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ABSTRACT: Photocatalytic N, fixation to NH; using water as Light
the reductant constitutes an encouraging method for synthesized ]
ammonia (NH;) in the future, which helps to discover efficient

[l Metrics & More | Q Supporting Information

photocatalysts for improving the sunlight utilization as well as /‘, TR "l
enhancing the catalytic efficiency to N, fixation. Hematite (a- e NN A ™
Fe,0;), a high-stability, low-cost, natural abundance semi- R L A /o'\;é,.\P
conductor photocatalyst, could represent a promising candidate ﬂ /T'\P‘“A LN /T",;\\[ - O:Ti/\" |
for visible-light-driven N,-to-NH; conversion in terms of cost- '\ surface TP sites eJer ' K
effectiveness, while the related reports are still sparse in this field. . N o

Notably, the single a-Fe,O; photocatalyst generally suffers from a  ge 0,@Ti.0,-P S~ e

low reduction ability of photogenerated electrons; fatal electron—

hole recombination and restricted surface active sites limit its

photocatalytic activity specific potential N, fixing. To solve the issues mentioned above, here, we designed a surface phosphorus
doping anatase TiO, (Ti,O,-P,) layer containing stable Ti*" sites for improving the photocatalytic N, reduction reaction (pNRR)
performance of cubic a- Fe203 The unsaturated Ti** species were induced on the Ti, O,-P, layer as active sites by PHj; treating to
realize high adsorption and activation of the N, molecules. Meanwhile, some titanium metal defects formed by phosphorus doping
make the structure of the catalyst more stable. Moreover, both TPD and time-resolved PL decay data prove that the Ti*" species of
Fe,0;@Ti,0,-P, are active sites for N, chemical absorption as well as N=N triple bond cleavage. Using the advantage of surface
Ti** sites of the Ti,O,-P, layer together with interfacial coupling regarding Fe,O;@Ti,0,-P, nanohybrid catalysts, N, can be
effectively photoreduced to NH; with illumination under environmental conditions. For the N, photoreduction using an Fe,0;@
Ti,O,-P, nanohybrid, the NH," yield velocity rate is 15.65 pmol g h7, which is 9.43-fold, 5.31-fold, 8.37-fold, and 2.95-fold
higher than cubic Fe,0;, Fe,0;@TiO,, Fe,05-P,, and Ti,O,-P,, respectively. Satisfactorily, the as prepared Fe,O;@Ti,0,-P, has
quite good stability, and the NH; production was still remarkably unvaried in six cycling tests. This work contributes to a feasible
way for designing and synthesizing nanocomposite materials which have excellent photocatalytic N, fixation performance.

KEYWORDS: Hematite, Surface phosphorus doping anatase TiO, layer, Photocatalytic N, reduction reaction, Stable Ti3* sites

B INTRODUCTION

Ammonia (NH,;) is an indispensable chemical applied in
modern society and is the basic component for the

The photocatalytic N, reduction reaction (pNRR), taking
H,O as a proton source, drives the N,-to-NH; reduction under
the assistance of a semiconductor photocatalyst and renewable
solar energy, and thus has become a new research field

manufacturing of synthetic chemicals like drugs, fertilizers,
resins, dyes, and explosives.' > When being condensed into
liquid, it exhibits a higher energy density and transportability
compared with hydrogen (H,) and thus can be used for power
fuel cells in the short run.*® So far, the industrial fabrication of
ammonia from nitrogen (N,) fixing is through the Haber—
Bosch process depending on high pressure and temperature.”’
Such a process consuming intensive resource and energy needs
complicated large-scale infrastructure, which also generates a
As the demand for NH;

grows, it is necessary to develop a less energy-consuming

. .1.89
large amount of carbon dioxide.”

alternative for N, fixation that is more green and sustain-
able.'O"!
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attracting researchers recently.'”"> When it comes to using
sunlight efficiently, an ideal photocatalyst shall be capable of
absorbing visible light, as the solar spectrum is composed of a
huge proportion of visible light (about 44%)."* As promising
visible-light-responsive catalysts, hematite (a-Fe,05) exhibits a
strong stability, low cost, wide visible-light response, natural
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abundance, and environmentally friendliness and has been well
concerned.'”'® Nevertheless, in single component a-Fe,O,
materials, its photogenerated electrons have low reduction
ability so that an effective pNRR reaction cannot occur.
Furthermore, the remarkable photoinduced electron—hole
recombination velocity impedes its broad utilization in
pNRR. Therefore, it is challenging to overcome the natural
limitations of a-Fe,0;, for developing a highly efficient
photocatalyst driven by both ultraviolet and visible light
irradiation.

Under sunlight, many electrons can achieve the VB-to-CB
excitation, even to the empty bands above the CB bottom."”"*
All of those high-energy-level electrons (HELEs) can rapidly
relax to the CB bottom on a milli-microsecond-level time scale
and lose the potential energy largely. Remarkably, they can be
utilized by virtue of a HELE platform, and the platform can
maintain enough potential energy of these electrons as well as
prolong their charge lifetime. As confirmed by previous
research, wide band gap semiconductors like titanium dioxide
(TiO,) which has a negative CB provide an HELE platform for
a-Fe,O;, enhancing the charge separation, prolonging the
charge lifetime, as well as strengthening photocatalytic
activities.'”** Accordingly, a vital step of using visible-light-
excited HELEs lies in the introduction of a proper electron-
accepting platform which has excellent catalytic capability
specific to reduction actions.

