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Artificial Photosynthesis Using Metal/Nonmetal-Nitride Semiconductors: Current
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Abstract: Artificial photosynthesis, i.e. the chemical transformation of sunlight, water and carbon dioxide into high-
energy-rich fuels is one of the key sustainable energy technologies to enable carbon-free, storable and renewable
source of energy. Although significant progress has been made over the last four decades, the development of efficient,
long-term stable, scalable, and cost-competitive photocatalysts has remained one of the key challenges for the large-
scale practical application of this frontier technology. Over the last decade metal/nonmetal-nitrides have emerged as a
new generation of photocatalyst materials for artificial photosynthesis owing to their distinct optoelectronic and
catalytic properties. This article provides an overview of the state-of-the-art research activities on the development of

metal/nonmetal-nitride semiconductor based photocatalysts and photoelectrodes for solar-fuel conversion.
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Introduction

Amongst various sustainable energy options, solar energy may be the ultimate solution to mitigate the current
and future global energy demand.! The currently available photovoltaic cells can convert sunlight to
electricity with an efficiency up to 46%.> However, because of the intermittency and variable atmospheric
conditions, the major challenge remains in storing solar energy for short and long-term applications.” At
present, there are four forms of technologies available to store energy, including (1) potential energy in the
form of pumped-hydroelectric, compressed air, electric charge in super/ultra capacitors, (2) kinetic energy
mainly in the form of flywheels, (3) thermal energy in the form of concentrated solar thermal, geothermal,
and (4) chemical energy in the form of batteries or fuels.” Unfortunately, all of the present energy storage
technologies experience one or more of the key obstacles, including high cost, short time storage, and low
energy density to be implemented for sustainable and large-scale applications.” Alternatively, a potentially
viable technology for solar energy storage is artificial photosynthesis, which refers to any scheme that
mimics natural photosynthesis by which green plants convert sunlight, carbon dioxide (CO;) and water into
carbohydrates to capture and store solar energy in the chemical bonds of a fuel (solar-fuel).” There are
commonly two schemes of artificial photosynthesis, including sunlight driven water splitting into hydrogen
(H,) fuel, and photoinduced CO, reduction into various hydrocarbons. ° To date, research efforts on
artificial photosynthesis are mostly directed towards sunlight-driven water splitting.'” Although H, is an
important fuel and chemical feedstock with the highest energy density by mass (~140 MJ/Kg), it suffers from
low volumetric energy densities. A practical alternative is hydrocarbon fuel with optimum volumetric energy
density for better integration with existing energy infrastructure.” Although there is an immense potential,
major challenge remains in developing a cheap, efficient and stable artificial photosynthesis system that is

capable of producing cost-competitive fuels (i.e., hydrogen, methanol etc.) to replace fossil fuels.

In an artificial photosynthesis system, dye molecule or semiconductor photocatalyst captures solar energy
and subsequently splits water into its constituents (i.e., H, and O,) with a positive change in Gibbs free

energy (i.e., uphill reaction):"!



Page 3 of 43 Journal of Materials Chemistry A

1

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

H,O — 1/202(g) +H, (2) AG=+237.178 KJ/mol e (1)

The hydrogen produced from this reaction can be the central energy carrier in a Hydrogen Economy.lz’ 13

Alternatively, this renewable hydrogen could be used to reduce anthropogenic CO, for the exothermic
formation of useful energy-rich hydrocarbons i.e., methane, formic acid, methanol etc. These renewable
value-added hydrocarbons can replace conventional fuels used for transportation or can be used as the basic

synthetic components for hundreds of chemicals.” 116

While the concept of artificial photosynthesis was envisioned and proposed in 1874 by Verne (available at

http://www_literature-web.net/verne/mysteriousisland,1874), and in 1912 by Ciamician'’

, respectively, the
experimental demonstration was not reported until late 60’s. In 1968 Boddy reported light-driven oxygen
evolution at an n-type rutile (TiO,) electrode.'® Subsequently, in 1972 Fujishima and Honda applied this
concept for water photoelectrolysis in a cell comprising of an n-type rutile (TiO,) photoanode and a platinum
cathode.” On the other hand, the two earliest reports on light-driven CO, reduction are Halmann’s work on
photoelectrochemical CO, reduction in 1978, and Honda and co-workers’ work on photocatalytic CO,
reduction in 1979.>' These seminal works stimulated decades of international effort on the development of

various efficient, stable and cost-effective photocatalysts for sunlight-driven water splitting and CO,

reduction.

Photocatalytic (also known as photochemical, Schottky-type, suspended photocatalyst or photoparticle
system) and photoelectrochemical (photoelectrode system) are the two common schemes for solar-driven
water splitting and CO, reduction. In a photocatalytic water splitting approach, the light absorption, charge
carrier separation, and catalytic reactions proceed on an integrated photosystem, consisting of a host
photocatalyst and one or more co-catalysts.”* The ideal limiting solar-to-hydrogen (STH) efficiency of such
an integrated photosystem is 14.4% (single-bandgap photosystem), assuming a bandgap of 2.0 eV and energy
loss of 0.8 eV per electron.” A 10% STH efficiency in photocatalytic system would provide H, at a cost of

$1.63/Kg, providing a cost-competitive alternative to gasoline.** To date researches have been largely
3
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focused on metal-oxide based photocatalysts owing to their photostability in aqueous solution.'® ' %

However, most of the metal-oxides suffer from inefficient light absorption (max limiting STH efficiency of
~2.3%) due to their large bandgap (O2p orbital locates at ca. +3.0 eV or higher) and/or poor optoelectronic
properties, i.e., their short electron-hole lifetimes and low mobility.”® Therefore, a number of band-
engineering and nanostructuring strategies have been developed to overcome the limiting factors of metal-
oxides, including metal/nonmetal ion doping (e.g., C*, N*, and $%), solid solution (GaN:ZnO, quantum

efficiency=5.9%), elemental substitution, sensitization etc.”’™'

However, owing to inefficient light
absorption and limited carrier extraction, the achieved STH efficiency (<0.1%) of such band-engineered
photocatalyst is far below the values of practical interest (~10%). Although relatively high STH efficiencies
(e.g., 5% from Co00,** 2% from CDots-C3N4,* and 1.8% from p-GaN/p-InGaN>*) have been reported by
combinatorial approaches very recently, their long-term instability and high cost remain the key concerns for
commercialization. Alternatively, a Z-scheme (also known as tandem or two-step photoexcitation system)
photosystem has been developed to utilize a wide variety of small bandgap materials.”>>’ In this system, two
or more photoabsorbers are connected via a redox shuttle. While the ideal limiting STH efficiency of such a

Z-scheme is relatively high (24.4% for bandgaps of 2.25 and 1.77 eV),” the achieved STH efficiency to date

is extremely low (~0.1%) due to greater system complexity.*®

In the scheme of photoelectrochemical (PEC) water splitting, the oxidation and reduction reactions
proceed on two different electrodes that are connected via an external circuitry.* In this case, some external
bias is usually required for efficient carrier separation and to overcome the resistance between the electrodes
in the solution. As the light absorption, charge separation, and catalytic reactions do not proceed at close
proximity, PEC water splitting is more complex and is nearly one order of magnitude more expensive than
photochemical system at equal efﬁciency.40 To date the reported STH efficiencies of metal-oxide and other
semiconductor-based photoelectrodes are low due to inefficient light absorption, limited carrier separation,
and insufficient redox potentials.’> ¥ To overcome the efficiency bottleneck and reduce the cost,
photovoltaic (PV) integration with PEC system (PV+PEC) or with electrocatalyts (PV+EL) has achieved

4
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impressive success, with STH efficiencies from 3 to 22%.*> #4+4346- 4752 while the achieved efficiency is
over half of the theoretical efficiency limit of these devices (i.e., 24.4% for a tandem and 30% for multi-

junction),” >4

the long-term instability of the photoabsorbers, and their limited scalability due to high cost
remain some of the major concerns.” Therefore, a number of stable passivation materials (e.g., TiO», Ir/TiO»,
Ni, SrTiO3, MnO etc.) have been developed to enhance the stability of Si and III-V; however, with limited

success.

