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Photochemical reduction of nanocrystalline
maghemite to magnetitet
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We present a method for thephotochemical conversion of the inverse spinel iron oxides in which the mixed-
valent magnetite phase (FezQy) is accessed from the maghemite phase (y-Fe,O3) via a stable, colloidal nanocrys-
tal-to-nanocrystal transformation. Anaerobic UV-irradiation of colloidal y-Fe,Os nanocrystals in the presence of
ethanol as a sacrificial reductant yields reduction of some Fe** to Fe?*, resulting in a topotactic reduction of
y-Fe,Os to FezO4. This reduction is evidenced by the emergence of charge-transfer absorption and increased
d-spacing in UV-irradiated nanocrystals. Redox titrations reveal that ~43% of Fe in <d> = 4.8 nm nanocrystals
can be reduced with this method and comparison of optical data indicates similar reduction levels in <d> = 7.3
and 9.0 nm nanocrystals. Addition of excess acetaldehyde during photoreduction shows that the extent of
reduction is likely pinned by the hydrogenation of acetaldehyde back to ethanol and can be increased with the
use of an alkylborohydride sacrificial reductant. Photochemical reduction is accompanied by increased magneti-
zation and emergence of magnetic features characteristic of FesO,. Overall, this work provides a reversible, post-
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Superparamagnetic iron oxide nanocrystals, particularly mag-
netite (Fe;0,) and maghemite (y-Fe,03), have been extensively
studied"™ due to their potential use in myriad technologies,
including magnetoresistive devices,®* biomedical diagnostics
and treatments,"*"” and water purification."®' Phase-selec-
tive synthesis and use of these nanomaterials, however, are
often challenging because Fe;O, easily oxidizes to y-Fe,O;
under ambient conditions, resulting in mixed phases and/or
loss of the desired properties. For example, y-Fe,O; has a lower
overall magnetic moment and decreased magnetocrystalline
anisotropy compared to Fe;O,. Additionally, Fe;O, can exhibit
half-metallicity with a high degree of spin-polarization, while
v-Fe,O; is electrically insulating. These properties make Fe;O0,4
more desirable for incorporation into spin transport devices.
Furthermore, catalytic degradation of organic pollutants
requires the oxidation of Fe**,'® not natively present in
v-Fe,O;. Here, we present a method to photochemically trans-
form y-Fe,O3 or Fe;0,/y-Fe,O; mixtures into Fe;O,4, enabling
reversible, post-synthetic switching between the two phases.
Both Fe;O, and y-Fe,O; crystallize in an inverse spinel
structure, B(AB)X,. In the case of Fe;0,4, 1/3 of Fe cations are in
the +2 oxidation state (the “A” cations) and occupy primarily
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synthetic strategy to obtain FesO4 nanocrystals with well-controlled Fe2* compositions.