In other aspects, TiO, is broadly used in terms of pNRR
owing to its good stability, low cost, as well as nontoxicity.”"**
Guth and Schrauzer for the first time discovered the ability of
TiO, powder for N,-to-NH; reduction under ultraviolet
illumination in 1977.> Nowadays, the introduction of defects
into the crystal lattices of TiO, for forming unsaturated Ti**
sites as well as surface oxygen vacancies (OVs) can remarkably
enhance the N, adsorption and N=N triple bond
activation.”*"2° For instance, the Hirakawa group found the
hydrogen-reduced TiO, (name JRC-TIO-6) can generate NH,
(3.81 umol g™' h™") via ultraviolet light successfully, which
exhibits a larger efficiency relative to other kinds of
commercially available TiO, nanoparticulates (P25, 3.04
pmol g™ h™') for pPNRR.”” Nevertheless, the hydrogen-treated
process can be hardly controlled, as it has huge danger. Also,
the post-treating methods, like the reduction with hydrogen,
hydrazine, or sodium borohydride, usually produce Ti**
species on the superficial region, which are unstable in
photocatalysis reactions.”® A reliable approach for introducing
appropriate Ti** species into the TiO, nanolayer with
satisfactory controllable properties and stability for boosting
the pNRR activity of a-Fe,O;, therefore, seems to be
imperative.

Herein, we designed stable Ti** defects and a surface
phosphorus doping anatase TiO, (Ti,O,-P,) layer for
improving the pNRR performance of cubic a-Fe,O; The
unsaturated Ti** species were used on the anatase TiO, layer
as active sites by PHj; treatment to realize remarkable
absorption and activation of the N, molecules. At the same
time, the existence of Ti** casts a vital effect on the
photocatalytic activity. In contrast to cubic Fe,O; Fe,O;@
TiO,, Fe,0;-P,, and Ti,O,-P,, the as-designed Fe,0;@Ti,O,-
P, samples exhibit an enhanced photocatalytic N, fixation rate.
Moreover, Fe,0;@Ti,O,-P, samples displayed satisfactory
photochemistry steadiness as well. In addition, the probable
reaction mechanism was put forward as well. We envisage that
our work presents a practical method to uplift the photo-

catalytic activity of narrow band gap semiconductors (e.g., a-
Fe,0;) by coupling the wide band gap semiconductor
nanolayer with rich active sites.

B EXPERIMENTAL SECTION

Materials and Reagents. Iron(III) chloride hexahydrate (FeCly:
6H,0) and sodium hypophosphite (NaH,PO,) were purchased from
Beijing Innochem Reagents Co., Ltd. Potassium hydroxide (KOH)
and absolute ethanol (C,H;OH) were bought from Sinopharm
Chemical Company. Tetrabutyl titanate (TBOT), poly(n-vinyl-
pyrrolidone) K-30 (PVP), labeled '*N, gas, phenol nitroprusside
liquor, and alkaline hypochlorite liquor were bought from Sigma-
Aldrich Chemical Co. NH,Cl (99.8%) was from Shanghai Merck
Chemical Technology Company. The entire reagents were of analysis
purity (AR) and utilized as received with no further purifying.
Deionization water (18.25 ) was utilized during the experiments.

Apparatus. X-ray diffraction (XRD) features of the samples were
documented on a PANalytical diffraction meter via Cu irradiation.
The morphologies and element compositions were investigated via
scanning electron microscopy (SEM, JEOL JSM-7001F) and
transmission electron microscopy (TEM, JEOL 2100F). The
absorption spectra were obtained using diffuse reflection spectroscopy
(DRS, HITACHI UV-3900). The photochemical reactor was installed
on the CEL-GPPcL system (Beijing China Education Au-light
Company) with a 300 W Xe lamp. The chemisorbed N, was used
in N, temperature-programmed desorption experiments (Micro-
meritics Auto Chem II) using TCD as a detector. The surface
electronic states were analyzed via X-ray photoelectron spectroscopy
(XPS, Thermo ESCALAB 250Xi) with the entire binding energy
associated with the C 1s peak at 284.6 eV. Mott—Schottky plots were
carried out via an electrochemical workstation (CHI Instruments
CHI760-1). Steady and transient photoluminescence (PL) curves of
the as-prepared samples were acquired on a FLS1000 fluorescent
lifetime spectral photometer (Edinburgh Instruments, U.K.) excited
by a hydrogen flashlight under a wavelength of 800 nm. The various
monochromatic light sources including PLS-LED36S nm, PLS-
LED420 nm, PLS-LED470 nm, PLS-LEDS3S nm, and PLS-
LED630 nm were purchased from Beijing PerfectLight Technology
Co., Ltd. The percentages of Fe, Ti, and P within the samples were
identified by atomic absorption spectroscopy (AAS, Varian SpectrAA
220FS) and inductively coupled plasma optical emission spectroscopy
(ICP-OES, PerkinElmer Optima 4300DV), separately.

