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Abstract

Composite fibrous materials based on (grapheneteat) nitrogen-doped carbon/transition metal
oxides were produced by electrospinning and thbysigochemical properties were thoroughly
investigated by a combination of characterisatemhhiques. The electrochemical behaviour of the
electrodes prepared with them was evaluated in waktheir use in the capacitive deionisation of
saline water. The morphology of the materials retath of usnea florida lichens, wheat ears, sea
sponges and noodles and depended on the transigtal (Mn, Fe, Ti or Zn). The morphology and
the relative amount (14.1-22.2 wt%) of the surfaiteogen and carbon-bonded oxygen functional
species, beneficial to wettability and involvingepdocapacitive processes, had strong impact on
the specific capacitance (43.7-67.4gE, at 5m Vs scan rate), whereas also the specific
micropore volume (0.4-5.6 ning™) affected the effective areal capacitance of tleetedes
(1.2-6.0 Fm™, at 5 mV §%. lon storage in the composite materials occuwvid a mixed
capacitive/pseudocapacitive process. Hence, inagdse content of the oxide (from 24.6 to 56.7
wt%), thanks to the fast-reversible redox react@ingr near surface it involves, partly compensated
for the growing hindrance to diffusion encountebgdthe ions (hampered electrostatic adsorption)
as the scan rate increased from 5 to 100 MV s

Keywords. Electrospinning, Capacitive de-ionization, TramsitiMetal Oxides, Composite fibres,
Surface functional species.
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1. Introduction

The increase of world population reflects on a gngndemand for fresh water, further boosted
by the increasing level of environmental contamorabf the commonly exploited aquifer sources.
This situation has encouraged the development ef wlater desalination technologies, and
particularly of those addressed to cost-effectigganand energy-efficiency. Among them, the
capacitive de-ionization (CDI) is one of the matstaactive for its simplicity and eco-friendliness.

CDI, also known as electro-sorptive desalinati@ampased on the formation of an electrical
double layer (EDL) between the parallel electrodesning the CDI cell [1,2,3,4] upon application
of a voltage between them. In the presence of e, Ehe ions, present in the salty water inlet into
the cell, are reversibly stored onto the porouaserof the charged electrode by electric potential
induced adsorption and fresh water goes out froenddll. During this process, no secondary
contaminant is released. Once their surface isratatl with salt ions, the electrodes can be
regenerated by reversing/shorting the cell voltddes causes the stored ions to be desorbed and to
be released into a wastewater solution.

Low operating voltage of CDI (0.8-1.2 V) can begoéat help in remote areas. In addition,
energy required to desalinate one cubic meter a¢kish waters is lower than for reverse osmosis
(only 100 against 200 Wh) [3].

The capacitance of the porous electrode materid| hence, its desalination performance
depends on its specific surface area, as well @s aonic conduction properties. A great variety of
carbon-based electrode materials, including carherogel [5,6], activated carbons [7], carbon
nanotubes [8,9], electrospun carbon nanofibers 1102113], graphene [14] and graphene-enriched
carbonaceous nanostructures [13,15], have beenlogpede in order to improve the CDI
performance. Very recently, it has been demonsiréiat electrospun carbon fibres doped with
very high nitrogen concentrations (around 20 wt¥g) @able to remove a relevant amount of NaCl
(17.0 mgg ™) from a salty solution with an initial concentratiof 585 md-~*, and that the electro-
sorption capacity outstandingly increases (up t6 27gg ™) if the N-doped fibres are enriched with
graphene [13].

However, generally speaking, porous carbon-basedtrebes, which store ions through
electrostatic interactions with their surface, havenited salt adsorption capacity. Thereforejrthe
porosity, hydrophilicity and capacitance propertieeed to be improved. To increase the
deionization capacity of electrodes for salt iomowal, a variety of redox-active materials based on
transition metal oxides (TMOs) has been also evathaAmong them, carbon aerogels doped with
manganese or iron oxides prepared by the resorfonolaldehyde method [16], three-dimensional
graphene/metal oxide (T CeQ FeOs; and MnO,) hybrids [3] and Ru@activated carbon
composite electrodes prepared via electrodepositiaff. TMOs, generally featured by high
theoretical specific capacities, environmentalridiness, low cost and high abundance on earth,
have received noticeable consideration as activ@pooents also in rechargeable batteries
[18,19,20,21,22,23,24], supercapacitor [25,26,22P8 and energy storage applications [30].
TMOs, able to store ions through a Faradaic proresdving reversible redox reactions at or near
surface, endow hybrid carbon/TMOs nanomaterialsh wvehhanced capacitance and, hence,
significantly improved adsorption capacity.

Several different methods are successfully utiligegroduce the active electrode materials for
CDI cells. Electrospinning (ES), a very simple, labke and cost-effective technique, allows
successfully producing one-dimensional nanostrestufeatured by hierarchical porosity
(intertwined micro-, meso-, and macro-pores) amgdaspecific surface area [13,19,20,31,32,33].
ES is particularly suitable for the manufacturiridibrous electrode materials on an industrial scal
since the production process proceeds through twet distinct steps (namely, fibrous film
deposition and subsequent thermal treatment), natheed of interruptions.

This paper deals with synthesis of electrospun TihSed fibres to be used as active hybrid
materials for the preparation of electrodes for @Blls. The physicochemical properties of the
materials produced by ES were thoroughly investiglaand the electrochemical behaviour of the



electrodes prepared with them was evaluated. Btiage correlations emerged from the present
study, which can provide guidelines for the actdiel-electrode material designing and utilisation
condition selection.

2. Experimental
2.1 Materials

Sigma Aldrich supplied all reactants needed forattere material preparation, namely iron (I1)
acetate ((CHCOO)Fe, purity: 95%, molecular weight: 245.09nwpl™, CAS No. 6156-78-1),
manganese (Il) acetate tetrahydrate ({CBO)Mn-4H,O, purity: 99.99% trace metals basis,
molecular weight: 245.09 gol™, CAS No. 6156-78-1)N,N-dimethylformamide (HCON(CH>,
anhydrous: 99.8%, CAS No. 68-12-2), polyacrylotetri((CHsN),, purity: 99.9%, average
molecular weight: 150000 mol™, CAS No. 25014-41-9) tetraethyl orthosilicate (8X ;Hs)a,
purity: 98%, molecular weight: 208.33ngol™, CAS No. 78-10-4), titanium (IV) isopropoxide,
(TI[OCH(CHs) 5]44H,0, purity: 97%, molecular weight: 284.22mpl™, CAS No. 546-68-9) and
zinc (ll) acetate dihydrate ((GBOOYZn-2H,0O, purity: 99.99% trace metals basis, molecular
weight: 219.51 gnol™, CAS No. 5970-45-6), as well graphite powder (itsize: < 20 pm) for
graphene oxide preparation. All materials weraesad without any further purification.

Polyacrylonitrile (PAN) and\,N-dimethylformamide (DMF) acted as polymer and sotye
respectively. Iron (Il) acetate (FeAc manganese (Il) acetate tetrahydrate (MnAtetraethyl
orthosilicate (TEOS), titanium (IV) isopropoxidelPl) and zinc (Il) acetate dihydrate (Znevere
utilised as iron, manganese, silicon, titanium zind sources, respectively.