octahedral (Oy) sites, while 2/3 are in the +3 oxidation state
and are distributed equally between Oy, and tetrahedral (Tq)
sites (the “B” cations). y-Fe,O; is often described as Fe*'-
deficient Fe;0, (Fe;_s04, 6 = 1/3) because the 16 Oy, sites in the
unit cell are replaced by 40/3 Fe** and 8/3 vacancies. The struc-
tural similarity of these phases enables easy topotaxial oxi-
dation of Fe;0, to y-Fe,03,2**' which occurs even faster in
nanocrystals than in the bulk due to the relatively high surface
area. Consequently, nanostructures of these iron oxides often
contain a mixture of Fe;0, and y-Fe,05.>*>*° % Many studies
have focused on evaluating the extent and/or mechanism of
oxidation in Fe;0,/y-Fe,0; nanocrystals,>!*2>27:30:32738 ¢
direct reduction of y-Fe,O; has rarely been successfully
employed as a strategy for accessing Fe;O, nanocrystals***!
For example, the addition of excess catechol-type ligands to
y-Fe,O; leads to only partial reduction, likely occurring at the
surface while maintaining an oxidized y-Fe,O; core.*®
Photochemical reduction has been used to introduce band-
like charge-carriers into various metal oxide nanocrystals,
including Zn0O,*™** Ti0,,**® and In,0;,"* using a mild sacrifi-
cial reductant, such as ethanol (EtOH, CH;CH,OH). In this
process (eqn (1)), UV illumination excites an electron across the
metal-oxide nanocrystal (NC) bandgap and the strong oxidizing
power of the photogenerated valence-band hole (%'yg) leads to
oxidation of EtOH to acetaldehyde (CH;CHO), which is irrevers-
ible unless more reducing potentials are accessed. The overall
reaction deposits conduction-band electrons (e ¢g) and charge-
compensating protons. Notably, when ZnO nanocrystals are
doped with Fe**, UV irradiation leads to localized reduction to
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Fe** prior to accumulation of delocalized electrons.””*® These
results, along with the similarly high oxidizing power of the
y-Fe,0; valence band suggest that photochemical reduction of
Fe®" in y-Fe,0; should be feasible. Indeed, UV irradiation of
Fe;0, nanomaterials has been exploited for the in situ reduction
of surface Fe*" for Fenton-like reactions,*®>® used in the cata-
lytic degradation of wastewater contaminants. Here, we show
that photo-oxidation of EtOH can be used to access Fe;0, nano-
crystals from y-Fe,O3 or Fe;0,/y-Fe,O3 mixtures.

e e, hve : NC + CH;CH,OH
— 2e cp : NC + 2H" + CH;CHO

(1)

Results and analysis

Colloidal y-Fe,O3; nanocrystals were synthesized via thermal
decomposition of iron pentacarbonyl in a mixture of oleic acid
and a dialkyl ether (R,O; R = octyl or benzyl).>* This synthesis
yields nanocrystals with mixtures of Fe;0, and y-Fe,O3, likely
in a core/shell architecture,*® which were oxidized to y-Fe,O;
by additional heating in air. The resulting y-Fe,O; nanocrystals
were photoreduced following procedures used for other col-
loidal metal oxide nanocrystals.”* *® Briefly, anaerobic solu-
tions of the nanocrystals (~1 mM Fe) in toluene/THF (1/1) con-
taining 124 EtOH/Fe as a sacrificial reductant were irradiated
using a 365-nm LED (0.5 W cm™>). The absorption was
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measured periodically and samples were considered to be
maximally photoreduced when the absorption stopped chan-
ging over ~30 min. Fig. 1a shows the electronic absorption
spectra (top) and differential absorption (bottom) of a solution
of <d> = 4.8 nm nanocrystals with increasing exposure to UV
irradiation (following the direction of the arrows). Prior to UV
irradiation, the solution is yellow (Fig. 1a, inset, left) and
shows absorption only above 2.0 eV, corresponding to the
bandgap of maghemite derived from O(2p) — Fe(3d) tran-
sitions.> Following UV irradiation, the nanocrystal solution
turns dark brown (Fig. 1a, inset, right) due to new near-IR and
visible absorption. These new features are consistent with the
intervalence charge transfer (IVCT) and intersublattice charge
transfer (ISCT) absorption characteristic of Fe;0,.>°"’
Concomitant with a growth in near-IR/visible absorption, a
decrease in the absorption above 3.0 eV is observed. This
decrease in the O(2p) — Fe(3d) transition in consistent with a
greater ratio of Fe*/Fe®”, as is expected for the reduction of
y-Fe,O; to Fe;0,. These spectroscopic changes mirror those
observed when Fe;O, nanocrystals are chemically oxidized to
y—Fe203.24

