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Broader context

Local magnetic spin mismatch promoting
photocatalytic overall water splitting with
exceptional solar-to-hydrogen efficiencyt

Yiyang Li, (22 Zihan Wang,® Yigi Wang,” Andras Kovéacs, Christopher Foo, (2)°
Rafal E. Dunin-Borkowski, & ¢ Yunhao Lu,° Robert A. Taylor,® Chen Wu @ *° and
Shik Chi Edman Tsang (&) *?

The photocatalytic overall water splitting (POWS) reaction using particulate catalysts is considered as an
ideal approach for capturing solar energy and storing it in the form of hydrogen, however, current
POWS systems are hindered by the slow separation but fast recombination of the photo-generated
charge carriers, hence giving unsatisfactory performances. Here we report a dramatically improved
POWS system for a Au-supported FesO4/N-TiO, superparamagnetic photocatalyst promoted by local
magnetic field effects. Strong local magnetic flux was induced by a weak external magnetic field of
180 mT, which then resulted in a quantum efficiency of 88.7% at 437 nm at 270 °C without any
sacrificial reagent. The mechanism of the magnetic field effects was explored systematically and
quantitatively by time-resolved spectroscopic technique and first-principles calculations, which suggested
such enhancement was due to the greatly prolonged excitonic lifetime, originating from both the Lorentz
force and spin-polarisation effects. By controllable manipulation of both features using local magnetic field,
an unprecedented solar-to-hydrogen conversion efficiency of 11.9 4+ 0.5% and an overall energy efficiency of
116 + 0.05% were achieved in a particulate POWS system under AM 1.5G simulated solar illumination, which
exceeds the STH goal of 10% for practical applications of POWS systems imposed by the United States
Department of Energy.

Solar energy is attracting increasing interest as a sustainable and clean energy source, but for efficient storage and transport, solar energy is required to be
converted to other energy forms such as chemical fuels. Hydrogen (H,) is considered as an ideal chemical fuel because of its highest energy-capacity and its
carbon-emission-free advantage. Therefore, solar-light-driven photocatalytic overall water splitting (POWS) has become a promising approach for converting
solar energy into H,. However, current POWS systems are suffering from the intrinsic slow generation but fast recombination of the photo-generated charge
carriers of the semiconductor photocatalysts. Herein, we report a highly efficient POWS system for a TiO,-based superparamagnetic photocatalyst promoted by
local magnetic field effects. The mechanism of the magnetic field effects was explored systematically and quantitatively by time-resolved photoluminescence
technique and first-principles calculations, which suggested such enhancement was due to the greatly prolonged excitonic lifetime, originating from the
Lorentz force and spin-polarisation effects. An unprecedented solar-to-hydrogen (STH) conversion efficiency of 11.9 £ 0.5% was achieved in a particulate POWS
system under AM 1.5G simulated solar illumination. The magnetic field effects demonstrated here could presumably contribute to other solar conversion

systems.
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Photocatalytic overall water splitting (POWS) reaction using
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for harnessing solar energy to supply clean hydrogen fuel.
Although extensive efforts have been made, the solar-to-hydrogen
(STH) efficiencies of currently reported particulate POWS systems
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recombination of the photo-generated charge carriers of the
semiconductor materials used. The United States Department
of Energy (US DoE) imposed a goal of 10% STH efficiency
for practical applications of the particulate POWS systems,"
however, STH efficiencies of less than 5% have been achieved
for particulate POWS systems so far.>™* It is recently recognised
that a broadened absorption would not necessarily lead to
improved photocatalytic performance, and the challenge is
to improve QEs by facilitating the slow intrinsic charge
separation.” The photo-generated charge carriers must have
sufficient lifetimes to migrate to the surface active centres to
allow chemical reactions to take place, instead of recombining
to generate heat or photoluminescence irradiation.® Conven-
tional approaches to prolong excitonic lifetimes (e.g. fabrica-
tion of a built-in electric field in the materials and interfaces)
normally need sophisticated material design but give limited
enhancement.>’ >

We have recently reported that the separation of the photo-
generated charge carriers and the regeneration of oxygen
vacancies (Vos) can be promoted by using elevated tempera-
tures, which also leads to enhanced water dissociation and

513715 guch observation allowed us

favourable reaction kinetics.
to further investigate the impacts of local fields: for example,
it is noted that the excitonic lifetime and the POWS activity are
both enhanced linearly by the local electric field introduced by
polar-faceted materials at 270 °C.>' Building upon these
previous works, we here explore systematically magnetic field
effects (MFEs) on POWS performance as a novel non-contact
technique. MFEs in particulate POWS system has scarcely been
reported before, because it is conventionally believed that the
Zeeman energy produced by a magnetic field is negligible
compared to the Gibbs free energy of the POWS reaction
(ca. 273 kJ mol™"), thus will not contribute to the thermo-
dynamics.'®™® But studies on MFEs in other photocatalytic
systems are emerging very recently, including nitrogen fixation,*
denitrification of contaminated water,?* CO, conversion® and dye
degradation,'®'”** where an external magnetic field is applied
during material preparation or reaction. Such effects have been
attributed to enhanced adsorption of charged species,”® regula-
tion of internal field," facilitated migration of charge carriers,"**
etc. Obviously, even though the Zeeman energy is small, MFEs
could still contribute to photocatalysis via other pathways.
However, it should be noted that common semiconductor
photocatalysts such as TiO, and BaTiO; actually exhibit very
low magnetic flux even under strong magnetic fields,"®*”*%°
hence giving insignificant enhancement in photocatalytic per-
formance. Moreover, the mechanism of MFEs has not been
systematically studied in the reported works, thus deep under-
standings of such effects are still absent. Here in this work, we
demonstrate that by placing nitrogen-doped TiO, (N-TiO,)
photocatalyst in proximity to superparamagnetic Fe;O, nano-
particles (NPs) under an external magnetic field, a very strong
local magnetic flux can be induced, which leads to efficient
hydrogen and oxygen evolution in a stoichiometric 2:1 ratio
from pure water under visible light irradiation at 270 °C.
An extraordinary hydrogen evolution rate (21.2 mmol g~ " h™),
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QE (e.g. 88.7% at 437 nm) and an unprecedented STH efficiency of
11.9 £ 0.5% can be achieved, exceeding the practical STH target of
10%. An overall energy efficiency of 1.16 & 0.05% has also been
demonstrated. Careful investigations of the charge and spin
properties of electrons suggest that this remarkable enhancement
is attributed to the magnetically induced Lorentz force facilitating
the charge separation, as well as the dramatic suppression of
charge carrier recombination in a strong spin-polarised energy
band in N-TiO, during illumination. This facilitates alternative
reaction routes to charge relaxation by water splitting at a high
rate at elevated temperature. Mechanism of the MFEs was
explored with the help of time-resolved photoluminescence
(TRPL) technique and first-principles density-functional theory
(DFT) calculations, and the contributions were studied quantita-
tively at different magnetic flux densities.

