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Recent progress in ammonia synthesis based on
photoelectrocatalysis

Pengyan Li,? Yumin Liu, ©22 Muhammad Asim Mushtag®® and Dongpeng Yan (&) *&°

Photoelectrocatalytic (PEC) ammonia synthesis from nitrogen and water is a promising approach for
energy development and N-neutralization goal under mild conditions. Although significant progress has
been made in the past few decades, the mechanisms underlying the synergistic effect between light and
electricity are still challenging. One particular line of study is to improve the performances of PEC cata-
lysts, such as selectivity, yield, and stability, etc. Here we review the recent progress in PEC ammonia syn-
thesis. We first provide a systematic description of the driven bias in PEC ammonia processes, involving
electrochemical apparatus, photovoltaic voltage, and chemical potential. The various strategies, including
vacancy engineering, ion doping, frustrated Lewis pair design, heterojunction construction, cocatalyst
loading and single atom synthesis to fabricate new catalysts, are then outlined. The performance and
mechanism of PEC N, reduction are further summarized, followed by the current challenge and future
prospects. This would guide both the productiveness and mechanism of NHz synthesis based on
advanced PEC systems.

1. Introduction

Ammonia synthesis provides an effective pathway to obtain fer-
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In nature, microorganisms depend on Mo-Fe protease to
achieve the conversion of atmospheric N, to multipurpose
NH,.? However, azotase is extremely sensitive to environmental
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oxygen, so the evolution of rhizobium cultivation technology
became the key to industrialization of biological N,-fixing. As a
paragon of artificial nitrogen fixation, the Haber-Bosch (H-B)
reaction has contributed to the global economy in which Fe-
based compounds show excellent catalytic performances
under harsh conditions (temperatures: 300-500 °C, pressures:
150-300 atm) with N, and H, as feed gases. However, catalytic
N, hydrogenation consumes mass heat, and the production of
feedstock H, derived from methane steam reforming results in
serious carbon emissions with more than 1% of global emis-
sions,* furthermore, the whole H-B craft requires a large plant
infrastructure. Therefore, it is essential to find alternative
approaches for sustainable N-neutralization under ambient
conditions.>™® Electrocatalysis and/or photocatalysis has
become one of the promising strategies for realizing the N
cycle due to its cost advantage, environmental friendliness,
and significant N, conversion efficiency.

Electrocatalytic N, reduction in water involves electron-
coupled proton transfer along with various product distri-
butions (NHj;, N,H,, N,H,, and H,)."*™* Generally, the bias
can induce the first electron transfer progress (N, + e~ < N, ™:
—3.37 Vvs. RHE, pH = 14) and the first-H addition reaction (N,
+H" + e < N,H": —3.20 V vs. RHE) that are not favourable
thermodynamically, and accomplish continuously the follow-
ing reduction."*"® However, the deficient sites and hydrogen
evolution reaction (HER) result in minimal yield and low
Faradaic efficiency (FE) in electrocatalytic ~ammonia
synthesis."®"® Most studies have proved that Bi-based
materials and layered double hydroxides (LDHs) have the
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Fig. 1 Schematic diagram of multiform PEC nitrogen fixation driven by
an external bias, solar energy, chemical potential under irradiation, and
coexistence of photocatalytic and electrocatalytic N, reduction.

ability to undergo photocatalytic N, reduction even if the band
structures do not meet the requirements of the first electron
transfer and the first-H addition, which contribute to consider-
able N, activation, accelerated charge separation, and desired
electron generation with strong reducibility.”® Currently, the
integration of electrocatalysis and photocatalysis serves as an
effective way to improve the yield and selectivity of NH; by
virtue of the bias of electrocatalysis and the abundant sites of
photocatalysts (Fig. 1).>'%*

