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Iron(in) titanium oxide, Fe,TiOs, is attracting growing interest as a promising candidate for solar-energy
and electrochemistry applications. In this paper, we studied the effects of electron-beam irradiation on
the morphology and microstructure of Fe,TiOs nanoparticles (NPs) produced by a solvothermal method,
with or without the addition of polyvinyl-pyrrolidone (PVP). For the Fe,TiOs NPs produced without
adding PVP, their structure and morphology show no obvious changes under electron beam irradiation.
However, for the Fe,TiOs NPs produced with PVP, they undergo three distinct stages of morphological
evolution under the electron beam irradiation, namely, layer exfoliation, local pulverization, and
amorphization. The different behaviors are attributed to the fact that PVP can generate oxygen
vacancies in Fe,TiOs. The thermal effect and knock-on collision caused by the electron beam play a
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dominant role in the morphological changes of Fe,TiOs NPs produced with PVP. Our results provide
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1. Introduction

Fe,TiOs, an n-type semiconductor oxide containing binary metal
elements, has attracted much attention in recent years. It
combines the advantages of two metal oxides, TiO, and Fe,O3,
and has potential applications in solar water splitting,'™ photo-
degradation,* Li-ion battery anodes™® and gas sensors.”

In the past two decades, researchers have devoted great
effort in the preparation of Fe,TiOs; nanoparticles (NPs).>®
Various methods have been adopted to fabricate Fe,TiOs NPs,
such as hydrothermal processes,>® solid state reactions,”® and
sol-gel methods.” Moreover, polyvinyl-pyrrolidone (PVP) has
been used as a surfactant to control the size of Fe,TiO5 particles
in the hydrothermal process.® However, PVP has been found to
produce oxygen vacancies in other oxide nanostructures such
as TiO, NPs,'® CeO, NPs,'! MoO; nanosheets,’> and BiOBr
nanosheets.'® Therefore, the exact role of PVP in the prepara-
tion process of Fe,TiOs NPs needs to be further explored.

Fe,TiOs has a pseudobrookite structure, a rare mineral
structure known from the lunar mineral (Fe, Mgy 5)Ti,Os," "
which is stable at high temperatures but metastable at room
temperature.">'® When the dimension of Fe,TiOs is reduced to
the nanoscale, its physical and chemical properties will change
significantly, especially the structural stability. Such instability
will become a major limitation for the application of Fe,TiOs
nanomaterials. The electron beam in transmission electron
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insights into the morphological evolution of polymetallic oxides under electron beam irradiation.

microscopy (TEM) can be used to investigate the structural
stability of Fe,TiOs nanostructures. Many nanomaterials have
been found to undergo various changes under electron beam
irradiation, such as defect formation,'” mass loss,"®* morpho-
logical evolution,'®*° phase transformation®'>* along with the
nucleation and formation of some metallic NPs.>*” For single
metal oxides'”******?* under electron beam irradiation, the micro-
structural evolution behaviors have been extensively studied. How-
ever, for the polymetallic oxides under the electron beam irradiation,
the microstructure evolution is complicated due to their intricate
structures. Some polymetallic oxides are reported to undergo a
structural phase transformation under electron beam irradiation,
ie. the emergence of a second orthorhombic phase in BiEuWO,>>
and a new modulated structure in BiMnO;.>* The other polymetallic
oxides are found to produce metallic NPs on their surfaces under
electron beam irradiation such as Ag-based oxides (Ag,WO, and
Ag,CrO,)*° and Bi-based oxide (NaBiO;).”” However, to the best of
our knowledge, no report has been published on the microstructural
evolution of Fe,TiO; nanostructures under electron beam irradia-
tion. Therefore, it is necessary to investigate the microstructural
changes of Fe,TiOs nanostructures under the electron beam, and
explore the evolution mechanism.

