIt) show a C/N ratio of ca.
3 for the electrospun and stabilized samples and a C/N ratio of
58 after calcination. Such results were expected because the
cross-linking reaction (stabilization step) does not remove
nitrogen from the PAN structure (3 carbons for 1 nitrogen),
while the calcination eliminates significant amount of volatile
chemical species (Fig. S2, ESIt).

We next used X-ray diffraction (XRD) to characterize the
different materials derived from electrospun mats. In addition
to PAN (blank), the materials were referred to as PAN-Ni-nitrate,
PAN-Ni-acetate, PAN-Ni-sulphate, PAN-Ni-phosphate and PAN-
Ni-acetylacetonate for the corresponding Ni(u) salts. Fig. 2b shows
the obtained XRD patterns. After stabilization at 290 °C under air,
a diffraction peak appears at 29.4° for (110) of the PAN fibers, and
a broad peak was expected at 17° (out of range) for the PAN
orthorhombic chain packing of (100).>>*” After carbonization at
1000 °C under N,, the broad peak around 26° belongs to (002) of
graphite and indicates the formation of graphitic domains.?**?
PAN-Ni-X (X = nitrate, acetate, sulphate, acetylacetonate) has two
peaks at 45° and 52° for the face-centred-cubic phase of Ni (JCPDS
04-0850). For PAN-Ni-phosphate, different peaks are observed at
38° 41°, 42°, 45°, 47°, 49°, 54°, and 55° for the hexagonal Ni,P
structure (JCPDS 74-1385). These results shows that the phosphate
counter-anion triggers the formation of nickel phosphide, while
the conditions are not sufficient to produce nickel sulphides such
as Ni;S,, NiS, and NiS with the sulphate counter-anion because
many diffraction peaks would have been seen below 44°."%>%

To quantify the different elements, we next combined EDX
and scanning electron microscopy (SEM). Fig. 2¢ and d and

This journal is © The Royal Society of Chemistry 2023
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Table S2 (ESIt) show the EDX data. Backscattered SEM images
and EDX mapping are displayed in Fig. 3. As expected, the
identified elements are C (0.277 keV), Ni (7.478, 8.265, 0.851,
0.762, 0.743 keV), O (0.525 keV) and N (0.392 keV) for all
samples, while S (2.308, 2.464 keV) appears for PAN-
Ni-sulphate and P (2.139, 2.014 keV) is characteristic of PAN-
Ni-phosphate. The nickel content of 9-12 wt% confirms
the theoretical expectation. The nitrogen content is N (wt%) =
0.2 £ 0.1 (PAN-Ni-nitrate), 2.6 £ 0.2 (PAN-Ni-acetate), 5.5 & 0.3
(PAN-Ni-sulphate), 6.8 + 0.3 (PAN-Ni-phosphate), 6.2 + 0.3
(PAN-Ni-acetylacetonate), and 1.7 + 0.3 (PAN). These findings
allow us to decipher the debated origin of the nitrogen that
dopes the carbonized carbon fibers”*® for electrospun
PAN."**?* Indeed, PAN-Ni-nitrate has the lowest N content,
meaning that only the nitrogen from PAN is maintained after
calcination; the nitrates are mineralized and eliminated as
NH;, N, or NO, (Fig. S2, ESIt). Furthermore, the regions of
high Ni and P intensities overlap for PAN-Ni-phosphate, while
S is equally distributed instead of being concentrated in the Ni
domains for PAN-Ni-sulphate. This proves that Ni-P particles
were formed for PAN-Ni-phosphate, and for PAN-Ni-sulphate,
the carbon fibers with the nickel particles have just been doped
with S, which corroborates the previous XRD results. Quantita-
tively, P (at%) = 1.9 & 0.1 while Ni (at%) = 2.8 + 0.1 (initially,
Ni/P = 1.5), which means that a Ni,P phase was formed (XRD),
and the surplus of P comes from the doping phosphorus of the
carbon fibers.

For the morphological characterization, SEM was performed
at different magnifications and the results are gathered in
Fig. S4-S9 (ESIt). Depending on the electrospun material before
the calcination, the fibers have a diameter of 200-600 nm. Nickel
particles have a monodispersed size for PAN-Ni-acetylacetonate
and PAN-Ni-acetate. PAN-Ni-nitrate, PAN-Ni-sulphate and
PAN-Ni-phosphate have a heterogeneous size distribution, which
means that the synthesis condition needs further optimization.
Taken together, these characterizations show that the nature
of the counter-anion dramatically affects the structure, the

C N [ Ni
- S

>

Fig. 3 Backscattered SEM images and the corresponding EDX mapping of
the different materials derived from different precursors of Ni(+1). Scale
bar = 5 pm.
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composition and likely the physicochemical properties of the
materials derived from electrospun mats after calcination.

Having demonstrated that electrospun PAN-Ni mats based
on different Ni () precursors produce diverse materials, we
next sought to interrogate the electrochemical properties. We
were interested in knowing whether the electron transfer ability
is affected. To this end, as aforementioned (Fig. 1), we took
advantage of the free-standing nature to prepare the working
electrode by cutting the parent material into an L-shape of
0.5 cm high and 0.5 cm width (geometric area of 0.5 cm?, not
taking into account the 3D structure) and enough space on the
top for an electrical connection with a gold wire.