Photocatalytic Nitrogen Fixation. The photocatalytic N,-
fixation NH; synthetic assay was finished in the self-assembled
photocatalysis reaction platform, as demonstrated in Figure S2. The
photocatalytic N, fixation is achieved on the three-phase interface,
including N, in the gas, H,O in the liquid, and the catalyzer in the
solid phase. Synthesis NH; property assays were completed under
room temperature and atmosphere pressure. A 300 W Xe lamp (full-
spectrum, 463 mW-cm™>) was utilized as the illuminant and 10 cm
away from the illuminant to the fluid level. First, 40 mg of
photocatalyst was dispersed in 200 mL of deionized water in a cell
equipped with water circulation. Second, the mix was continuously
agitated without light and with highly purified N, bubbled under a
flow velocity of 200 mL-min™" for 30 min; then, the light was turned
on and 4.0 mL of reactive medium was taken out from the reaction
every 30 min. The reaction mixture was purified by removing the
photocatalyst by using the 0.22 um filter. The obtained solution was
used for further analysis.

Determination of NH;. The NH; in the photocatalytic reaction
solution was %uantiﬁed by the indophenol approach according to
previous work.”” In order to calibrate in aqueous electrolytes, a given
NH,Cl concentration was supplemented into 0.1 M KOH and
afterwards subjected to neutralization via supplementing 0.5 M
H,SO,. A 0.5 mL portion of phenol nitroprusside liquor and a 0.5 mL
portion of alkaline hypochlorite liquor were subsequently supple-
mented into 2.0 mL of the treated specimen. The liquor was
incubated for 30 min under room temperature without light, and the
sample absorbance was analyzed by the UV—vis spectroscopic
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Figure 1. (a) Diagram of the experiment process for fabrication of Fe,0;@Ti,0,-P, photocatalysts. SEM imaging of cubic Fe,O; (b), Fe,0,@TiO,
(c), and Fe,0;@Ti,0,-P, (d) and in higher resolution of Fe,0;@Ti,0,-P, (e). The HAADF image of Fe,0;@Ti,0,-P, (f) and the corresponding

EDS line scan curves (g).

method (UV-17800, Shimadzu). The correction curve was established
for NH; with the following data: 0, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10,
and 50 pmol™ L. The fit curve of the absorption peak of every
thickness presented a linearity regression with an R? value of 0.99974
(see Figure S3).

>N, Isotope Labeling Experiments. Labeled *N, was bought
from Sigma-Aldrich Chemical Co., Ltd. It was employed to verify that
the identified NH; originates from N,. A low-speed gaseous flow
system was utilized owing to the limited supply and expensiveness of
ISN,. First, 20 mg of photocatalyst was dispersed in 100 mL of

deionization water in a cell equipped with water circulation. Second,
the mixture was continuously agitated without light and with highly
purified N, bubbled under a flow velocity of 100 mL-min™" for 10
min. Then, the light was turned on and 4.0 mL of reactive medium
was taken out from the reaction every 30 min with further removal of
the photocatalyst by using the 0.22 um filter. Estimation of the
obtained "NH,* was done indirectly using the indophenol method,
due to the low mass of *'NH,* for LC-MS research. The preparation
of the samples for LC-MS assay was displayed below: 0.5 mL of
phenol nitroprusside liquor (P6994, Sigma-Aldrich) and 0.5 mL of
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Figure 2. TEM imaging of cubic Fe,0; (a), Fe,0;@TiO, (b), and Fe,0;@Ti,0,P, (c). The inset of part c is a higher resolution image of the
dashed frame. XRD features (d) of as-synthesized cubic Fe,O;, Fe,0;@TiO,, and Fe,0;@Ti,0,-P, and standards a-Fe,0; (Powder Diffraction
File (PDF) 33-0664, International Centre for Diffraction Data (ICDD), 2004) and anatase TiO, (PDF 21-1272, ICDD, 2004; red lines). HRTEM
image of Fe,0;@Ti,0,-P, (e) and the EDS element mapping images of Fe, O, Ti, and P elements for Fe,0;@Ti,0,-P, (f) from full-scale scans of

part c.

alkaline hypochlorite liquor (A1727, Sigma-Aldrich) were afterward
supplemented into 2.0 mL of the resulting solution. MS studies were
carried out on an Agilent 1260-6460 (LC-MS).

Electrochemical Tests. The electrochemical test was completed
via a CHI760-1 electro-chemistry workstation (Shanghai Chenhua,
China) with a three-electrode cell. The glass-carbon electrode loaded
catalyzer was the work electrode, and the saturated Ag/AgCl electrode
and platinum foil were the reference electrode and anti-electrode,
separately. The transient photocurrent response curves were harvested
during the illumination (on/off) every 20 s at an applied potential of 0
V (vs Ag/AgCl) in 0.1 M Na,SO, solution from the back side of the
work electrode. The electrochemical impedance spectroscopy (EIS)
measurements were completed by using an AC voltage amplitude of 5
mV in the frequency range between 105 and 0.01 Hz in 0.1 M
Na,SO, electrolyte under open circuit potential (OCP) conditions
and 300 W xenon light irradiation. The Mott—Schottky (M—S) plots
were implemented with the electrochemical window ranging between
—0.5 and +0.7 V, using 800 Hz and an AC amplitude of 10 mV at
each of the potentials.