2.2 Graphene oxide

Graphene oxide (GO) to be used as an additivenioigeneration of graphene-enriched fibres
was obtained from as-purchased graphite powdea wi@dified Hummers method [34], as reported
in detail elsewhere [13]. Briefly, 46,05 and BOs were added to a suspension of graphite powder
in concentrated 80, for pre-oxidation and after heating, the solidconeered by centrifugation,
was repeatedly washed with water and dried. Sulesely) pre-oxidized graphite was added to
concentrate k50O, After stirring in an ice bath, NaNCand KMnQ, were added. The solution
obtained under vigorous stirring at 10°C was keptfdays at room temperature (RT). After water
addition, the suspension was heated and 30 wi%, kvas added. Finally, after filtering and
washing with 2 M HCI solution, the suspension wageatedly washed with water and dried. The
obtainment of GO was ascertained by carrying oui&ma scattering and x-ray diffraction
measurements, as previously reported [13].

2.3 Preparation of the electrospun fibrous nanomaterials

The experimental procedure followed to synthedigefibrous nanomaterials for the electrode
preparation was described in detail in previousepal3,19,20]. Briefly, the spinnable solution
with the desired composition (Table 1) was firstgared by sol-gel method. For this purpose, a
fixed amount of PAN (6.5 wt%) was dissolved in DMid the resulting solution was stirred until it
became clear. Then, precursor(s) and GO additfvanf) were added and the solution obtained
after further magnetic stirring was electrospunngsia CH-01 Electro-spinner 2.0 (Linari
Engineering s.r.l.). The spinning process was edraut at 20+1°C temperature and 40% relative
air humidity. A 20 mL syringe equipped with a 40 nhomg 0.8 mm gauge stainless steel needle
was utilised. Solution was fed at 23.5 min™. A 15 kV voltage was applied over a collection
distance of 11 cm.

After drying over night at RT for residual solveeimoval, the as-spun membrane was peeled-
off from the collector and was thermally treated generate the desired oxide-, carbon- or
composite carbon/oxide fibres. The oxide fibresgjOiere obtained by complete elimination of the



organic constituents through a single oxidativecpss in static air (calcination). The remaining
samples, including both graphene-enriched nitradgped carbon fibres (GNCFs) and composite
NC/oxide or GNC/oxide fibres (NC/OFs and GNC/OFespectively), were produced via a two-
step process, involving an oxidative treatmentyjp@r stabilisation) in static air, followed by an
annealing process (carbonisation) operated, umdkgt atmosphere, at relatively low temperature
(500°C). As previously demonstrated [13,20], theich of a polymer (PAN) with a high N-content
(26.4 wt%), if coupled with proper heat treatmeonditions, allowed obtaining electrospun carbon
(or carbon-based composite) fibres with high N-dgdevels, which is believed to be beneficial for
the fibre wettability [4,13,14,35,36,37].

Table 1 reports temperatures and durations of hkertal treatments, which were operated
increasing temperature at 54@n~" rate and were followed by uncontrolled cooling dow RT.

2.4 Physicochemical characterisation of the electrospun fibrous nanomaterials

After thermal processing, the produced nanomateriere analysed by means of a
combination of complementary techniques. A Phenoro-XP scanning electron microscope
equipped with an energy-dispersive x-ray (EDX) $meoeter was utilised to investigate their
texture and morphology by scanning electron miapgc (SEM). Automated accurate
measurements of the diameters of the fibres fragir ®EM images were carried out by the use of
Fibermetric software. The results obtained are ntepgoin Table 2. An ASAP 2010 Micromeritics
instrument was utilised to determine the specitidaxe area of the samples via the Brunauer-
Emmett-Teller (BET) method. Measurements were edraut at —196 °C, after prolonged sample
degassing at 150 °C in vacuum. From the recordeddsorption-desorption isotherms, the pore
size distribution was inferred via the Barrett-Jenyialenda (BJH) approach and the specific
micro-pore volume was calculated by means oft{pl®t method. The results obtained are reported
in Table 2.

The crystalline phases of the oxides were idewtifiy x-ray diffraction (XRD) and micro-
Raman spectroscopy (MRS). They are reported ineT@blA Bruker D2 Phaser diffractometer,
equipped with a Np-filtered Cu-K, radiation source, was utilised to record XRD patewhereas
JCPDS database of reference compounds allowedhédiffraction-peak identification. A NT-
MDT NTEGRA - Spectra SPM spectrometer, equippeth M63504i 350 mm monochromator and
ANDOR Idus CCD, was utilised to measure Raman agafj excited by a solid-state laser
operating at 2.33 eV. The scattered light from #aenple was collected by a Mitutoyo high
numerical aperture 100X objective. The use of a/Jew laser power (25QW at the sample
surface) prevented local heating of the samplesaandaling effects.

Surface composition of the fibres and chemical mmwment of the component species were
investigated by x-ray photoelectron spectroscopg$X A M-Probe-SSI instrument, equipped with
a monochromatic Al Ksource (1486.6 eV), providing a resolution for 0eM was used. The
results obtained are reported in Table 3.

Further details on the instrumentation utilised axgerimental data processing can be found
elsewhere [13,19,20].

2.5 Preparation of the working electrodes based on the electrospun fibrous nanomaterials

The produced OFs, GNCFs, NC/OFs and GNC/OFs walisedt to prepare the working
electrodes via the procedure described in detéoMbdn particular, as reported in Table 4, OFs and
GNCFs were utilised to prepare physical mixtur@s;estheir electrochemical properties, as active
materials, were expected to be equivalent to thathe corresponding composite GNC/OFs,
particularly at lower rates [20,38]. In additionpsking electrodes based on the composite NC/OFs
and GNC/OFs were prepared.

Electrodes were prepared by following the procedigieematically depicted in Fig. S1. To
generate a slurry, a binder was added to the ahipeal active nanomaterial (reference GNCFs,
NC/OFs or GNC/OFs) or to a physical mixture of GNGind OFs, and the resulting material was



dispersed in a solvent. Polyvinylalcohol §6GO)s, PVA, Tecnalia) and ethanol {8s0H) were
utilised as a binder and a solvent, respectiveiye 3o-composed mixture was stirred for at least 8 h
until obtaining the slurry.

The slurry was cast onto a graphite sheet (Graftatdrnational), which acted as current
collector, and dried in a 60°C oven overnight tmoge the organic solvent and to form a planar
electrode, composed by 90 wt% of as-produced elguiin active material and 10 wt% of PVA.
Codes of the working electrodes and the nanométertdised for their preparation are reported in
Table 4. For the electrochemical measurementsiretiss with 2 crharea were utilised.

2.6 Electrochemical three-cell measurements

The electrochemical performance of the electrodws the electrical double layer formation
were evaluated by cyclic voltammetry (CV) and elechemical impedance spectroscopy (EIS).
CV measurements were done with a conventional {blestrode system, using a computer-
controlled potentiostat/galvanostat (AUTOLAB PGST3UBRN, Metrohm) at RT. The working
electrode (2 cfharea) was prepared by using the as-produced @dpein active nanomaterial, as
above described; graphite and a standard Ag/Agécitrelde acted as the counter electrode and the
reference electrode, respectively. For furtheritietsee ref. [13].