PEC N, reduction is a process in which catalysts are excited
under irradiation to generate carriers, and then carriers are
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separated into electrons and holes, finally, electrons migrate
rapidly and participate in N, reduction on the surface sites
assisted with the bias. In addition, the photoelectric synergy is
reflected in the coexistence of photochemical and electro-
chemical reactions. Therefore, PEC NH; synthesis is con-
sidered as a promising approach that possesses advantages
from photocatalysis and electrocatalysis simultaneously to
efficiently complete N, conversion.”*® A classical double
chamber contains a photocathode (i.e. catalysts), anode (i.e.
counter electrode), electrolyte, N, and proton exchange mem-
brane for PEC N, fixation. Candidate photocathodes include
inorganic semiconductors with suitable bandgaps (g-CsNy,
BiOI, TiO,, Cu,0, W;3040)*”*® and metal modifications,***°
metal-organic frameworks with adjustable structures,®® and
single atoms with remarkable active sites.>” In consideration
of the fact that the more negative position of the conduction
band (CB) minimum and the enhanced capacity of electron
reduction are favourable to N, reduction in the PEC strategy,
vacancy engineering, heteroatom-doping, heterostructure con-
struction, and single atom synthesis are promising approaches
to improve N, reduction ability. What’s more, the extended
light response capacity to the near-infrared region is a poten-
tial idea for solar-based economy in PEC N, reduction.?***
Chemisorption is a crucial step for N, reduction because
appropriate adsorption can destroy the molecular symmetry
and enhance the proton affinity,®” thus promoting N, hydro-
genation. However, the bond energy (941 kJ mol ") and clea-
vage energy (410 k] mol™") indicate that N, activation is chal-
lenging (Fig. 2a). Many studies have investigated activation
mechanisms, such as vacancy engineering,’”*° large specific
surface area, transition metal (TM)/non-metal doping,>® and
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thermal field coupling. The empty d orbital of the TMs can
capture lone pair electrons from N,, and the occupied d
orbital donates electrons to the n  orbital, thus producing a
weak N=N bond through the ‘acceptor-donor’ route.*’ In
addition to metals, B-based molecules with empty orbitals and
lone pair electrons have similar electronic structures to TMs,
so N, activation could be achieved through the ‘acceptor-
donor’ pathway of B-containing catalysts (Fig. 2b and c).*”™*°

The research studies of electrocatalytic and photocatalytic
ammonia synthesis are flourishing;***> however, systematic
summarizations of PEC N, reduction are rather rare. Here, we
review the various bias-driven photocatalytic ammonia pro-
cesses, involving electrochemical apparatus, photovoltaic
voltage and chemical potential. The various strategies and
mechanistic understanding based on calculations and experi-
ments are then outlined, furthermore, we summarize the
methods of NH; quantification, and highlight the necessity of
nitrogen source determination.

2. Merging the solar strategy and the
electrical strategy for PEC N,
reduction

There are synergistic effects between light and electricity, which
promote the PEC progress by taking advantage of both photo-
catalysis and electrocatalysis.*®*’ In particular, the electro-
coupled photocatalysis strategy avoids NH; oxidation, enhances
the reduction ability of electrons, and boosts the carrier separ-
ation capacity, while photo-assisted electrocatalysis is more out-
standing than single electrocatalysis progress, which contributes
to the equilibrium of electron distribution under irradiation.*®
Besides, the synergistic effect is displayed in the form of the
coexistence of photochemical and electrochemical processes,
that is, the potential of electrons is determined by bias in elec-
trocatalysis, and the reduction ability of photoelectrons depends
on the minimum CB of semiconductors for photocatalysis.*’

2.1 PEC N, reduction assisted by electrochemical apparatus

Generally, in the PEC process, light is absorbed to initiate the
catalytic reaction directly, and the applied bias is used to
promote the migration of the photogenerated electrons by
changing the band bending.**" Upon quenching photogene-
rated holes located on the valence band (VB),>* regulating the
H" concentration on the surface of the catalyst,”” and increas-
ing the accumulation of electrons in the catalytic site, the cata-
Iytic performance of ammonia synthesis would be significantly
improved. Electrocatalysis enhanced by photo-excitation and
photocatalysis promoted by external bias occur simultaneously
in PEC N, reduction, which make the catalysis more effective
than the individual electrocatalytic or photocatalytic nitrogen
fixation. It was reported that black phosphorus on indium tin
oxide showed extraordinary PEC N, reduction properties,
which benefit from the coexistence of electrocatalysis and
photocatalysis.*®

