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Abstract. Crystalline hematite/polycrystalline nickel oxide (a-Fe20s/NiO) core/shell nanofibers are prepared by
electrospinning and calcination, followed by a varying number (100-1150) of atomic layer deposition cycles of NiO.
The deposition of the conformal NiO layer leads to the passivation of the surface states and the appearance of a
photoluminescence band in the micro-Raman spectra excited by 532 nm laser. As a continuous NiO layer is formed, a
peak, possibly arising from a two-magnon mode, appears at 1585 cm™. The detection of the peak, which is not
observed in the spectra excited by a 633 nm laser, is assisted by the surface plasmon at around 510 nm introduced by
the polycrystalline NiO layer, due to the electron doping induced by coordination-defects at its edge-rich surface.

Thanks to its low cost, great stability, biocompatibility, ecofriendliness and appealing physicochemical properties,
hematite (a-Fe,03) is extensively used in a myriad of very different applications, ranging from energy conversion and
storage to air purification.’™ Its narrow band gap (2.0-2.2 eV), suitable for efficient absorption of visible light, makes
of nanostructured a-Fe,03; the most popular photoanode material to catalyze the oxygen evolution reaction in
photoelectrochemical (PEC) water splitting."? Hematite has also interesting magnetic properties.® In the latest years,
high aspect-ratio nanohematites, such as nanofibers, nanorods and nanotubes, have been focus of extensive studies
in view of applications exploiting these properties.®°

Recently, Lebrun et al.'* have demonstrated the long-distance propagation of spin currents through a hematite
single crystal by using the spin Hall effect for spin injection. Conversely, exciting magnons with an optical probe is a
challenging task. Mikhaylovskiy et al.'? have observed terahertz emission by spin resonances induced in a-Fe;03 by
the ultrafast modulation of the super-exchange interaction via laser pulses. Rodriguez et al.'* have successfully excited
spin waves in hematite nanoparticles by using continuous optical radiation, as proved by the appearance of a two-
magnon (2M) mode at ~1584 cm™ in the tip- and surface-enhanced Raman (TERS and SERS) spectra. The magnon
excitation is due to the phonon-mediated coupling of the spins with the strongly localized electromagnetic field near
the metallic nanostructure, while the plasmonic enhancement allows for the band detection.®

Nickel oxide (NiO), a wide band gap (3.6-4.4 eV) p-type semiconductor, is a low-cost, non-toxic material attracting
increasing attention in antimicrobial'* and gas-sensing applications.*>* It is also used to improve the PEC performance
of hematite: it has been reported that the a-Fe,03/NiO n/p-heterojunction allows for a more effective separation of
the photogenerated electron-hole pairs and a reduction of their recombination rate.’-*° Recently, Lin et al.?° have
shown that, in a two-dimensional amorphous nickel oxide (2D a-NiO) layer, the surface plasmon resonance (SPR)
introduced at around 530 nm by the the amorphization and 2D effect-induced electron doping makes the resulting
material able to boost the photocatalytic activity for solar H, evolution through the SPR-mediated charge releasing.

This work deals with a-Fe203/NiO core/shell nanofibers (CSNFs) and reports on the detection of a mode at 1585
cm™ in their Raman spectra excited by 532 nm optical radiation thanks to the plasmonic enhancement by the
polycrystalline NiO shell.
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The a-Fe,0; core was prepared by electrospinning (ES) followed by calcination, as illustrated in detail in a previous
work (Fig. S1a).3 The thin (1.3—28 nm) NiO shell was obtained via atomic layer deposition (ALD), the technique of choice
to develop highly conform and uniform coatings.?!

Briefly, a homogenous suspension of a-Fe;03 NFs in ethanol was drop-casted on an Al-foil and dried at room
temperature (RT). ALD was carried out in a commercial ALD reactor by Arradiance as reported elsewhere.®
Nickelocene acted as a metal precursor; ozone was used as an oxygen source (Fig. S1b). The ALD was carried out at
200 °C, whereas the time for precursor’s pulses and exposures time was adjusted as 1.5s/40 s and 0.2 s/30's for
nickelocene and ozone, respectively. The thickness of the NiO-shell layer was controlled by varying the number of ALD
cycles (100-1150). The comprehensive of the NiO ALD procedure is described in our previous reports.*>*6

The CSNFs were coded as HNy, with N standing for the number of ALD cycles. After ALD, they were wiped off from
the Al-foil and analyzed. High-resolution transmission electron microscopy (HRTEM), high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) and energy dispersive X-ray analysis (EDX) elemental
mappings were carried out via an FEI Talos F200S scanning/transmission electron microscope (S/TEM), operated at
200 kV. Raman scattering measurements were performed, at RT, by a confocal microscope (NTEGRA - Spectra SPM
from NT-MDT) coupled to 532 or 633 nm lasers. The scattered light from the sample was collected by means of a 100X
(0.75 NA) Mitutoyo objective and detected by a cooled CCD Camera (ANDOR iDus). The laser power at the sample
surface was 60 pW to prevent unintentional annealing of the samples. Diffuse reflectance NIR-VIS-UV spectra were
recorded using a PerkinElmer LAMBDA 950 UV/vis spectrophotometer equipped with a 150 mm integrating sphere.
Powdered samples were measured by mixing them with a small amount of BaSOa.