CV measurements were performed with sweep ratés-b®0 mV §' in the potential range
from -1 to 0.5V in 0.1 moL™ NaCl solution. The values for specific capacitantehe CDI
electrode material were calculated from the curwettiage curves according to the following
equation:

CszifidV (1)
vm©Y V

whereCs (Fg™) is the specific capacitande(A) is the response curreit,(V) is the potentialy (V
s 1) is the potential scan rate amdg) is the mass of the electro-active materiakhéelectrodes.

EIS analysis was conducted to determinate the nateresistance of the electrodes. The
measurements were performed with AUTOLAB PGSTAT3a&g the three compartment cell.
The amplitude of the alternating voltage was 0.@tdund the equilibrium potential (0 V) and the
data were collected in the frequency range fronD06{2 to 0.1Hz.

3. Resultsand discussion
3.1 Physicochemical properties of the fibrous electrode nanomaterials

3.1.1 Morphological and textural propertieSamples obtained by through a single-step thermal
treatment (OFs) were in the form of powders, whepsgper-like membranes, consisting of GNCFs,
NC/OFs or GNC/OFs, were generally obtained viattve step process (Fig. S2). The morphology
of the OFs had been already described in detal pmevious work [19]. Briefly, pure iron oxide
fibres (sample Fe) were 3 long and exhibited a very rough surface and ivet small
average diameter (Table 2), whereas Si-doped inddeofibres (sample FeSi) were shorter,
smoother and thicker. In the case of the GNCFs ggafG), as had been already pointed out [13],
thermally reduced graphene oxide (TRGO) sheets vdispersed throughout the paper-like
membrane, which was made fragile by the short fengtthe fibres due to the jet fragmentation
induced by the exfoliation of GO sheets duringdteetrospinning process [13].

Figure 1 summarises the results of SEM analysishenremaining samples. The composite
NC/OFs and GNC/OFs exhibited very different andutiac morphologies, which clearly depended
on the oxide precursor, while the addition of GOtle spinnable solution seemed not to be
influential. In particular, samples PMnG and PMmduced by the use of MnAaeminded of
“usnea florida lichen” (Fig. 1a) and were featulmdlarge oxide agglomerates. The use of FeAc
(samples PFeG and PFe) gave rise to a “wheatledrriorphology (Fig. 1b), whereas sample PTi
obtained from TIP exhibited a “sea sponge-like” piarlogy (Fig. 1c) with reduced formation of



fibres. Finally, a “nooddle-like” morphology (Fid.d) was obtained by utilising ZnA¢sample
PZn).

In agreement with previously reported results [0B,Zor fixed oxide-precursor load, the
addition of GO to the spinnable solution resultedlightly thinner fibres as an effect of the GO
polarity (Table 2), whereas, for a given oxide-pirsor, the average fibre diameter increased with
the oxide-precursor load.

Finally, the results of EDX analysis (Fig. S3) peavthat the NC/OFs and GNC/OFs were
nitrogen-doped (like the previously studied GNCHES]] and, regardless of the selected oxide-
precursor and of the GO addition, the dispersiorcasbon, oxygen, nitrogen and transition metal
(TM = Mn, Fe, Ti or Zn) within the fibrous nanomatds was spatially uniform, as evidenced by
the elemental mapping (Figs. 1i).

Table 2 reports the specific surface ar@a), specific micro-pore volumé/{;p), and average
pore size @p) of the investigated GNCFs, NC/OFs and GNC/OFsingvo the low carbonisation
temperature selected [13], the electrospun nanoiaistevere generally featured by moder&ter
values (11-42 Ag ™).

Figures 2af show the N adsorption/desorption isotherms of the investjaddectrospun
fibrous nanomaterials; the corresponding figuretisslisplay the related pore size distributions. In
the case of NC/OFs, the samples (PMn, PFe and $tdnyed an isotherm of type Il according to
BDDT classification [39], which pointed out the pemce of micropores. In the case of the GNCFs
(sample PG), as had been previously reported [tI®], isotherm exhibited a typical type IV
behaviour, with the presence of a steep slopeghiehirelative pressures. This finding indicated the
occurrence of mesoporosity and macroporosity [#8¢ same occurred for the GNC/OFs (samples
PMnG and PFeG).

Samples PG, PMnG and PFeG exhibited laBer andVyup with respect to PMn, PFe and PZn
(Table 2). By comparing the pore size distributodrthe samples (insets of Figs. 2a—f), a (more or
less marked) "spike" at 800 nm came into view in the pore size distributiohall the samples. It
was previously detected also in N-doped C fibresnfde P) [13] and signalled the presence of
macropores (>50nm) peculiar to the electrospunarabeous matrix. GNC/OFs comprised a large
fraction of mesopores (2-50 nm) and macroporeschvis believed to be an optimal situation for
electro-sorption in CDI process [2,4], since miams (< 2 nm) contribute to enhance 8er of
the electrodes, but being hardly accessible foridhs, actually result in smaller CDI-actiBger
[41].

3.1.2 Crystalline phase of the oxide and graphiitsa degree of the carbon component of the
fibres. Figures 3 and 4 show the results of the XRD andSMéhalyses carried out on the
electrospun fibrous nanomaterials to identify thgstlline phase of the oxides formed upon
thermal treatment and to assess the graphitisdegnee of the carbon component in the GNCFs,
GNC/OFs and NC/OFs. Only the signals from the oxveee generally visible in the XRD patterns
of the carbon containing fibres (patterns c—f ig.F8), while the Raman fingerprint of their
amorphous carbon component dominated their microdRaspectra (spectra c—f in Fig. 4 and Fig.
4Db). The very broad and intense D- and G-bands &osn theA,q breathing modes of the C atoms
organised in hexagonal rings and Eg in-plane stretching of all the pairs of C atonespectively
[42]. Since the former, activated by the preserfc€sy’ defects and heteroatoms in the graphitic
lattice, intensifies relative to the latter withetincrease of structural disorder [42], the G/[2msity
ratio (c/lp) is commonly regarded as a graphitisation indeh W/l > 1 for well-graphitised
carbons [13,20,43]. In the present case]#fig ratio never exceeded 1, as expected [44]. In &ct,
low carbonisation temperature, the entanglemerRAfl molecules within the electrospun fibres
limits to larger extent the crystal developmentadieag to lower graphitisation degrees [44].
Besides, higher N-doping levels of the fibres wachieved [45]. AS known [4,13,14,35,36,37],
they are beneficial for their wettability but resin enhanced structural disorder of their carbon
component.



As concerns the OFs (obtained via a single-step pre@ess), in agreement with previously
reported results [19], the XRD analysis revealed thombohedral hematite-Fe,03, JCPDS card
No. 33-0664) was the only crystalline phase fornmesimple Fe (pattern a in Fig. 3), whereas two
phases were detected in sample FeSi (pattern igir8F; namely maghemitg-FeOs;, JCPDS card
No. 39-1346) and hematite, as the dominant andebendary phase, respectively.