In the meantime, research on metal/nonmetal-nitride photocatalysts and photoelectrodes (e.g., GaN,
InGaN, Cs;Ng4, T3Ns, GesNs, WoN, InN, BCN etc.) for water splitting has drawn considerable attention.
Illustrated in Fig. 1, publications in this field have increased exponentially in the last decade. This rapid rise
has been fuelled, to a certain extent, by the recent development of LED lighting technology, which has led to
significantly improved material quality of metal-nitride semiconductors with dramatically reduced
manufacturing cost.”' Tables 1-2 summarize the major works on metal/nonmetal-nitride based photocatalysts
and photoelectrodes for solar water splitting. Metal/nonmetal-nitrides possess excellent catalytic, electrical
and optical properties. For example, metal/nonmetal-nitride semiconductors often possess a narrow band gap
due to the more negative potential of the N2p orbital compared to the O2p orbital in metal-oxides.®* As an
example, the bandgap of metal-oxide Ta,Os is 3.9 eV, whereas the bandgap of TasNs is 2.1 eV.” As
illustrated in Fig. 2, the bandgap of most of the metal/nonmetal-nitrides straddle the redox potential of water,
with sufficient kinetic overpotentials for water redox reactions and CO, reduction to various hydrocarbons. In
contrast, most of the metal-oxides do not possess suitable conduction band edge required for water (or CO;)
reduction to hydrogen (or hydrocarbons).'’ One of the nitrides, GaN, possesses a direct energy bandgap that
can be tuned from 3.4 to 0.65 eV across the ultraviolet, visible, and near-infrared spectrum by introducing

64, 65

indium (In), thereby offering the unique opportunity to harness nearly the entire solar spectrum.®®

Additionally, nitrides possess high absorption co-efficient and large charge carrier mobility, leading to

65, 67, 68

excellent photon absorption and charge carrier extraction for efficient solar-fuel conversion. In

contrast to traditional III-V compounds, wherein the chemical bonds are mostly covalent, the chemical bonds
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in Il-nitrides are strongly ionic.®” Because of the strong ionicity of nitrides, the surface states are located
mostly near the band edges, which prevent them from being non-radiative recombination centers.
Consequently, the Fermi level is not pinned in the energy gap of Ill-nitrides, thereby suppressing the
participation of these states in self-oxidation process of photoanode, resulting in photostability of the
electrode.”” However, the presence of any surface defects, which often depends on the growth method, may
lead to Fermi-level pinning in the bandgap and photodegrade the material. Indeed, recent studies have
demonstrated excellent photostability of nearly defect-free metal-nitrides against photocorrosion in acidic

and neutral pH electrolyte.”"

Therefore, it is suggested that defect-free and high crystalline quality nitrides
can function both as anode and cathode. However, in the presence of high density of defects, nitrides may be

more suitable as photocathode.”

In an effort to improve the performance of blue LEDs, the epitaxial growth technique of high crystalline
quality ITI-nitrides has been substantially improved in early-90’s.°' Subsequently, in 1995, John Turner and
co-workers demonstrated that high quality metal-nitride (n-GaN) functioned as a viable photoelectrode
material for solar water splitting.” Detail photoelectrochemical characterization reveals that the bandgap of
GaN straddles the redox potential of water with sufficient overpotentials, such that photolysis of water is

possible on GaN without external bias.”>”

This work triggered the development of various nitride-based
photocatalysts and photoelectrode materials (i.e., InGaN, T3;Ns, Ge;N4, and W;,N) over the years. In 2009, a
cheap, stable and earth abundant nonmetal nitride, i.e., polymeric carbon-nitride has been developed by
Antonietti’s group, which can produce hydrogen from water under visible light irradiation.*® This seminal
work has opened a new avenue for further research on carbon-nitrides to function as a viable catalyst for
solar water splitting and CO, reduction to energy rich hydrocarbons under visible light irradiation. In recent

years, metal/nonmetal-nitrides in the form of nanostructures have been investigated by a number of research

groups because of their excellent structural, optical and catalytic properties over their bulk counterparts.

Given the rapid development of nitride based photocatalysts and photoelectrodes for artificial

photosynthesis, there is clearly an urgent need to provide a comprehensive overview of the recent progress

6
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and research activities in this area. Unlike other review articles,lo’ 25,31, 39,73, 81-83

this article focuses only on
metal/nonmetal-nitride based photocatalysts and photoelectrodes for solar powered artificial photosynthesis,
including photocatalytic and photoelectrochemical water splitting and CO, reduction. The rest of the article is
organized as follows. First, the mechanism of solar water splitting is briefly discussed. Photocatalytic water
splitting using UV and visible light sensitive metal/nonmetal-nitrides are then summarized. Subsequently, a
discussion on efficiency enhancement in photocatalytic water splitting is provided. This is followed by a
summary of photoelectrochemical water splitting using UV and visible light sensitive metal/nonmetal-

nitrides. Photocatalytic and photoelectrochemical CO, reduction using metal/nonmetal-nitrides are then

discussed. Finally, the future prospects and challenges of nitrides for artificial photosynthesis are presented.

Solar water splitting: Mechanism

The fundamental processes involved in solar water splitting reaction are shown in Fig. 3. The initial step
involves the absorption of incident photons and the generation of electron—hole pairs. Depending on the
carrier lifetime, diffusion length, crystalline quality and photocatalyst dimension, photogenerated carriers can
either recombine radiatively/nonradiatively or they can diffuse toward the semiconductor-liquid interface to
drive the redox reaction. Any defects can act as trapping and recombination centers between photogenerated
electrons and holes, resulting in a decrease in the photocatalytic activity. The physical size of the
photocatalyst also determines the activity of the photocatalyst. If the size is small, the photogenerated carriers
will travel less distance to reach the surface and hence there will be less probability of carrier
recombination.”” The use of nanostructures can thus significantly improve the performance of photocatalysts

having short carrier lifetime and low mobility73’ 84,85

. Furthermore, the near-surface band structure also plays
a critical role in charge carrier extraction, as discussed in the later part of this article. The final step involves
the reduction and oxidation (redox) of water on the photocatalyst surface via the photogenerated electrons

and holes, respectively. The overall water splitting (i.e., simultaneous oxidation and reduction of water)

consists of two half-reactions, i.e., oxygen evolution reaction (OER) and hydrogen evolution reaction

7
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(HER).** The OER is essentially the first step in water splitting reaction. It oxidizes water to form O,

described by Eqn. (2) below.