Experimental section
Material preparation

Synthesis of Fe;0, and Fe;0,@8Si0, magnetic nanoparticles.
The synthesis method was modified from our previous study.*?
The iron-oleate complex was first prepared by reacting metal
chlorides and sodium oleate. Typically, 1.08 g of FeCl;-6H,O
and 3.65 g of sodium oleate were firstly dissolved in a mixture
of 8 mL of ethanol, 6 mL of distilled water, and 14 mL of
hexane. The resulting solution was then heated to 70 °C and
maintained for 2 hours, after which the upper organic layer
containing the iron-oleate complex was washed three times with
distilled water. Hexane was evaporated off after washing and iron-
oleate complex was obtained in solid form. For the preparation of
8 nm Fe;0, NPs, 20 mg of the iron-oleate complex and 300 pL of
oleic acid were dissolved in 20 mL of 1-octadecene at room
temperature. Then the mixture was heated to 310 °C with a
constant heating rate of 5 °C min " and kept for 30 min before
cooled to room temperature. Ethanol was then added to the
mixture, resulting in a black precipitate, which was separated
via centrifugation. The product was then washed with isopropa-
nol/hexane several times and dried in an oven. The Fe;O, NPs
with different mean particle sizes were also prepared by the same
procedure by controlling the amount of oleic acid (450 uL for
10.1 nm and 600 pL for 17.5 nm).

Fe;0,@Si0, was prepared from reverse micelles using a pre-
viously reported procedure.”® Briefly, Fe;O, nanoparticles (2 mg)
and 100 pL of TEOS were added to a heterogeneous solution
containing cyclohexane (24 mL), hexanol (4.8 mL), Triton X-100
(6 mL), and deionised water (1 mL). After 6 h of stirring, NH;-H,O
(30 wt%) (100 mL) was added to initiate the hydrolysis of TEOS. The
reaction was allowed to continue for another 24 h with stirring at
room temperature. The product was well dispersed in ethanol and
further purified by centrifugation (14 000 rpm, 10 min).

Synthesis of the N-TiO,, Fe;0,/N-TiO, and Fe;0,@Si0,/N-TiO,
photocatalysts

TiO, NPs were synthesised via a sol-gel process: solution A was
obtained by adding 5 mL of titanium tetraisopropoxide (TTIP)
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in 15 mL ethanol and solution B is obtained by mixing 10 mL
DI water, 10 mL ethanol and 1 mL acetic acid. Then solution A
was slowly added to solution B dropwise. A transparent gel
forms, which was then aged overnight, following by drying in
vacuum oven at 70 °C. Then obtained dry gel was then calcined
in N, atmosphere at 400 °C for 2 h, then treated in ammonia
flow at 600 °C for 10 h for N-doping. After the NH; treatment,
the powder product was washed with deionised water for at
least 3 time to remove any adsorbed NH; residuals or any other
-NH,, -NH- species, followed by drying in vacuum at 80 °C
overnight.

Fe;0,/N-TiO, and Fe;0,@SiO,/N-TiO, photocatalysts were
synthesised following a similar procedure, but adding Fe;O, or
Fe;0,@SiO, nanoparticles to solution A at the beginning.
Photocatalysts containing different amount of Fe;O, were also
synthesised by this method by changing the amount of Fe;0,
NPs added to solution A. The Fe;O, NPs content was calculated
to be 10%, 20%, 30% and 40 wt%, and the as-obtained samples
were denoted as Fe;0,/N-TiO,-1, Fe;0,/N-Ti0,-2, Fe;0,4/N-TiO,-
3 and Fe;0,/N-TiO,-4, respectively.

Photocatalysts were all used after treatment with supporting
Au nanoparticles (1.0 wt%) via a photo-deposition method: 50
mg of as-obtained photocatalysts was suspended in 60 mL
methanol aqueous solution (50 vol%) under vigorous stirring,
and a certain amount of solution containing Au precursor was
then added into the above suspension. This suspension was
irradiated under a 300 W ultraviolet lamp (Helios Italquartz
S.R.L.) for 2 hours before being filtered and washed with water
and ethanol for 3 times, respectively. The final products were
obtained after drying in a 70 °C oven overnight.

Photocatalytic water splitting activity test

The POWS activity was determined by measuring the amount of
hydrogen and oxygen evolved from the water splitting. The
reactions were carried out in a close 20 mL stainless-steel high-
pressure vessel equipped with two quartz windows (10 mm in
diameter and 18 mm in thickness) and a glass lining (20 mm
i.d. x 24 mm o.d. x 52 mm height). 1 wt% of Au was deposited
on all the photocatalysts via the photo-reduction method before
testing. In a typical experiment, a certain amount of photo-
catalyst which contained 5 mg of TiO, was added to 8 mL of
Milli-Q H,O under vigorous magnetic stirring (600 rpm); then
the high-pressure vessel was purged with continuous Ar gas
flow for 5 min to get rid of the dissolved air (i.e., O, and N,) in
water after being well sealed. The vessel was finally pressurised
with 6 bar of Ar gas as the inert environment. The particulate
suspension in the reactor was then heated up to 270 °C by
electric heaters, establishing the saturated equilibrium pressure
of water at the mean time. Tungsten light (70W, Glamox Profes-
sional 2000) was then applied through the quartz windows to
provide visible-light irradiation after the vessel reached 270 °C.
External magnetic field was provided by two paralleled identical
magnets. The field strength was modified by changing the
distance between the magnets and measured by a Gauss/Tesla
meter (Dexing Magnet, DX-150). Generally, the reaction was
performed for 2 hours, except the stability tests and recyclability
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tests, where the reaction time is specified in the Results and
discussion. After the reaction, the high-pressure vessel was
allowed to cool down naturally to room temperature, and the
amounts of hydrogen and oxygen were measured by a gas
chromatograph (GC) equipped with two thermal conductivity
detectors (TCD) for better sensitivity: H, was measured by the
TCD with N, as the carrier gas and O, was measured by the TCD
with He as the carrier gas. Each TCD was calibrated for the certain
gas separately before the measurements. GC analyses were also
performed before reaction to make sure that the O, dissolved in
water was completely removed. The hydrogen evolution rates were
calculated based on the amount of N-TiO, contained in the
photocatalysts instead of the total amount, since it is the photo-
catalytically active component.

Isotopic studies were also carried out using deuterium oxide
(D,0) under the same conditions as those describe above. The
gaseous products were analysed using mass spectrometry
(Hiden Analytical) after the reactions.

QE and STH conversion efficiency measurements and
calculation

The apparent QE was measured in the same vessel following
the same procedure and the POWS performance was evaluated
by adding a certain amount of photocatalyst which contained
20 mg of TiO, to 5 mL of Milli-Q H,O under vigorous magnetic
stirring (600 rpm), then the autoclave was irradiated by a 300 W
Xenon lamp (Newport) equipped with band-pass filters of 385 +
20, 437 £+ 10, 575 £ 25, 650 + 20, 750 £+ 20 and near infrared
(NIR, 800-1200 nm), respectively. Generally, the incident photons
were corrected by subtracting the scattered and transmitted light
from the incident light: there are two silica windows parallelly
equipped on the both sides of the batch reactor, which are facing
each other. Thus, the incident light was firstly measured using a
light metre in the centre of the batch reactor; and then the
scattered and transmitted light was also measured outside the
opposite window when the reaction suspension is present. Sub-
sequently, the light coming out of reactor was subtracted from the
incident light, and the absorbed light was worked out. The light
inside the reactor may also be scattered by the photocatalyst
particles, but most of it will be reflected by the stainless-steel
surface and finally absorbed by the photocatalyst. Subsequently,
the relevant number of incident photons was calculated from the
irradiation powers at each wavelength. The apparent QE can be
calculated by using the equation:

Number of evolved hydrogen molecules x 2
Number of incident photons

QE (%) = x 100%

ey

The STH efficiency was also measured with a similar procedure
and the POWS performance was evaluated by adding a certain
amount of photocatalyst which contained 30 mg of TiO, to 5 mL
of Milli-Q H,O under vigorous magnetic stirring (600 rpm),
then the suspension was irradiated by a VeraSol solar simulator
(AM 1.5G, 100 mW cm™>, 1 sun). The amounts of H, and O, were
measured by a gas chromatograph (GC) equipped with thermal
conductivity detectors (TCD). The STH can then be calculated by
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the following equation:

Evolved hydrogen amount x A, G}, (543 K) x 100%
PxSxt
(2)

where P is the power of solar irradiation (100 mW cm™?), and S is
the illuminating area, t is the time of reaction.