This journal is © the Partner Organisations 2023
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2.2 Solar-driven and chemical bias-driven PEC N, reduction

Photocatalysts (such as g-C3Ny, TiO,, BiVO,, etc.) exhibit ineffi-
cient electrocatalytic performance due to poor conductivity,
and there is a obvious side reaction (HER) for the electro-
chemical apparatus-assisted PEC strategy. The current studies
have proved that PEC N, fixation can be carried out without
electrochemical apparatus, and the formed anode photo-
voltage contributes negative potential to N, reduction in the form
of compensation voltage.’*>> The photovoltage from plasma-
induced semiconductors shows huge potential for efficient
ammonia synthesis in PEC cells without apparatus. Ali et al.
described a solar-driven PEC cell over plasmon-assisted Si for
atmospheric N, reduction and produced a high yield (13.3 mg
m~> h™") under 2 sun radiation for the first time.>* Lee et al.
reported that the photovoltage generated from Au modified
ordered Si nanoarrays can reduce nitrate to ammonia with a
FE of 95.6% at 0.2 V vs. RHE.’® Li et al. fabricated a photo-
voltaic cell to realize PEC N, fixation with a high NH; yield (at
the level of pmol h™" or even mmol h™") over the TiO,/Au photo-
cathode.”” Inspired by the successful construction of Au-
loaded black silicon, Wu’s group synthesized Ag-loaded black
silicon for PEC nitrogen fixation without external bias,** and
the catalysts achieved a high FE (40.6%) and NH; yield
(2.87 pmol h™" em™?). The perovskite-based photocathode
(TiO,/CdS/Cu,ZnSnS,) achieved NH; production from NO;z;~
reduction with a FE of 89.1% (Fig. 3).>®

Photocatalytic N, fixation is completed under the action of
chemical bias induced by pH. Oshikiri’s group was committed
to research chemical bias-driven PEC N, fixation over
Au/STTiO; to improve NH; selectivity.*>* The photo-excited hot

o

2888
8388

8

— Dark
—N,

8

—si
—siNw £
—o_sinw | 3 025

Ammonia yield (mg m?)

8

- Ar

°

03 02 91 0o o1 0z 03 o4
Potential (V vs. RHE)

03 02 -0 00 01 02 03 04 i i v v i
Potential(V vs. RHE)

+ 710, 200/CaS CZTS|
0, 2501C4S/CZTS
T0,-3001C4SICZTS

- TIO 200CHSCTS k|
—— 110, 200C4SCZTS b
TI0,250CISICZTS dark

o
Current Densiy (mAcm®)

Current density (mA cm)

- TIOI00CESCETS ok
TI0, 300CASICZTS bt

—T0, 300451027 g

%2 % 17} o 95 4 <2 o o2 ds W0 e w0 200w we | w0
Potential (V vs. RHE) Potental (v vs. RHE) Time (s)

Fig. 3 The enhanced current density or improved NH3 yield under light
irradiation compared to that in the dark. (a) J-V plots of planar Si
(black), Si nanowire (red), and highly ordered Si nanowire (blue) photo-
cathodes for NOs™ reduction in Ar-filled K,SO4 with KNO3. Dashed lines
represent dark current,®® Copyright 2022, Wiley-VCH. (b) ammonia yield
on various substrates: (i) P-type Si, (ii) black Si, (iii) Au/black Si, (iv) Au/
black Si/Cr, and (v) Au/Si/Cr under photo-radiation, (vi) Au/black Si/Cr
under dark conditions,?? Copyright 2016, Nature Publishing Group. (c)
Linear sweep voltammetry (LSV) of the Ag/black Si electrode under N,
Ar and dark conditions,?® Copyright 2020, American Chemical Society.
(d) The LSV of TiO,/CdS/Cu,ZnSnS, in KNOz and H,SO,4 solution, (e) the
LSV of TiO,/CdS/Cu,ZnSnS,; and in K,SO4 solution, (f) the chrono-
amperometry curves of TiO,/CdS/Cu,ZnSnS, with different spray coating
temperatures at 0 V vs. RHE.>® Copyright 2022, Wiley-VCH.
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electrons from Au were transferred to the CB of SrTiO; to
induce nitrogen reduction, and resulted in a hole on the
SrTiO; surface for the oxidation reaction. There is an acceler-
ated reaction under the action of chemical bias that was gener-
ated when the anode potentials move negatively and the
cathode potentials move positively.