2H,0 < O, +4e +4H", Egua=1.23 V—0.059 (pH) V (NHE) e (D)

Since this reaction requires a high oxidizing potential, +1.23 V vs. NHE (pH=0), the valence band maximum
(VBM) has to be positioned at more positive potential than +1.23 vs. NHE (pH=0). This reaction releases

four protons (H"), which are reduced by the photogenerated electrons in HER (Eqn. 3).*

AH +4e < 2Hy, Eeamoaic=0V —0.059 (pH)V(NHE) ... 3)

Therefore, the conduction band minimum (CBM) of the semiconductor has to be positioned at more negative
potential than 0 V vs. NHE at pH=0. The theoretical minimum band gap for water splitting is 1.23 eV, which
corresponds to light wavelength of ~1000 nm. In practice, however, the overall bandgap requirement raises
to 1.5-2.5 eV to provide sufficient kinetic overpotentials to overcome entropic losses, OER and HER
overpotentials, and other parasitic losses.” Kinetically and energetically the OER is much more complex and
slower than HER as it requires multiple intermediate steps involving four photons.** ®” As a result, water
oxidation, i.e., the primary reaction required for H, production, is often the bottleneck that presents a
significant difficulty in the development of an efficient catalyst. Kinetically, water oxidation process
competes with fast e-h bulk recombination, fast e-h surface recombination, surface O, adsorption, and self-
oxidation of the photocatalyst.*®

In addition to the bandgap and band edge requirements, long-term stability of the photocatalyst in
aqueous solution (in dark and under illumination) as well as the cost and material availability are the key
requirements. Furthermore, HER and OER co-catalysts often need to be incorporated on the photocatalyst
surface to reduce the overpotentials required for enhanced photocatalytic activity.* In this regard, a number
of nitride based stable and efficient co-catalysts or electrocatalysts have been developed very recently, such

as NiMoN,*?, NisN?°, Cog Mo 4N,”', and W,N"2.
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Photocatalytic water splitting using metal/nonmetal-nitrides

A number of UV and visible light responsive metal/nonmetal-nitrides have been developed in the last
decade for photocatalytic water splitting, including UV light sensitive germanium nitride (f-Ge;N4) and GaN,
and visible light sensitive InGaN, carbon nitride (g-CsN4) and TazNs. The following sections provide an
overview of the recent progress on UV and visible light sensitive metal/nonmetal-nitride photocatalysts for

photocatalytic water splitting.

UV-light responsive metal/nonmetal-nitride photocatalysts

Sato et al. reported the first example of nitride photocatalyst i.e., f-Ge;Ny for overall water splitting in
2005.” It was demonstrated that RuO, nanoparticle dispersed A-GesN4 photocatalyst successfully
decomposed water into H, and O, under UV light. Density functional theory (DFT) calculations suggested
that the valence band of f-Ges;N4 consisted of N2p orbitals, and the photoexcited holes in such orbitals were
able to oxidize water to form O, without requiring OER co-catalyst. The RuO; nanoparticles served as an
active HER co-catalyst to accelerate the overall water splitting. Stable photocatalytic activity of f-Ge;Ny in
acidic solution (IM H,SO4) was further confirmed by Domen’s group.”* Subsequently, by reducing the
density of defects via high-pressure ammonia treatment, a 4-fold enhancement in photocatalytic activity of f-

Ge;N, was observed.” The observation of overall water splitting using a nitride based -Ge;N, photocatalyst



Journal of Materials Chemistry A Page 10 of 43

Table 1: A brief summary of photocatalytic water splitting using metal/nonmetal-nitrides listed in chronological order.
Light

Reaction Activity (umol/hr/g) Efficiency

w

Photocatalyst Co-catalyst source solution (%) Ref. (year)
H, 0,
BCN Pt, RuO,, 300 W Xe Triethanolamine g 11 AQE=0.54 (405 154 (2015)
IrO,, Ni-Co AgNO; nm)
LDH
CDots-C3Ny 300 W Xe  Pure water 575 287 STH=2% 33 (2015)
p-InGaN/p-GaN Rh/Cr,0; 300 W Xe  Pure water 3.46 1.69 STH=1.8% 34 (2015)
mol/hr/g mol/hr/g
InGaN/MC-540 Rh 300 W Xe  Acetonitrileand 65 AQE=0.3% 119 (2015)
EDTA mmol/hr/g (525-600 nm)
GaN:Mg Rh/Cr,04 300 W Xe  Pure water 4 2 IQE=51% 155 (2014)
mol/hr/g mol/hr/g
g-C3Ny 3 wt% Pt >420 nm Triethanolamine 3327 AQE=26.5% 150 (2014)
(400 nm)
Conjugated C5N, 3 wt% >420nm  10v% 14800 AQE=8.8% 141 (2014)
triethanolamine (420 nm)
(Gag 32Zng,18)(No.8200.18) Rh, ,Cr,0; >400 nm H,SO, (pH4.5) 1271 635.5 AQE=17.3% 109 (2014)
nanostructure (400 nm)
mpg-C;N, Dye-sensitized  1.25 wt% Pt >420 nm 5v% 6525 AQE=33.4% 153 (2013)
C;N, nanosheet triethanolamine (460 nm)
InGaN/GaN Rh/Cr,0; 300 W Xe  Pure water 92 46 AQE=1.86% 118 (2013)
mmol/hr/g mmol/hr/g  (395-405 nm)
Ta;N; 2 wt% CoOy >420 nm 0.01 M AgNO; 4500 AQE=5.2% 124 (2012)
(500-600 nm)
Hollow C3Ny 3 wt% Pt >420 nm 10 v% 11,200 AQE=7.5% 133 (2012)
nanospheres triethanolamine (420 nm)
g-C3Ny 1wt% RGO, >400 nm 25% methanol 451 AQE=2.6% 151 (2011)
1.5% Pt
GaN nanowire Core/shell 300 W Xe  Pure water 3.6 1.8 AQE=0.5% 101 (2011)
Rh/CI'203
2-C3N, 3 wt% Pt >420 nm 10 v% ~110 AQE=0.1% 80 (2009)
triethanolamine (420-460 nm)
(GaongZnol18)(N043200418) ha_XCrXO3 >400 nm HzSO4 (pH 45) 3090 1533 AQE:59 108 (2008)
(420-440 nm)
GaN powder Rh,.Cr,O; 450 W H,SO4 (pH4.5) 64 32 AQE=0.7% 99 (2007)
Mercury (300-340 nm)
GaN powder RuO, 450 W Pure water 750 375 98 (2007)
(Mg, Zn, Be doped) Mercury
B-GesNy RuO, 450 W IM H,SO, 3.6 1.8 94 (2007)
Mercury mmol/hr/g mmol/hr/g
B-GesNy RuO, 450 W H,SO4 (pH 0) 1 0.5 AQE=9% 93 (2005)
Mercury mmol/hr mmol/hr (300 nm)

10

triggered further investigations on other nitride photocatalysts. Between 2005-2007, a number of reports

demonstrated the thermodynamic and kinetic potentials of GaN for overall water splitting,”®”" ***° which
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supports John Turner’s observation’* in 1995. Stable and stoichiometric decomposition of H,O into H, and
0O, was demonstrated on GaN particulate sample decorated with either RuO, or Rh;CryO; HER co-
catalysts.”® *° Interestingly, no OER co-catalyst was required for stoichiometric decomposition of water,
suggesting that the surface of nitrides is inherently an active catalyst for OER reaction. Further studies on
GaN showed that divalent metal ion (Mg*", Zn*", and Be*") doping significantly improved the stability and
activity of GaN for overall water splititng.98

On the other hand, the development of heterogeneous nanostructured photocatalysts has attracted
tremendous attention in the last two decades owing to their immense potential for solar-fuel production, such
as efficient light absorption, large reaction surface area, efficient charge carrier extraction, higher solubility,

o . 3, 84, 85, 100
reduced recombination, and tunable electronic band structure.”” 3% %

Because of these unique
opportunities, a number of metal-nitride nanostructured photocatalysts have been developed recently.
Plasma-assisted molecular beam epitaxially (MBE) grown GaN nanowires on Si substrate have been utilized
for photocatalytic water splitting, for the first time, by the authors’ group.'”’ The Rh/Cr,O; core/shell
nanoparticle decorated GaN nanowires successfully dissociated neutral pH water into H, and O; in
stoichiometric ratio under full arc illumination. Compared to GaN particulate and thin film samples,

significantly enhanced photocatalytic activity of GaN nanowire was observed. This enhanced activity was
attributed to the large surface-to-volume ratio of one-dimensional nanowires and significantly reduced defect
densities. Additionally, it was revealed that the well-defined nonpolar (IOIO) surface of GaN nanowire is