QE and STH measurements were repeated for at least 3 times
and the average values and standard deviations were calculated.
Examples of QE and STH calculation are given in the ESI}
(Notes S1 and S2).

STH (%) =

Characterisation

X-ray diffraction (XRD) measurements were performed on a
Bruker D8 Advance diffractometer with LynxEye detector and
Cu Kol radiation (2 = 1.5406 A); X-ray photoelectron spectro-
scopy (XPS) measurements were carried out on the Thermo
Scientific model Nexsa. Survey scans were obtained at a pass
energy of 200 eV, 5 scans with step size 1 eV, whereas for those
detailed spectra 50 eV pass energy, 10 scans with 0.1 eV step
size were used; Continuous-wave Electron paramagnetic reso-
nance (EPR) spectra were obtained by using an X-band
(9.4 GHz) Bruker EMX EPR spectrometer; Ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS) was performed
on a PerkinElmer Lambda 750S UV-visible spectrometer at
room temperature. Time-resolved photoluminescence (TRPL)
spectroscopy and corresponding lifetimes of excitons were
obtained from a bespoke micro-photoluminescence setup, in
which a Ti-Sapphire laser (4 = 266 nm, pulse duration = 150 fs,
repetition rate = 76 MHz) is directed onto the sample. Time-
resolved measurements are performed using the spectrometer
as a monochromator before passing the selected signal to a
photomultiplier tube (PMT) detector with an instrument response
function width of ~150 ps connected to a time-correlated single-
photon counting module. Magnetisation curve measurements
(M-H curve) were measured using a superconducting quantum
interference device (SQUID, Quantum Design -XL-5).

Density functional theory (DFT) calculations

First-principles calculations were carried out within the density
functional theory formalism, as implemented in the Vienna
ab initio simulation package (VASP)**?® and generalised gradient
approximation (GGA) in the form of Perdew-Burke-Ernzerhof
(PBE)*® was used for the exchange-correlation functional with a
projector augmented-wave (PAW) pseudopotentials, treating the
N-2s 2p, O-2s 2p, Ti-3p 3d 4s as valence electrons. The kinetic-
energy cut-off for the plane-wave basis was set above 400 eV in all
calculations and a 3 x 3 x 3 Monkhorst-Pack k-space grid was
used for the sampling of the Brillouin zone.?” The conver-
gence criteria electronic and geometric optimisation is 10-5
eV and 0.01 eV A™", respectively. The effective on-site Hubbard U
(U=3.0 eV) was employed for Ti 3d orbitals.*® The simulation of the
spin states under the influence of the magnetic field was achieved
by setting the degeneracy of two spin channels. In the absence of a
magnetic field, the degeneracy of two spin channels is preserved for
all calculations and the magnetic moments of N-doped TiO, is not
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aligned, with both spin channels existing in the bandgap. When a
magnetic field is present, the break of the degeneracy is allowed,
and the magnetic ordering is set as ferromagnetism to simulate the
electronic structure under a magnetic. The partial charge density
(the wave function density of spin-up and spin-down electrons) of
the CBM was represented by yellow bubbles to see the electron
distribution in the supercell. Besides, in the defect band introduced
by the N-doping, the charge density of spin-up and spin-down
electrons varies in different positions. Therefore, spin density (the
wave function density of spin-up/spin-down electrons) could help
to investigate the spin-polarisation effect. The yellow bubble means
the spin-up states play a leading role at this position, while the blue
bubble means that the spin-down states play the leading role.

Results and discussion
Spectroscopic and morphological properties

To enhance the local magnetic flux applied to nano-photo-
catalyst under external magnetic field, magnetic Fe;O, nano-
particles (NPs) were initially synthesised using the method
adopted from our previous study* (Fig. 1a). High-resolution
transmission electron microscopy (HRTEM) images confirmed
that well-dispersed but high crystallinity Fe;O, NPs were
synthesised with a lattice spacing of 0.298 nm corresponding
to the (220) plane of the Fe;0, structure (Fig. 1b and Fig. S1a,
ESIt). The Fe;0, NPs were successfully encapsulated in silica
(denoted as Fe;0,@Si0,) (Fig. 1a and Fig. Sib, ESIt), which

Reverse micelle
droplets

A Fe,0,NPs

Fe,0/N-TiO,2

30 40 50 60 70
26(degree)

— Fe,0/N-TiO,2 — Fe,0,NPs
— 20 wt.% Fe,0,/TiO,

Fe2p,,

-

Fe,0,NPs
Fe,0,/N-TiO,-2
7 N-TiO,

700 705 710 715 720 725 730 735 'szzu g
Binding energy (eV)

Absorbance (a.u.) ®
Intensity (a.u.)

200 600 800 1000
Wavelength (nm)
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H field (10¢ Am")