N, Temperature-Programmed Desorption (N,-TPD). A 100
mg portion of catalyzer was put in the U-shaped silica tube and
preheated in Ar flow (50 mL min™") under 300 °C for 30 min and
afterward cooled down to 25 °C. After pretreatment, the feed gas N,
moved across the catalyzer bed under 25 °C for 1 h. After that, the
removal of the physical adsorption of N, was realized by Ar flow (50
mL min~") under 50 °C for 48 min. In the end, the temperature of
the catalyzer increased from 50 to 500 °C under 10 °C min~'. We
paid attention to various desorption species to determine the primary
products produced from reactions of N, on catalyst and discovered
that the sole species desorbed from the N,-exposed samples is N,, as
analyzed online by a thermal conductivity detector (TCD, Micro-
meritics AutoChem 1T 2920).

B RESULTS AND DISCUSSION

Morphology and Structure Properties of Fe,0;@
Ti,O,-P,. Figure la shows a schematic diagram about the
formation mechanism regarding the Fe,0;@Ti,O,-P.. First, a
facile hydrothermal method was employed to synthesize cubic
Fe,0;. Amorphous TiO, was deposited on the cubic Fe,O;
surfaces by the slow hydrolysis of titanium butoxide (TBOT).
Finally, the Fe,0;@Ti,O,-P, was obtained by annealing
Fe,0;@TiO, with PH; under Ar flow, which generated
abundant OVs and plenty of Ti*" species on the layer of TiO,.
Hence, we obtained a disordered Ti,O,-P, tier which covered
the cubic Fe,O; surface, and the layer had remarkable lattice
deformation and plentiful oxygen defects and Ti*" sites (for the
detailed synthesis steps, see the Supporting Information).
Subsequently, the content of TiO, loaded on cubic Fe,O; was
further optimized by using the PL spectral and photocurrent
density as the basis. As shown in Figure S1, the Fe,0;@(0.6)-
TiO, composite possesses the highest photocurrent density,
which illustrated the enhancement of photogenerated elec-
tron—hole ability under visible light, which was beneficial to
the improvement of photocatalytic performance. Therefore,
the optimized catalyst of the Fe,0;@(0.6)TiO, composite was
conducted for phosphating and denoted as Fe,O;@TiO, for
the later experiments. Interestingly, in the process of doping, P
atoms primarily replaced partial O and Ti to form O—Ti—P
and O—P—O0 bonds, for reconstructing the surface of the TiO,
layer with outstanding structure stability, improved electro-
conductibility, and good photocatalytic performance.
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Figure 3. High-resolution XPS spectra of O 1s (a), Ti 2p (b), and P 2p (c) of cubic Fe,0;, Fe,0;@TiO,, and Fe,0;@Ti,O,-P, samples, as
indicated. (d) Electrochemical impedance spectroscopy response for cubic Fe,0;, Fe,0;@TiO,, and Fe,0;@Ti,0,-P, samples in 0.1 M Na,50,

aqueous solution, and the inset is the proposed equivalent circuit.

The morphology and structure of the cubic Fe,0;, Fe,O;@
TiO,, and Fe,0;@Ti,O,-P, were identified via SEM. As
presented by Figure 1b, for the cubic Fe,Oj, the structure is
highly uniform, and the size is ca. 547 nm. Figure lc displays
the SEM image about the core—shell Fe,O;@TiO,, which
demonstrates the triumphant covering of the amorphous TiO,
phase over the cubic Fe,O; surface. After treating with PH;,
the resulting Fe,O;@Ti,0,-P, possessed a cube structure with
an increased size of ca. 639 nm (Figure 1d). Figure le reveals
that the Ti,O,-P, layer thickness is approximately S0 nm. In
addtion, the EDS line scan curves were used to further assess
the morphological and structural status of the Fe,0;@Ti,0,-
P.. As depicted in Figure 1f and g, the content of P and Ti
elements is less than Fe and O elements, and the P, Ti, and O
elements first appear at both ends of the curve, while the Fe
elements are distributed in the middle. This confirms that the
core—shell structure of the designed photocatalyst of Fe,O,@
Ti,O,-P, has been successfully prepared.

The TEM, HRTEM, and EDS element mapping are in
progress to identify and visualize the anatase TiO, phase
coupled with the cubic Fe,O;. As shown in Figure 2a, the
Fe,0; has a cubic structure with uniform size. After hydrolysis
of TiO,, the cubic Fe,O; surface had an amorphous layer with