Changes in the iron oxide structure before and after photo-
chemical reduction were also evaluated by powder X-ray diffr-
action. Fig. 1b shows a comparison of the (422), (511) and
(440) reflections before (yellow) and after 3 h UV irradiation
(brown). Full powder patterns (26 = 10-80°) are provided in
Fig. S1.f Following UV irradiation, all resolvable reflections
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Fig. 1 Photochemical conversion of y-Fe,Os to FezO,4 in <d> = 4.8 nm nanocrystals. (a) Absorption spectra of nanocrystals ([Fe] = 1.0 mM) with
increasing UV irradiation. Inset: Photographs of the colloidal suspension before (left) and after (right) 3 h UV irradiation show a color change from
yellow to brown. (b) Powder X-ray diffraction patterns before (yellow) and after (brown) 3 h UV irradiation. Simulated patterns for y-Fe,O3 (solid
yellow)*® and Fez0, (dashed brown)>® are shown for reference. All patterns are plotted for diffraction of Cu Ka radiation (1.5406 A). Full powder pat-
terns are provided in Fig. S1.+ TEM images of nanocrystals (c) before and (d) after 3 h UV irradiation. Size-distributions are provided in Fig. S2.7
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shift to lower values of 20 (Table S17), consistent with the
larger unit cell of Fe;O, compared to y-Fe,O; (Table S27).
Importantly, transmission electron microscopy (TEM) reveals
no change in the size or size-distribution of the nanocrystals
after UV irradiation (Fig. 1c, d and S21). When the same
method was used with <d> = 9.0 nm y-Fe,O; nanocrystals,
absorption spectroscopy (Fig. S3at) powder X-ray diffraction
(Fig. S3bt) and Raman spectroscopy™®® (Fig. S47) revealed ana-
logous conversion to Fe;0,.

To determine the extent of reduction, photoreduced nano-
crystals were titrated using methods similar to those developed
for other photodoped metal oxide nanocrystals®***>! and
frameworks.®” Specifically, the incremental addition of copper
(u) triflate (Cu(OTf),) leads to a decrease in the absorption
below 3.0 eV and a recovery of the bleach above 3.0 eV (Fig. 2).
Spectra are plotted as the differential absorption and extinc-
tion (AA = A — Ageforeuv aNd Ae = € — epeforeuy, respectively).
The integrated differntial intensity of the IVCT/ISCT absorp-
tion (0.8-3.0 €V) was plotted as a function of Cu**/Fe (Fig. 2,
inset). Up to ~0.2 Cu®'/Fe, the absorption decreases linearly
with Cu”>* addition. Further addition of Cu®" leads to very little
change in the absorption spectra (Fig. S5T). Similar results are
seen even with the use of a stronger oxidant (Ce'*, Fig. S67).
These observations suggest that a subset of the Fe is more
stably reduced to Fe** or is kinetically more difficult to re-
oxidize. This subset is comparable to the subset of Fe*" in the
as-synthesized nanocrystals (Fig. S71), which are expected to
contain a Fe;0,/y-Fe,0; core/shell structure.”® Heating of the
nanocrystal solutions containing 0.58 equiv. Cu®>*/Fe leads to
further recovery of the initial spectroscopic features (Fig. S5t)
but could not be performed for extended times without solvent
evaporation. The ratio of Fe*" was thus estimated by extra-
polating the fit of the linear regime of the titration. A similar
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Fig. 2 Absorption and extinction (plotted as AA = A — Ageforeuv and Ae
= ¢ — epeforeuv, respectively) spectra of photodoped <d> = 4.8 nm nano-
crystals ([Fe] = 1.0 mM) with added Cu(OTf),. Arrows show direction of
increased addition of oxidant, from 0 to ~0.2 equiv. Cu?*/Fe. Inset:
Integrated (0.8-3.0 eV) AA and A¢ as a function of Cu?*/Fe. The linear
fit is used to estimate the fraction of Fe?* in the photodoped nanocrys-
tals (39%).
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method was used for the titration of delocalized electrons in
Sn**":In,0; nanocrystals in which photodoped electrons could
be removed with a mild oxidant but aliovalently introduced
electrons could not.*?

A total of four titrations were conducted and the linear
regime (up to ~0.2 oxidant/Fe) was extrapolated to estimate
the fraction of Fe that had been reduced. Results from each
titration are provided in Table S3.7 Based on these experi-
ments, 43 + 3% of Fe is in the +2 oxidation state following UV
irradiation. This value is slightly greater than the fraction of
Fe*" in Fe;0, (33%), suggesting that photochemical reduction
can be used to completely convert from y-Fe,O; to Fe;0,.