102

catalytically stable and active compared to their polar counterpart. = Muckerman’s group studied the

nonpolar (10T0) surface of GaN using ab initio molecular dynamics simulation (AIMD), and found that the

nonpolar (10T0) GaN surfaces were very reactive for spontaneous dissociation (H,O—H' + OH') of
majority (~83%) of the water molecules.'”* ' In contrast, many experimental and theoretical studies suggest
that water molecules do not dissociate on the photoactive TiO, anatase (101) and rutile (110) surfaces.'*'%
Moreover, the AIMD study revealed that the photogenerated holes on nonpolar (IOTO) GaN surfaces had

sufficient standard free-energy to drive the four-step water oxidation reaction.'” In addition, the low

11
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effective free-energy barrier for proton diffusion on GaN (10?0) surface facilitates enhanced migration of
protons from the O, evolution reaction sites to H, evolution sites; therefore improves the efficiency.'"’
Photocatalytic activity of GaN nanowires grown by Ni catalyst-assisted metal-organic chemical vapor
deposition (MOCVD) has also been reported.”’ Such GaN nanowires showed better activity in
photodegrading dye solution compared to GaN submicron dots or thin films owing to the larger surface area
and better crystallinity of the nanowires. Stable and enhanced photocatalytic activity of GaN nanowires was
observed in acid pH, with much better performance than TiO, and ZnO nanowires. Because of the large
bandgap of f-GesNy (3.8 eV) and GaN (3.4 eV), only UV light can be harnessed, which consists of ~ 4% of

the solar spectrum. As a result, significant research efforts have been devoted to developing visible light

sensitive and efficient metal/nonmetal-nitride photocatalysts.

Visible-light responsive metal/nonmetal-nitride photocatalysts

In an effort to extend the light absorption of UV light sensitive wurtzite GaN and ZnO, Domen’s group
developed a solid solution of GaN and ZnO (Ga;Zny)(N;<Oy) with an absorption edge at ~510 nm.”’ The
Rh;-,Cr, O3 HER co-catalyst decorated solid solution (Ga;_«Zn,)(N;xOx) demonstrated successful dissociation
of water under visible light (up to ~510 nm) with an apparent quantum efficiency (AQE) of 2.5% at 420-440
nm. In a follow-up study, an AQE of 5.9% at 420-440 nm was demonstrated by post-calcination treatment of
as-synthesized (Ga;Znyx)(N;Oy) solid solution.'® Recently, by forming nanostructures of (Ga;Znys)(N.
0,), an AQE of 17.3% at 400 nm was demonstrated by Li et al.'” The reduced bandgap of the solid solution
is attributed to the p-d repulsion (i.e., N2p-Zn3d), which causes the top of the valence band formed by N2p
atomic orbitals with higher potential energy.

Kibria et al. demonstrated a viable defect-engineering approach to extend the absorption edge of GaN
nanowires up to 450 nm using Mg doping."'® In order to reduce the bandgap, nitrogen vacancy related donor
states and Mg impurity related acceptor states were simultaneously introduced in the bandgap of GaN

nanowires during the epitaxial growth process, illustrated in Fig. 4. Using such Mg-doped GaN nanowires,

12
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successful overall neural water splitting was demonstrated under violet light with intra-gap excitation up to
450 nm. An energy conversion efficiency of ~1.34% was demonstrated under violet light (375-450 nm).
[lustrated in Fig. 2, the bandgap of GaN can be tuned from 3.4 to 0.65 eV by introducing In, providing a
viable approach to capture visible and near-infrared solar spectrum. Recent DFT studies have shown that the
conduction and valence band edge of InGaN can straddle the water redox potentials for In compositions up to
~ 50%, which suggests that photocatalytic overall water splitting can be possibly realized under red and even
near-infrared light irradiation.®® However, the growth of high crystalline quality InGaN with high In content

has been extremely challenging for a number of reasons. ' 112

For instance, the large lattice mismatch (11%)
between InN and GaN results in solid phase miscibility gap,'"” and the high vapor pressure of In over Ga
leads to low In incorporation in InGaN.''? Additionally, the difference in formation enthalpies between InN

- - - 114
and GaN causes strong In surface segregation, which creates In rich clusters.

These factors lead to a large
number of non-radiative recombination centers and strong carrier localization, which limit the photocatalytic
performance of InGaN. Furthermore, TEM studies on InGaN/GaN quantum wells reveal the presence of

115

misfit dislocations in InGaN, when InGaN is grown beyond a critical thickness.” ~ This critical thickness

decreases drastically with increasing In content. Therefore, the realization of high crystalline quality and high

16 For these

In content InGaN with sufficient thickness for efficient light absorption is quite challenging.
reasons, there have been very few studies on the photocatalytic activities of InGaN. Among different growth
techniques, MBE promises to grow In-rich InGaN with superior crystalline quality.''? Recently, the author’s
group has achieved nearly defect-free metal-nitride nanowires by PAMBE to function as a visible light active
photocatalyst.117 By performing OER and HER half reactions in the presence of respective sacrificial
reagents, Kibria et al. demonstrated the thermodynamic and kinetic potentials of InGaN nanowires for

overall water splitting with In compositions up to 32%.""®

The bandgap tunability of metal-nitrides from 6.2
eV (AIN) to 0.65 eV (InN) combining with the epitaxial growth of nearly defect-free nanowire structures

allows for developing monolithically integrated multi-band nanowire photocatalysts to minimize the

thermalization loss of energetic electrons.” None of the previously reported photocatalysts can function as a
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single material platform to harness effectively the solar spectrum using a multi-band approach. In this
context, Kibria et al. developed triple-band InGaN/GaN nanowires with bandgaps of 3.4, 2.96, and 2.22 eV,
which led to overall neutral pH water splitting under UV, blue, and green light irradiation (up to 560 nm),
illustrated in Fig. 5."'® A maximum AQE of ~1.86% was demonstrated for overall neutral water splitting at
400 nm. Further extension of the absorption edge to deep-visible and near-infrared requires the growth of
high (>40%) In content InGaN. As an alternative approach, Kibria et al. developed dye-sensitized InGaN

"9 1t was demonstrated that

nanowires to extend the solar absorption in the deep-visible spectrum.
Merocyanine-540 dye-sensitized and Rh nanoparticle incorporation on Ing,sGag7sN nanowire arrays
(absorption edge ~500 nm) can produce hydrogen from ethylenediaminetetraacetic acid (EDTA) and
acetonitrile mixture solution under green, yellow and orange light irradiation (up to 610 nm). An AQE of
0.3% was demonstrated in the wavelength range of 525-600 nm, providing a viable approach to harness
deep-visible and near-infrared solar energy for efficient and stable water splitting.

In the year of 2002, Domen’s group reported a promising visible light (<590 nm) active transition metal-
nitride semiconductor i.e., Ta;Ns; the bandgap (2.1 eV) of which is well positioned to straddle the redox
potential of water.'”" '*! Hydrogen or oxygen generation under visible light in the presence of respective
sacrificial reagent confirmed the thermodynamic and kinetic potentials of Ta;Ns for HER and OER. While
Ta;Ns has been utilized as an O, evolution photocatalyst in a two-step Z-scheme photosystemm, overall
water splitting has not been reported in a Ta;Nsbased single-step photosystem to the best of our knowledge.
To date the reported quantum efficiency of Ta;Ns photocatalyst is still very low, despite its near-perfect band
edge position and visible light absorption.123 This is attributed to the fact that the commonly used thermal
nitridation process of oxide precursor (Ta,Os) leads to insufficient crystallization with the presence of
extensive charge recombination centers, thereby limiting the quantum efficiency. In order to improve the
performance of TazNs5, Domen’s group modified the surface of the starting precursor (Ta,Os) with a small
amount of Alkali metal salt.'** Compared to conventional nitridation derived TazNs, Ta;Ns nitrided from
Alkali metal salt (Na,CO3) modified Ta;Ns exhibited higher crystallinity and smaller particles; demonstrating
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a 6-fold improvement in the photocatalytic activity for O, evolution under visible light. By incorporating
CoOx OER co-catalysts, an AQE of 5.2% at 500-600 nm was reported for O, half reaction. Very recently,
Chen et al. demonstrated that a MgO nanolayer (2-5 nm) surface coating not only improves the interfacial
contact between hydrophilic CoOy co-catalyst and hydrophobic Ta;Ns, but also decreases the defect density
of Ta;N through a passivation effect.'*> This interface engineering significantly improves interfacial charge
transfer, leading to a relatively high AQE of 11.3% at 500-600 nm for O, half reaction.

