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Metal organic framework-derived porous Fe,;N
nanocubes by rapid-nitridation for efficient
photocatalytic hydrogen evolutionf
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Transition metal nitrides are promising substitutes for noble metal catalysts in photocatalytic hydrogen

evolution reaction. Here, we use the cubic metal organic framework (MOF) Prussian blue, which has been

rarely explored for nitride preparation. A rapid nitridation process is used for obtaining porous iron nitride
(FeoN) nanoparticles. The phase-pure FeoN catalyst reported largely maintains the cubic geometry and
specific surface area of the parent MOF. Fe,N is sensitized using Eosin-Y for boosting photocatalytic
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hydrogen evolution. Hydrogen production rates close to ~14.5 mmol g~* h™* are observed, which are
considered desirable. This is reasonable since the nitride phase has high electronic conductivity and low
electrocatalytic H,-generation overpotential. Calculations indicate that the electronic conductivity of Fe,N

is due to Fe-3d states. This work opens up new possibilities for the production of porous nitride

rsc.li/materials-advances

Introduction

Transition-metal nitrides (TMNs) represent an important category
of materials with interesting optoelectronic, catalytic, electro-
chemical, and structural functions.'™ In particular, the Pt-group
like properties of TMNs lead to significant binding and hence
strong adsorption to hydrogen. These characteristics make them
promising in the field of catalytic hydrogen production.®™?
However, there are challenges associated with the synthesis of
TMNs. Notably, the traditional synthesis of TMNs involves high
temperatures and pressures. The products thus formed tend to
have larger particle sizes, and hence are rarely suitable for catalytic
purposes.®®!*™*> Furthermore, conventional ammonothermal and
nitridation techniques pose significant challenges to scalability. It
is very important to industrial applications. However currently, due
to synthetic developments, TMN materials can be synthesized in

“Ningbo Institute of Materials Technology & Engineering, Chinese Academy of
Sciences, Ningbo 315201, P. R. China. E-mail: liusigi@nimte.ac.cn,
myang@nimte.ac.cn

b Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences, Beijing 100049, P. R. China

 Department of Metallurgical and Materials Engineering, Indian Institute of
Technology Madras, Adyar, Chennai 600036, Tamil Nadu, India.

E-mail: tijuthomas@iitm.ac.in

t Electronic supplementary information (ESI) available: Experimental section

(electrochemical measurements and computational methodology) and character-

ization (synthesis flows, XRD, SEM, TEM, BET, photocatalytic properties and

comparison). See DOI: 10.1039/d0ma00074d

i All authors contributed equally.

This journal is © The Royal Society of Chemistry 2020

photocatalysts for efficient hydrogen evolution.

the nano-regime with different morphologies.®*'®™® Currently,

both (i) low temperature, rapid and high yield methods of prepara-
tion and (ii) nanosizing are imperative for the eventual success of
TMNs in catalysis and related areas. In particular, there is value in
developing methods that enable the production of porous 3D
TMNs using soft chemical approaches. Clearly, the development
of such techniques merits further attention.

Metal-organic frameworks (MOFs) present an opportunity
to address the synthetic requirements mentioned above. Thus
far MOFs that consist of metal ions/clusters and coordinated
organic linkers have found uses in applications such as gas
storage/separation, catalysis, sensing and drug delivery.>’"*
Importantly, their high porosity and large specific surface area, as
well as tunable pore size and morphology make them excellent
sacrificial templates for fabricating porous MOF-derived functional
materials.”**® For example, various MOF-derived porous carbon,
metal oxides, metal sulfides, metal phosphates and their nano-
composites have been reported.”’ ' In these cases, MOFs have
been used as both the precursor and template for the synthesis of
catalysts.>* Although ammonia treatment of MOF-derived metal/
carbon nanocomposites can yield porous metal nitride/carbon
composites, pure metal nitrides derived from MOFs with porous
structures have been rarely reported. This is primarily due to the
ease of collapse of the pore structures associated with MOFs at high
reaction temperatures; this is especially the case with long reaction
times.****