3. Synthesis and performance of
advanced catalysts for PEC N,
reduction

3.1 Vacancy engineering

Thermal vibration may cause atoms to deviate from the equili-
brium position or escape from the surface lattice, and form
vacancies.’® As one of the most common defects on atomic-
scale surfaces, vacancies can promote charge separation,
anchor single atoms, and act as adsorption sites by breaking
N=N.®'"®* Therefore, the creation of vacancies significantly
improved PEC performance for ammonia synthesis.

The methods for constructing oxygen vacancies have been
widely studied, and the nitrogen fixation performance has
been significantly improved. BiOF, BiOCl, BiOBr and BiOI are
metallic compounds consisting of a [Bi,0,]" layer and a F/Cl/
Br/I atomic layer through Van Der Waals interaction. The
induced dipole action between the layered structures is favour-
able to form an electric field, thus passivating the recombina-
tion of photogenerated carriers.®> Due to improved electronic
availability, the O, located on the BIOX (X = F, Cl, Br, I)
surface is used as a reaction site to facilitate N, reduction.®®
Bai et al. synthesized O,-BiOI photocathodes by the in situ
electrodeposition method (Fig. 4a),> and the adsorption
capacity of R-BiOI to N, was significantly enhanced after intro-
ducing O, (Fig. 4b). The ammonia production rate is
1400 pmol m™> h™" (Fig. 4c) at 0.4 V vs. RHE, which is 1.3
times higher that of the anaerobic catalyst. Similarly, Lin et al.
prepared an O,s-BiOBr/TiO, photoelectrode, and the Oy elev-
ated the capacity of capturing photoelectrons. The bandgap of
O,-BiOBr was reduced to 2.76 eV, indicating that O,s can
broaden the light absorption range (Fig. 4d). The O is in
favor of the formation of quasi-continuous defects that trans-
port electrons under low-energy light irradiation, and O
BiOBr/TiO, increases the NH; yield, which is 3.3 fold of the
BiOBr/TiO, photocathode.”” Mao et al. prepared LixMoO;
nanosheets with Oy through the lithiation strategy, and there
are more abundant O, and Mo®" in LixMoO; than in MoO;
(Fig. 4e).** Density functional theory (DFT) calculations con-
firmed that LixMoO; nanosheets were favourable for the acti-
vation of N, and the formation of "N,H (Fig. 4f). The experi-
ments confirm that the effective NH; yield of LixMoO;
nanosheets is 3.48 pg cm™> h™', 9 times that of MoO;
nanosheets. The LDH systems with an abundance of surface
oxygen vacancies or coordinatively unsaturated metal cations
in ammonia synthesis were popular in N, reduction. Zhang
et al. demonstrated a simple pretreatment of ZnCr-LDH,

Inorg. Chem. Front., 2023, 10, 4650-4667 | 4653
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ZnAl-LDH, and NiAl-LDH nanosheets with aqueous NaOH,
thus enhancing the concentration of oxygen vacancies to
significantly improve photocatalytic activity for N, reduction to
NH,.%”

Nitrogen vacancies (Ny;) exhibit enhanced performance for
PEC N, reduction. Li et al. used 3-amino-1,2,4-triazole treated
with NaOH as a precursor to prepare g-C;N5 with N,°® and
the N, realized charge separation by accepting electrons of
2-C3N;. BiOBr/g-C;N5 heterostructures with Ny, are synthesized
to realize the double-electron transfer mechanism (DETM).
The DETM delays the recombination of carriers to ensure
high-quality electrons, which is manifested through increased
ammonia yield (BiOBr: 2.5 pg mg™" h™"; Nye-g-C5Ns: 14.8 pg
mg ™" h™", Nys-g-C3N5/BiOBr: 29.4 pg mg " h™").