More recently, the use of nonmetal-nitrides for solar-fuel generation has also been studied. Wang et al.
demonstrated the first example of visible light sensitive metal-free nitride as a new material platform to
enable earth-abundant photocatalyst for water splitting.*® Graphitic carbon nitride (g-C3N4) was synthesized
by thermal polycondensation of common organic monomers, illustrated in Fig. 6. The g-CsN4 is soft
polymeric nitride with conjugation structure and possesses very high thermal and chemical stability, and
excellent optoelectronic properties, including a direct energy bandgap of 2.7 eV, which straddles the redox
potential of water, as shown in Fig. 2."**'*” The g-C3N, photocatalyst showed stable photocatalytic activity
to generate H, from water under visible light (up to 540 nm) in the presence of electron donors without using

any noble metal co-catalyst. This study has triggered intensive research efforts on g-C;Ny4 for solar-fuel

126, 128

conversion. Nevertheless, the photocatalytic activity of as-synthesized g-Cs;Ny is substantially low,

which is attributed to insufficient sunlight absorption, inefficient carrier separation, and fast recombination of

126, 129

charge carriers. Therefore, a number of strategies have been developed, including nanostructure design

130, 131

. 132, 133 | 1. 134
in the form of porous structures, nanospheres, helical nanostructures, = 1D nanostructures

(nanorods, nanowires, nanobelts, and nanotubes),'* bandgap engineering through structural-distortion,'*®

137, 138 139, 140

non-metal doping (i.e. S, F, B, P), metal-doping (i.e. Pt, Pd, Fe, Zn, Cu), molecular

doping/copolymerization (dicyandiamide-barbituric acid, dicyandiamide—2-aminobenzonitrile,

dicyandiamide-diami-nomaleonitrile, dicyandiamide-3-aminothiophene-2-carbonitrile, and urea-

141, 142 3

... . 14 . . . .
phenylurea), dye-sensitization, and construction of wvarious semiconductor-semiconductor

126, 129, 144

heterojunction etc. In order to promote charge carrier separation and migration for enhanced
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photocatalytic activity, g-C3Ns has been hybridized with various nanocarbon composites (i.e. highly

129, 145, 146 .
» and with

conductive graphene, multi-walled carbon nanotubes, or reduced graphene oxide),
polymers to form all-polymeric nanocomposites. Additionally, incorporation of noble metal cocatalysts (i.e.
Pt, Au, Ag) on g-C3;N4 photocatalyst is found to accelerate charge separation and reduce the overpotential
required for water redox reaction.'”® As noble metals are rare and expensive, a number of non-noble-metal
cocatalysts have also been developed, such as Ni(OH),, NiS, NiS,, MoS,, CoSe; ete."** 4719 1t should be
noted that depending on the precursor used for the synthesis of g-CsN4 the photocatalytic performance is
found to be different due to the structural variations of the as-synthesized material.'*® Martin et al. reported a
highly efficient g-CsN4 photocatalyst synthesized from a low cost precursor, urea, which exhibited an
excellent hydrogen evolution rate of nearly 20 mmol h™' g' in hydrogen half reaction under full arc
irradiation with a QE of 26.5% at 400 nm."*® The reported QE was claimed to be one order of magnitude

141131153 The excellent activity of urea-derived g-C3Ny was

higher than any existing g-CsN4 photocatalysts.
attributed to the more negative conduction band edge position, and improved exciton distribution over its
structure.

Very recently, Wang and co-workers reported another metal-free and visible light sensitive two-
dimensional (2D) nitride photocatalyst. By carbon doping in hexagonal boron nitride (4-BN), ternary alloy
boron carbon nitride (BCN) with band gaps of 2.08, 2.56, and 2.72 eV were synthesized using pyrolysis
method."** The band edge positions of BCN alloys were found to straddle the redox potential of water, and
the bandgap can be tuned by controlling the amount of carbon doping. The as-synthesized BCN alloy was
shown to drive HER without any noble co-catalysts. However, Ni-Co layered double hydroxides (Ni-Co
LDHs) were used as co-catalysts to promote O, evolution. The demonstration of visible light sensitive 2D

metal-free nitrides i.e., C3N4 and BCN will stimulate further research on other earth abundant and stable 2D

material family for photocatalysis.
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Enhanced efficiency by engineering the near-surface band structure

The near-surface band structure plays a critical role in enhancing the efficiency and stability of the
photocatalysts. In the case of nanostructured photocatalysts, the charge carrier extraction at the
semiconductor-liquid interface is no longer diffusion limited, as the diffusion lengths of the photoexcited
carriers are often larger than the physical dimension of the photocatalysts.” It has been reported by Kibria et
al. that one of the major obstacles for achieving high efficiency and stable overall water splitting over the

emerging nanostructured photocatalysts is directly related to the near-surface band bending.'”

The presence
of upward (or downward) band bending is commonly measured for n (or p-type) semiconductors.'*® Such
near-surface band bending is required for efficient charge carrier separation in a PEC system, wherein
oxidation and reduction reactions occur on different electrodes. However, in the case of photocatalytic water
splitting, the presence of any surface band bending suppresses either electrons’ (in case of n-type
semiconductors) or holes’ (in case of p-type semiconductors) diffusion towards the semiconductor-liquid
interface. Therefore, the overall water splitting reaction is hampered. In an effort to enhance the efficiency
and stability of metal-nitride nanowire photocatalysts, Kibria et al. demonstrated that with a controlled
amount of Mg dopant incorporation during the epitaxial growth process, the near-surface band bending can
be precisely tuned."”® Figure 7a illustrates the estimated Ep-Ey from X-ray photoelectron spectroscopy
valence band spectrum (shown in the inset). It is seen that, with increasing Mg dopant incorporation, Eg-Ey,
i.e., the near-surface band bending approximately, can be tuned from 2.6 eV to 0.5 eV, and the near-surface

region can be transformed from n-type to weakly p-type; providing a viable approach to control the charge
properties and charge carrier transfer at the semiconductor-liquid interface. By tuning the band bending on
the nonpolar (1010) surfaces of GaN nanowires using p-type Mg doping, an absorbed photon conversion
efficiency (APCE) of ~51% was achieved under UV light, which was nearly two orders of magnitude higher
than undoped GaN, shown in Fig. 7b.'>> Stable and stoichiometric dissociation of neutral pH water was
further demonstrated on p-type GaN nanowire arrays. In order to enhance the efficiency under visible light,

p-type Mg doping was further optimized in InGaN nanowires, shown in Fig. 8.**'*” Subsequently, a double-

17
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band p-GaN/p-InGaN nanowire heterostructure was developed, wherein the near-surface band bending was
optimized for GaN and InGaN using p-type Mg doping. The APCE can reach ~69% under visible light (up to
475 nm), which is the highest value ever reported under visible light. Using a double-band p-GaN/p-
Ing »Gap gN nanowire heterostructure and Rh/Cr,O3 core/shell HER co-catalyst loading, an STH efficiency of
~1.8% was demonstrated under concentrated sunlight (26 suns).** Ultrafast exciton and charge-carrier
dynamics studies on such p-GaN/p-Ing,GaygN nanowires further revealed that the Rh/Cr,O5 core/shell HER

co-catalysts significantly accelerated the carrier extraction at the nanowire-co-catalyst interface.'>®

18
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Table 2: Photoelectrochemical water splitting using metal/nonmetal-nitrides listed in chronological order.