As a subclass of MOFs, Prussian blue (PB) created from the
supramolecular assembly of iron components with N-containing
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organic ligands has attracted considerable interest. This is due to
the diverse architectures and morphologies it offers.*” In fact, there
exist reports on topotactic transformation for the fabrication of
various nanomaterials derived from PB or PB analogues. Materials
obtained using this approach include porous metal phosphates,
sulfides, carbides, oxides, etc.>**° However, PB-derived porous metal
nitrides have not been explored extensively. Previously we reported
the synthesis of PB-derived metal nitrides, which yielded nano-
particles without substantial porosity.® Therefore, a novel synthesis
process is highly desirable for achieving MOF-derived porous metal
nitrides which nearly retain the specific structure of the parent
precursor; this would be highly desirable for catalytic applications.
In this work, the PB precursors are first oxidized and then
subjected to rapid nitridation to obtain porous Fe,N nano-
cubes. The nanocubes obtained are phase pure. The process
used for heating is essential for obtaining the material. Using a
slip furnace for pre-heating and rapid cooling also reduces the
reaction time. The samples thus obtained are sensitized using
Eosin-Y (EY) in photocatalytic hydrogen evolution reaction.
PB-derived porous Fe,N nanocubes are synthesized while main-
taining the pattern and structure of the parent MOF precursor.
The performance of cube-like Fe,N is duly rationalized using
density functional theory (DFT) based calculations and its
metallic nature is also duly elaborated. The superior metallic
conductivity of Fe,N boosts the separation and migration of
charge carriers excited from EY. Besides, the porous structure
of PB-derived Fe,N nanocubes contributes to the high density
of active sites, which in turn yields desirable kinetics for
photocatalytic hydrogen evolution. The optimal Fe,N/Eosin-Y
system exhibits excellent photocatalytic hydrogen evolution
performance with a H, generation rate at 14.5 mmol g ' h™".

Experimental section
Reagents

All chemicals are of analytical grade and are obtained from com-
mercial suppliers and used without further purification. Potassium
hexacyanoferrate(u) trihydrate {K,[Fe(CN)s]-3H,O, AR}, hydrochloric
acid (HCI, AR) and polyvinylpyrrolidone K30 {(CcHoNO),, GR} are
purchased from Sinopharm Chemical Reagent Co., Ltd. Triethanol-
amine (TEOA, C¢H;5NO3, AR) is purchased from Aladdin Chemical
Co., Ltd. Eosin Y disodium salt (C,,HeBr,Na,Os, RG) is purchased
from Adamas Reagent, Ltd.

Synthesis of photocatalysts

Synthesis of MOF Prussian blue (PB) cubes. 0.1 g of potassium
hexacyanoferrate(u) trihydrate {K,Fe(CN)¢]3H,O} and 3.8 g of
polyvinylpyrrolidone K30 {(CcHoNO),} are dissolved in 50 mL of
0.1 mol L™ HCI solution. The solution is then vigorously mixed
and stirred for 30 min at room temperature. Subsequently,
the solution is moved to a hydrothermal kettle and heated for
24 h at 80 °C. The precipitate is collected by vacuum filtration
or centrifugation and washed extensively with deionized water.
Finally, the precipitate is dried at room temperature. The
product thus obtained is PB.
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Synthesis of oxide and nitride cubes. 0.1 g of as-synthesized
PB is put in a quartz boat and dispersed to achieve a well-
distributed state. The boat is then put in a muffle furnace and
the temperature ramp is set at 1 °C min~'. When the tempera-
ture reaches 350 °C, the sample is allowed to soak for 1 h.

Subsequently, 10 mg of the oxide obtained is moved to the
middle of the tube. The tube is placed in a rail tube furnace.
After that, the air is pumped out and the tube is filled with
ammonia. This is repeated thrice, to avoid oxygen contamination.
When the temperature approaches 400 °C, the sample is allowed to
soak for ~10 min for confirming the stability of the temperature.
The reaction time is 30 min, then the Fe,N is produced. Then the
sample obtained is used for measurements.