These findings were confirmed by the indicationsersgimg from Raman scattering
measurements (Fig. 4a). The Raman-allowed phonatesnat 224 A4y), 244 €g), 293 E;), 407
(Ey), 496 Qg and 609 cm (Ey) [46,47,48,49], as well as the IR-mode at 660"c(B,), which
becomes Raman active in nanocrystallifiee,O3 [46,47,49], were detected in the lower-frequency
region of the micro-Raman spectrum of sample Fectspm a in Fig. 4a), whereas the very intense
band originating from two-magnon scattering at 185" dominated the higher-frequency region
of the spectrum [46,47]. In the lower-frequencyioegof the spectrum of sample FeSi (spectrum b
in Fig. 4a), the three broad Raman bands peculigiFe,03, a Fe-deficient form of magnetite ¢Fe
2 €,047%, with Fe-vacancie$ in octahedral sites of the lattice [50,51]), weegected at 360T o)

510 Ey), 705 cm? (A1rg) [19,52], together with three narrower bands, eisged to the most intense
phonon modes of the secondary hematite phase.elitther frequency region, the maghemite
magnon-modes at around 1410 and 1580 @werlapped to the asymmetric feature arising from
two-magnon scattering im-Fe,03 [19,52].

The average size the oxide crystallites in sampkesand FeSi, as estimated from the most
prominent peak of the diffraction patterns via tBeherrer equation, was 20 and 15 nm,
respectively.

As concerns the composite fibres (obtained via @bliestep heat process), in the diffraction
pattern of sample PFeG (not shown for briefnegdy; the most intense peaks of the rhombohedral
a-Fe0s3; phase, at 33.3°, 35.8°, 49.6°, 54.2°, 62.6° an@°6&8-angles, were detected. The peaks,
corresponding to the reflections from (104), (1X024), (116), (214) and (030) crystalline planes,
were broader than in sample Fe. As a result, tima&son of the average crystallite size from the
Scherrer equation in this sample provided a smedlkre (Table 2). The results of Raman scattering
measurements (not shown) confirmed the formatiamaobcrystalline hematite.

In the XRD pattern of sample PMnG (pattern c in. Bg three broad peaks were detected at
35.2°, 40.8° and 59.3°62angles. They were ascribed to the reflections f(diri), (200) and (220)
crystalline planes of the cubic MnO (JCPDS card N6-0626) [18,24,53]. However, the
asymmetric shape of the loweB-angle peak revealed the presence of birnessite-MpO,
(JCPDS card No. 86-0666) as a secondary crystgilase, finally leading to a non-stoichiometric
form of the oxide (MnG). In fact, the most intense XRD signal from bisiestype MnQ, whose
formation had been reported by other authors in pgr@phene hybrid [26], was located at 36.6°.

The micro-Raman spectrum of sample PMnG, as oatuafeo for samples PTi and PZn
(spectra e and f in Fig. 4a), was dominated by#rg broad and intense D- and G-bands associated
to the amorphous ¥ component of the composite fibres. The very wepkcsal features
originating from the Mn@ vibration modes were visible in the lower-frequenegion of the
spectrum (spectrum a in Fig. 4c), overlapped tovéry broad and structured band arising from
disorder-related modes in the carbon matrix (seeddrequency region of Fig. 4b) [13]. The most
intense of them, ascribable to the manganese mdeowias the peak at 654 Cindetected also in
MnO/N-doped carbon composites [21].

Different from the case of sample PMnG, in the gpme of sample PMn (spectrum c in Fig.
4a) the Raman fingerprint of the manganese diowes clearly visible in the lower-frequency
region [22]. MnQ crystallises in three different phases B andy), which exhibit quite similar
Raman profiles, with the most intense peaks (betwg@0 and 700 ci) originating from the
stretching mode of Mn@octahedra and the weaker spectral features (bet@@@ and 400 cm)
corresponding to the bending mode of O—-Mn—O bomd#icative of the formation of Mi®O3 or
MnsO, [22]. In sample PMn, a sharp peak centred at 660 and a shoulder at 562 chwere



detected, as well as two weaker bands at 325 aha®6, which suggested th@tMnO, was the
dominant phase [22].

The average size theMnO; crystallites, as estimated from the most promirezdk of the
diffraction pattern (not shown for briefness) & tScherrer equation, was 30 nm. In full agreement
with the indications emerging from Raman analysigee additional diffraction peaks were
detected at 29.2°, 32.6° and 36.4°. They correspbiid the most intense diffraction peaks from
(112), (103) and (211) basal planes of the hausitea(iin;O,4, JCPDS card No. 24-0734) [27].

The diffraction pattern of sample PFe (pattern drig. 3) consisted of five peaks located at
30.1°, 35.4°, 43.1°, 57.0°, 62.6B-angles. They could be indexed to the reflectiansnf (220),
(311), (400), (511) and (440) crystalline planestlté inverse cubic spinel phase of magnetite
(Fe;04, JCPDS card No. 85-1436) [23,54,55,56]. A smadlemtribution from maghemite, which
exhibits a very similar diffraction pattern [19hwd not be ruled out. The estimation of the averag
size of FgO, crystallites from the (311) diffraction peak at85led to a value of 31 nm.

The results of Raman scattering measurements (gpeat in Fig. 4a) fully confirmed the
formation of magnetite, to which the bro@g, (330 cm?), E4 (520 cm?) andA,, (660 cm?) peaks
could be ascribed, and revealed that a small an@funaghemite was also present, as suggested by
the Aqq peak (705 cit), peculiar to this phase [23,55]. The detectidr2@8, 288 and 405 crf) of
some sharper features attributable to hematitetheg with the band arising from the two-magnon
scattering at 1315 crhoverlapped to the D-band of the carbonaceous xnates understood as the
effect of the laser heating, which, as reported alg other authors [23,55], easily induces a local
phase transformation even at extremely low lasevepdas that here utilised to excite Raman
scattering).

The XRD analysis revealed that two distinct phasese present in sample PTi (pattern e in
Fig. 3), namely osbornite (TiN) and titanium dioilTiO,), with average crystallite sizes of 34 and
25 nm, respectively. In particular, diffraction geaat 36.3°, 42.1° and 61.2°6-2ngles
corresponded to the reflections from (111), (208 €220) crystalline planes of osbornite (JCPDS
card No. 87-0633) [28], whereas the XRD signalgsa8°, 38.6°, 48.0°, 53.9°, 54.7° were ascribed
to anatase and rutile crystallisation phases ot Th@t are generally present in titanium oxynitride
nanostructures [28]. Instead, only tBg(450 cm?) andAqg4 (630 cm?) of rutile were identified in
the lower frequency region of spectrum b in Fig. Zbeir slightly upshifted positions were
probably indicative of the occurrence of compressstress on Ti® nanoparticles by the
carbonaceous matrix.

Eight peaks at 31.7°, 34.4°, 36.3°, 47.5°, 56.@°96 67.9° and 69.0°02angles were detected
in the diffraction pattern of sample PZn (patterin Fig. 3). They corresponded to the reflections
from (100), (002), (101), (102), (110), (103), (}1&nd (201) crystallographic planes of the
hexagonal wurtzite structure of zincite (JCPDS ddal 36-1451)[57,58]. The average size the
zincite crystallites, as estimated from the mottriee (101) peak via the Scherrer equation, was 14
nm.

In the Raman spectrum of the sample (spectrumFign4c), only the most intense among the
six normal phonons predicted by the factor grouglyans for the wurtzite-type ZnO [59,60] was
clearly visible at about 450 ¢ Also in this case, the upshifted position of Eaghigh) mode was
probably indicative of compressive stress affecEn@ nanoparticles.