Figure S2 shows the texture and morphology of the pristine a-Fe;03 and NiO-coated NFs as resulting from TEM
analysis. As pointed out in previous studies,>® hematite NFs exhibit the coral-like architecture peculiar to the
electrospun iron oxide NFs* (Fig. S2a). They consist of interconnected rounded and smooth single-crystal (SC) or quasi-
single-crystal (QSC) a-Fe,03 grains'® about 65 nm in size.?

The ALD process does not introduce any architecture changes, but a conformal coating of the grains (Fig. S2b—g).
For N < 100, only small NiO particles are present; with increasing N, they grow and coalesce giving rise to a conformal
(N>300) and continuous (N >500) shell layer, until filling of the voids between the grains (N > 650). The shell thickness,
as estimated from the HAADF-STEM images of the CSNFs, increases from 1.3 to 28.5 nm with N varying from 100 to
1150 (not shown here). The thin NiO shell layer is polycrystalline in nature and has rock-salt (cubic) structure as
confirmed by XRD (Fig. S4b) and SAED patterns (not shown here,*>); its surface is very rich in edges, which implies a
large amount of under-coordinated Ni atoms (Ni’like defects).2%:2?
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Fig. 1. Micro-Raman spectra for 532 nm laser light excitation. The spectra are normalized to the amplitude of the A (2) peak at ~500 cm™ that
is insensitive to the nanoparticle and/or crystallite size. The Raman-allowed modes of the a-Fe,0; core are marked by a dashed rectangle; the
two-magnon peak is yellow-highlighted.

Figure 1 shows the micro-Raman spectra of the NFs. No obvious peak ascribable to polycrystalline NiO is
detected,?*?* regardless of the thickness of the shell layer most probably due to the small scattering volume. Below
750 cm™ the peaks originating from the Raman-allowed phonon modes of the a-Fe,0; core are detected together
with the E, peak (at ¥660 cm™), activated by disorder (defects, heteroatoms, grain size) in the hematite lattice.>'%?°
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The very strong asymmetrical band assigned to the overtone of the E, mode (at ~1320 cm™), dominates the higher
frequency region.?*?” For N > 300, the peaks are superimposed to a photoluminescence (PL) background as the
continuous conformal NiO shell formed behaves as a passivation layer and (with no need of annealing) promotes the
partial suppression of the surface trap states in hematite with strain release and appearance of a band at ~2 eV (Fig.
S5), in line with literature reports?®-32 and results of a previous study.®

The formation of a continuous conformal NiO shell is further accompanied by the appearance of an additional
contribution (yellow-highlighted in Fig. 1) on the tail of the 2E, mode, between 1480-1690 cm™. The peak is generally
not observed in hematite®*” and hematite-based composites.’® It cannot be ascribed to the NiO 2M mode, which, at
RT, is detected at ~1460 and 1500 cm™ in very large-sized crystals and NiO SC, respectively.?® A peak located at the
same frequency was detected by Rodriguez et al.® in the SERS and TERS spectra of hematite nanoparticles by
exploiting the enhancement by the plasmonic metal and it was ascribed to a 2M excitation in the hematite lattice.!*?°
Hence, in the following, the peak at 1585 cm™ will be referred as the 2M peak, although, in principle, it cannot be
excluded that it has a different origin (e.g. interface mixed mode due to strain coupling between the NiO and the -
Fe,0s core on the very interface).

Recently, Lin et al.?’ have reported on a SPR at around 530 nm in a 2D a-NiO layer. They have proposed that the
introduction of the SPRis due to the increased electron doping resulting from the amorphization and 2D effect-induced
under-coordinated Ni atoms. Amorphization-induced increased light absorption in the visible region (360—-500 nm)
has been reported also by Sun et al.?® for an ultrathin a-NiO layer.
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Fig. 2. Micro-Raman spectra of sample HNsso for 532 nm and 633 nm excitation. The 532 nm spectrum of bare a-Fe,O3 NFs is reported for

comparison.