To confirm that photochemical reduction can occur through-
out the nanocrystals and not only at the surface, various-sized
nanocrystals were evaluated. Fig. 3 shows the differential extinc-
tion spectra of maximally photoreduced nanocrystals with
average diameters of <d> = 4.8 nm (dotted brown, reproduced
from Fig. 2), <d> = 7.0 nm (solid pink) and <d> = 9.0 nm (dashed
blue). If reduction was only happening at the surface, a systematic
decrease in Ae would be expected for increasing nanocrystal size
due to decreasing surface-area/volume. A lack of such trend
suggests that the reduction can penetrate the volume of the nano-
crystal for the sizes investigated here. It is worth noting that
ensembles with larger average sizes were photoreduced more
slowly (Fig. 3, inset; Table S4f), possibly due to slow charge-
diffusion from the surface into the nanocrystal volume.

It has been shown previously that degenerate photodoping of
ZnO nanocrystals with EtOH as the sacrificial reductant is
pinned by the hydrogenation of acetaldehyde to EtOH, which is
the reverse of the EtOH photooxidation reaction.*? To test if this
is also the limiting factor for iron oxide reduction, y-Fe,O; nano-
crystals were photodoped in the presence of various amounts of
added acetaldehyde (Fig. S8t). Here, the integrated differential
extinction of the IVCT/ISCT region (0.8-3.0 eV) is used to rep-
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Fig. 3 Extinction spectra (Ae = ¢ — epeforeuv) Of maximally photodoped
<d> = 4.8 nm (brown circles), <d> = 7.3 nm (pink squares) and <d> =
9.0 nm (blue diamonds) nanocrystals. Inset: Integrated extinction as a
function of time.

Nanoscale, 2021,13,17465-17472 | 17467



Published on 14 October 2021. Downloaded by University of California - San Diego on 4/11/2022 8:50:01 PM.

Paper

resent the level of photoreduction. Similar to the photodoping
of ZnO nanocrystals, the maximum photoreduction decreases
with added acetaldehyde, suggesting that acetaldehyde hydro-
genation can limit the photoreduction of y-Fe,O;.

It has also been shown in ZnO nanocrystals that the use of
alkylborohydrides as sacrificial reductants leads to an increase
in the maximum photodoping level.** In the case of y-Fe,Os3,
addition of ~50 equiv. LiEt;BH/Fe led to direct reduction of
<d> = 4.8 nm nanocrystals, even without UV irradiation
(Fig. S9if). This level of reduction is comparable to the
maximum level of photoreduction achieved using EtOH as the
sacrificial reductant (Fig. S9iif). UV irradiation of the LiEt;BH-
reduced sample leads to further spectroscopic changes
(Fig. S9iiit), which are distinct from those observed with EtOH.
Namely, the lowest energy transition (~1.0 eV) blue shifts, which
was not observed for photochemical reduction with EtOH
(Fig. 1a). Additionally, a large bleach of the absorbance above
~2.2 eV leads to the loss of the isosbestic point, normally
observed at ~3.1 eV (Fig. 1a).>* These changes make quantifi-
cation of reduction by integrated intensity unreliable but may
suggest reduction beyond the pure Fe;O, phase. No new phase
was observable by powder X-ray diffraction, however (Fig. S107).

Finally, changes in the magnetic behavior upon photore-
duction were monitored using superconducting quantum
interference device (SQUID) magnetometry. For these measure-
ments, anaerobic nanocrystal solutions (~50 mg, 10-20 mM) in
toluene/THF/EtOH (75/75/1) were sealed in a quartz tube.
Magnetic data were collected on the as-prepared sample (“Before
UV”) and after varying UV irradiation times (Fig. 4). Importantly,
the magnetization vs. field (M vs. H, Fig. 4a) reveals a 51%
increase in the saturation magnetization (M) following 6.5 h UV
irradiation. This increase is consistent with phase-conversion to
Fe;0, in which the presence of Fe*>" contributes to higher magne-
tization due to ferromagnetic coupling with Fe** via double-
exchange.®*®* A similar, reverse trend has been observed upon
the partial chemical oxidation of Fe;O, to y-Fe,0; % Notably,
there is negligible exchange bias (Hg) observed before and after
UV irradiation (Table S57), suggesting that reduction is distribu-
ted throughout the <d> = 4.8 nm nanocrystals.