a random distribution (Figure 2b and Figure S4). After further
phosphorization, there was a compact layer of which the
thickness is ca. S0 nm on the Fe,O; surface (inset of Figure
2c). The HRTEM image (Figure 2e) clearly demonstrates that
the lattice spacing of the Fe,O;@Ti,O,-P, is 0.35 nm with
good crystallinity, which approximately matches the (101)
diffraction facet of anatase TiO,.’”’' The element mapping
characterizations assisted in further exploring the structure
exhibited by the prepared Fe,O;@Ti,0,-P.. Based on Figure
2f, the Fe, O, Ti, and P elements exhibit an identical
distribution in the Fe,O;@Ti,0,-P,, as shown in the STEM
mapping (Figure 2c). Besides, the XRD features of the cubic
Fe,0;, Fe,0;@TiO,, and Fe,O;@Ti,0,-P, nanocrystals are
presented in Figure 2d. The standard PDFs regarding pure a-
Fe,0; (PDF 33-0664, ICDD, 2004; hematite, syn) and anatase
TiO, (PDF 21-1272, ICDD, 2004; anatase, syn) served for the
comparison. It is possible to index all of the positions and
intensities about the a-Fe,O; nanocrystals to standard PDFs,
showing that a-Fe,O; nanocrystals prepared here have a
rhombohedral structure of hematite and the crystallinity is
high. Following anatase TiO, coating, Fe,O;@TiO, composite
nanocrystals saw obvious diffraction peaks regarding anatase
TiO, and it is possible to index them to {101} (260 = 25.28),
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Figure 4. Role of the Ti** active sites induced by doping P atoms in the photoelectrochemical properties and electronic band structure of Fe,0;@
Ti,O,-P,. (a) UV—vis DRS of cubic Fe,0;, Fe,0,@TiO,, and Fe,O,@Ti, O,-P,. (b) The transformed Kubelka—Munk function of cubic Fe,0,,
Fe203@T102, and Fe,0;@Ti,O,-P, for bandgap test from (a) UV—vis DRS plots (c) M=S plots of cubic Fe,0;, Fe,0;@TiO,, and Fe,0;@
Ti,O,P.. (d) The N,-TPD proﬁles for cubic Fe,0; Fe,0;@TiO,, and Fe,0;@Ti,0,P.. (e) Diagram of the aforementioned procedure for
transference and space separation of light-driven HELEs in the fabricated Ti>* defect- centered NRR mechanism on Fe,0;@Ti,0,-P..

{004} (26 = 37.80), and {200} (20 = 48.05) planes of anatase diffraction peaks of Fe,O;@Ti,O,-P, in Figure 2d are not
TiO, (Figure 2d). After annealing and phosphating, the conspicuous due to the stronger diffraction peaks of a-Fe,0;
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relative to the Fe,O;@TiO, composite. The P-doped TiO,
layer was a kind of polycrystalline material and could be
submerged in the strong diffraction apex regarding mono-
crystalline a-Fe,O; nanocrystals (Figure 2d, curve of Fe,0;@
Ti,O,-P,)."**

Moreover, high-resolution XPS spectra regarding O 1s and
Ti 2p were interrogated specially to evaluate the presence of
Ti** species. As presented by the high-resolution XPS spectra
regarding O 1s (Figure 3a, curve of cubic a-Fe,O; and
Fe,0;@Ti0,), the peaks at 529.6, 5314, and 5329 eV
indicated that there were three types of oxygen species,
assigned as O*” (Fe—O bond or Ti—O bond), surface-
adsorbed oxygen species (OH™), and metal hydroxide,
respectively.”¥>> As displayed in the curve of Fe,0,@Ti, O,
P, (Figure 3b), an overt shift of O 1s toward higher bmdmg
energy implies the presence of Ti®" species and OVs.”**" In
high-resolution XPS spectra regarding Ti 2p, two peaks were
discovered at 458.50 eV (Ti 2ps,) and 464.37 eV (Ti 2p, 5,),
and can be assigned to Ti*" states (Figure 3b, curve of Fe,0;@
TiO,). For the Fe,0;@Ti,O,-P, sample, a new peak appeared
at 460.73 eV, which could be assigned to the Ti** species,
showing that T1 species were formed following the
phosphorization.’® The Ti** level was further analyzed by
double integral of EPR spectra quantitatively (Figure
$9a,b).***” The Ti** defect concentration of the as- synthesized
Fe,0;@Ti,0,-P, sample was speculated as 4.61 ymol g~ ! by
treatment w1th 1.0 g of NaH,PO,. Moreover, the level of Ti**
species presents a progressive elevation trend with the rise of
NaH,PO, amount (Figure S9c,d), revealing that the treatment
of NaH,PO, could effectively induce the production of Ti**
species. Such a tunable Ti** defect strategy provides a new idea
for the development of excellent photocatalytic N, reduction
catalysts in the future.

For obtaining more evidence, the P states were examined by
high-resolution XPS spectra of P 2p. Figure 3¢ displays the P
2p XPS spectra regarding Fe,O;@T1i,0,-P,, and a marked peak
can be found at 132.54 eV, confirming the existence of a P—
O-Ti bond in the annealed Fe,0;@Ti,O,-P.. Meanwhile, the
peak at 133.45 eV could be due to the pentavalent oxidation
states (P**).>” Referring to previous reports, P atoms might be
introduced as cations (P>*) and substituted for Ti*" ions in the
prepared TiO, samples by P-doped, like S *** and I***!
doped TiO,. The existence of a P—O—Ti bond and doping of
P%* is conducive to the formation of an excellent structure and
a stable TiO, layer.*” Besides, peaks at 128.50 eV were also
found, which corresponds to the Ti—P bond (P~ states). The
P*~ substitutes for O atoms in the TiO, crystal lattice, inducing
the production of Ti*" active sites, which could be because the
electrons of P*~ tend to transfer to the nearby Ti** ions.
Meanwhile, the actual P content in the Fe,0,@Ti,0,-P,
sample is obtained through inductively coupled plasma optical
emission spectroscopy (ICP-OES) measurements (listed in
Table S1). As shown in Figure 3d, the semicircular radius of
Fe,0;@Ti,O,-P, in the high-frequency area is smaller in
contrast to Fe,O;@TiO, and cubic Fe,O; indicating that
Fe,0;@Ti,0,-P, has a lower charge transference resistance
and a greater charge transfer rate.*’ Such a phenomenon might
be due to the close interface contacts between the Ti,O,-P,
layer and Fe,0;, which could provide the valid channel for
electron transference. Interestingly, after modification of P in
TiO,, a layer containing Ti*" active sites with excellent
structure, enhanced electronic conductivity, and high stability
was successfully constructed.