In this work, we investigate the role of PVP in the synthesis
of Fe,TiO5; NPs and the effect of electron beam irradiation on
the stability of the Fe,TiO5; NPs produced with or without the
addition of PVP. This shows that the addition of PVP can lead to
the formation of oxygen vacancies in Fe,TiOs NPs, which results
in the morphological changes of Fe,TiOs NPs under electron
beam irradiation. The microstructural evolution mechanism for
Fe,TiOs NPs is also explored.
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2. Experimental

2.1. Chemical reagents

N,N-Dimethylformamide (DMF, C3;H,NO, 99.0%), isopropanol
(IPA, C3HgO, 99.0%), iron(m) acetylacetonate (Fe(acac)s, C15H,1FeOg,
98.0%), tetrabutyl titanate (TBT, Ti(OC4Hy),, 98.0%), and polyvinyl-
pyrrolidone (PVP, (C¢HgNO),,, K-30) were purchased from Sinopharm
Chemical Reagent Company Limited. All the chemicals are of
analytical grade and were used as purchased without further
purification.

2.2. Preparation of Fe,TiO5 NPs

Fe,TiOs NPs were prepared by a simple solvothermal method,
following a slightly adapted procedure.® At first, 10 mL of DMF
was added into 30 mL of IPA to form a homogeneous solution
under vigorous stirring at room temperature. Then, 0.50 mL of
TBT and 1.02 g of Fe(acac); (molar ratio: 1:2) were added into
the above solution, and stirred until complete dissolution. The
obtained red solution was transferred into a 100 mL Teflon-
lined stainless steel autoclave and maintained at 180 °C for 20 h
to obtain the precursor. Afterwards, the reddish brown precursor
was collected by centrifugation and washed several times with
deionized water and ethanol, and dried at 60 °C overnight.
Finally, the obtained precipitates were further annealed in air
at 550 °C for 3 h, and the resultant product was referred to as
FTO NPs. To study the effect of PVP on the size, morphology,
and structure of Fe,TiO5; NPs, we also prepared the Fe,TiO5 NPs
using the same procedure with the only difference of adding
PVP in the first step (addition of 0.50 g of PVP into the mixed
solution of 10 mL of DMF and 30 mL of IPA). The resultant
product was named FTO-PVP NPs.

Specimens for TEM observations were prepared by dropping
10 pL of the Fe,TiO5 ethanol suspensions onto ultrathin holey-
carbon-coated Cu grids and drying under an infrared lamp.

2.3. Material characterization

The crystal structure of the NPs was investigated by X-ray
diffraction (XRD, Rigaku SmartLab) with Cu-Ko, radiation (1 =
1.5406 A) with 20 ranging from 15° to 80°. The nitrogen adsorption-
desorption tests were carried out on an automatic volumetric
sorption analyzer (NOVA 1100, Quantachrome, USA) at 77 K.
The Brunauer-Emmett-Teller (BET) method was used to calcu-
late the specific surface area and total pore volume of the
products. The Barrett-Joyner-Halenda (BJH) method was utilized
to obtain the pore size distribution from the desorption branches
of the isotherms. X-ray photoelectron spectroscopy (XPS) was
performed on a Thermo Scientific ESCALAB 250Xi instrument
with monochromatic Al Ko radiation (v = 1486.6 eV) at an
ultrahigh vacuum (below 10~® Pa). The binding energies were
calibrated using the C 1s peak (284.5 eV) as a reference. The
Fourier transform infrared reflection (FT-IR) spectra of the
samples were recorded on a Fourier transform infrared spectro-
meter (Thermo Scientific Nicolet iS50).

Bright-field (BF) imaging, selected-area electron diffraction
(SAED) and high-resolution TEM (HRTEM) examinations were
carried out on a JEOL JEM2100F electron microscope operated
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at 200 kv. The chemical composition of the Fe,TiOs NPs
produced with and without the addition of PVP was analyzed
by X-ray energy-dispersive spectroscopy (EDS) installed on an
electron microscope. Electron energy-loss spectroscopy (EELS)
spectra of the FTO NPs and FTO-PVP NPs before and after the
electron beam irradiation were acquired using a JEM ARM200CF
transmission electronic microscope, operating at 200 kV.

3. Results and discussion

XRD was used to investigate the effect of PVP on the crystal
structure of the synthesized products. Fig. 1 shows the XRD
patterns obtained from FTO NPs and FTO-PVP NPs, respectively.
Both patterns can be indexed with an orthorhombic phase of
Fe,TiOs; (JCPDS no.: 41-1432).° The diffraction peaks at 18.0°,
25.5°% 32.5°% 36.5°% 37.3° 45.9° and 48.7° correspond to the (200),
(101), (230), (301), (131), (430) and (002) planes of Fe,TiOs,
respectively. No apparent differences can be found in the position
and intensity of the diffraction peaks in both patterns. In addi-
tion, no miscellaneous peaks are observed in both patterns.
Thus, we conclude that the addition of PVP does not change
the crystal structure and crystallinity of FTO-PVP NPs.