3.1.3 Chemical environment of the component spetidise fibre surfacel-igures S4 and 5 show
the main results of the XPS analysis carried outtlmn electrospun fibrous nanomaterials to
investigate the chemical environment of the compbepecies at the fibre surface.

Figures S4a and S4b respectively show the hightrgsio photoelectron spectra of G &nd
N 1s core levels in the carbon-containing fibres. GNCESIC/OFs and NC/OFs were found to
exhibit common characteristics. In particular, CsiNecies (at 285.3 eV in the G profiles
[13,20,61]) were present in all the samples, wheaidinic-nitrogen (at 398.5 eV in the ¥ 1
profiles [13,61,62,63,64,65,66]) was always the tradsundant N-species. Also the N/C atomic
ratio, which in GNC/OFs and NC/OFs ranged betweg&®3® (sample PTi) and 0.250 (sample
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PMn), was very close to that previously measure@MCFs (0.238 [13]) (Table 3). The latter
finding confirmed that the choice of a polymer (PANth a high N-content (26.4 wt%) and of a
low carbonisation temperature (500°C) is an effecstrategy to produce composite fibres with
high nitrogen-doping levels. Oxygenated-C speadjesierated during the stabilisation step, were
also present on the surface of the carbonaceouparmnt of the fibres (Table 3). Their presence is
beneficial for wettability and pseudocapacitansewall [41,67]. Information about the oxide in the
OFs, as well as the oxide component in the GNC/ate NC/OFs, was inferred from the high-
resolution XPS (HRXPS) spectra of the transitiortah2p core level (Fig. 5).

The HRXPS spectrum of Fe@Zore level in sample Fe (profile a in Fig. 5a) vieatured by
two spin-orbit components at binding energies (B&sj10.6 eV (Ps2) and 724.7 eV (&) and
by the F&" shake-up satellite at 717.5 eV, as reported érditire for the hematite phase of iron
oxide [19,68,69], which was consistent with indicas come out from XRD and MRS analyses. As
expected [19,70,71], the incorporation of silicorthim the FgOj3 lattice (sample FeSi) did not
introduce evident changes in the spectrum (praifile Fig. 5a), whereas the BE position of the Si
2p peak (> 99.4 eV, see inset of Fig. 5a) alloweéhgubut the presence of elemental silicorfXSi
No F€" shake-up satellite between the twps22py, spin-orbit components was detected in
sample PFe (profile c in Fig. 5a). This findinggether with the lower BE of the main peak (710.4
eV), further supported the formation of magnetitelenced by XRD and MRS analyses [55,56,72].

Figure 5b displays the HRXPS spectra of Mncre level in samples PMn and PMnG
(profiles a and b, respectively). In sample PMn@ to spin-orbit components were located at
641.3 eV (Ps) and 653.3 eV (@), and the MA* shake-up satellite was interposed between them.
This indicated the presence of MnO [18,24], as aka by the XRD analysis. Instead, in sample
PMn no satellite structure was detected and the 2pgp—2p;» spin-orbit components, with a
separation of 11.7 eV, were located at slightlyhBigBES, suggesting the presence of Mn cations
with higher oxidation state [29], in agreement vilik indications emerged from the MRS analysis.

In the high-resolution photoelectron spectrum o2dicore level in sample PTi (Fig. 5c), the
two 2ps—2p1/2 Spin-orbit components were located at slightly doBES with respect to anatase
and rutile phases of TgJ458.2 against 459.5 eV, and 464.0 eV against24€8.[30]). Since even
lower BE positions (457.5 and 463.0 eV fqus2 and 12 components, respectively) had been
reported for titanium oxynitride Tily [28], the observed downshift was understood asetfext
of the formation of osbornite revealed by the XRialgsis. On the other hand, the position of the
peak associated to lattice oxygen in the spectru@ s core level (529.6 eV, see inset of Fig. 5¢)
was closer to that of rutile (529.4 eV [73]) ratltean to that of anatase (531.0 eV [30]), in
agreement with the results of Raman scattering uneagents.

Finally, in the HRXPS spectrum of Zp 2ore level in sample PZn (Fig. 5d) thes2 spin-orbit
component was located at a BE of 1021.4 eV, witeeparation of 23.0 eV from thepi
component. Thus, it confirmed the presence of Zpecies [74], as resulted from XRD and MRs
analyses.

3.2 Electrochemical properties of the electrodes using electrospun fibres as active materials

In order to evaluate the electrochemical perforreamicthe considered GNCFs, NC/OFs and
GNC/OFs as active materials for CDI electrodes [@a&) and to ascertain the formation of the
electrical double-layer (EDL), CV measurements weaeried out in 0.1 M NaCl solutions at
different scan rates (5, 10, 20, 30, 40, 50 andri®Gs ). The curves obtained by investigating the
potential window between -1 and 0.5 V are showRigure 6. They confirmed the EDL formation
for all the electrodes.

Nonetheless, in agreement with the behaviour okseiir GNCFs in a previous study [13], the
anodic region of the CV curve relative to electrdt® (Figure 6a), here regarded as a reference,
showed a slight deviation from the ideal rectangskape of the EDL, which became more evident
at higher scan rates. The CV curves relative totrldes PGmixFe and PGmixFeSi, PFeG, PMnG
and PMn (Figures 6b, c, d, e and f, respectivehpwsed analogous, or even more marked



deviations. On the contrary, the shape of CV cunfdbe remaining electrodes (PFe, PTi and PZn)
was more similar to the ideal one.

Deviations from the EDL behaviour, indicated thewtence of Faradaic pseudo-capacitive
charge-transfer reactions [75,76], probably assedito the presence of an appreciable amount of
nitrogen functional groups in the active materi@b]| as already pointed out [13]. Actually, as
mentioned aboveall the types of fibres produced (GNCFs, GNC/OFs ai@NFs) exhibited
comparable N/C atomic ratios (0.203-0.250). Thiglihg substantially reflected the limited the
evolution of volatile N-containing by-products ocad at the low carbonisation temperature
selected [45]. Hence, a deeper understanding oflifferent behaviours observed required some
additional consideration.

In line with the previous findings on compositeatfespun fibres containing different oxides
[20], the samples (PFeG, PMnG and PMn) preparadtibging a spinnable solution with 2.50 wt%
TM load obviously contained amalleramount of oxide with respect to those (PFe, P R&n)
prepared, under theameheat treatment conditions, from solutions whilyher TM load (25-31
wt% against 5457 wt%, as estimated from the atomic concentratiofsred from the XPS
analysis). Thus, overall, the N-doped carbonaceougonent of the latter was smaller than that of
the former (Table 4). This caused samples PFe.aRd@iPZn to be featured bysanaller relative
content of nitrogen (7.2-7.3 wt%), with respectstonples PFeG, PMnG and PMn (where the N-
content ranged between 13.7 and 15.0 wt%). Finalhce the N-content of the GNCFs (sample
PG) was 19.3 wt% [13], the physical mixtures (PGreixand PGmixFeSi) with 1:1 GNCFs:OFs
mass ratio contained approximately 9.7 wt% of g The variation of N-concentration in the
considered fibrous electrode materials accountelbaat in part, for the observed deviations from
the “pure-EDL” behaviour.