3.2 Heteroatom doping

Metal/non-metal ion doping could adjust the electronic struc-
ture, redistribute the electron density, and construct surface
defects.®®”® The unoccupied orbitals of the TMs capture lone
pair electrons of N, molecules due to matched orbital energy
and symmetry, while the occupied d orbitals donate electrons
in reverse to the anti-bonding orbitals of the N, molecule.
Therefore, the strong triple bond of N, is weakened when the
TM-N o-bond is formed, thus promoting the activation of N,.
The most studied metal doping for photocatalytic nitrogen fix-
ation is an iron ion with abundant unfilled 3d orbitals, vari-
able valence and considerable cost. Schrauzer et al. improved
the nitrogen-fixing activity of TiO, by doping Fe, Co, Mo or Cr,
and found that 2%Fe-doped TiO, exhibited the best perform-
ance in photocatalytic NH; synthesis.”* Vu et al. synthesized
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Fe-W;3049 nanorods with Au modification by two-step
approach, in which the Fe existed in the form of Fe*'/
Fe**(Fig. 5a).>' Fe-W;304 enhanced light absorption ability
and improved the separation capacity of electron-hole pairs,
and achieved a high yield of NH; (9.82 pg h™' ecm™) under
PEC conditions.

The doping of non-metallic atoms (such as B, P, N, etc.) is
used to increase the VB position and reduce the bandgap
through orbital hybridization or defect engineering.”®
Furthermore, non-metallic doping avoids the formation of
recombination centers in N, reduction.”*”® Xu et al syn-
thesized B-doped Bi from layered BiOBr nanosheets with
sodium borohydride (NaBH,) as a reductant,”” and the injec-
tion of B atoms enhanced the polarization of Bi (012), and Bi
provided electrons to the neighbouring B atoms, resulting in
the change of the Bi oxidation state and surface geometry
(Fig. 5c). The Bi surface with a high curvature promoted N,
adsorption, and the accumulation of electrons on Bi facilitated
the entry of electrons into the anti-bonding orbital of "NNH,
thus promoting the elongation of the N-N bond of "NNH. The
energy barrier of the potential-determining step was reduced
to 2.00 eV, showing that B doping had a positive role in N,
reduction (Fig. 5d). The B-doped Bi showed excellent PEC N,
reduction performance (NH; yield: 29.2 mg g.. * h™), far
exceeding that of bismuth (10.6 mg ge.. " h™).

As a burgeoning class of two-dimensional materials, gra-
phene is sought in the field of photocatalysis and electrocataly-
sis. Nitrogen doping can regulate the optical bandgap of gra-
phene to endow favourable optical and electrical features
through expanded = electron delocalization.”® The introduc-
tion of nitrogen affects both the crystal structure and elec-
tronic structure of graphene, in addition, the polarity, elec-
tronic donor property, conductivity and chemical stability of
graphene can be improved.””””® Nitrogen doping into carbon
supporter generates regulated charge density, resulting in
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Fig. 5 (a) Fe 2p XPS of WOF-Au, (b) EPR of WO and WOF-Au,*
Copyright 2020, American Chemical Society. (c) Partial charge density of
the Bi-2B (012) facet, (d) N, reduction progress on Bi-2B (012).”2
Copyright 2020, Elsevier.
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complex reactions related to the multi-proton and electron
transfer in N, reduction. Meanwhile, studies have shown that
the graphene lattice that is rich in nitrogen dopants contrib-
utes to the formation of n-type semiconductors.”® Generally,
nitrogen doped reduced graphene oxide (RGO) shows potential
for p-n heterojunction construction, which is conducive to the
formation of an electric field. Paramanik et al. constructed the
composite of CoTiO; and N-RGO, where an electron is con-
fined in the atomic layer when N-RGO grows on the surface of
CoTiO;. In addition, N-RGO/CoTiO; achieves a shorter
diffusion distance of electrons, rapid charge transfer and
small interface resistance.®® In addition, the synergistic inter-
action between the rod-like structure of CoTiO; and the rough
surface of N-RGO contributes to the overall improvement of
the catalytic performance. The optimized 1N-RGO/CoTiO; has
a quenching rate of 54.89% for photogenerated carriers, and
possesses an electron lifetime of 3.0 ms. The photocatalytic
and PEC activities are more than 1.7 mmol™" h™" and 16 g
em ™' h™', respectively.