Light intensity Photocurrent
Photoelectrode [Co-catalyst  (mW cm™) Electrolyte (mA cm?) Efficiency Ref. (year)
n'-p-Si/n-GaN/TJ/ Pt 130, AM 1.5G 1 M HBr -40.6 at 0.26 Vygg ABPE=8.7% at 0.33 Vyye 197 (2015)
p-InGaN
InN/InGaN QD 100, Xenon lamp pH 3 H,SO4and  12.7 at 0 Vgagcl IPCE=56% at 600 nm 184 (2015)
0.5M Na2804 at0 VAg/AgCl
Coaxial 150, AM 1.5G 1 M HC1 2.1 at 1 Viathode ABPE=0.3%, at 0.4 181 (2015)
InGaN/GaN MQW V cathodes IPCE=15% at
nanowire 350 nm at 1 Veghode
u-GaN/AIN/n- 110, 220, 330 0.5 M H,SO, -2.0 (330 mW/cm?) 166 (2014)
GaN at -0.5 Vagagcinaci
photocathode
InGaN/GaN MQW 100 1 M HBr 1.2 at V=0 STH=1.5% at 0 Vg 196 (2014)
InGaN/GaN 100 1 M HCI1 0.4 at Vee=1.0 IPCE=46% at 355 nm 177 (2014)
nanoporous
InGaN nanowall 75 0.5 M HBr 3.4 at 0 Vagaec IPCE=16% at 350 nm 176 (2014)
(pH 3)
n-InGaN planar 2000 1 M HC], Max Photo-conversion 195 (2013)
photoanode 1 M NaCl efficiency 0.23%
Ta;Ns nanorod Co030,/CO 100, AM 1.5G 1 M NaOH 3.64 at 1.23 Vpyg IPCE=39.5% at 400 nm 192 (2013)
(OH)2 and 1.23 VRHE
InGaN planar 500 W, Xe lamp IM HBr, 0.5M 2 at 1 Vryg IPCE=58% at 1.0 Vpg 175 (2013)
photoanode H,SO, 1M HC1 400-430 nm (H,SO,)
InGaN nanowire Pt 40 0.5 M H,S0O, 5,-0.5 VNue IPCE=40% at -0.45 182 (2013)
VNHE 400-430 nm
(H.SO.\
InGaN/GaN NiO 100, AM1.5 1M NaOH 0.3,1 Vg 183 (2013)
nanorod
InGaN/GaN 300 W Xe, 1 M HBr 23 at 1.0 Ve IPCE=27.6% at 350 nm 70 (2013)
core/shell nanowire AM1.5G and 1.0 Vagagci
GaN nanorod 100 0.5M HC1 55atVee=1.0V 0.26% 167 (2013)
GaN nanowire 13.2 at 350 nm 1 M HBr, 14 (HBr) IPCE=18% at 350 nm 168 (2013)
1 M KBr at 0.0 VAg/AgCl and 0.3 VAg/AgCl
Ta;N; films Co (OH), 100, AM 1.5G 1 M NaOH 5.5at 1.23 Vg IPCE = 50% at 400-470 190 (2013)
nm and 1.2 Vgyg
Ta3;Ns nanorod Co-Pi 100, AM 1.5G 0.5 M Na,SO, 3.8at 1.23 Vpug IPCE = 41.3% at 440 193 (2013)
arrays (pH 13) nm
Ta;N; films Co030, 100, AM 1.5G 1 M NaOH 3.1at1.2 Vyyug IPCE = 36-40% at 400- 194 (2012)

19
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Co-  [Light intensity ,
Photoelectrode | catalyst | (mW cm?) Electrolyte Photocurrent (mA cm™) Efficiency Ref. (year)
Si/InGaN 350 without pH 3 H,SO, with  62.6 pA/em’ at Veye=1.23 178 (2012)
core/shell AM 1.5 0.5 M of Na,SO,
nanowire
Ta;Ns nanotube  IrO,, 110 0.1 M Na,SO, -1.2 (Ir0,), -1.0 (Co50,), - IPCE 10% 0.6 V og/agci 188 (2012)
Co030y, 0.8 (Co-Pi), -0.25 (Pt), for Ta;Ns /IrO,
Pt, Co-Pi
InGaN film 500 W Xe 1 M HBr 0.5at0.8 Vvs Ag/AgCl IPCE=42% at 400 nm 114 (2011)
lamp 0.8 Vvs Ag/AgCl
Ta;Ns IrO, 0.1 M Na,SO, 3.8 at1.15 Vyyg IPCE=31% at 500 nm 189 (2011)
p-InGaN 132 1 M HBr 1.2,at V=12V 173 (2010)
Ta;Ns nanotube 1 M KOH IPCE 5.3% 0.5 Vg 187 (2010)
at 450 nm
W,N nanowire 100, AM1.5 0.5 M, H,SO, 1.5 at Vgcg=1.2 ABPE=0.4% 186 (2009)
at 0.84 VSCE
InGaN film 500 W Xe 1 M HCI1 25at Vee=1.0 V 172 (2008)
lamp
InGaN film 500 W Xe 1 M HBr 1.0 at Vgce=0.8 IPCE=9% at 400-430 174 (2008)
lamp nm at Vgcp=0.8
GaN patterned 4200 1 M NaOH 17.34 at 0.50 Vg ABPE=0.3% 161 (2007)
at 0.50 VCE
GaN patterned 110 1 M HCI1 0.48 at 0 Vg STH=0.61% at 0.0 Vcg 159 (2007)

Photoelectrochemical water splitting using metal/nonmetal-nitride photoelectrodes

Recently,

photoelectrochemical water splitting using metal/nonmetal-nitrides has

also gained

considerable attention. Planer and nanostructured GaN has been employed as UV light active photoelectrodes.

For visible light activity, InGaN and Ta3;Ns have been commonly studied.

UV light responsive metal/nonmetal-nitride photoelectrodes

Fujii et al. observed H, gas generation using an n-type GaN photoelectrode at 1.0 Vg in 2005.”° While n-

GaN was found to be stable in HCI, photocorrosion was observed in KOH electrolyte.” Fujii ef al. also
reported that the band-edge potentials of p-GaN were identical to that of n-GaN.”” The incorporation of a

suitable dopant in GaN photoelectrode is one of the strategies to enhance the device efficiency. M. Ono et al.
20
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reported carrier concentration dependent PEC properties of n-GaN photoanode.””® The maximum
photocurrent was measured with a carrier concentration of 1.7x10" cm™. Fujii et al. reported that the
presence of alcohol in the NaOH electrolyte increased the H, evolution rate nearly twice compared to that
without alcohol.'®® The higher H, production activity in the presence of alcohol was attributed to easier
oxidation of alcohol compared to that of water. The existence of alcohol further suppressed photocorrosion of
GaN caused by self-oxidation. By patterning a planar n-type GaN surface with metal stripes and n-GaN

ridges, Waki e al. achieved higher photocurrent density in 1M NaOH.'®!

This higher photocurrent was
attributed to the eradication of current crowding effect and the enhancement in effective surface area for
photoelectrolysis. Current crowding effect can also be minimized by placing immersed finger-type indium tin
oxide (IF-ITO) ohmic contacts on n- and p-GaN photoelectrode to achieve enhanced photocurrent and H,

. 162, 163
generation rate.

Kikawa et al. measured flat-band potentials of Ga-face and N-face n-GaN, and found
that the conduction band edge of N-face was ~0.3 eV more negative than that of Ga-face GaN.'** As a
consequence, more hydrogen bubbles and cathodic current were observed on N-face than that of Ga-face
GaN. In contrast, from Mott-Schottky analysis, Lin et al. concluded that the conduction band edge of Ga-
polar GaN was ~0.4 eV more negative than that of N-polar GaN.'®> While Ga-polar surface was found to
have higher photoconversion efficiency at negative bias (vs. Pt counter electrode), N-polar surface exhibited
higher photoconversion efficiency at positive bias (vs. Pt counter electrode). By utilizing the spontaneous and
piezoelectric polarization in Wurtzite Ill-nitrides, Nakamura ef al. demonstrated a polarization-engineered
GaN/AIN/GaN photocathode without p-type doping.'®® This novel photocathode showed enhanced cathodic
photocurrent compared to p-GaN in H,SOj electrolyte.