Fig. 1 (a) Simplified schematic illustration of the synthesis procedure of
FezO4 NPs and the encapsulated FesO,4 photocatalysts. (b) TEM images of
FezO4 NPs (8 nm). (c) XRD patterns of FezO4 NPs, FezO4/N-TiO,-2 and
N-TiO, obtained on a Bruker D8 Advance diffractometer. (d) HR-TEM of
the FesO4/N-TiO,-2 photocatalyst. Red circles indicate the 8 nm FezO4
NPs and the yellow circle indicates the region of N-TiO, with d-spacings
shown in the image. (e) UV-vis DRS spectra of FezO4 NPs, FesO4/N-TiO,-2
and 20 wt% FesO4/TiO, without N-doping; (f) Fe 2p XPS spectra of FezO4/
N-TiO,-2 obtained at different ion-sputtering times; (g) magnetisation
curves of FezO4 NPs, FezO4/N-TiO,-2 and N-TiO,.
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unfortunately, did not show photocatalytic activity under irra-
diation by visible light due to the large bandgap of silica. The
synthesis of Fe;O, NPs in different particle sizes were also
attempted by controlling the amount of the surfactant, which
leads to the coexistence of Fe,O; and Fe;O, phases. The two phases
were carefully differentiated and quantified by Mossbauer spectro-
scopy (Fig. S1, ESIt). We noted that a larger particle size gives
rise to a higher proportion of Fe,O; due to partial oxidation.
Consequently, Fe;O0, NPs with a mean size of 8 nm were used
for further study. X-ray diffraction pattern of pure magnetic
Fe;O, NPs gives several characteristic peaks at 20 values of
30.40°, 35.58°%, 53.72°, 56.58°, and 62.74°, representing well the
single phase crystalline fcc structure.”* As mentioned before,
our previous study demonstrated that N-TiO, showed an out-
standing performance for the POWS reaction at elevated
temperatures.>'® Therefore, the Fe;0, NPs were then combined
with TiO, using a similar method, followed by a high-temperature
ammonia treatment for N-doping, where the designated content
of Fe;0, was 20 wt% (denoted as Fe;0,/N-TiO,-2). The Fe;O, NPs
does not show any structural change nor magnetic change before
and after the ammonia treatment. XRD indicated the existence of
the anatase phase TiO,, and no phase transition during ammonia
treatment was observed (Fig. 1c). It has been reported that high-
temperature NH; treatment may lead to formation of TiN phase,
which shows metallic properties. As shown in our recent work, a
treatment temperature of higher than 660 °C would result in the
formation of TiN; while in the current work, the NH; treatment
temperature is 600 °C, in which case the TiN phase is absent
and a new oxynitride phase (TiO,N,) could be observed, as
supported by our recent variable-temperature synchrotron XRD
studies.”® HRTEM images and energy dispersive X-ray spectro-
scopy (EDS) mappings showed that the Fe;0, NPs were mixed
in the TiO, matrix with a certain degree of aggregation (Fig. 1d
and Fig. S1, ESIt). Depth-profiling X-ray photoelectron spectro-
scopy (XPS) was performed to investigate the distribution of the
chemical species of Fe;0,/N-TiO,-2. The sample was etched by
an ion-beam for different time periods so as to obtain chemical
information from the surface/subsurface to the inner region.
A typical XPS survey spectrum shows peaks of N 1s, O 1s, Ti 2p
and Fe 2p, as shown in Fig. S2 (ESIt). We previously demon-
strated that the N-doping only exists on the surface and sub-
surface regions with the help of low energy ion scattering
spectroscopy.” Thus, the surface N-doping concentration can
be investigated quantitatively, as summarised in Table S1
(ESIt). Moreover, the Fe 2p peaks show an increasing trend
when the sample is sputtered (Fig. 1f), indicating that the Fe;0,
NPs are mostly encapsulated in the N-doped TiO,. EPR was
performed at room temperature on the N-TiO, with and with-
out magnetic NPs (Fig. S3, ESIt). The Fe;0, NPs give a very
broad and strong resonance signal at a B-field of around
3150 Gauss, due to the unpaired electrons of the paramagnetic
Fe(u) and Fe(m) species and the dipolar interaction between the
nanoparticles.’* The EPR experiments were also carried out on
the Fe;0,/N-TiO,-2 photocatalysts before and after the nitrogen
doping, both of which showed a much smaller EPR signal
compared with that of the Fe;O, NPs due to the magnetic
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dilution of the TiO,. Since the strong and broad Fe;O, NPs
signal makes the signal changes of the TiO, species undistin-
guishable, measurements were then performed on pure ana-
tase TiO, and N-TiO, which was synthesised following the same
sol-gel method and nitrogen doping treatment. As shown in
Fig. S3 (ESIYt), pure TiO, was silent on the EPR, while after
N-doping, a peak centred at a g-factor of 2.003 could be
observed which could be attributed to the Vs created during
N-doping. We have previously demonstrated that these surface
Vos in N-TiO, could be replenished by O, or H,O at room
temperature in 24 hours; while they could be regenerated at
elevated temperatures.’ Therefore, further EPR measurements
were carried out on the N-TiO,. The N-TiO, were calcined in Ar
flow at different temperatures for 1 h and allowed to naturally
cool down to room temperature. Then the sample was exposed
to air for 10 min before EPR measurements. As can be seen in
Fig. S3a (ESIt), it showed an anisotropic g tensor (g, = 2.026,
&y = 2.006, gy, = 1.998), which is originated from the O3~
radicals (resulted from the O, molecules stabilised on the
surface Vos);*> besides, another signal of g = 2.012 was also
observed which can be attributed to the doped interstitial N
species. Clearly, the signal of O35~ radicals indicative to the
surface Vs increases with the calcination temperature; while
the signal of doped N remains the same. These results suggest
that the surface oxygen vacancies can be regenerated and
created at elevated temperatures. Similar experiments have also
been performed in other environments.” Then in Fig. S3b
(ESIT), to better distinguish the EPR signals of O3~ radicals
and the interstitial N, more EPR experiments were carried out.
N-TiO, was calcined in Ar flow at 300 °C for 1 h and after
cooling down, the sample was measured under Ar protection,
which shows only the EPR signal of interstitial N (g = 2.012).
Then the same sample was exposed to air for 10 min and
measured again, where both signals at g =2.012 and g = 2.006
are visible. This confirms the existence of both doped-N and O
vacancy in the sample, and the signals can be clearly differ-
entiated. It should be mentioned that recent studies on
the lattice oxygen-mediated mechanism for oxygen evolution
reaction have also demonstrated the importance of the Vgs.**

As mentioned before, the Vos were created during the
ammonia treatment, and our previous study has shown that
Vos can better harness the visible light and thus facilitate the
oxygen evolution reaction.>”* The visible light absorption was
also substantially enhanced after nitrogen doping because of
the introduction of an extra intraband energy level, which is
indicated by UV-vis spectroscopy (Fig. 1e and Fig. S3e, ESIf).
Apparently, the absorption edge of pristine TiO, of around
390 nm was greatly extended after N-doping, even up to the
near infrared (NIR) regime. The magnetic properties of the
as-synthesised Fe;O,4, Fe30,/N-TiO,-2 and N-TiO, were investi-
gated with a SQUID magnetometer, and the magnetisation
curves of the materials are shown in Fig. 1g. The saturation
magnetisation (M) values of Fe;O, and Fe;0,/N-TiO,-2 are
1.82 x 10% and 6.85 x 10* A m~" (43.01 and 16.19 emu g ' in
CGS unit system). The saturated magnetisation value of Fe;0,/
N-TiO,-2 is smaller than Fe;O, NPs because of the inclusion of

Energy Environ. Sci., 2022, 15, 265-277 | 269


https://doi.org/10.1039/d1ee02222a

Published on 01 December 2021. Downloaded on 1/19/2022 8:02:37 PM.

Paper

the N-TiO,. The as-prepared samples exhibit superpara-
magnetic feature as seen in Fig. 1g since the Fe;O, around
8 nm is smaller than the critical size of ca. 20 nm. Due to the
lack of magnetic coupling, the materials can be magnetised
under an external magnetic field but will not retain residual
magnetism upon removal of the external field.