Ti’* and Its Roles on Fe,0;@Ti,0,-P,. The presence of
i+ species remarkably affects the pNRR properties of the
TiO,-based materials.””** UV—vis diffuse reflectance spectros-
copy (UV—vis DRS) shows that the individual cubic Fe,O; has
a better visible light response (Figure 4a, curve of cubic
Fe,0;). After recombination with TiO,, the visible light
response decreases, whereas the UV light response is enhanced
(Figure 4a, curve of Fe,O;@TiO,). Eventually, in the visible
region, with PHj-treated, the spectrum of Fe,0;@Ti,O,-P,
presents a strong absorption response, mainly because the T1
sites exist on the Ti,O,-P, surface (Figure 4a, curve of Fe,O;@
Ti,O,-P,). *> Through Kubelka—Munk transformation (Figure
4b) from UV—vis DRS (Figure 4a), the direct band gap value
of cubic Fe,0; is speculated as 2.02 eV, and the indirect band
gap values of Fe,O;@TiO, and Fe,0;@Ti,O,-P, are 2.04 and
1.97 eV vs NHE, separately. Meanwhile, the Mott—Schottky is
a typical approach to label the flat band of the semiconductor,
and the conduction bands of cubic Fe,0;, Fe,O;@TiO,, and
Fe,0;@Ti,O,-P, are tested to be —0.02, —0.26< and —0.22
eV, respectrvely (Flgure 4c). Then, the valence band potential
can be derived from the values between bandgap and
conduction band and are calculated to be 2.00, 1.78, and
1.75 eV vs NHE. Therefore, coupling of a wide bandgap of
TiO, with a-Fe,O; forms a more negative conduction band
potential architecture which is thermodynamically beneficial
for the pNRR of reactants. The introduction of Ti*" species on
Fe,0;@Ti,0,-P, may lead to the creation of a new energy
level because Ti’" self-doping presents below the conduction
band; as a result, a strong response is generated in the visible
region and the inherent bandgap is narrowed (Figure 4a—c).
The effective N, chemisorption toward catalyst plays a
pivotal role in the solar N, fixation process, and it is commonly
believed that the process occurs at the catalytic active sites as a
crucial step specific to pNRR.*® The N, temperature-
programmed desorption (N,-TPD) was employed for
measuring the ability of the catalysts to adsorb N,. Generally,
when the catalytic material has a hlgher N,-TPD peak, it means
that the pNRR activity is higher."” As shown in Figure 4d, for
the Fe,0;@T4i,0,-P,, the N, desorption peak is much stronger
compared with cubic Fe,O5 and Fe,O;@TiO, at 250—450 °C,
basically relying on the N, chemisorption capacity of the
samples under room temperature. This data indicates that the
PH;-induced Ti** sites of Fe,0;@Ti,0,-P, could offer a large
amount of chemical adsorption sites for capturing N, from
water. As the N, adsorption is the first step for NH; synthesis,
the favorable N, absorption on Fe,0;@Ti,O,-P, is beneficial
for the whole pNRR process.”®
Combined with the previously reported Fe,0;,—TiO, wide—
narrow band gap photocatalysis system,””*>*" the electronic
energy-level diagram about Fe,O;@Ti,O,-P, was constructed
(Figure 4e). Obviously, VB-to-CB excrtatron of the photo-
generated electrons is possible regarding cubic a-Fe,O; in
various energy levels under light irradiation, including the high-
energy region and low-energy region in the system.” On the
one hand, the photogenerated electrons in the low-energy
region, after rapidly relaxing to the VB bottom of a-Fe,O;, can
be recombined with holes. On the other hand, partial HELEs
would experience a thermodynamical transfer to the CB of
TiO,;°>" consequently, the lifetime would be prolonged and
charge carriers would be separated more easily. That is, the
excited HELEs of a-Fe,O; capable of overcoming the
restriction can be further transferred to the CB of Ti,O,-P;
then, they are trapped by the Ti** sites and injected 1nto the
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Figure 5. PL spectra (a) and transient photocurrent response (b) of cubic Fe,Os, Fe,0;@TiO,, and Fe,0;@Ti,0,-P.. Time-resolved PL decay
spectra of cubic Fe,O; (c), Fe,0;@TiO, (d), and Fe,0;@Ti,0,-P, (e) under an Ar atmosphere. Time-resolved fluorescence decay spectra of
Fe,0;@Ti,0,-P, (f) under a N, atmosphere.