In 0.5 M KNO; + 5 mM K;[Fe(CN)s], the objective was to
evaluate the reversibility of the redox probe Fe(CN)s*>"/
Fe(CN),*~ and to determine the uncompensated ohmic resis-
tance (Rg). In 1 M KOH, the objective was to evaluate the
electrochemically active surface area (ECSA), Rq and HER/
OER efficiencies. Rq resulted from EIS (electrochemical impe-
dance spectroscopy, Fig. S10, ESIt) and includes contribution
from the connections, the electrolyte, and the working elec-
trode. In neutral media, Ro(Q) = 15, 30, 17, 27, 40, and 32 for
0.5 cm? electrodes derived from PAN, PAN-Ni-nitrate, PAN-
Ni-acetate, PAN-Ni-sulphate, PAN-Ni-phosphate, and PAN-
Ni-acetylacetonate, respectively. In addition, in 1 M KOH
electrolyte, Ro(Q) = 8, 28, 7, 10, 50, and 19 for the same order.
The higher value for PAN-Ni-phosphate could be explained by
the fact that nickel phosphides have a lower electrical conduc-
tivity than pure nickel. Overall, these results suggest that there
is an additional ohmic resistance from the electrocatalytic
material and one can observe from Fig. 4a that the peak-to-
peak potential difference of the reversibility was impacted
(a large value is indicative of a low charge transfer rate).
Furthermore, the determined double-layer capacitances
(Fig. 4b and Fig. S11, ESIf) were Cq; = 1.8 + 0.1, 9.8 £ 0.7,
50.4 + 3.4, 8.8 £ 0.8, 24.7 £+ 4.7, and 20.2 + 1.4 mF for PAN,
PAN-Ni-nitrate, PAN-Ni-acetate, PAN-Ni-sulphate, PAN-Ni-
phosphate, and PAN-Ni-acetylacetonate, respectively. So,
PAN-Ni-nitrate and PAN-Ni-sulphate have the lowest ECSA
(Fig. S12, ESIT); ECSA = Cq)/Cy; Cs = 40 UF cm ™ (see ESIT). To
evaluate whether this discrepancy in ECSA affects the electro-
catalytic performance, we tested the HER (Fig. 4c and S13, ESI{)
and OER (Fig. S14, ESIt). We finally compare these with the
reported relevant electrocatalysts, synthesized by combining
electrospinning and calcination (Table S1, ESIf). The perfor-
mance trend from the linear sweep voltammetry (LSV) method
for HER was PAN-Ni-acetate > PAN-Ni-phosphate > PAN-
Ni-sulphate > PAN-Ni-nitrate > PAN-Ni-acetylacetonate. It is
clear that the initial presence of nitrogen in Ni(NOj3), does not
lead to a better electrocatalytic performance. At 10 mA cm ™,
the lowest HER overpotential of 0.26 V and OER overpotential
of 0.37 V for PAN-Ni-acetate (the best catalyst) is analogous to
the literature where catalytic inks were prepared.” *'*?*° We
point out that the present results are only preliminary results
since during stability tests by chronoamperometry, the electro-
des failed because of the gas accumulation in the 3D material
which led to the electrodes swelling and then their

Chem. Commun., 2023, 59, 47-50 | 49
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Fig. 4 (a—c) Electrochemical characterization of 0.5 cm? electrodes

derived from PAN, PAN-Ni-nitrate, PAN—-Ni-acetate, PAN-Ni-sulphate,
PAN-Ni-phosphate, and PAN-Ni-acetylacetonate. (a) IR-drop uncor-
rected CV (0.5 M KNOs + 5 mM KszlFe(CN)gl, 25 °C, 50 mV s7%). (b)
Capacitive current (Al = [, — I2) vs. scan rate at E(Vgye) = 0.80 (PAN),
0.85 (PAN-Ni-nitrate), 0.80 (PAN-Ni-acetate), 0.81 (PAN-Ni-sulphate),
0.81 (PAN-Ni-phosphate), and 0.81 (PAN-Ni-acetylacetonate) in Nj-
saturated 1 M KOH at 25 °C for determining the electrochemically active
surface area (ECSA). (d) High-resolution spectrum of N 1s.

delamination. Thus, these electrodes must be reinforced before
considering their real use.

We finally used X-ray photoelectron spectroscopy (XPS) for
the surface analysis. Fig. 4d shows the high-resolution spec-
trum of N 1s, those of C 1s and Ni 2p are reported in Fig. S15
(ESIT). The atomic composition in Fig. S16 and S17 (ESIY) is
consistent with EDX analysis and confirms that Ni(NO3), does
not lead to a higher nitrogen doping. The graphitic nitrogen is
the main component (33-50%). Based on our previous detailed
XPS analysis of Ni 2p,'® the binding energy shift of 1.5 eV in
Fig. S15b (ESIt) suggests that the nature of Ni(u) precursor
during the initial step of electrospinning subsequently affects
the interaction between the Ni particles and the nitrogen doped
carbon fibers.

In conclusion, we have demonstrated how controlled electro-
spinning and thermal treatments can result in the design of
centimeter scale electrocatalytic electrodes made of nanostructured
nickel particles embedded in a 3D network of nitrogen-doped
carbon fibers. The nature of the nickel(n) precursor during the
electrospinning affects the structure, composition and properties of
the calcined materials. We found different electron transfer and
electrocatalytic properties as revealed by the Fe(CN)s>~/Fe(CN)s"~
redox probe and the electrocatalytic hydrogen/oxygen evolution
reaction (HER/OER). However, the gas evolution provokes
electrode swelling so that the electrodes have a lower stability.
Nevertheless, our findings can be transferred to other metals of
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interest to synthesize free-standing electrocatalytic electrodes after
optimizations.
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