MFEs on photocatalytic performance

The POWS performances of the as-prepared photocatalysts were
then evaluated in a batch reactor at an elevated temperature.
Although most POWS systems are investigated at room tem-
perature, there are prior limited works (including ours) in the
literature where elevated temperatures are used.>'*'*> We pre-
viously reported that the POWS activity over N-doped TiO, at
elevated temperatures was substantially higher than that of
other particulate POWS systems at room temperature reported
in literature.” Interestingly, the POWS activity of N-TiO, is
highly dependent on temperature, which does not rise linearly
with temperatures where more surface Vos are formed. Instead,
it reaches a maximum value for H, production when the
temperature rises to 270 °C but declines rapidly on further
increasing the temperature. Such trend coincides with the
temperature-dependent ionic dissociation of water, which
peaks at around 260-270 °C and then rapidly declines.*® More-
over, as mentioned before, the charged surface Vos play an
important role in the POWS reaction and its regeneration
appears to be a rate limiting step of this photocatalytic process.
EPR spectra indicate the unpaired electrons from both the
nitrogen doping and the associated Vs (for adsorption of O,
from air to form O, in the photocatalysts, see Fig. S3a and b,
ESIY). It is shown that after the N-doped sample was exposed to
air at ambient conditions, the EPR signal, which is indicative
of the presence of Vo, gradually disappeared. This is attributed
to the fact that oxygen sources in the air can gradually replenish
the surface Vy and redistribute the electrons. This could also
explain the fact that N-doped TiO, or hydrogenated TiO, do not
necessarily show good photocatalytic water splitting activity at
room temperature under visible light illumination even though
the remaining oxygen defects in bulk (require to diffuse to
surface but the rate is very slow) can exert strong visible light
absorption. Thus, it is difficult for photocatalytic water splitting
to take place under ambient conditions, limited by the slow Vo
regeneration process. We also noticed that re-calcining the N-
doped TiO, in a N, atmosphere at elevated temperatures would
lead to regeneration of V,, (see Fig. S3a and b, ESIt). Obviously,
the surface V formed in N-doped TiO, are vulnerable to oxygen
sources at room temperature, but at elevated temperatures, the
faster subsequent reactions can regenerate them in both bulk
and surface to sustain the surface photocatalytic processes, and
therefore overcome the rate limiting regeneration of the lattice
Vo.” Besides, our recent work also showed that the oxygen
mobility on the surface and in sub-surface regions are facilitated
at elevated temperatures. Consequently, under such conditions,
other effects such as polarisation and charge separation can be
studied, which would help us to understand this photocatalytic
system more deeply. More details about photocatalysis at elevated
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temperatures can be found in our recent reports (ref. 5, 14 and
30), and the potential practical applications of such system are
demonstrated in ESIt (Discussion S1). Therefore, all POWS
performance tests were carried out at 270 °C which was proved
to be the optimal temperature for TiO,-based photocatalysts.>°
Different metal NPs were deposited on the Fe;0,/N-TiO,-2 photo-
catalyst via a photo-reduction method, since previous studies
have shown that deposition of noble metal such as Au and Pt can
greatly improve the H, evolution performance.’**% According to
the volcano curve for the hydrogen evolution relationship, Pt has
the optimal adsorption energy with hydrogen, followed by Pd
and Ru.’® However, as shown in Fig. S4a (ESIf), Au-decorated
Fe;0,/N-TiO,-2 showed the highest POWS activity. It is presum-
ably due to the surface plasmon resonance effect of Au NPs,
which has been extensively studied in Au/TiO, system in
literature.’®*' Then the loading amount of Au NPs was opti-
mised, as shown in Fig. S4b (ESIt). Clearly, the POWS activity
levels off when the loading amount is increased beyond 1 wt%;
Moreover, the activity shows a small drop when the loading
reaches 4 wt%, which is presumably due to the shielding effect
of the NPs, resulting in less photons reaching the N-TiO,.*?
Consequently, 1 wt% Au NPs were used for all the photocatalysts
as a hydrogen evolution co-catalyst. N-TiO, and Fe;04/N-TiO,-2
photocatalysts both showed similar hydrogen evolution rates of
around 7000 umol g ' h™" from pure water without any external
magnetic field (Table S2, ESIt). Control experiments were also
performed, which confirmed that Fe;O, NPs, SiO, and Fe;0,@
SiO, all showed no detectable hydrogen evolution, indicating that
N-TiO, is the only photocatalytically active component in the
catalysts under these conditions. Moreover, no activity could be
observed at elevated temperatures if either the light illumination
or a photocatalyst is absent. The stoichiometry of products (H,
and O,) was investigated quantitatively by gas chromatograph,
which indicates a H,: O, ratio of 2.01 + 0.04 throughout this
work. N, was not detected in the gaseous products, which
excludes the influence of mixed air in the system. The isotopic
studies were then carried out by using D,O rather than H,O to
confirm that H, is generated from the POWS reaction instead of
the photocatalyst itself or any other possible organic contami-
nants (Fig. S4c, ESIt). Also, the influence of electron transfer
between N-TiO, and Fe;O, NPs was excluded by introducing an
insulated silica layer in between (Fe;0,@SiO,/N-TiO,-2), which
showed similar POWS activity as that of Fe;0,/N-TiO,-2 without
the silica layer. The amounts of Fe;O, and N-TiO, were main-
tained the same in each catalyst and neither SiO, nor Fe;0,@
SiO, showed any activity toward the POWS reaction. Thus,
the following studies were carried out with the Fe;0,/N-TiO,
materials without the silica layer.

Subsequently, to study the MFE on the POWS system, an
external static magnetic field of 180 mT was applied by two
paralleled permanent magnets near the reactor. The applied
external magnetic flux density Beyternal in the centre of the two
magnets was measured by a Gauss metre. Excitingly, the POWS
activity of Fe;0,/N-TiO,-2 increases to 12210 pmol g~* h™,
showing an enhancement of 76%. The POWS activity of the
N-TiO, however, remains almost the same (Table S2, ESIf).
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The M-H curves of the samples in Fig. 1g exhibit that the Fe;O,
NPs are crucial for providing sufficient local magnetic field
induced by the external field. Moreover, the POWS performance
shows a decreasing trend as the Bexiernal iS reduced (Fig. 2a).
Moreover, the POWS performance of the other metal-decorated
Fe;0,/N-TiO,-2 were also evaluated. As shown in Fig. S4a (ESIT),
upon the application of an external magnetic field of 180 mT,
all the photocatalysts showed a substantial increase in the
activity. But the enhancement percentage of Au-decorated
photocatalyst did not show big difference compared with the
others. Clearly, the plasmonic resonance effect introduced by
Au NPs does not significantly change with the magnetic field,
thus, it does not influence our study of the magnetic field
effects in this POWS system.

Similarly, a series of Fe;O,/N-TiO, photocatalysts with
increasing Fe;O, NPs contents were fabricated (the amounts
of the Fe;O, NPs in Fe;0,/N-TiO,-1, Fe;0,/N-TiO,-2, Fe;0,/
N-TiO,-3 and Fe;0,/N-TiO,-4 are 10 wt%, 20 wt%, 30 wt%
and 40 wt%, respectively), of which the magnetisation curves
in Fig. 2b show enhanced saturation magnetisation with
increased content of the Fe;O, NPs. We have demonstrated in
our previous work that the N-doping concentration could
influence the visible light absorption, surface V, concentration,
excitonic lifetime and POWS performance of N-TiO, based
materials.>*° Thus, here in this work, we carefully controlled
the temperature and duration of the high-temperature ammonia
treatment, in order to ensure that the N-doping concentration in
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Fig. 2 POWS activity tests at 270 °C and characterisation of the FezO4/
N-TiO, photocatalysts. (a) POWS activity tests of FezsO4/N-TiO,-2 under
different external magnetic flux densities (Bexternal; (D) magnetisation
curves of FezO4/N-TiO, photocatalysts; (c) POWS activity tests of
N-TiO; and FezO4/N-TiO, photocatalysts with and without external mag-
netic field (180 mT) (NMF = no magnetic field, MF = magnetic field). 1 wt%
Au was deposited onto the photocatalysts via the photo-reduction
method before use. (d) Time-resolved PL spectra of FezO4/N-TiO,-2
under different Beyternat, (€) time-resolved PL spectra of FezO4/N-TiO;
photocatalysts with an external magnetic field of 180 mT. The excitonic
lifetimes of the photocatalysts are summarised in Table S3 (ESIT). (f) the
relationship between the POWS performance and Bioca/r2, where Bioca is
the local magnetic flux density obtained from the M—H curve in (b) and the
measured external magnetic flux density; and r is the distance from the
FesO4 NPs to the surface of the photocatalyst particle derived from the
TEM images. All error-bars indicate the standard deviation.
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the N-TiO, maintains the same among different photocatalysts.
The POWS activities were then tested likewise at 270 °C under
visible light irradiation with an external magnetic field of 180 mT.
Fig. 2c¢ clearly indicates that the magnetic photocatalysts become
more sensitive to the external magnetic field as the Fe;0, NPs
content increases, giving a 3-fold POWS activity over Fe;O,/
N-TiO,-4. Similar work has also been undertaken on the com-
mercially available P25 TiO, to simplify the catalyst design. P25
consists of ca. 80 wt% anatase and 20 wt% rutile, which has been
widely used in various photocatalytic systems. It was doped with
N firstly and then combined with the Fe;O, NPs. The as-obtained
photocatalyst contains 40 wt% of Fe;O, NPs, the same as that in
the Fe;0,/N-TiO,-4. Excitingly, the simple mixture of N-doped
P25 and Fe;0, NPs results in a significantly enhanced POWS
performance in the external magnetic field (180 mT), making
such magnetic field promoted system more practical for further
application. It is noteworthy that in this case, the Fe;0, NPs have
not experienced any high-temperature ammonia treatment.
Although this catalyst exhibited slightly lower enhancement
under external magnetic field due to geometric longer distance
between the magnetic phase from catalytic sites, the high-
temperature ammonia treatment causing insurmountable issue
on the Fe;O, nanoparticles is not evidenced. Similar work has
also been attempted on commercial ST-01, which exhibits a
similar conclusion. The potential thermal effect and kinetic
changes originating from the local magnetic field are discussed
in the ESIt (Discussions S2 and S3).