Characterization

X-ray powder diffraction (XRD) measurements are performed
using a powder X-ray diffractometer (Rigaku Miniflex 600) with
Cu-K,, radiation (1 = 1.54178 A). The 20 range is set from 10° to
80° and the measurement rates are kept at 1° min~'. The
morphological structure and microstructures of the samples
are characterized using scanning electron microscopy (SEM)
(FE-SEM, Hitachi S4800, Japan) and transmission electron
microscopy (TEM) (JEOL model JEM 2100 EX instrument)
measurements. In addition, high-resolution TEM, selected area
electron diffraction (SAED) and elemental mapping measure-
ments are also performed using the same TEM instrument.

Photocatalytic H, evolution measurements

Photocatalytic H, evolution measurements are carried out in a
Pyrex top-irradiation vessel connected to a glass closed gas
circulation system. The temperature of the reactant solution is
maintained at 5 °C through the flow of cooling water during the
reaction. A 300 W xenon lamp (PLS-SXE300C, Perfectlight) is
used as the visible light source. The irradiation area is 18.1 cm?
and the incident light power density is 304 mW cm ™. Typically,
5 mg of the catalyst and 80 mg of Eosin-Y are dispersed in
80 mL of a 10% (v/v) triethanolamine-water (TEOA-H,O)
solution by ultrasonication for 15 min.

The cyclic stability of the catalyst is tested as follows and the
initial reaction amount of Eosin-Y is 20 mg. After the first run,
under visible light irradiation, the photocatalytic system is
thoroughly degassed. Then 20 mg of fresh EY, 2 mL of TEOA
and 15 mL of deionized water are added without any other
treatments like centrifugation and washing (pH = 11). Subse-
quently, the thoroughly degassed system is irradiated again
using a 300 W Xe lamp. In controlled experiments, the pH
values of the reaction solution are adjusted by the addition of
hydrochloric acid (HCI) or sodium hydroxide (NaOH).

Results and discussion

As shown in Scheme S1 (ESIT), Prussian blue (PB)-derived Fe,N
nanocubes are synthesized via a two-step process, i.e. oxidation
followed by rapid-nitridation. In brief, PB is first synthesized
via a hydrothermal method.*® Then, PB precursors are heated

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 (a) Rietveld refined XRD pattern and (b) SEM images of Fe,N, with
the inset showing the cube size in high magnification. (c) Low magnifica-
tion TEM image, (d) HRTEM images and (e—h) the elemental mapping
images of Fe,N.

in air at 350 °C for 1 h to form Fe,0;. Finally, the as-prepared
Fe,0; is treated in an NH; atmosphere at 400 °C for 30 min.
Actually, this is the rapid nitridation step that yields Fe,N. The
typical Rietveld refined XRD patterns of the as-prepared sam-
ples are shown in Fig. 1 and Fig. S1 (ESIt). The PB precursor,
the iron oxide that derived from it, and the corresponding
nitride all belong to the Fm3m, Fd3m and Phcn space groups,
respectively. The detailed results can be seen in Table S1 (ESIT);
there is no indication of oxygen or nitrogen vacancies. Hence
the occupancies for oxygen and nitrogen sites are fixed at 1.0.
Notably, for the iron oxide sample, the yellowish-brown sample
suggests that Fe** makes up the majority of the compounds.
Refinement shows that there are obvious vacancies at the iron
sites (the site occupancy of Fe is only about 0.6-0.7 as shown in
Table S1b, ESIt). However, the Fe occupancy of the iron nitride
sample is 0.9398 (Table Sic, ESIT), which is consistent with the
simple model of the fully nitrogenated Fe,N.

The morphology of the as-prepared samples has been tested
by electron microscopy (EM) images. As shown in Fig. S2 (ESIY),
PB exhibits uniform cube-like morphology with a smooth
surface. Its average size is found to be ~0.53 um. After the
oxidation process, Fe,O; retains the cube-like morphology
while its size shrinks to ~0.47 pm. This size shrinkage is due
to the oxidation of the ligands in PB. As shown in Fig. 1, further
nitridation of Fe,O; nanocubes leads to the formation of Fe,N
with a rougher surface and marginally smaller size (~0.43 pm).