To obtain further information about the size and morphology
of the FTO NPs and FTO-PVP NPs, extensive TEM examinations
were carried out. To avoid the influence of electron beam
irradiation on the particle size of the two specimens, the TEM
images were taken at a low electron beam current density
(~15 pA cm™?). Fig. 2a and ¢ show typical BF TEM images of
the two samples, and their corresponding SAED patterns are
displayed as insets in the lower left corners of the images. Both
SAED patterns demonstrate a polycrystalline nature of the
particles, which can be indexed using an orthorhombic phase
of Fe,TiO; (space group: Bbmm, a = 9.797 A, b = 9.981 A, and
¢ = 3.730 A). From the typical BF TEM images, it can be seen
that all the NPs have irregular shapes and uneven sizes. To get a
reliable size distribution of the two samples, we recorded more
than 100 NPs of each sample and carried out a statistical
analysis. Fig. 2b and d show the statistical size distribution
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(420)
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Fig. 1 XRD patterns of FTO NPs (black) and FTO-PVP NPs (red).
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Fig. 2 Typical BF TEM images of FTO NPs (a) and FTO-PVP NPs (c). Insets show the corresponding SAED patterns. Statistical size distributions of FTO

NPs (b) and FTO-PVP NPs (d).

for FTO NPs and FTO-PVP NPs, respectively. The FTO NPs range
from 40 nm to 280 nm with an average diameter of 120 nm,
while the FTO-PVP NPs exhibit a narrow distribution from 40 to
200 nm with an average size of about 95 nm. By comparing the
morphology and the size of the two samples, it is revealed that
PVP slightly reduces the average particle size and narrows the
size distribution of Fe,TiO5; NPs.

To explore the effect of PVP on the specific surface area
and pore size of the as-synthesized Fe,TiOs NPs, nitrogen
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adsorption/desorption tests were carried out. Fig. 3a shows
the N, adsorption-desorption isotherm curves of FTO NPs
and FTO-PVP NPs. Both curves exhibit a type-III characteristic
with hysteresis loops at a relative pressure P/P, of 0.85-1.0,
which is one of the main characteristics for mesoporous
materials.”® From the pore size distribution curves shown in
Fig. 3b, it can be seen that both samples have a similar pore
size distribution with a dominant pore size of about 35 nm.
Hence, both FTO NPs and FTO-PVP NPs possess a mesoporous
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Fig. 3 Nitrogen adsorption—desorption isotherms (a) and pore size distribution curves (b) for FTO NPs (black) and FTO-PVP NPs (red).
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structure. For FTO NPs, the BET surface area and the pore
volume are calculated to be 13.627 m* g~ " and 0.1106 cm® g™,
respectively. For FTO-PVP NPs, the BET surface area is calculated
to be 18.481 m” g~ ! and the pore volume is 0.1605 cm® g %,
slightly larger than those of FTO NPs. Therefore, the addition of
PVP does not change the mesoporous structure of Fe,TiOs NPs,
but affects their specific surface area and pore volume.