antibond orbital (7*) of adsorbed N,; hence, the N, activation (Figure Sd) and 0.1942 ns for the cubic Fe,O; (Figure Sc)

and the N=N triple bond cleavage are enhanced.”****” The under an Ar atmosphere. It can be found that the charge carrier
pNRR activity of the well-designed Fe,O,@Ti,0,-P, compo- recombination in the Fe,0;@Ti,O,-P, could be effectively
sites is enhanced owing to the two semiconductors that inhibited. Moreover, the Fe,O;@Ti,O,-P, average decay time
experience rapid interfacial charge transfer. The ultimate goal in the N, atmosphere presented an obvious decrease from
of improving pNRR abilities lies in effectively separating the 0.8344 to 0.7148 ns after creating Ti** species (Figure 5f),
electron—hole pairs. strongly demonstrating the direct injection of Ti**-site-trapped
We conducted the photoluminescence (PL) measurement photogenerated electrons into chemically adsorbed N, and the
to further explore the kinetic behaviors related to carriers, following quenching.*”*"
detecting the PL signal of the samples by a 350 nm excited NRR Activity of Fe,0;@Ti,O,-P,. Indophenol reagent
light (Figure Sa). Relative to the obvious emission peaks for colorimetry served for evaluating the performance of photo-
cubic Fe,0; and Fe,0,@TiO,, Fe,0;@Ti,O,-P, displays a catalytic N, fixation exhibited by Fe,0;@Ti,O,-P, with Ti*
weaker PL peak, which demonstrates that the Fe,O;@Ti,0,-P, active sites, and in the process, water molecules were taken as
possesses a smaller recombination velocity of electrons and the solvent for providing protons under a full spectrum (Figure
holes. We further explored the migration, transfer, and 6a, Figure S3). To explore the reasons for the improvement of
recombination of electron—hole pairs using photocurrent, pNRR activity of the Fe,O;@Ti,0,-P, composites, we specially
under the irradiation of a 300 W xenon lamp. As shown in prepared the PH; treatment of the pristine cubic Fe,O4
Figure 5b, samples present a rapid light current response to the (denoted as Fe,O;-P,) and the single defective Ti,O,-P,
periodic light on—off. Fe,O;@Ti,O,-P, presents a significantly layer (see Figure SS and Figure S6). As presented by Figure
higher photocurrent intensity relative to cubic Fe,O; and 6a, almost no NH; was identified with N, in the dark. With
Fe,0;@TiO,, verifying the better condition for carrier experiments proceeding under light irradiation, the photo-
separation in Fe,O;@Ti,O,-P,. That mainly benefits from catalytic NH; production rate of all of the catalysts exhibited a
the coated Ti,O,-P, layer on the cubic Fe,O; surface; as a gradual enhancement with increasing time in the N,
result, impurity levels and carrier trapping centers are formed, atmosphere. After 180 min, a small amount of NH; was
thereby facilitating photoinduced electrons and holes to obtained in the case of cubic Fe,O; or Fe,O;-P, in the
separate and suppressing the recombination.”® atmosphere of N,, while a significant amount of NH;
Most importantly, as corroborative evidence for the above generated obviously based on the catalysts of Fe,0;@Ti,0O,-
process (Figure 4e), the time-resolved PL decay served for P.. As demonstrated in Figure 6b, it was calculated that the
identifying enriched photoinduced electron injection from the pNRR rate driven by full-spectrum light was estimated to be
Ti** sites to N, (Figure Sc—f). The Fe,0;@Ti,O,-P, presents 1.87 pumol g, ™" h™! for Fe,0,-P,, which is just 1.13 times of

a strikingly slower decay kinetics compared with the cubic cubic Fe,05 (1.66 umol g, ~'h™"). Although the single Ti,O,-
Fe,0; and Fe,O;@TiO,, and the charge carriers of the P, layer possessed a relatively high pNRR activity, it was still
Fe,0;@Ti,0,-P, have a decay lifetime of 0.8344 ns (Figure not comparable to that of Fe,O;@Ti,0,-P, composites (15.65
Se), significantly longer than 0.4815 ns for Fe,0;@TiO, umol g..~' h™'). This conspicuous pNRR rate based on
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Figure 6. Catalysis surveys for light-induced N, fixing via a variety of catalyzers. (a) Quantitation measurement of the produced NH; by full spectra
illumination with an indophenol indicator over different systems in N,. (b) Photocatalytic NH; production rate of cubic Fe,0;, Fe,O;@TiO,,
Fe,0;@Ti,0,-P,, Fe,0;-P,, and Ti,O,-P, in the first 1 h. (c) Photocatalytic cycling tests for Fe,0;@Ti,O,-P,. (d) Wavelength-dependent apparent
quantum efficiency of the as-synthesized Fe,O;@Ti,0,-P, with monochromatic illumination.
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Figure 7. Mass spectral illustrations of the indophenol from diverse atmospheric conditions. (a) The mass spectral illustrations of the indophenol
prepared from '*N, atmospheric conditions. (b) The mass spectra of the indophenol prepared from N, atmospheric conditions.