This journal is © The Royal Society of Chemistry 2020
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TEM analysis clearly indicates the coarse surface associated
with Fe,N cubes. In addition, the lattice fringes in HRTEM of
Fe,N indicate an interplanar distance of ~0.26 nm. This
corresponds to the (100) crystalline planes of Fe,N, which
confirms the XRD results. Furthermore, elemental mappings
(Fig. 1e-h) confirm the homogeneous distribution of Fe and
N contents in the binary Fe,N sample.

It is important to note that the oxidation step plays a critical
role in forming Fe,N nanocubes by retaining the morphology of
PB. The oxidation process plays an important role in enabling
the contraction of the nanocubes to a certain extent so that
the collapse happens in the nitridation process. As shown in
Fig. S3 (ESIY), although pure phase metal nitride is observed,
direct rapid-nitridation of PB leads to collapsed Fe,N particles.
In addition, the purity and morphology of PB-derived Fe,N
samples are also heavily influenced by the nitridation time and
temperature.

X-ray photoelectron spectroscopy (XPS) is employed to inves-
tigate the surface compositions and chemical states of the
samples. As shown in Fig. S4 (ESIt), both Prussian blue and
Fe,0; exhibit an ionic iron state in Fe 2p spectra, which is in
agreement with previous reports.*’™® For the Fe,N sample,
the peaks centered at 710.68 eV and 724.28 eV correspond to
Fe 2p;, and Fe 2p,, of metallic Fe.*”*® Besides, the peaks
centered at 713.71 eV and 727.31 eV corresponding to the
Fe 2ps,, and Fe 2py,, of Fe** suggest the occurrence of surface
oxidation in Fe,N.***° This is in agreement with other reported
metal nitrides.>’™* The N 1s spectrum of the Fe,N sample
can be divided into three peaks at 396.13 eV, 397.84 eV and
399.48 eV, respectively, which in turn can be assigned to metal
nitride and N-H.>'>® The FT-IR spectra of the samples are
displayed in Fig. S5 (ESIT). The characteristic peak at 2090 cm ™"
is assigned to the Fe(CN)g*~ group in the molecules of Prussian
Blue according to previous work.>* The dominant band at
592 cm ' is a characteristic of o-Fe,05.°>°° The peaks at
1048, 1348 and 1540 are due to the C-O bond.***”>® For the
Fe,N sample, the peaks at 1374 cm ™" and 628 cm ™' correspond
to N-O and Fe-O-H bonds, respectively.”® " All the results
mentioned above demonstrate the successful synthesis of Fe,N.

The N, adsorption-desorption isotherms and pore structure
parameters of Prussian blue and Fe,N samples are summarized
in Fig. S6 and Table S2 (ESIt). The specific surface area of PB is
5.74 m”> g~ !, which is consistent with previous reports.*® It can
be clearly seen that the porous structure of PB is retained
during oxidation and rapid-nitration processes. In fact, the
surface area of the Fe,N sample (10.12 m*> g~ ') is larger than
that of PB. This is due to roughness that is brought about
during the processing stages.

The photocatalytic hydrogen evolution activities of the
Fe,N sample under different conditions are investigated using
Eosin-Y dye and triethanolamine (TEOA) as the photosensitizer
and the electron donor, respectively. As can be seen in Fig. S7a
(ESIY), with an increase in the mass of Eosin-Y, the amount of
evolved hydrogen increases until it reaches a maximum value
(14.5 mmol g~ " h™ "), which corresponds to the maximum value
of Eosin-Y of 80 mg (16 times the mass of catalyst). This is

Mater. Adv., 2020, 1, 1161-1167 | 1163
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consistent with the fact that the dye is indeed sensitizing and
provides sufficient electrons for the reaction. This is actually
consistent with the literature.®> Furthermore, the increase of
dye concentration improves the adsorption of Eosin-Y on the
Fe,N surface, which increases the hydrogen evolution rate.®>
Beyond the optimal dye loading, there is a reduction in the
activity. This is likely due to the light-shielding effect.®*®* It
means that beyond a certain optimal concentration, Eosin-Y
exists in a free state and it quenches the reaction at the active
sites. This also prevents sufficient light absorption in the
reaction system.