These results suggest that, in the present case, the 2D conformal NiO shell might behave as a plasmonic layer
allowing for the detection of the 2M-peak since electron doping induced by coordination-defects at its edge-rich
surface, besides compensating the intrinsic hole doping completely, may produce a large amount of free electrons.?°
In order to test these hypotheses, first, the investigated CSNFs were annealed at 200 and 300°C for 24 h in air trying
to oxidize the Ni-defects. The annealing at the lower temperature only partly oxidizes the Ni-defects, which results in
weaker intensity of the peak at 1585 cm™ (Fig. S6); conversely, after the annealing at the higher temperature, the Ni-
defect oxidation is complete and the peak is no longer visible (Fig. S6). The same occurs if the scattering is measured
after 5 min local exposure to laser light with 0.6 mW power at the sample surface (Fig. S6). Raman scattering is then
excited by a different wavelength (Fig. 2). As shown in the case of sample HNsso, no peak at 1585 cm™ is detected for
633 nm excitation, like in bare a-Fe;03 NFs, supporting the possibility of a plasmonic assistance by the NiO shell for
the 2M-peak detection, in agreement with latest reports on 2D defective and amorphous semiconductor compounds
as plasmonic materials with improved performance with respect to conventional noble metals.3*3°

In order to ascertain the occurrence of a SPR, the NIR-VIS-UV diffuse reflectance spectra are recorded (Fig. 3). The
results obtained are in full agreement with the results reported in literature for hematite.3*3” Then, following Li et al.,3®
the light absorption enhancement in the 400-600 nm spectral region from plasmonic 2D conformal NiO shell on the
a-Fe,0; core is evidenced by subtracting the reflectance curve of hematite with those of CSNFs (Fig. S7).
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Actually, by fitting the as-obtained curves (inset of Fig. 3), the occurrence of SPR at around 510 nm (and, hence,
the SERS effect due to the local electromagnetic field enhancement of the plasmonic NiO shell in Raman spectra) is
demonstrated. As expected, with increasing NiO layer thickness, the plasmon moves towards higher wavelength (Fig.
S8a); besides, as the NiO layer loses the 2D nature due to the filling of the inter-grain voids, its relative intensity starts
decreasing (Fig. S7b). The estimation of the carrier density from the SPR frequency, based on the Drude model,?® gives
avalue (8.6-10% cm~ for sample HNsso) fully compatible with those reported in the literature for the above mentioned
a-NiO layers with plasmonic properties.?®33
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Fig. 3. NIR-VIS-UV diffuse reflectance spectra. Inset: light absorption enhancement in the 400-600 nm spectral region from plasmonic 2D
conformal NiO shell on the a-Fe,05 core.

Finally, a further proof that the NiO shell layer is responsible for the 2M mode detection comes from the
comparison with a-Fe;03; CSNFs ALD-coated with a different oxide. Figure S9 shows the Raman spectra of a-Fe,03
CSNFs coated with NiO and SiO; layers having comparable thickness. No peak at 1585 cm™ is detected in the spectra
of a-Fe,03/Si0, CSNFs.©

In the present study, we demonstrate that a 2D polycrystalline NiO shell deposited by atomic layer deposition
onto electrospun crystalline a-Fe;0s NFs, because of a defect-induced SPR at ~510 nm, acts as a plasmonic layer
allowing for the detection of a two-magnon mode of a-Fe,03 at 1585 cm™ in the micro-Raman spectra excited at 532
nm.

Since ALD allows for a very fine-tuning of the deposited oxide layers, the reported results pave the way to the
controlled synthesis of plasmonic oxide-based nanomaterials, which are gathering attention as a very promising
alternative to traditional noble metals. Moreover, they could be of practical interest in the field of solar-driven
electrochemical water splitting with the NiO layer acting as a plasmonic material for the light harvesting, while the
investigated CSNFs could be engineered for the optical generation and control of spin waves in spintronics.

Supplementary Material

Sketch of the experimental procedure for the synthesis of a-Fe;0s/a-NiO CSNFs; BF-TEM micrographs and EDX
elemental mapping; EDX spectra; XRD patterns; Photoluminescence spectra and N-dependence of its relative intensity;
Micro-Raman spectra of sample HNspo before and after 24h annealing in an oxygen rich atmosphere at 300 °C; NIR-
VIS-UV diffuse reflectance spectra and light absorption enhancement from plasmonic 2D conformal NiO shell;
Wavelength and relative intensity of the NiO plasmon; Micro-Raman spectra of a-Fe;03 CSNFs ALD-coated with NiO
and SiO; layers having comparable thickness.
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