Fe,0;@Ti,0,-P, composites is dramatically higher than those greatly boost the pNRR activity of Fe,O;. By virtue of the

of the other catalysts and was also prominent among the efficient separation of photogenerated charges and the
reported literature (Figure 6b, Table S2). These data indicated improvement of surface active sites, the Fe,O;@Ti,O,-P,
that the coupled TiO, or single defective Ti,O,-P, layer could possesses an excellent pNRR activity.
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Surface Ti*" sites

Fe,0,@Ti,0, P,

P doped anatase (101) TiO, layer

Figure 8. Diagram of the possible formation mechanism of stable Ti** sites in the anatase (101) TiO, layer on cubic Fe,0; and the proposed
mechanism for photocatalytic fixation of N, over the surface of Fe,0;@Ti,0,-P,.

In addition, the Fe,O;@Ti,O,-P, possesses structural
stability and photocatalytic stability, as proved by an
insignificant variation in activities, morphological status, or
physico-chemistry performances after pPNRR 6 cycle experi-
ments (Figure 6¢, Figure S7, and Figure S8). For measuring
the apparent quantum efficiency (AQE) related to pNRR over
Fe,0;@Ti,0,-P,, experiments regarding the photocatalytic N,
reduction were conducted under various monochromatic light
irradiations (365, 420, 470, 535, and 630 nm) (Figure 6d; for
detailed information, see the Supporting Information). The
associated AQE values of Fe,O;@Ti,0,-P, are 0.032, 0.026,
0.029, 0.031, and 0.016%, respectively, for the monochromatic
light wavelength increasing from 365 to 630 nm, that followed
the absorption edge about the Fe,0;@Ti,O,-P, semiconduc-
tor, possessing acceptable utilization of solar energy (Figure
6d).

For verifying whether photocatalytic N, fixation on the
Fe,0;@Ti,0,-P, was authentic, we conducted photocatalytic
N, fixation under "N isotope-labeled N, (with the purity not
less than 99%). The produced '*NH," can react with phenol
and hg})ochlorite for the formation of '*N-labeled indophe-
nol,>>>* which was assayed by LC-MS. Figure 7a displays a
potent mass spectroscopy signal of '*N-labeled indophenol
anion at about 198.4 m/z in LC-MS research when using '*N,
as the feeding gas. Notably, '*N-labeled indophenol negative
ion showed a significantly reinforced mass spectrum signal at
about 199.7 m/z in LC-MS studies (Figure 7b). The signal had
a higher intensity relative to the '*N:'°N natural abundance
ratio after 30 min of light radiation. Besides, the time-
dependent tests were conducted by utilizing °N, as the feed
gas. As shown in Figure S10, the signal intensity of the "*N:'*N
natural abundance ratio from indophenol anion increased
significantly with the increase of light radiation time. That
further identified N, as the source to generate ammonium ion
in the experiment.

Proposed Catalytic Mechanism of Fe,0;@Ti,O,-P, for
PNRR. Based on the aforementioned discussions, the proposed
catalytic mechanism of Fe,0;@Ti,O,-P, for pNRR could be
described in Figure 8. The Ti** species were drawn into the
anatase (101) TiO, layer by PH, treatment on the cubic Fe,0,
and behaved as active sites for pNRR. The complex excellent
structure of the Ti,O,-P, layer containing Ti** sites, OVs,
titanium metal defects, and doped P atoms with different

valence states led to an excellent structural stability, high
conductivity, and efficient photocatalytic performance, which
indicates that the highly active Ti,O,-P, layer could not only
serve as a HELE receiving platform of narrow band gap a-
Fe,0; but also significantly improve its pNRR performance.
Under the solar light irradiation, cubic Fe,O; plays the role of
the core component of photocatalyst and will be capable of
absorbing solar energy as well as generating partial HELEs
transferred to the Ti,O,-P, layer, which then are trapped by the
Ti** active sites and injected into the antibond orbital (7*) of
the adsorbed N,; hence, the N=N triple bond will be
activated efficiently. In this case, it will continue to be
weakened by Ti*" active sites together with hydrogenation
before the N=N triple bond cleavage to NH; at last.

B CONCLUSION

In summary, the photocatalytic activity of a-Fe,O; driven by
sunlight for N, fixation is greatly boosted after coupling the
Ti,O,-P, layer. The reinforced activity is due to the evident
elevation in the lifetime and separation of photogenerated
charges through transference of the HELEs of a-Fe,Oj; to the
Ti,O,-P, layer. It is confirmed that the Ti,O,-P, layer has a
trifunctional effect and serves as an appropriate platform for
the acceptance of more HELEs because of its proper CB
position, providing sufficient Ti** active sites for pNRR, and
doped P atoms makes the whole catalyst with defective sites
highly stable. Moreover, as verified by isotopic experiments,
the synthesized NH; fully originated from the N, supply.
According to TPD and time-resolved PL decay spectra, the
Ti®* centers of Fe,0;@Ti,0,-P, serve as active sites for the N,
chemisorption and N=N triple bond cleavage. Therefore,
Fe,0;@Ti,0,-P, displays a remarkable NH; generation
amount of 15.65 umol g, ™' h™', which is 9.43, 5.31, 8.37,
and 2.95 times higher than cubic Fe,O;, Fe,O;@TiO,, Fe,O;-
P, and Ti,O,-P,. It is expected that the strategy can serve for
the development of other highly efficient precious metal free
defective photocatalysts for creating N, reduction with high
activity under ambient conditions.
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