Fe,N exhibits better activity for hydrogen evolution reaction
(HER) while pH = 11, when compared to the situation wherein
PH is set to 9. The observed trends are given in Fig. S7b (ESIT).
Clearly, Fe,N is well suited for hydrogen evolution reaction in
an alkaline condition. Fig. 2a compares the hydrogen produc-
tion activity of Prussian blue, Fe,O; and Fe,N photocatalyst
under irradiation over 2 h of reaction with the usage of 80 mg of
Eosin-Y, at pH = 11. The activity of Fe,N (14.5 mmol g ' h™")
is over three times higher than that of Prussian blue
(4.3 mmol ¢~' h™") and Fe,O; (4.7 mmol g~ h™"). The very
favorable photocatalytic activity of Fe,N is aided by the high
conductivity associated with the nitride phase.®® In this alka-
line condition (pH = 11), the HER activity of Fe,N is comparable
to most of the previously reported photocatalytic Eosin-Y sensitized
systems (Table S3, ESIt). Additionally, turnover numbers (TON)
of 57.8 and turnover frequencies (TOF) of 0.016 s~ ' are obtained
when 5 mg of Fe,N is used. This also proves the considerable
catalytic ability of Fe,N.

View Article Online
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From Fig. S7c (ESIY), it is clear that in all cases, Eosin-Y and
sacrificial agents are necessary for the HER process. In addition
to the photocatalytic activity, stability has also been tested
through several reaction cycles. As can be seen in Fig. S7d
(ESIT), Fe,N shows slightly decreased activity. This is likely
due to the adsorption of the samples on the magnetic stirrer,
which in turn leads to a decrease in the effective interfacial
area between catalyst and solution. Moreover, controlled experi-
ments with prolonging reaction times have been tested. As
shown in Fig. S8 (ESIt), the synthesized sample exhibits pure
Fe,N phase with nanoparticle morphology. The photoactivity
of the Fe,N nanoparticles has also been tested. As shown in
Fig. S8 (ESIt), the H, evolution rate of Fe,N nanoparticles is
12.26 mmol g~* h™*, which is lower than that of Fe,N nano-
cubes. This demonstrates the advantages of the morphology
and pore structure of the cubic Fe,N sample to a certain extent.

Fig. 2b displays the cyclic voltammograms (CV) of Prussian
blue, Fe,O; and Fe,N with obvious cathodic and anodic peaks.
In CV measurements, the electrodes and the electrolyte
are identical. Hence the current density is only related to
the electron transfer rate of the electrode materials.®®™®® The
current density obtained over the Fe,N electrode is higher than
that obtained over Prussian blue and Fe,Os; this is again an
indicator of Fe,N’s ability to enable the transfer of charge
carriers required for catalysis. Electrochemical impedance
spectroscopy (EIS) is carried out and the corresponding Nyquist
plots of different samples are given (Fig. 2c). It is observed
that the radius of the Fe,N sample is smaller than that of
Prussian blue and Fe,O;. This actually is consistent with earlier

a:\16 b 2
; - & Prussian blue
o147 g Fe,0, e
S 12 é 11 Fe,N /
E10 = /
- £, A
~ 5 = /)
g 6 a /
E 4 i é-l-// //
=
= 0 - o .
prussian  Fe,0, Fe,N 04 02 00 02 04 06 08
bl Potential (V
¢ 100 - Q il
—o— Prussian blue '*.'E
—— FCZOJ ) 5
- = Fe,N .)/ < / — Prussian Blue
/ E Fe,0,
= / 3
= —— Fe,N
2 /
s /|
2 10 / J
= /
o |
s | 15 /
o] 5 |
——s
60 70 80 90 100 -15 -14 -13 -12 -1.1 -1.0
Z'/ohm Potential (V)