The increase in magnetization is accompanied by (a) an
opening of the hysteresis loop and an increase in the coercive
field (H.) from 14 to 1320 Oe (Fig. 4a) and (b) an increase in
the blocking temperature (T}), here defined as the maximum
point of the zero-field-cooled (ZFC) curve in M vs. temperature
(T) measurements, from 6 to 35 K (Fig. 4b). These increases
are consistent with the larger intrinsic magnetocrystalline an-
isotropy of Fe;0,.°®®” Further UV irradiation of the <d> =
4.8 nm nanocrystals leads to the emergence of a feature at
~120 K (Fig. 4b), consistent with the Verwey transition®® "’
The emergence of a Verwey transition with photochemical
reduction is notable, as previous studies have shown that this
transition is generally suppressed for nanocrystals with <d> <
20 nm and completely disappears when <d> < 6 nm due to the
high percentage of surface sites that can easily host defects.”*

Similar trends in M, H. and T}, are seen following UV
irradiation of larger (<d> = 9.0 nm) nanocrystals (Fig. S117).
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Fig. 4 Magnetic behavior of <d> = 4.8 nm nanocrystals before and
after varying UV irradiation times. Magnetization as a function of (a)
applied field at 5 K and (b) temperature for field-cooled (FC, solid lines,
100 Oe) and zero-field-cooled (ZFC, dashed lines) samples. All magneti-
zation values (M) are given in terms of MM \which is the saturation
magnetization at 5 K of the y-Fe,Oz nanocrystals before UV irradiation.
Arrows show changes with increasing UV irradiation.

These nanocrystals, however, display significant Hg following
UV irradiation (Table S51), which may suggest that photore-
duction proceeds more heterogeneously in larger nanocrystals.
The sharp magnetization feature at ~200 K in the most
reduced nanocrystals (Fig. S11b) indicates the presence of a
subpopulation of the further-reduced antiferromagnetic
wiistite phase (Fe,_,O; Neél temperature, Ty ~ 200 K).”>”* The
dominant superparamagnetic behavior (Fig. S11bt), however,
suggests that that the fraction of Fe,_,O is small and Fe;_,O is
not observed by powder X-ray diffraction (Fig. S127).

Discussion

Based on the crystal structures of Fe;O, and y-Fe,Os, the
reduction of Fe*" in y-Fe,O; is expected to be favored at Oy
A-sites. An idealized chemical equation for the photochemical
reduction of y-Fe,0; ((Fef")e (Fel, /3)octO32), in which 50% of
Felll  cations (all A cations) are reduced, is presented in
Scheme 1a. The reduction of Fell! cations results in a charged
nanocrystal in which charge-compensation is provided by H'

generated from MeOH oxidation (Scheme 1a(i)). The reduced

This journal is © The Royal Society of Chemistry 2021
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Scheme 1 (a) Idealized chemical equations for the photochemical reduction of y-Fe,Os with MeOH. (i) The reduction of 50% Fe!

< results in a

charged nanocrystal, with charge-compensation provided by the H* generated from MeOH oxidation. (ii) The reduced nanocrystal can be rewritten
in terms of a magnetite core with “excess” O atoms, which likely reside on the surface and are compensated by photogenerated H*. (b) Abstract
schematic depiction of the reduction of y-Fe,O3 to FezO,4, in which some (“excess”) surface atoms are no longer part of the core nanocrystalline

phase.

nanocrystal can be rewritten in terms of a magnetite core
((Fei")er(Fel'Fel) o O3,) with “excess” O atoms (Scheme 1a(ii)),
which likely reside on the surface and are compensated by the
H' released during EtOH oxidation.