XPS analyses were performed to investigate the effect of
PVP on the elemental composition, chemical bonding and
corresponding valence states for FTO NPs and FTO-PVP NPs.
In Fig. 4a, the peaks of Fe 2p, O 1s, Ti 2p and C 1s are shown,
indicating the existence of Fe, Ti, O and C elements in both
samples. The appearance of the C 1s signal can be attributed to
the carbon contamination due to the ambient exposure of the
products, which is usually found in oxides.>® Fig. 4b shows the
high-resolution XPS spectrum of O 1s, in which the lower
binding-energy peak at 529.7 €V is assigned to intrinsic lattice
oxygen, and the higher binding-energy peak at 533.0 eV is attributed
to adsorbed oxygen.'*?° No significant difference can be found
in O 1s spectra for the two samples. In Fig. 4c, two peaks at
binding energies of 458.2 eV and 464.0 eV are associated with Ti
2ps» and Ti 2py), respectively. The splitting binding energy
between Ti 2p,,, and Ti 2p;/, core levels is ~5.8 eV, indicating a
normal state of Ti*' in the two samples.®**° Except for the
slight difference in peak intensity, no other difference is found
between the two samples. For the Fe 2p spectra (Fig. 4d), the
2pss» and 2p,,, peaks of FTO NPs are located at 711.0 eV and
724.7 eV, while a negative shift of about 0.3 eV is detected for
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both 2p;/, and 2p,/, peaks in FTO-PVP NPs. In addition, small
peaks with different intensities are found between the 2p;/, and
2p12 peaks of FTO NPs and FTO-PVP NPs, as shown in the
circled region. These small peaks are defined as satellite peaks,
which can reflect the valence state of Fe.>'? For FTO NPs, the
satellite peak appears at 719.9 eV, suggesting that the valence state
of Fe in the FTO NPs is Fe**.*' However, for the FTO-PVP NPs, no
obvious satellite peak is observed, which is similar to that of
Fe;0,.>? In Fe;0,, the absence of satellite peaks is attributed to
the mixing of Fe** and Fe**.*> Moreover, the presence of Fe** also
results in a negative shift of 2p;, and 2p;, peaks in Fe;O,
compared with Fe,0;.** Hence, it can be concluded that there is
a small amount of Fe*" in the FTO-PVP NPs. The presence of Fe*"
in FTO-PVP NPs inevitably accompanies the generation of oxygen
vacancies. Therefore, the addition of PVP leads to the formation of
oxygen vacancies in the Fe,TiOs NPs.

To clarify whether organic residues exist in the synthesized
and annealed products made with and without PVP, FT-IR
spectroscopy was performed, as shown in Fig. 5. For the FTO
NPs (Fig. 5a), the absorption bands at 425, 630 and 800 cm™ " are
ascribed to pseudobrookite Fe,TiOs,>* and no other bands
are detected from 1000 cm™* to 4000 cm ‘. However, for the
FTO-PVP NPs (Fig. 5b), besides the absorption bands of Fe,TiOs,
two vibration bands at 1650 cm ™' and 1290 cm™* are observed,
which are attributed to the C=O stretching vibration and the
C-N vibration in PVP.>**® Thus, it can be concluded that the
PVP molecules are present in both synthesized and annealed
FTO-PVP NPs.
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Fig. 4 XPS spectra of FTO NPs (black) and FTO-PVP NPs (red): (a) full scan, (b) O 1s, (c) Ti 2p and (d) Fe 2p.
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Fig. 5 FT-IR spectra for synthesized and annealed products of FTO NPs (a) and FTO-PVP NPs (b).

Based on the above results, we find that the addition of PVP
not only reduces the particle size, and increases the specific
surface area and pore volume of Fe,TiOs NPs, but it also leads
to the generation of oxygen vacancies in the lattices. The
possible reason is that during the synthesis process of Fe,TiOs
NPs assisted by PVP, the negatively-charged carbonyl groups of
PVP molecules tend to bind with the unsaturated and positively-
charged Fe ions in the Fe,TiOs, leading to the generation of
oxygen vacancies. Similar phenomena have been reported for
the PVP-assisted synthesis of TiO, NPs,'® CeO, NPs,"" MoO;
nanosheets,'? and BiOBr nanosheets.™

To explore the differences of the structural stability between
FTO NPs and FTO-PVP NPs, extensive in situ irradiation experi-
ments were carried out. To better observe the irradiation effect,
all the TEM images were obtained at a high electron beam
current density (more than 50 pA cm™?). Our experiments show
that after a 5 minute irradiation, the structure and morphology
of FTO NPs remain unchanged, while the morphology of FTO-
PVP NPs changes significantly. Considering that the average
particle size of FTO NPs is larger than that of FTO-PVP NPs, we
should take the particle size effect into account. To exclude the
particle size effect on the morphology change, several particles
with a similar size (about 100 nm) were chosen from both
samples to study their electron beam irradiation behaviors.
Consistent with our previous observation, FTO NPs still show
no obvious morphology changes but FTO-PVP NPs exhibit an
evident morphological evolution. Therefore, the distinct mor-
phological changes under the electron beam irradiation do not
originate from the different particle sizes of the two samples.