Fig. 2
polarization curves for the three samples.
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(a) Comparison of activity among Prussian blue, Fe,O3z and Fe,N under optimal conditions, (b) cyclic voltammograms, (c) EIS Nyquist plots and (d)
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inferences drawn from CV; Fe,N indeed has more efficient
charge transfer capabilities.”””" Fig. 2d shows the polarization
curves; it is clear that Fe,N improves the current density in a
similar potential range. Once again this indicates that the
transition metal nitride promotes the H, reduction reaction.””
This is reasonable since the nitride phase has higher electronic
conductivity and lower electrocatalytic H,-generation overpotential
than the two other samples. Furthermore, specific capacitance
performance is measured in a three-electrode cell system (Fig. S9,
ESIt). Fe,N has a much larger curve than the other two samples,
illustrating better electron accepting abilities.

The optimized structure of Fe,N and the calculated partial
density of states (PDOS) are presented in Fig. 3a and b,
respectively. The theoretical calculation results shown in
Fig. 3b and Fig. S10 (ESIt) clearly illustrates the metallic
character of the material, illustrating the existence of free
electrons, which are responsible for the good conductivity of
Fe,N.”® Considering the DOS plot, while there is p-d hybridiza-
tion between Fe and N in the energy range of —9 to —5.8 eV, the
material conductivity mostly arises from the Fe-3d distributions
around the Fermi level. The conductivity of transition metal
nitride is not only proved by calculation of density of states, but
also suggested by reported research works.”*”®

The mechanism of photocatalytic H, production enabled
through the Eosin-Y sensitized Fe,N system is proposed in
Fig. 3c. First, the molecules absorb photons from visible light
and form the singlet excited state EY'*. Subsequently, a more

/ EY‘(\

A
EY!" .
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stable three excited state EY>* is formed through an intersystem
crossing (ISC). In the presence of TEOA as an electron donor, EY**
is reduced to EY *. This ion has a strong reduction ability.* The
electrons of EY™* are conducted into the surfaces of Fe,N owing to
its metallic-like properties. A reduction reaction occurs here which
results in the production of H,. At the same time, reduced Eosin-Y
dye molecules return to the ground state. Because of the consider-
able ability of dye adsorption and electron acceptor behavior of the
Fe,N structure, the recombination of photo-generated charges and
holes is limited.®> Therefore, the efficiency of photocatalytic hydro-
gen production is improved.

Conclusion

In conclusion, MOF derived porous Fe,N has been synthesized
using two-step oxidation followed by a rapid-nitridation tech-
nique. The MOF based on Prussian blue (PB), which is made
from the supramolecular assembly of iron components with
N-containing organic ligands, has been employed. Usage of this
MOF ensures that the nitride samples retain the shape of the
precursor while showing only a nominal shrinkage during the
chemical transformation (hence indicating a topotactic trans-
formation). The preparation process is both quick and rather
chimie douce (soft chemical). Fe,N samples thus obtained have
a high specific surface area, and offer several exposed active
sites for photocatalytic activity. Fe,N is sensitized using Eosin-Y
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Fig. 3
of the material is obvious due to the zero band-gap of the plot. (b) Total ele

(]

(a) Optimized structural representation of Fe,N; iron and nitrogen atoms are shown in blue and silver colors respectively. The metallic character

ctron density of states (DOS) projected on iron and nitrogen atoms. The Fermi

level is set at zero. (c) Proposed photocatalytic hydrogen production mechanism over the Eosin-Y sensitized Fe,N under visible light irradiation.
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for boosting photocatalytic hydrogen evolution. Hydrogen pro-
duction rates close to ~14.5 mmol g * h™" are observed, which
are considered desirable. The superior conductivity of Fe,N
offers enhanced electron transfer performance between the
catalyst and photosensitizer, and also promotes electron-hole
separation, hence yielding the observed hydrogen production
rates. Calculations show that free electrons in Fe,N, responsible
for its conductivity, arise primarily because of Fe-3d. Overall, this
work provides a new means of producing MOF derived TMN
materials, which in conjunction with suitable dyes offer high-
efficiency and low-cost avenues for making photocatalysts for
hydrogen production.
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