The nanocrystal reduction must first happen at surface Fe,
after which charge-migration can lead to reduction of Fe in the
bulk of the nanocrystal. The reduction of ~43% of Fe in the
nanocrystals (Table S37) is slightly higher than expected for a
pure reduction of y-Fe,O3 to Fe;O,4, which should result in
33% of Fe being reduced. This excess Fe reduction, however,
can occur at surface Fe (Scheme 1b, “excess Fe*™”), and does
not necessarily imply that B-site Fe ions are reduced in the
bulk of the nanocrystal. Similarly, although y-Fe,O; and Fe;0,
have different Fe/O stoichiometries, the crystal structure can
be relaxed at the surface, such that some of the O atoms are
no longer counted in the core nanocrystal structure
(Scheme 1a(ii); Scheme 1b, “excess O>”). Thus, as depicted in
Scheme 1b, excess Fe-reduction and changes in Fe/O stoichio-
metry can be accounted for at the surface while the bulk of the
reduced nanocrystal retains the stoichiometry of Fe;0,.

The “over-reduction” of Fe may also be responsible for the
emergence of a small fraction of Fe;_,O, which is detectable in
larger nanocrystals via the appearance of a feature near Ty
(Fig. S11b¥). This phase could also be present in the smaller
nanocrystals but masked due to the weakly superparamagnetic
nature of small Fe,;_,0.”* Importantly, nanocrystals are photo-
chemically reduced to the same level, regardless of whether
they start as fully oxidized (y-Fe,O3) or as y-Fe,03/Fe;0, mix-
tures (Fig. S13f). Photochemical reduction can thus be
exploited to obtain a “normalized” Fe** content. The slower
ensemble reduction with increasing nanocrystal size
(Table S4+) suggests that this method is effective over a broad
size range and only limited by charge-diffusion from the

This journal is © The Royal Society of Chemistry 2021

surface into the nanocrystal volume. This limit provides a
facile strategy for post synthetic and reversible tuning of the
exchange bias in single-component iron oxide nanostructures
(Fig. 4, Table S51).

The photochemical addition of delocalized electrons to
ZnO nanocrystals has previously been shown to be pinned by alde-
hyde hydrogenation, which is negligible in as-prepared nanocrys-
tals but becomes more favorable at increased electron densities.*?
The lower photochemical reduction of y-Fe,O; in the presence of
added acetaldehyde (Fig. S8t) suggests that hydrogenation of acet-
aldehyde could also be limiting the photochemical reduction of
y-Fe,0;. Catalytic hydrogenation of aldehydes by iron oxides has
been reported at slightly elevated temperatures (60 °C) but requires
the use of a noble metal catalyst and an atmosphere of H,.”>”® In
our case, aldehyde hydrogenation likely becomes favorable due to
an increasingly negative Fermi level with increasing Fe** content.
Indeed, pre-reduction of Fe,O; has been shown to increase its
activity in benzaldehyde hydrogenolysis.””

Summary and conclusions

We demonstrate a new strategy for controlling the oxidation
state of Fe in inverse spinel iron oxide nanocrystals using
photochemical reduction. Anaerobic UV-irradiation of col-
loidal y-Fe,Os; nanocrystals results in new charge-transfer
absorption, increased d-spacing and enhanced magnetization,
characteristic of a topotactic reduction to Fe;O,. Redox titra-
tions reveal that ~43% of Fe in <d> = 4.8 nm nanocrystals can
be reduced with this method, indicating full conversion to
Fe;0,, with excess reduction likely at the surface of the nano-
crystals. As with other metal oxide nanocrystals, this photore-
duction is likely pinned by the hydrogenation of acetaldehyde

Nanoscale, 2021,13,17465-17472 | 17469



Published on 14 October 2021. Downloaded by University of California - San Diego on 4/11/2022 8:50:01 PM.

Paper

back to EtOH and can be increased with the use of LiEt;BH as
sacrificial reductant. Reduction in the presence of EtOH pro-
ceeds to the same level, regardless of starting point, providing
a post-synthetic method for obtaining well-controlled Fe*" con-
centrations across various samples. Overall, this strategy allows
for facile access to the desired properties of fully reduced
Fe;0, colloidal nanocrystals.
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