Nanostructuring the photoelectrode can lead to enhanced light absorption, suppressed carrier
recombination, and efficient carrier extraction. Up to 6 times enhancement in photocurrent density was
demonstrated with GaN nanorod arrays compared to GaN planar photoelectrode.'®” The H, evolution rate

increased from 0.1 to 0.73 ml h™' cm™ and STH conversion efficiency increased from 0.04% to 0.26% using

the nanorod arrays. The PEC properties of PAMBE grown undoped and Si-doped GaN nanowire arrays were
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studied in HBr and KBr electrolyte by AlOtaibi et al.'® Maximum IPCE values of ~15% and ~18% were
measured for undoped and Si-doped GaN nanowires at -0.1 and 0.3 V vs. Ag/AgCl under 350 nm excitation,
respectively. It was further demonstrated that the electrochemical properties of GaN nanowires can be tuned

with controlled doping and external bias via the electrolyte.'®

Visible light responsive metal/nonmetal-nitride photoelectrodes

A number of strategies have been developed to enhance the light absorption of nitrides in the visible
spectral range. Liu et al. demonstrated visible light (400 — 600 nm) activity of Mn-doped GaN photoelectrode
with an IQE of 61% at 450 nm."™ This visible light response was attributed to Mn-related intermediate band
formed in the bandgap of GaN. However, photocorrosion of the electrode was inevitable owing to the
presence of Mn-related structural defects in GaN.

Fujii et al. studied PEC properties of InGaN for H, generation in 2005.'7" At 1 VcE, the Ingg2GagogN
photoelectrode showed higher photoactivities compared to GaN photoelectrodes in 1M HCI. Later on, Li et al.
studied the PEC properties of 200 nm thick n-InGaN epilayer grown by MOCVD.'™ A drastic enhancement
in photocurrent density and hydrogen evolution rate was demonstrated by increasing the In content from 20
to 40%. Aryal et al reported excellent stability of p-InyGa; <N (0<x<0.22) epilayer in aqueous HBr
solution.'” In another study, Luo ef al. demonstrated good photostability and visible light response from

174
"* The turnover number reached

MOCVD grown 60 nm thick Ing,GagsN electrode in aqueous HBr solution.
847 after 4000 s irradiation, and the incident photon conversion efficiency (IPCE) was nearly 9% under 400—
430 nm at 0.8 V vs. SCE. In a subsequent report, in order to enhance the IPCE, the authors grew 250 nm
thick Ing,GagsN. However, the In-rich InGaN phases caused by In segregation on the surface reduced the
photocurrent owing to the presence of surface recombination centers.''* By removing this In-rich InGaN

phases using 1M HCI aqueous solution, the IPEC was found to increase from 15% to 42% at 400 nm at 0.8 V

vs. Ag/AgCl with enhanced stability of the photocurrent. The authors further demonstrated an IPCE of 53%

22
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and 58% under 400-430 nm at 1 V vs. RHE after surface treatment of Ing3Gag 7N in HBr and H,SO,4 aqueous
solution, respectively.'”

A number of metal-nitride nanostructured photoelectrodes have been developed for efficient water
splitting. Nearly 57% enhancement in H, evolution rate was revealed in the case of PAMBE grown In rich
(40-50%) InGaN nanowall structures compared to that of planar InGaN.'”® Benton er al. fabricated
nanoporous structures of GaN and InGaN/GaN by photoelectrochemical etching in KOH solution.'”” An
IPCE of 32% and 46% at 355 nm was demonstrated for GaN and InGaN/GaN nanoporous structures,
respectively, which were nearly 4-fold higher than as-grown planer devices. In order to enhance the effective
surface area, Si/InGaN core/shell hierarchical nanowire were synthesized using photolithography and CVD
to function as a photoanode for water splitting.'” Nearly 5 times enhancement in photocurrent density was
demonstrated for hierarchical Si/InyGa; <N (x=0.08-0.1) nanowires compared to that of InGaN nanowires on
planar Si substrate reported by the same group. However, the photocurrent recorded from Si/InyGa;N
(x=0.08-0.1) nanowire electrode was very small (~10 uA/cm2 at 1 Vryg under 1 sun), which was attributed to
fast carrier recombination and inefficient charge transfer at the semiconductor/electrolyte interface. On the
other hand, AlOtaibi et al. reported n-type Ing3Gay7N/GaN core/shell double-band nanowire photoanode
grown by PAMBE on Si (111) substrate, illustrated in Fig. 9.”° The core/shell double-band nanostructures
provided efficient light absorption and stable photoelectrochemical reaction in HBr electrolyte. Stable PEC
water splitting and H, generation under UV and visible light (up to 600 nm) were demonstrated with an [IPCE
of 27.6% under 350 nm excitation at 1 V vs. Ag/AgCl. Caccamo ef al. compared the photocurrent density of
single crystalline n-type GaN/Ing3Gag 7N (core/shell) nanorods with that of GaN nanorods synthesized by

selective area growth metal organic vapour phase epitaxy (MOVPE).'”

While the photocurrent was the same
for both electrodes for applied potential up to 1 V vs. RHE, nearly 10-fold higher photocurrent density was
observed in the case of GaN/Ing3GagsN (core/shell) nanorods at 1.35 V vs. RHE. Ebaid et al. recently

synthesized coaxial InGaN/GaN multiple quantum well (MQW) nanowire heterostructure photoanodes using

MOCVD." With careful optimization of the In content and number of QWs, such MQW nanowire
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heterostructure enabled stable water splitting in 1M HCI with maximum IPCE of 8.6% at 350 nm at 1 Vamode
and applied bias photon-to-current efficiency (ABPE) of 0.21% at 0.4 Viamode. The same group further
studied the carrier dynamics on InGaN/GaN MQW coaxial nanowires to improve the efficiency.'®! Defect-
induced recombination and strong localization of excitons were revealed in samples with thin QWs (up to 3
nm). In contrast, strong band-to-band transitions and negligible localization were observed in samples with
thick QWs (~6 nm). By carefully engineering the InGaN QW thickness to reduce the carrier localization and
defect density in coaxial nanowires, an IPCE of 15% at 350 nm at 1 Vahode Was achieved.

The PEC properties of n- and p-type InGaN nanowires grown by PAMBE for water splitting were studied
by in situ electrochemical mass spectroscopy (EMS) in 0.5M H,SO4."® An IPCE of 40% at a potential of -
0.5 V vs. NHE was measured in the visible spectrum. Stable photocurrent and H, evolution was observed for
60 mins. The PEC properties of InGaN/GaN nanorod LED structure grown by MOCVD was studied by
Benton et al.'*® The photochemical etching of the nanowires owing to self-oxidation by the photogenerated
holes in aqueous NaOH solution was significantly suppressed by incorporating NiO nanoparticles onto the
nanowires. The NiO nanoparticles help to suppress carrier recombination and promote oxidation reaction on
its surfaces rather than on the nanowire surface. Alvi et al. recently demonstrated that PAMBE grown InN
quantum dot decoration doubled the PEC efficiency of Ing s4Gag 46N photoelectrodes, with a maximum IPCE

of up to 56% at 600 nm at 0 V vs. Ag/AgCl and stable photocurrent for over 10 hrs.'*

Rajaambal et al.
reported InGaN QDs on ZnO for efficient visible light absorption with high photostability for solar light
harvesting.'®