Although nonmetallic doped catalysts have improved per-
formance, the mechanism and stability still need to be further
explored in view of the fact that the introduced elements may
become the quenching sites of electrons and holes,* so it is
indispensable to study the stabilization strategy for doping
non-metallic elements.

3.3 Frustrated Lewis pairs (FLPs)

Metal-free catalytic ammonia synthesis with high selectivity
and ideal yield faces challenges until the breakthrough of N,
activation based on the frustrated Lewis pairs (FLPs) in 2018.5
FLPs with an electrophilic acid and nucleophilic base are
favorable for the breaking of N=N through the electron trans-
fer between the unoccupied orbitals of electrophilic acid and
the nonbonding orbitals of nucleophilic base (Fig. 6a).
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Fig. 6 (a) Illustration of artificial frustrated Lewis pairs to adsorb and
activate N,, C—N coupling reaction,®® Copyright 2021, the Royal Society
of Chemistry. (b) Lewis acidic boranes for N—N activation,®® Copyright
2017, Wiley-VCH. (c) Schematic illustration of BCN for electrochemical
nitrogen reduction,®® Copyright 2022, Wiley-VCH. (d) Mechanism of
over 10B/10Mo-CzN, in the photocatalytic N, fixation strategy,®”
Copyright 2020, the Royal Society of Chemistry. (e) Gibbs energy over
carborane-based FLPs for N, reduction.®! Copyright 2022, American
Chemical Society.
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Stephan et al. reported the space blockage in inhibiting the
capture of N, in the synthesis of Ph,CN,B(C¢F;s); with carbene,
N, and borane as reactants.’* Dai et al. presented boron
carbon nitride (BCN) with the abundant unsaturated B (Lewis
acid sites) and N atoms (base sites), and the results showed
that FLPs adsorb N, molecules to form six membered ring
intermediates, which reduces the energy of N=N breaking.*?
Chen et al. proposed an alternative strategy based on FLP cata-
lysts to stabilize N,H" intermediates, that is, substituting two-
dimensional black phosphorus co-doped with TMs and boron
atoms for FLPs.* Zhu et al. designed a variety of FLPs that
have the ability to activate N,, and exhibit low AG values of
—37.5 to —51.0 kecal mol ™" (Fig. 6e).%!