Generally, materials possessing superior capaqugréormance exhibit better electro-sorption
properties. Therefore, the specific capacitafigepf the electrodes based on the electrospun TMOs
(GNC/OFs and NC/OFs) was calculated, via eq.(bmnfthe CV curves shown in Figure 6. Figure
7 compares the results obtained at the considexau mites. At the lowest scan rate, the highest
capacitance pertained to PMnG (67.d B, whoseSser was comparable to that of PGLY nfg™).

PFe and PMn exhibited compara8igr andCs values (11.2 and 11.5%g *, and 67.4 and 66.3 F
g}, respectively). The capacitance of the remainiegteodes decreased in the order PTi (56.6 F
gY) > PZn (55.5 ') > PGmixFe (53.7 ) > PFeG (49.7 §) > PGmixFeSi (46.7 § 7). As
can be seen in Figure S5, all these values wergfisantly lower than that of the GNCF-based
reference electrode PG (136.4gF), as well as of the previously studied NCF-baskedtede
(105.5 Fg™ [13]). For the preparation-conditions and promartof the latter electrode material
(below coded as P) see Tables-S3.

Nonetheless, at 10 mV’s the specific capacitance of electrode PZn (43 F largely
exceeded the values (R0 Fg™) reported, at the same scan rate in 0.5 M NaGltisol, for
electrodes consisting of zinc oxide nanopartictesjorods, microsheets and microspheres grafted
on activated carbon cloth [77]. At 5 mV'sscan rate, PMnG, PFe and PMn exhibited higher
capacitance with respect to Ruéctivated carbon composite electrodes (608 ) able to remove
11.26 mgg " of salt from a 5 mM NaCl solution at 1.2V [17]. tead, at the same rate, a gre&er
value was achieved with graphene aerogefTi@tal oxide hybrids (119.7 &) [3], whereas
carbon aerogels doped with manganese or iron oyydesared by the resorcinol-formaldehyde
exhibited greater capacitance (91 and 99 Frespectively) at a very low scan rate (0.5 m¥J s
[16].

The contributionCrvo, provided by the oxide to the overall capacitaoicthe hybrid material,

Cs = (We Cc + wrvo Crvo)/100, was estimated taking into account its reéatontentwryvo, as

inferred from the XPS analysis (Table 3) and thec8mg capacitance of its carbonaceous
componentCc. Crwo Was found to strongly vary case by case. For mtgtain the case of electrode
PFe (whose active material was composed by 54 withbagnetite), by subtracting from the total
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capacitance at 5 mV'srate (67.4 ) the contribution associated to the carbonaceomgonent

of the fibres (48.6 §*, for we = 46 wt%, having used the value of the NCFs astrae rateCc =
105.5 Fg™ [13]), a residual value of 18.8 ¢* was obtained. This value corresponded to a
calculated specific capacitance®fuo = 34.9 Fg~* for Fe;O,4 and was higher than that reported for
supercapacitor with magnetite electrode (25 in aqueous 1 M NSO, solution [78], hinting at

a synergy between the two mechanisms (EDL-capac#ind redox-pseudocapacitive) through
which ion storage takes place in the hybrid malteria

Instead, at the same scan rate, using the saneeiamitin the case of electrode PMn (whose
active material contained 31 wt% of Mg)Qthe contribution expected for the carbonaceous
component of the fibres (73.1g sincewc is 69 wt%) exceeded the total measured capacitance
(66.3 Fg™), hinting at a bad performance todth the material components. This suggested that the
morphology of the composite fibres plays a relevané in determining their electrochemical
performance. The “wheat ear-like” morphology of géenPFe (Fig. 1b) favoured thatimate
contact between the two material components andugexl a beneficial effect in terms of overall
specific capacitance, whereas the “usnea florictzeh-like” morphology of sample PMn (Fig. 1a),
with large oxide agglomerates (and, thus, sr&alt) and poor interaction between the conductive
N-doped carbon and the oxide, resulted in worsdopeance, due to inhibition of the EDL
capacitive behaviour and limited electron-transjbri.

As already pointed out, a high N-doping level oé tactive material is beneficial for the
wettability of the electrode surface [4,13,14,3533¢. Indeed, also oxygenated-C species,
generated during the stabilisation process on tineace of the carbonaceous component of the
fibres, may contribute to improve the wettabilitydapseudocapacitance [41,67], as well. Actually,
at fixed scan rate, by plotting the specific cafzamie of the considered electrodes as a function of
the overall amount of surface nitrogen and carbammdied oxygen of the active material, a good
correlation was found (Figure 8), even if the riglatweights of N in sample PTi and of carbon-
bonded oxygen in sample PMnG might have been §fighterestimated owing to the presence of a
secondary TM-related phase. The existence of thisekation proven thaboth the surface
functional species (SFSs) of the carbonaceous coempoof the fibres contributed in improving
wettability and enhancinGs.

Additional information was inferred by evaluatingeteffective areal capacitandgaf, which
indirectly gives a measure of the amount of the-@&lve pores [79]. In carbons synthesised from
biomass materials, usually endowed with extreneigdSser (even > 3000 fig ™), Ca, calculated
as C/Sger ratio, had been reported to vary in the range 7t28m™ [79]. Forv = 5 mV §', the
Ca-values obtained for the present electrospun eldetmaterials, featured by greatly smaSgsr
(11-42 nf g™!), were one order of magnitude larger (3800 pF cm ). This finding was in line
with what previously pointed out by Huang et all]jdi.e. that the use of extremely high surface
area carbons might be unprofitable since micropavegh contribute to enhance the mate8alr,
are hardly accessible for the ions and, henceactdte in CDI process [41]. Indee@, was found
to depend not only on the relative amount of SB6ar{d @), but also on th&\p (Figure 9). The
highestCa-value pertained to PG, where the sm&lb (1.3 mni g ™) was associated to the largest
amount of SFSs (30.6 wt%J.x progressively decreased as the SFS-content dimedhiand/or the
Ve increased. In PFeG, featured by a lavige (5.6 mnig™) and 18.3 wt% of SFSE dropped
down to 1.2 Fn~?, although the average size of its pores was caabpato that of PG (4.7 against
4.6 nm).

In agreement with the literature [4], the increabscan rate from 5 to 100 mVsproduced a
remarkable decrease Gf values in all of the investigated electrodes (Fegh6a) Cs dropped from
67.4 down to 17.5 B (-74.0%) in PFe, from 67.7 down to 8.8F (-87.0%) in PMnG, from
66.3 down to 10.8 §* (-83.7%) in PMn, from 56.7 down to 15.8F (-72.6%) in PTi, from 55.5
down to 15.3 | (=72.5%) in PZn, from 53.7 down to 13.3)B (-75.2%) in PGmixFe, from 49.7
down to 11.7 5} in PFeG €76.5%) and from 46.7 down to 10.29F (-78.1%) in PGmixFeSi.
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The same calculation providedGg decrease 0f83.1% and-83.9% for the electrodes based on
NCFs and GNCFs, for which, under the same conditiBawas respectively 105.5 and 136.4
at a scan rate of 5 mV'sand 17.8 and 22.0¢~* at 100 mV &' [13].