The morphology, structure and chemical composition of
FTO-PVP NPs were further investigated before and after the
electron beam irradiation. Fig. 6a and c show the BF images of
FTO-PVP NPs before and after the irradiation, respectively. It
can be seen from Fig. 6a that the edges of FTO-PVP NPs are
smooth and the boundaries between the particles are clear.
However, after a 2 minute irradiation, their surfaces become rough
and their edges are surrounded with many tiny particles, as
displayed in Fig. 6c. From the SAED patterns obtained from the
FTO-PVP NPs before and after the irradiation (Fig. 6a and c), it can
be found that no phase transformation occurs. This implies
that the structure of the FTO-PVP NPs remains unchanged after

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Typical BF TEM images of the FTO-PVP NPs before (a) and after (c)
the electron beam irradiation, respectively. Insets show the corresponding
SAED patterns. EDS spectra obtained from FTO-PVP NPs before (b) and
after (d) the irradiation.

the irradiation. The chemical composition of FTO-PVP NPs was
investigated before and after the irradiation using EDS, as shown
in Fig. 6b and d. Both spectra contain elements of Fe, Ti and O,
from which a small change is found for the peak intensities of Fe
and Ti, while an evident decrease is observed for the peak intensity
of O after the irradiation. Table 1 summarizes the quantification
results of the EDS spectra before and after the irradiation. Before
the irradiation, the atomic ratio for Fe, Ti and O is about 2:1:5,
which conforms to the stoichiometry of Fe,TiOs, while it becomes
2:1:4.43 after the irradiation. This indicates that the atomic
concentration of O decreases by about 10% in the FTO-PVP NPs
after the electron beam irradiation. That is to say, the electron
beam induces the formation of oxygen vacancies. Therefore, the
electron beam irradiation can significantly induce changes in the
morphology and composition of the FTO-PVP NPs.

J. Mater. Chem. C, 2019, 7, 1382913838 | 13833
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Table 1 Quantification results of EDS spectra for FTO-PVP NPs before
and after the irradiation

Weight Atomic

percentage (%) percentage (%) Atomic ratio
Composition Before  After Before  After Before  After
Fe 47.20 48.10 25.90 26.70 2.09 1.98
Ti 19.60 20.90 12.40 13.50 1.00 1.00
(6] 33.10 30.90 61.60 59.80 4.97 4.43

To investigate the detailed composition changes of FTO-PVP
NPs and FTO NPs before and after the electron beam irradia-
tion, EELS examinations were carried out. Fig. 7a shows
the EELS spectra of O-K edge obtained from the FTO NPs and
FTO-PVP NPs before and after the electron beam irradiation. It
can be seen from Fig. 7a that three peaks (labeled A, B, and C)
can be identified at the O-K edge. Before the irradiation, it is
obvious that the intensity of peak A in the FTO-PVP NPs
(red dashed line) is slightly lower than that of the FTO NPs
(black dashed line). It has been reported that the decreased
intensity of this peak is associated with the increase of oxygen
vacancy content.>®*” Thus, it can be concluded that the content
of oxygen vacancies is slightly higher in the FTO-PVP NPs than
that in the FTO NPs before the irradiation. Moreover, the
intensity of peak A in FTO-PVP NPs (red solid lines) decreases
evidently after the 2 min irradiation, which is consistent with
previous reports.*®?” Therefore, it is deduced that the content
of oxygen vacancies increases in the FTO-PVP NPs after the
irradiation. Fig. 7b shows the EELS spectra of Fe-L,; edge
obtained from the FTO NPs and FTO-PVP NPs before and after
the electron beam irradiation. At the Fe-L, ; edge, the distance
between L; and L, peaks is 12.5 eV for the FTO NPs before and
after the electron beam irradiation, while for the FTO-PVP NPs,
the distance is 12.7 eV before irradiation (red dashed line) and
12.9 eV after the irradiation (red solid line). It has been reported
that the position of the L; line is sensitive to the valence states
of the transition metal oxides.*® Hence, the shift for the L; lines
indicates that a little more Fe®" ions exist in the FTO-PVP
NPs after the irradiation.’®*° In addition, quantification of
the EELS spectra shows that for the FTO NPs, the atomic ratio