TRPL spectroscopy was then used to understand the mecha-
nism of the MFEs on the POWS performance. The PL spectra
give very broad signals ranging from 450 nm to 850 nm (Fig. S5,
ESIT). It has been reported that the broad PL emission band
from 400 to 600 nm is from the intrinsic bandgap emission and
intrinsic defects (such as oxygen vacancies) of the pure anatase
TiO, material,**™*® while the additional broad emission peak
centred at ca. 800 nm can be attributed to the additional energy
levels introduced by the defects, such as N-doping and surface
oxygen vacancies, etc."” Clearly, the major PL emission still
originates from the intrinsic bandgap emission, and it is also
possible that some electron transitions involving the defect
states may not give detectable PL signals considering the low
density of states compared to those of the conduction band and
valence band; and they might also take the non-radiative
recombination pathways instead. Moreover, the PL spectra
did not change upon the application of an external magnetic
field, which indicated that the magnetic field did not change
the electron transitions in the N-TiO,, but only influenced the
dynamics of the charge recombination processes (Fig. S5, ESIT).
Further investigations on the probing-wavelength-dependence
were carried out and the results show that the TRPL spectra
does not obviously change with the probing wavelengths, giving
almost identical TRPL spectra (Fig. S5, ESIT). Obviously, both
Fe;0,4/N-TiO,-2 and N-TiO, showed similar exciton lifetimes
without an external magnetic field, while the exciton lifetime of
Fe;04/N-TiO,-2 was prolonged substantially whilst the mag-
netic field existed, and that of the N-TiO, remained unchanged
(Fig. S5 and Table S3, ESIT). Such a difference in the response to
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an external magnetic field coincided well with what was
observed in the POWS activity tests. Subsequently, further TRPL
experiments showed that the exciton lifetime of Fe;0,4/N-TiO,-2
increases with Bexeernal, confirming the exciton lifetime changes
in response to the applied magnetic field. This induces stronger
local magnetic flux density Bjo.ay and supresses the charge
separation process (Fig. 2d). A series of Fe;0,/N-TiO, with
varying Fe;O, content were then tested. Apparently, all samples
showed similar TRPL spectra without an external magnetic
field (Fig. S5f, ESIt); whilst, when measured in a magnetic field
of 180 mT, the exciton lifetime was prolonged more substan-
tially for a higher content of Fe;O,, which is in accordance with
the magnetisation experiments (Fig. 2b and e) and the POWS
activity tests (Fig. 2c). Our previous reports showed that ele-
vated temperatures solely would not obviously influence the
exciton lifetime in our system.>'* All the above observations
indicate that the charge separation process is dominated by the
locally induced magnetic field, therefore the N-TiO, alone
showed no significant response to the magnetic field. In addi-
tion, the MFEs become more substantial when the external
magnetic field is stronger, which can induce stronger local
magnetic fields as shown in the magnetisation experiments
(Fig. 2b). This could also explain why for a fixed external field,
samples that contain more Fe;O4 show a larger response to the
field. The energy barrier of the POWS reaction and the for-
mation of surface Vos were investigated previously, which
demonstrated that the performance of the POWS reaction on
anatase TiO, based materials is mainly limited by the diffusion
of Vos.2° When the POWS reaction is operated at elevated
temperatures, the Vos formation and regeneration are greatly
promoted, then the performance would presumably be limited
by the lifetime of the photo-generated electron-hole pairs.
Turnover number (TON) and turnover frequency (TOF) are also
evaluated, as shown in Table S2 (ESIt), which showed that the
TOF was greatly enhanced from 131 h™" to 434 h™" for Fe;0,/
N-TiO,-4 upon the application of an external magnetic field of
180 mT. Along with the TRPL results, it is clearly that due to the
greatly prolonged lifetime of the photo-generated electron-hole
pairs, more electrons could migrate from the bulk to the
surface and accumulate on the Au NPs, which enables more
catalytic cycles at a specific catalytic centre in a given time.
Combined correlative off-axis electron holography in TEM
and energy dispersive X-ray spectroscopy spectrum imaging in
STEM has been studied. It is well-established that the off-axis
electron holography can recover the electron optical phase shift
of the electrons that interact with the in-plane components of
the electromagnetic field present within and around the
sample.*® The EDX chemical measurements were to map the
Fe;O0, within the agglomerates and correlate to the phase
measurements of the N-TiO,. Agglomerated areas of the
Fe;0,/N-TiO,-2 and Fe;0,/N-TiO,-4 samples were briefly exam-
ined using both off-axis electron holography and EDX imaging,
as shown in Fig. S6 (ESIT). The electrostatic (¢g) and magnetic
phase shifts (¢y) were carefully separated by turning the
sample over inside the electron microscope and taking the
difference of two experiments.*® These preliminary electron
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holography studies indicated the superparamagnetic nature
of the photocatalysts (Fig. S6, ESIt).

It is known that charged bodies in motion can be affected by
the Lorentz force produced by a magnetic field, and the photo-
generated electrons and holes in the Fe;0,/N-TiO, experience
Lorentz forces to opposite directions according to the left-hand
rule when they are moving together as excitons, accounting for
the prolonged excitonic lifetimes. Therefore, the correlation
between the enhancement of POWS performance and the local
induced magnetic flux density Bj,c, Was further investigated to
study the Lorentz force effect (Fig. S7, ESIT). The Bjca of the
Fe;0,/N-TiO, samples can be derived from the M-H curves
(Fig. 1g and 2b), as summarised in Table S4 (ESIt). The Lorentz
force is given by F = g(v x B), where the F changes linearly with B.
For the N-TiO, sample, the external magnetic field alone shows
no obvious effect on the POWS performance, when the induced
local magnetic field is absent. Therefore, only the local magnetic
flux generated by the Fe;O, NPs is considered in the correlation.
The photocatalytic activity was plotted against the local magnetic
flux density (Bjoca) of the Fe;0, NPs. Surprisingly, the H, evolu-
tion rate, although showing positive correlation with the local
magnetic induction By, did not change linearly. Also, Fe;0,/
N-TiO, with a higher Fe;O, content always gives higher POWS
performance even the local magnetic flux density is similar
(Fig. S7a, ESIt). It is noticed that the average distance (r) from
the core of Fe;0, NPs to the catalyst surface (where the chemical
reactions take place) decreases as the concentration of Fe;0, NPs
increases and the corresponding magnetic field strength is
inversely proportional to 7> The distances were measured from
the TEM images and then the POWS performance was plotted
against Blocall?? (bearing in mind that the local magnetic flux
density decays rapidly with the change of distance, only those
Fe;O0, NPs near the surface were considered. See Fig. 2f and
Fig. S7d, e, ESIf). Interestingly, upon calibration of the local
magnetic flux density using these distances, all the samples
appeared to show a similar response to Bjea/7>, exhibiting an
overall positive correlation. Further scrutiny indicates that the
POWS performance increases linearly until Boea/r> = ~0.7, after
which point it increases much more sharply, deviating from a
linear relationship (Fig. 2f). The linear influence originated from
the Lorentz force effect could be described as follows:

H, evolution rate = 7042.22 Bjoca/7> + 6988.42 (R* = 0.9818)
3)

where By, is the local induced magnetic flux density and r is
the average distance from the core of Fe;0, NPs to the catalyst
surface.