This behaviour was related to the existence of &xsessible surface regions, which were
progressively excluded, as the rate of reactionemmnced [80]. At low scanning rates, in fact, the
ions of the electrolyte had enough time to diffust® the inner pores of the electrodes, which is
essential for the formation of the EDL. As the scate increased, the diffusion became rate-
limiting [80]: diffusion time, inversely proporti@h to scan rate [80], was not enough for the ions t
move and accumulated into the inner pores. Aswtras the former situation, a larger fraction of
the ions was stored on the surface of the electrbdén electrostatically and electrochemically. (i.e
through EDL-capacitive and pseudocapacitive prasssespectively), whereas, in the latter, the
fraction of adsorbed ions diminished, causing theeoved capacitance decrease. At low scan rate,
the (reference) GNCFs fully profited of the preseran their surface of a large fraction of
mesopores and macropores (inset of Fig. 2a), a$ agelof a great amount of N- and O-
functionalities enhancing their wettability (FiguB, with graphene-enrichment affording for
higher conductivity and capacitance [13]. At thgh@r scan rates, the ion diffusion became rate
limiting, causing a dramatic drop Gk.

Interestingly, the average rate at whigchdecreased with increasing scan rajedualitatively
giving a measure of the impact of diffusion asrte-limiting process (with more negatid€s/Av
values indicating a heavier impact), was by fagéarin the case of the (reference) GNCFs and
previously studied NCFs [13]). It remarkably reddice the presence of the TMO (Figure S6b),
regardless of whether this latter was part of aspay mixture or of a composite material (NC/OFs
or GNC/OFs). As a general trend, the larger the Tidl@tive-content, the slower tli& decrease
with increasingv (Figure 10). The only exception was electrode PRef&re the active material
exhibited the largestser (~42 nf g %) among those considered. This suggested thagitybrid
materials, where ion storage occurs viaiaedEDL/Faradaic process [17], the contribution to the
overall capacitance associated to the fast chaagsfer reactions involving the TMO partly
compensated for the diffusion-related decreasdeatrestatic adsorption occurring at higher scan-
rates. In PFeG (with only 29.3 wt% of &B), the largeiSser, although rendered partly inactive due
to the greate¥p (Table 2), limited the effect due to the reductairaccessible surface as the rate
of reaction was enhanced.

The electrochemical behaviour of the prepared wiith GNCFs, NC/OFs and GNC/OFs
electrodes was evaluated also by EIS analysis,greoed as one of the principal methods to
examine the inner resistivity of the as-preparedtebde material [75]. Figure 11 displays the most
representative results of the EIS measurementsjedaout in solution with 0.1 M NaCl
concentration.

Except for PGmixFeSi (Figure 1la), the plots weratdred by a straight line in the low-
frequency region, ascribed to the Warburg impedantech depends on the kinetics of the ion
diffusion in the solution, and on the adsorption iohs onto the electrode surface [32,81].
Theoretically, the Nyquist plot for a pure capacghbould consist in a line perpendicular to the rea
axis [82]. The lower slope (45.7-48.9°) measurethenNyquist plots of the investigated electrodes
clearly indicated a deviation from the ideal bebavj confirming the above-discussed occurrence
of Faradaic processes that have great relevancartion-based electrode materials for desalination
by CDI [41]. In PGmixFeSi, the slope underwent arge (from ~49° to ~30°) ab50 mHz (300
Q). This behaviour was understood as the effecthef déxistence of two different ion diffusion
mechanisms, due to the coexistence of digtinctcomponents (GNCFs and OFs) in the physical
mixture.

In the mid-high frequency region of electrodes PGmixFeSi and PFeG (Figures 1la-b), a
semicircle was visible, associated to the formatdrthe EDL close to the electrode/electrolyte
interface. It corresponded to a parallel combimatd the charge-transfer resistance and the EDL
capacitance [14], as resulted from the contact éetwthe electrode and current collector and the
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resistance of the porous electrode itself [32]. $ize of the semicircle increased as the barrier fo
ions’ entry to the pores enhanced [83] and thestasce value (that corresponds to the intercept of
the plot with the real axis) varied in the order &3 Q) < PFeG (6&2) < PGmixFeSi (9%2), that

is in theoppositeorder with respect to the relative content of thdGscomponent of the fibres
(100, 71 and 50 wt%, respectively), confirming tlgaaphene incorporation in the NCF-based
electrode material was beneficial to the chargestex on the electrode [13]. As for the graphene-
free composite NC/OFs (Figures 11b—c), the resistaaried in the order PTi (89) > PFe (632)

> PZn (60Q) with no evident correlation with the relative amb of the NC-component of the
fibrous material.

4. Conclusions

The physicochemical properties of electrospun caitpofibrous materials based on
(graphene-enriched) nitrogen-doped carbon/tramsitietal oxides, (G)N-C/OFs, were thoroughly
investigated by a combination of characterisati@ehhiques. Besides, the electrochemical
behaviour of the electrodes prepared with themevatuated in view of their possible use in CDI-
cells for water desalination, and the existence iwteresting correlations between the
physicochemical and electrochemical propertiesavatenced.

The produced materials contained from 24.6 to 56% of oxide and exhibited different
(usnea florida lichen-, wheat ear-, sea sponge-naadle-like) morphologies, which depended on
the transition metal (Mn, Fe, Ti or Zn). Thanksthe low carbonisation temperature selected
(500°C), they were featured by moderate specififase area (11-42 frg™Y) and micropore
volume (0.4-5.6 mrhg™) and by high relative amount (14.1-22.2 wt%) offate nitrogen and
carbon-bonded oxygen functional species.

Concentration of the surface species, which improwetability and involve Faradaic
processes, and morphology strongly affected theifipeapacitance (43.7—-67.4g, at 5m V §*
scan rate) of the electrodes prepared with théseus materials.

Their effective areal capacitance @620 Fm™, at 5m V §) benefited from the abundance of
surface functional species and the moderate spesififace area and micropore volume of the
active material.

The investigated composite materials stored iores asimixed capacitive/pseudocapacitive
process. Therefore, increasing the content of ¥igeathat involves fast reversible redox reactions
at or near surface partly compensated for the grg@wiindrance to diffusion encountered by the
ions and resulting in hampered electrostatic adsor@t high scan rate.
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Figures captions

Figure 1: (a—d) Morphology, (e—h) fibre diameter distributicarsl (i) elemental composition of the
electrospun fibrous nanomaterials, as resultinghf@REM/EDX analysis. The shown SEM images
refer to samples (a) PMn, (b) PFe, (c) PTi andP@), whose morphology reminds of usnea florida
lichens, wheat ears, sea sponges and nooddlesctesgty. Histograms (e), (f), (g) and (h)
respectively display the corresponding fibre diaanelistributions. The shown elemental maps (i)
refer to sample PMnG. Bar scale is 5 um in all SEMges.

Figure 2: Nitrogen sorption isotherms and pore size distrdms (insets) of the investigated
samples. The shown data refer to samples (a) BGPKn, (c) PMnG, (d) PFeG, (e) PFe and (f)
PZn.