3.4 Heterojunction construction

Different from the inherent band structure of single-phase cat-
alysts, heterojunction materials have the advantages of regulat-
ing the threshold of light absorption, accelerating the separ-
ation of carriers by changing the band structure, and passivat-
ing the recombination of electrons and holes. A typical hetero-
junction is an interface formed through the contact of two
different semiconductors, which is mainly divided into types I,
II and III (Fig. 7a—c). In type I, the VB and the CB of one semi-
conductor are more negative than those of another semi-
conductor, and there is no photocatalytic activity because the
carriers cannot be effectively separated under photoexcitation.
In type III heterojunction, the band positions of one semi-
conductor are all above the band positions of another semi-
conductor, and the formed interface has almost no catalytic
activity in type III. For type II, the band positions are staggered
between the two semiconductors, thus forming an upward or
downward bending of the band,*® which causes the charge car-
riers to migrate in the opposite direction, thus prolonging the
life of electrons and holes and improving the redox ability.
Although effective charge separation is accomplished in con-
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Fig. 7 Band structure of (a) type I, (b) type Il, (c) type lll, and (d)
Z-scheme heterojunction in semiconductor—semiconductor and for
example, (e) g-C3sN4/W15040,%> Copyright 2017, the Royal Society of
Chemistry. (f) Z-scheme in the semiconductor—electron mediator—
semiconductor. A: electron acceptor, D: electron donor; and for
example, (g) Bi-Bi,O3/KTagsNbysO388 Copyright 2022, the Royal
Society of Chemistry.
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structed type II systems, the main disadvantage is the lower
oxidation and poorer reduction capabilities.”® The Z-scheme
heterojunctions achieve rapidly separated carriers and strong
redox ability, which can be attributed to the recombination of
holes on the VB for one semiconductor and electrons on the
CB for another semiconductor (Fig. 7d and e). The Z-scheme
heterojunctions are divided into semiconductor-semi-
conductor (that is the S-scheme) and semiconductor-
mediator-semiconductor depending on whether there is an
electronic mediator between two semiconductors. Researchers
have focused on the construction of different heterojunction
nanocomposites,”” aiming to boost the utilization of ultra-
violet light or near-infrared light and to promote carrier separ-
ation for PEC nitrogen fixation.

Owing to the controllable chemical environment, metal-
organic frameworks (MOFs) are used in the preparation of
heterostructures as photoelectrodes.””® Liu et al. used the
in situ chemical etching strategy to form Cu-MOFs on the
Cu,O surface with an organic ligand (H3;BTC), and the Cu-
MOF amount can be determined by etching time (Fig. 8a).”*
The establishment of the Cu-MOF/Cu,O heterostructure
improves the carrier density and charge separation efficiency
(Fig. 8b). Meanwhile, the NH; yield of Cu-MOF/Cu,O is
increased to 7.2 mmol m™> h™" due to unsaturated Cu(u) sites,
which is 5 times that of Cu,O (3.7 mmol m™ h™') and 3.9
times that of Cu-MOFs (1.9 mmol m~> h™"). Phthalocyanine
copper is used for ammonia synthesis due to strong photo-
responsiveness. However, the surface of phthalocyanine
copper lacks an active site and does not have the desired
surface reaction kinetics. Li et al. prepared a phthalocyanine
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Fig. 8 (a) TEM images and EDS spectra of Cu-MOF/Cu,0O, (b) Mott—
Schottky plot (frequency: 800 Hz),®* Copyright 2021, Elsevier. (c) optical
bandgap energy of g-CzN4 and MoSe,@g-C3N4, (d) equivalent NH3 yield
and FE at different potentials on MoSe,@g-C3N, heterojunctions, (e)
associative distal pathway for PEC N, reduction, (f) Gibbs free energy on
MoSe,@g-CsN, heterojunctions,?® Copyright 2020, the Royal Society of
Chemistry. (g) Fluctuation of temperature and energy against the time of
WO3-MoS; at 300 K and 500 K,%® Copyright 2022, American Chemical
Society. (h) The image of an underwater N, bubble on the Au-PTFE/TS
surface, (i) original (black line) and deconvoluted (red line) spectra of
interfacial water at the Au-PTFE/TS surface.’” Copyright 2019, Elsevier.
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copper/CeO, heterostructure by the chemical deposition
method, and CeO, is coated on the phthalocyanine copper
surface.”> UV-Vis absorption and electrochemical measure-
ment make it clear that the phthalocyanine copper/CeO,
heterostructure has a wide absorption range and a high
electrochemical activity area. The PEC N, reduction perform-
ance reaches the best with an NH; yield of 1.16 pmol h™*
cm™2,

The C atom inserted into the Mo lattice shows a narrow
metal band and exhibits similar Fermi level densities to noble
metals, so Mo,C is expected to perform well in catalysis.”®
However, Mo,C is a matrix with poor electrical conductivity,”
so it is necessary to consider the optimization of carrier
migration for PEC N, reduction. Li et al. took graphite as a
unit of the core-shell heterostructure, and wrapped it on the
Mo,C cluster surface based on in situ hydrothermal and calc