Additionally, 40 wt% Fe;0,/N-TiO, with different nitrogen-
doping concentrations were also prepared by controlling the
temperature of the NH; treatment during N-doping®. Thus,
the only difference between the resulted photocatalysts is the
N-doping concentration: The N-doping concentration increases
with the temperature of the NH; treatment, which is supported
by XPS results (Table S1, ESIt). Then the POWS performance
was evaluated with and without the external magnetic field
(180 mT) with the irradiation of a 300 W Xe lamp which

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ee02222a

Published on 01 December 2021. Downloaded on 1/19/2022 8:02:37 PM.

Energy & Environmental Science

included UV light, considering the pure TiO, barely absorbs
the visible light. The enhancement from MFE was defined as
follows:

MEF enhancement — Activityim mp — Activitynme

Activitynymp (4)
Clearly, the enhancement introduced by the MFE exerts mod-
erate effect and shows a linear relationship with the N concen-
tration at low doping level (0-1.5 wt%). However, it became
much more significant at higher N-doping level (>4 wt%) (Fig.
S7b, ESIt). Consequently, the above results imply that the MFE
does not solely originate from the Lorentz force effect, espe-
cially when the local magnetic field is higher than the critical
point of Bjgcar/r” = ~0.7 and the N-doping content is increased.
Such observations lead us to further investigation of the
materials using DFT calculations to identify other factors
contributing to the MFE.

Evaluation of the spin-polarisation effect

Apart from the electromagnetic properties, the quantum
mechanical properties of the electron, such as angular momen-
tum (spin) has long been neglected in photocatalytic studies.
It is noted that magnetic moments exist in the N-TiO, (Fig. S8a,
ESIt), implying that the cooperative alignhment of such moments
under a magnetic field may influence the POWS performance
together with the above-discussed Lorentz force effect. It has
been reported that N-substitution of O atoms in N-TiO, could
generate defective holes, and the hole-mediated double exchange
through the strong p-p interaction between N and O can give
spins correlation to this material.*® Considering the XPS spectra
showed the doped N were dominantly in the substitutional sites
(Fig. S2d, ESIt), a Ti;0,sN, supercell based on the structure of
anatase TiO, with ca. 4.6 wt% substitutional N-doping derived
from our recent study (ref. 30) was constructed and studied by the
first-principles DFT calculations, as shown in Fig. 3a. The calcu-
lated total density of states (DOS) of N-TiO, clearly showed that
the defect states were created within the bandgap near the Fermi
level, which originated from the N-doping, while such an addi-
tional band was absent in the pure TiO, model (Fig. 3b and
Fig. S8b, ESIT). These defect states are not localised in contrast to
the previous literature of the low N content, but form a wide band
extended to the valence band (VB) instead, due to the strong
interaction between the N atoms at our high N-doping concen-
tration, which also accounts for the enhanced visible light
absorption.”® The defect states can be distributed on two spin
channels (spin-up and spin-down), but only one spin channel
occurs in the bandgap region of N-TiO, under a magnetic field
(Fig. 3b), indicative that the magnetic moments can be well-
aligned in the material. The calculated spatial spin distribution
also indicated a strong spatial spin polarisation: only the blue
surface that represented the spin-down channel was observed,
whist the spin-up channel was absent (Fig. 3c). On the other
hand, as shown in the Fig. S8c (ESIt), the total DOS clearly
indicates that the defect band is not polarised, and the magnetic
moments are distributed on the two spin channels when a
magnetic field is absent. The presence of both yellow and blue
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Fig. 3 DFT calculations of the local MFE on N-doped TiO, photocatalyst.
(a) The constructed Ti;gO28N4 supercell for DFT calculation (O: red; Ti:
blue; N: purple); (b) calculated total DOS of Ti;gO,gN4 supercell (N-TiO,)
and TiggOs, supercell (pure TiO,) with the local magnetic field alignment;
(c) 3D spatial distributions of spin polarisation of N-doped Ti;gO28N4
model in defect band with the local magnetic field. The blue surfaces
indicate the charge density of spin-down electrons; (d) calculated partial
charge density of CBM of N-doped Ti;gO28N4 model with the magnetic
field. The yellow surfaces represent the distribution of the total electron
densities in the CBM near each atom. The value of iso-surface is set to be
0.001 eV A~! both in (c) and (d).

surfaces in Fig. S8d (ESIt) also suggests the existence of both spin
channels in the defect band without the influence of a magnetic
field. Meanwhile, the magnetic field has little effect on the
conduction band (CB): the calculated DOS of the CBM is almost
the same no matter whether a magnetic field is present or not
(Fig. 3b and Fig. S8b, ESIf). Clearly, in the presence of an induced
local magnetic field from Fe;O, NPs, the cooperative magnetic
moments in N-TiO, align in parallel in the high spatial spin
polarised environment. When an electron is excited to the CB,
it is likely to undergo spin relaxation during the transfer, losing
its original spin characteristics and changing to the other state
(spin-up), due to spin-orbital coupling, hyperfine interaction,
etc.”’ Upon recombination, the lack of a spin-up channel makes
it more difficult for the spin-up electrons to come back to the VB.
Overall, both the slow spin flips and the opposing Lorentz forces
result in a prolonged exciton lifetime, as observed from TRPL
measurements (mechanism illustrated in Fig. 4a). Considering
the photocatalyst particles are highly dispersed in the suspension
during the reaction, the interaction of local magnetic fields
between different particles would be negligible. The prolonged
lifetimes of the photo-generated charge carriers greatly reduce
the chance of recombination, therefore enhance the diffusion
to the surface to facilitate the H' reduction and OH™ oxidation
reactions from water (Fig. S7c, ESIf). Such observation can
also explain the relationship seen in Fig. S7b (ESI{): as the N
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concentration increases, the magnetic moments in the defect
band also increase, forming an extended energy band, which
accounts for the dramatic spin-polarisation effect. While at
low doping levels, the defect band is too narrow and localised
to show any spin-polarisation effect in an external magnetic field
(Fig. S8e, ESIt). Therefore, the spin-polarisation effect dominates
at high N-doping concentration under high magnetic flux. Since
the Lorentz force effect can be described by eqn (3), the con-
tribution of the spin-polarisation effect can be evaluated quanti-
tatively. Analyses of the results shown in Fig. 2f shows that at
Bioeal/?” = 0.71, the spin-polarisation accounted for only 8.9% of
the MFEs, while the contribution increased to 22.6% at stronger
local magnetic flux (Bjoear/r* = 1.31). These observations imply the
opportunity of rational design of photocatalysts by modifying
different aspects of the MFEs (i.e., charge and spin features) in
order to control the charge separation and exciton lifetime, which
presumably have profound meanings to both academic study
and practical application of photocatalytic technologies.