Figure 3: Results of XRD analysis on the electrospun fibroasomaterials. The shown XRD
patterns refer to samples (a) Fe, (b), FeSi, (ch8Md) PFe, (e) PTi and (f) PZn. The spurious
signal marked with a star in pattern (f) arisesrfithe sample-holder.

Figure 4: (a) Results of Raman scattering measurementseo®Hs and composite NC/OFs. The
shown micro-Raman spectra refer to samples (ajlfefFeSi, (¢) PMn, (d) PFe, (e) PTi and (f)
PZn. (b) Micro-Raman spectrum of the GNCFs (saniiB). (c) Lower frequency region of the
spectra of samples (a) PMnG, (b) PTi and (c) PZarked by a dashed grey square in plot (a).

Figure 5: (a-d) High-resolution photoelectron spectra ofKa), (b) Mn 2, (c) Ti 20 and (d) Zn

2p core levels. In plot (a), the shown spectra redesamples (a) Fe, (b) FeSi and (c) PFe; the inset
shows the high-resolution photoelectron spectrur@i@ core level in sample FeSi. In plot (b), the
shown spectra refer to samples (a) PMn and (b) PMRIGt (c) refers to sample PTi; its inset
displays the high-resolution photoelectron spectnfn® 1s core level. Plot (d) refers to sample
PZn.

Figure 6: CV curves of electrodes (a) PG, (b), PGmixFe P@mixFeSi, (d) PFeG, (e) PMnG, (f)
PMn, (g) PFe, (h) PTi and (i) PZn, measured in temoal window of -1 — 0.5 V at different scan
rates.

Figure 7: Specific capacitanc€§) of the investigated electrodes as a functiorcahgate.

Figure 8. Specific capacitanceC§) of the investigated electrodes as a function haf overall
amount of nitrogen and carbon-bonded oxygen orstiniace of the active electrode material. The
shown data refer to a scan rate of 5 VA line is drawn to guide the eye.

Figure 9: Effective areal capacitance of some of the ingastid electrodes as a function of the
specific micro-pore-volume and the overall amounhitrogen and carbon-bonded oxygen on the
surface of the active electrode material. The shdata refer to a scan rate of 5 V.

Figure 10: AverageCs decrease-rate with scan-rate increaf@sdv, with 4v = 95 mVs™ scan-
rate variation, andiCs = Cg(5)- Cs(100) correspondin@s change) as a function of the active
material TMO-content. A line is drawn to guide #hee Data relative to samples P and PG are from
ref. [13].

Figure 11: Nyquist plots of the investigated electrodes. tsisenid-high frequency region of the
plots.
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Tables

Table 1. Sample codes, composition of the spinnable saluéiod thermal treatment conditions
utilised to prepare the considered fibrous elee@rodnomaterialswy, wp and wgo denote the
concentrations of metal, dopant and GO additive;pblymer concentration was fixed at 6.50 wt%,
whereas the solvent concentration varied in thgee889.7593.17 wt% to give the complement to
100 wt% (with precursor(s) and GO additive includdd andt; stand for temperature and duration
of the oxidative treatment in static air; andt, denote temperature and duration of the annealing
treatment in inert atmosphere.

Material | wy/wt% | wp/Wt% | Weo/wt% | Ty/°C ty/h T,/°C to/h | Type of fibrous
code material produced
Fe 2.50 600 2 Oxide

FeSi 2.25 0.25 600 2

PG 0.33 280 3 500 3 GN-carbon
PFeG 2.50 0.33 280 3 500 3

PMnG 2.50 0.33 280 3 500 3

PMn 2.50 280 3 500 3 :
PFe 3.75 280 3 500 3| (GIN-carbon/oxide
PTi 3.75 280 3 500 3

PZn 3.75 280 3 500 3

Table 2. Sample codes, type of fiborous nanomaterial prodiwsel results of the SEM, BET and
XRD analysesddr anddr denote the fibre diameter range, as automaticaligulated by the image

analysis software, and centre value of the diandistrbution, respectivelySset andVyp stand for

specific surface area and specific micro-pore veumespectivelyds indicates the adsorption
average pore sizéls is the average size of the oxide crystallitesestsmated via the Scherrer
equation from the most intense peak in the XRDepait

Il GI6E g;g;ou”; :j“ate”a' Adenm |deinm| SsermPg™ | Vieimn?g™ | denm | dg/nm |Ref!
Fe aFe0; 120-840| 230 20 [[19]
FeSi aFe0s, yFe0; | 70-1230| 330 15 [[19]
PG GN-CFs 110-1070340 16.76 1.29 4.62 n/al] [13]
PFeG GN-ClaFeO; |100-1460 440 41.96 5.58 4.74 14
PMnG GN-C/MnQ 75-2170| 560 17.49 1.13 7.81 15
PMn N-C/MnO, 77-2280| 585 11.52 0.43 9.21 30
PFe N-C/FeO, 105-1530 460 11.17 0.78 5.82 31

PTi N-C/TiN/TiO, [110-2160 485 34 2%
PZn N-C/ZnO 180-1780 630 16.09 0.89 11.95 14

3 TiN; "TiO,

28



Table 3. Surface composition of the samples, as inferrechfthe XPS analysis. TM and TMO
denote transition metal and transition metal oxitkspectively. @ is oxygen present in the
composite, while @ indicates the C-bonded oxygen. Theg/© atomic ratio of the carbonaceous
component of the fibres is estimated by assumirg MO is present in the composite fibres
mainly in the form indicated in parentheses. Datative to sample PG are from ref. [13].

Sample | C/at% | N/at% | Os/at% | TM/at% | N/C | Oc/C | N/wt% | Oc/wit% | TMO/wit%
code

PG 735 | 175 9.0 0.0 0.238 | 0.122 | 19.3 11.3 0.0

PFeG 66.7 | 149 | 128 5.6 0.223 | 0.066 | 13.7 4.6 (Fe0s3) 29.3

PMNG | 67.2 | 16.1 | 115 5.2 0.240 | 0.094 | 15.0 7.2 (MnO) 24.6

PMn 62.5 | 156 | 16.5 5.4 0.250 | 0.093 | 14.3 6.0 (MnOy) 30.7

PFe 459 | 10.1 | 30.5 135 | 0.220| 0.272 | 7.3 10.3 | (Fe0q4) 53.9

PTi 455 | 9.2 32.8 125 |0.203| 0.171 | 7.2 6.9 (TiOp) 55.8

PZn 445 | 9.6 21.9 13.0 | 0.216| 0.198 | 7.2 7.6 (Zn0O) 56.7

@ The value might be overestimated owing to theees of a secondary phase.

Table 4. Codes of the working electrodes and fibrous actiamomaterials utilised for their
preparation (the nanomaterial codes are reportbedaickets).

Electrode code |Active fibrous nanomaterial produced (and relativdes)
PG (reference) GNCFs (PG)

PGmixFe 1:1 mixture of GN-CFs (PG) and=6,0 (Fe)

PGmixFeSi 1:1 mixture of GN-CFs (PG) amd-6,0;. YF&,0; (FeSi)
PFeG GN-CloFe,0; (PFeG)

PMnG GN-C/MnQ (PMnG)

PMn N-C/MnQO, (PMn)

PFe N-C/FeO, (PFe)

PTi N-C/TIN/TiO, (PTi)

PZn N-C/ZnO (PZn)
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