Journal of Materials Chemistry C

of Fe and O is 2:(5.00 + 0.02) before the irradiation and
2:(4.98 + 0.02) after the irradiation, while for the FTO-PVP
NPs, the atomic ratio of Fe and O is 2:(4.96 £ 0.02) before the
irradiation and 2: (4.58 £ 0.02) after the irradiation, respectively.
Therefore, no evident change can be found in the composition of
the FTO NPs after 2 min irradiation, while for the FTO-PVP NPs,
the content of oxygen vacancies and Fe>" increases after the
irradiation.

It is well known that knock-on collision and radiolysis are
major mechanisms of damage that can cause the loss of an atom
of a specimen in an electron microscope. Radiolysis occurs not
only in biological and organic specimens, but also in inorganic
materials. However, in the case of conducting materials, radiolysis
is suppressed, leaving knock-on displacement as a major mecha-
nism of damage.’®*! Fe,TiO; is an n-type semiconductor oxide in
which the atoms are connected by covalent bonds. In addition,
the oxygen atom is the lightest element in Fe,TiOs, and it is most
likely to be displaced by the incident electrons. Therefore, the
significant decrease of the oxygen content is mainly ascribed to
the contribution of knock-on collisions.

Extensive time-resolved HRTEM imaging was performed
to investigate the morphological evolution of one particle of
FTO-PVP NPs, as shown in Fig. 8. At the beginning, a layer
exfoliation process takes place (Fig. 8a-d). The exposed surfaces
of the NPs peel off one layer after another in less than a minute
under the electron beam irradiation, making the surface look
like a “terrace”. Subsequently, local pulverization appears at
the edges of some NPs as the irradiation time increases, which
produces small particles with a dimension of about 5 nm
(Fig. 8e and f). Consistent with the previous observation, shown
in Fig. 8c, we find that the exposed surface and edge of NPs
are unstable and susceptible to change under electron beam
irradiation. To identify the structure of newly-formed particles,
as shown in Fig. 8e, an interplanar spacing is measured to be
2.7 A, which corresponds to the (230) lattice spacing of Fe,TiOs.
This proves that electron beam irradiation affects the morphol-
ogy and size of the FTO-PVP NPs, while their inherent structure
remains unchanged.

An intriguing process was observed after the emergence of
5 nm particles, as shown in Fig. 9. A tiny particle falling from
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Fig. 7 EELS spectra of O-K (a) and Fe-L; 3 (b) core loss edges obtained from the FTO NPs (black) and FTO-PVP NPs (red) before (dashed lines) and after

(solid lines) the electron beam irradiation.
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Fig. 8 Morphological evolution of FTO-PVP NPs under electron beam
irradiation. (@) O's, (b) 15's, (c) 30 s, (d) 45 s, (e) 60 s, and (f) 80 s.

the edge of the initial nanoparticle (NP) coalesces into the
initial NP under the continuous electron beam irradiation. We
measured the lattice spacings of the tiny particles before and
after the coalescence, and found that no change in spacing
happens, which further proves that the structure of FTO-PVO
NPs does not change after the coalescence. However, most tiny
particles do not undergo the coalescence process, and just fade
gradually through amorphization upon prolonged electron
beam irradiation (more than 5 minutes).

EELS examinations were carried out in scanning-transmission
electron microscopy (STEM) mode to study the composition
and elemental distribution of the damaged edge and surface of
FTO-PVP NPs. Fig. 10a shows the STEM image of the damaged
samples after the 2 minute electron beam irradiation, and
Fig. 10b is the EELS spectrum obtained from the region
enclosed by a red square (particle edge), as shown in Fig. 10a.
After the irradiation, the EELS spectrum of the damaged edge
of particles is consistent with that of FTO-PVP NPs except for
the intensity difference of the O-K edge. Quantification of the
EELS spectra shows that the atomic ratio of Fe, Ti and O
is 2:1:4.58 in the FTO-PVP NPs, which is consistent with the
EDS results. In addition, it can be seen that the peak shape

This journal is © The Royal Society of Chemistry 2019

Fig. 9 HRTEM images of the coalescence process in FTO-PVP NPs.
(@ 0s, (c) 5s, and (e) 10 s. (b, d and f) Enlarged images of the dotted
regions in (a), (b) and (c), respectively.