The application potential of this POWS system was further
evaluated by QEs and STH conversion efficiency, both of which
are widely recognised as key parameters for solar conversion
systems.> Fig. 4b clearly shows that the internal QEs of N-TiO,
were not influenced by an external magnetic field, while Fig. 4c
shows that Fe;04/N-TiO,-4 displays a sensitive response to the
magnetic field, giving impressive QEs of 96.2% at 385 nm and
88.7% at 437 nm (Note S1, ESI{). The measurement of the
internal QE in the near infrared (NIR) regime has also been

View Article Online

Energy & Environmental Science

attempted by using a bandpass filter which allows a wavelength
range of 800-1200 nm to pass through (the UV-vis spectra of the
bandpass filters can be found in Fig. S9, ESIt). Excitingly, it
gives an enhanced internal QE of 10.8% even in this NIR regime
on the Fe;0,/N-TiO,-4 photocatalyst under a magnetic field of
180 mT. The theoretical efficiency limit of a solar conversion
system was carefully analysed by Shockley and Queisser (known
as Shockley-Queisser limit or detailed-balance limit).>* Such
limit was then further considered for photochemical systems by
Ross and Hsiao.”* It has been demonstrated that there is always
a part of the photon energy that cannot do useful work, thus,
for a given reaction, the threshold energy that is capable of
driving the reaction must exceed the minimum thermodynamic
requirement (free energy) of the reaction by 0.2-0.3 eV.>*™°
Such energy difference could be minimised by different
approaches, such as engaging light trapping techniques, con-
centrated light irradiation, high-purity light absorbers, etc.”®
Detailed evaluation and discussions of this threshold wave-
length are shown in Note S1 (ESIt). Moreover, the STH conver-
sion efficiency has been evaluated for our POWS system.
As demonstrated by Domen et al. recently, it is quite common
that the POWS reaction is carried out under various non-
standard conditions including reduced pressure, cooling, or
heating, etc., thus the changes of the free energy must be
considered by default.’” Also should be noted is that in our
batch process, the partial pressures of the evolved H, and O,
change as the reaction proceeding. Also, in our system, the
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Fig. 4 Proposed mechanism and QE tests of the POWS system. (a) Schematic illustration of the magnetic field promoted POWS system, in which the

charge separation process is facilitated by the induced local magnetic field;

Internal QE of N-TiO; (b) and FezO4/N-TiO,-4 (c) photocatalysts with and

without external magnetic field. (NIR = near infrared (800-1200 nm); NMF = no magnetic field; MF = magnetic field of 180 mT) Error bars indicate the
standard deviations; (d) repeatable tests of Fes04/N-TiO,-4 photocatalyst at 270 °C and 180 mT under simulated solar irradiation. The head space of the
batch reactor was purged with Ar gas at the end of each cycle. (e) Time-dependent free energy and STH conversion efficiency of the POWS reaction at
270 °C under our operating conditions. More details are shown in Table S7 (ESIT).
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reaction is performed at a constant volume, thus, the Helmholtz
free energy is used instead of the Gibbs free energy. Therefore,
the free energy has been corrected for the operating temperature
and the partial pressures in the system (Note S2, ESIf). As a
result, the time-dependent STH efficiencies is plotted against the
reaction duration, as show in Fig. 4e; also, a time-averaged STH
efficiency of 11.9 £ 0.5% has been achieved from this local
magnetic field promoted POWS system under a magnetic field of
180 mT (Note S2, ESIf). Recyclability of the Fe;O,/N-TiO,-4
photocatalyst was evaluated by recycling the catalysts for 5 times,
showing no obvious change in photocatalytic activity (Fig. 4d),
and it is presumably that Fe;O, NPs are protected by the N-TiO,
coating from oxidation. The Au-decorated Fe;0,/N-TiO,-4 photo-
catalyst also shows a good stability for stoichiometric H, and O,
evolution over 20 hours (Fig. S9, ESIt). The catalyst was also
recycled after this long-term stability test and used for another
20 hour reaction, which showed no obvious drop of activity
(Fig. S9, ESIT). It is also noteworthy that our POWS reaction
could still proceed even in the presence of considerable pressures
of H, and O, that make the reaction less favourable thermo-
dynamically, and drive the reverse reaction more considerably
(Table S7, ESIt). This has then been further confirmed by
performing the POWS reaction with pre-pressurised H,, and
the POWS reaction also takes place with a similar activity, as
show in Fig. S10 (ESIt). Subsequently, an overall energy con-
version efficiency of 1.16 & 0.05% has been demonstrated when
the energy input for heating is considered (details can be found
in Note S2, ESIf). Although this overall energy efficiency of
1.16% appears to be quite low, it should be emphasised this is
not the situation we anticipate. It is apparent that solar light
could also provide heat by irradiation, photothermal effect, etc.
Thus, in an ideal future design, the energy for heating is not
provided by external source but from concentrated solar light
(Discussion S1, ESIt), therefore, the energy consumption for
heating the water and reactor could be excluded in that scenario,
and a higher overall energy efficiency could be expected. Here in
this work, we attempted to demonstrate the reasonability of solar
heating: a light concentrating furnace was used to mimic the
solar light concentrator without any other direct electrical heating
devices (Fig. S12, ESIf). This experiment was performed to
illustrate that the concentrated light could supply the required
heat and visible photons for photocatalytic splitting of water in
our system. The reactor temperature of 270 °C can be maintained
by this light source alone, and a H, evolution rate of about
7600 pmol g~ * h™* is achieved on Fe;0,/N-TiO,-4 for up to 20 h
when a magnetic field is absent. Also, we have previously
demonstrated that such energy required for heating the system
could come from the waste heat from other processes, such as
the exothermic chemical reactions like ammonia synthesis or
CO, hydrogenation reactions when these processes are coupled
together.” In addition, the superheated water carries quite large
thermal energy, which may subsequently be used for additional
energy generation, i.e. H, by steam turbine-electrolyser. Thus, by
considering the availability of solar heating and additional H,
generation, the actual overall energy efficiency could be much
higher upon further optimisation. Nevertheless, the current value
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is still superior to the recently reported values in literature in the
related fields.>®>

Conclusions

In conclusion, a H, evolution rate of 21230 pmol g * h™* and
QE of 88.7% at 437 nm are obtained at 270 °C over 40 wt%
Fe;0,4/N-TiO, under an external magnetic field of 180 mT due to
the greatly prolonged exciton lifetimes over this photocatalyst.
An outstanding STH efficiency of 11.9 £+ 0.5% can be demon-
strated by our simple set-up particulate POWS system with
anticipated low capex cost (Table S5, ESIt). In addition to the
Lorentz force effect, spin-polarisation at elevated temperature
is for the first time demonstrated systematically in this
N-doped TiO, structure under an external magnetic field: the
Lorentz effect contributes dominantly when the magnetic flux
is weak, but when the local magnetic flux density is strong
enough (Bioca/r”> > 0.7), the spin-polarisation effect can be
triggered to further improve the photocatalytic activity, accoun-
ting for 22.6% contribution at Bioeal/7? = 1.31. Both effects lead
to prolonged exciton lifetime and facilitate photocatalysis over
the N-TiO, based material. As such this work provides insights
on the use of the two fundamental features of electrons
including charge and spin in the magnetic field promoted
photocatalysis. To unlock the full potential of MFEs, not only
can various photocatalytic systems be designed with tuned
charge and/or spin characteristics, but also the flux density of
the local magnetic field can be tuned by engineering related
photocatalysts in the proximity of stronger superparamagnetic
alloy shells or under a stronger external field, further contribu-
ting to novel responsive solar energy conversion technologies
and the rational design of various photocatalytic systems with
high efficiency.
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