(peak A and B) at the O-K edge of FTO-PVP NPs is quite different
from that of pure TiO,.*>** Moreover, for the Fe-L, ; edge, the
distance between L; and L, peaks is 12.9 eV in the damaged
particles, which is different from that of pure Fe (13.2 eV).***>
Therefore, it can be deduced that the damaged particles are still
Fe,TiOs without decomposition into TiO, and Fe.

In our experiments, it is found that the current density of the
electron beam plays an important role in the morphological
evolution of FTO-PVP NPs. The morphology of the NPs hardly
changes under the electron beam with a low current density
(less than 20 pA cm™?). However, when the electron beam
current density exceeds 50 pA cm 2, FTO-PVP NPs become
more vulnerable, and their morphological changes occur in
15 seconds. Generally, the electron beam current density is closely
related to the thermal effect and charging effect induced by the
electron beam.*® Fe,TiOj is an n-type semiconductor, in which
the charging effect is not common because the electrons can be
quickly channeled away.’® However, almost all the electron
beam irradiation damage is accompanied by the thermal effect.
Therefore, the thermal effect is dominant for the morphological
evolution of the FTO-PVP NPs. From the above analysis, it is
found that knock-on collision plays a dominant role in the
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Fig. 11 Schematic diagrams of morphological evolution mechanism for the
blue octahedrally-coordinated sites and red balls represent oxygen atoms.

oxygen loss of the FTO-PVP NPs. Thus, it is concluded that
knock-on collision and the thermal effect are the main reasons
for the morphological evolution of FTO-PVP NPs.

An evolution mechanism is schematically proposed for the
FTO-PVP NPs under the electron beam irradiation, as shown in
Fig. 11. For the FTO-PVP NPs, oxygen vacancies are randomly
generated in the interior and surface of the NPs, due to the
addition of PVP in the synthesis process (Fig. 11a and e). Under
the electron beam irradiation, the knock-on collision of the
electrons produces more defects on the exposed surfaces,
including the oxygen vacancies. Scores of electrons accumulate
on the surface of particles, making the local surface tempera-
ture rise sharply. However, owing to the obstruction of the
surface oxygen vacancies and residual organic compounds,
heat cannot be effectively transferred, and it quickly congre-
gates around the surfaces and defects.”” Under the action of
knock-on collision and thermal effect, the surface atomic layer
becomes extremely fragile and a peeling phenomenon occurs,
similar to the surface eroding in some metals. The exposed
atomic surface is peeled off layer by layer, and the particles
appear to form a “terrace” (Fig. 11b and f). As the irradiation
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continues, the thickness of the whole particle decreases under
the electron beam collision and beam-induced heating. The
uneven distribution of defects and heat leads to the partial
collapse of Fe,TiOs lattices and local fragmentation occurs near
the edges, resulting in the formation of small particles with a
diameter of about 5 nm (Fig. 11c and g). With the prolongation
of irradiation time, large-scale collapse of Fe,TiOs lattices takes
place. Eventually, most small particles undergo amorphization
under the combined action of the thermal effect and collision
upon further electron irradiation (Fig. 11d and h). Coalescence
only takes place in a few small particles.

4. Conclusion

In conclusion, we investigate the role of PVP in the synthesis of
Fe,TiO5 NPs and the effect of electron beam irradiation on the
stability of Fe,TiOs NPs produced with or without the addition
of PVP. The addition of PVP not only affects the particle size,
specific surface area and pore volume of Fe,TiOs NPs, but
also leads to the formation of oxygen vacancies in the lattices.

This journal is © The Royal Society of Chemistry 2019
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Due to the oxygen vacancies, FTO-PVP NPs, being not as stable
as FTO NPs, undergo obvious morphological evolution under
the electron beam irradiation. Three distinct morphological
evolution stages, namely, layer exfoliation, local pulverization,
and amorphization, result from the thermal effect and knock-
on collisions caused by the incident electrons. Our work can
deepen the understanding of the damage mechanism for
polymetallic oxides under the electron beam irradiation.
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