Apart from group-III metal-nitrides, a few other metal-nitride photoelectrode materials have also been
reported. Chakrapani ez al. studied PEC properties of tungsten nitride (W,N) nanowire arrays.'*® While W,N
showed n-type behavior with good photoactivity at moderate bias, prolonged photolysis resulted in
photocorrosion of the nanowires due to the presence of defects. However, mixed phase W,N-WO; showed

improved photo-stability. Feng e al. synthesized highly oriented Ta;Ns nanotube arrays for visible light

responsive photoelectrolysis.'®’ In a two-electrode arrangement, an IPCE of 5.3% was achieved at 450 nm
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with 0.5 Vg bias in KOH solution. Cong et al. studied the PEC water oxidation properties of TaszNs
nanotubes decorated with IrO,, Co3;04, Co-Pi, and Pt nanoparticles under visible light.188 The Taz;Ns nanotube
showed three times higher photocurrent than regular TasNs film. The PEC water oxidation on Ta3;Ns
nanotube was improved by IrO,, Co304, and Co-Pi nanoparticles. A maximum IPCE of ~10% at 400 nm was
demonstrated for IrO, decorated Ta3;Ns nanotube arrays at 0.6 Vagaeci. Higashi et al. demonstrated an
efficient TazNs photoanode for overall water splitting into H, and O, under visible light. By performing a
necking treatment (TaCls treatment + NHj; treatment) and loading IrO,.nH,O OER co-catalyst nanoparticles
on TazNs photoanode, an IPCE of 31% at 500 nm with 1.15 V vs. RHE in aqueous Na,SO, solution was
demonstrated."®® Li et al. reported that by thermal or mechanical exfoliation of surface recombination centers
and loading Co(OH), OER co-catalysts, the IPCE of TasNs photoanodes can be significantly improved."® A
highest photocurrent (among all currently available Ta;Ns photoanodes to our knowledge) of 5.5 mA cm™,
which corresponds to an IPCE of 50% under 400-470 nm at 1.23 V vs. RHE in aqueous NaOH solution was
demonstrated.'*""** However, the photocurrent was reduced to 55% in 2h of illumination, which is attributed
to oxidation of Ta3;Ns by the photogenerated holes. To address the poor photostability of Ta;Ns for water
oxidation, Liu et al reported a ferrihydrite (Fh) passivation layer that allows stable water oxidation for over 6

h with a benchmark photocurrent over 5.2 mA cm™ at 1.23 V vs. RHE.""

The remarkably enhanced
photostability of Fh/Ta;Ns is attributed to the hole storage capability of Fh layer.

In an effort to reduce the required external bias for PEC water splitting, photovoltaic devices have been
integrated with nitride photoelectrodes for efficient solar energy conversion. An n-InGaN working electrode
has been developed which is biased by a GaAs solar cell.'” By optimizing the electrolyte and incident light
intensity, and introducing immersed ITO ohmic contacts on the n-InGaN working electrode, the operating
point of the device was tuned to match the maximum power point of the GaAs solar cell. A photoconversion
efficiency of 0.18-0.23% was demonstrated under simulated sunlight with optimized conditions. In another

study, Dahal ef al. realized a monolithic solar-PEC device based on InGaN/GaN MQW solar cell.'””® An STH

efficiency of 1.5% was reported at zero bias (Vcg=0 V). Excellent chemical stability was further
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demonstrated for a prolonged period of time (7 days) in aqueous HBr solution. Fan et al. recently synthesized
dual absorber photocathode, consisting of p-InGaN/tunnel junction/n-GaN nanowire arrays on a Si solar cell
wafer using PAMBE, illustrated in Fig. 10."”” Such monolithically integrated dual absorber nanowire
photocathode can operate efficiently without strict current matching between different absorbers, which is
required for conventional planar tandem photoelectrodes. Unlike planar tandem photoelectrode, wherein
carrier extraction is possible only from the front surface, the one-dimensional nanowire architecture allows
for lateral carrier extraction from different absorber layers for efficient redox reactions. Additionally, the
insertion of n' -GaN/InGaN/p" "-GaN polarization-enhanced tunnel junction (shown in Fig. 11a) allows for
efficient carrier transport along the axial direction of the nanowires. While platinized " -p Si solar cell wafer
produced a photocurrent of -20 mA/cm? at 0 VnuE, the platinized p-InGaN/tunnel junction/n-GaN nanowire
on n+-p Si solar cell wafer generated a photocurrent of -40 mA/cm? at 0 Vnue. The Pt nanoparticle decorated
monolithically integrated photocathode exhibited an ABPE of 8.7% at 0.33 Vyyg and nearly unity Faradic
efficiency for H, generation. The InGaN/GaN photocathode also exhibited stable photoactivity over 3hrs.
Very recently, AlOtaibi et al. demonstrated III-nitride nanowire based dual-photoelectrode device to enhance
the efficiency of conventional 2-photon tandem devices under parallel illumination by splitting the solar
spectrum spatially and spectrally,198 illustrated in Fig. 11. The dual-photoelectrode, consisting of a GaN
nanowire photoanode and an InGaN nanowire photocathode, exhibited an open circuit potential of 1.3 V and
nearly 20-fold enhancement in the power conversion efficiency under parallel illumination (400-600 nm),
compared to that of individual photoelectrodes. Furthermore, a dual-photoelectrode, consisting of parallel-
connected metal-nitride nanowire photoanodes and a monolithically integrated single-junction-Si/InGaN

nanowire photocathode, exhibited an ABPE of 2% at ~ 0.6 V vs. the photocathode, illustrated in Fig. 11c.

Photocatalytic and photoelectrochemical CO; reduction using metal/nonmetal-nitrides

To date research efforts on artificial photosynthesis are mostly directed towards sunlight-driven water
splitting to produce H, fuel. Although H; is an important fuel and chemical feedstock, it suffers from low

volumetric energy densities®. In contrast, hydrocarbon fuels with optimum volumetric energy density can be
26
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a practical alternative for better integration with existing energy infrastructure. Therefore, photocatalytic and
photoelectrochemical CO; reduction to high-energy-rich fuels is of tremendous interest. This process not
only produces value-added fuels from abundant natural resources, but also provides an alternative approach
to capture, sequestrate, and store anthropogenic CO,. For photocatalytic CO, reduction, the bandgap of the
semiconductor needs to straddle the oxidation potential of water and reduction potential of CO, to various
hydrocarbons. Upon bandgap irradiation, photoholes in the valence band of a semiconductor oxidize water to
generate O, and H', and photogenerated electrons in the conduction band reduce CO, by a sequence of

reactions to produce CO, CH4 or CH;0H etc.'®

Since the first demonstration of photoelectrochemical and photocatalytic CO, reduction to hydrocarbons
(HOOCH, CH;0, CH3;0OH, CHy) by Halmann®® in 1978 and Inoue”' in 1979, respectively, many groups have
investigated the use of different semiconductors to achieve enhanced catalytic activities.'® Although a
number of UV light sensitive photocatalysts (e.g., GaN, ZnS, SiC, SrTiO;, and TiO,) have been found that
are catalytically active, the development of visible light sensitive photocatalyts is still very limited."
[Mlustrated in Fig. 2, in contrast to most of the commonly used metal-oxides, the bandgaps of nitrides straddle
the oxidation potential of water and reduction potential of CO,. Therefore, the development of various

metal/nonmetal-nitride based photocatalysts for CO, reduction has attracted significant attention recently.

AlOtaibi et al. has recently demonstrated photocatalytic CO, reduction to CH4 and CO using GaN

199 While the bare GaN nanowire was found to have

nanowire arrays with light being the only energy input.
higher photoactivity for CO production over CHa4, the Rh/Cr,O; core/shell nanoparticle decorated GaN
nanowires provided higher activity and selectivity towards CHs over CO production. Additionally, Pt
nanoparticle decorated GaN nanowires showed an order of magnitude higher photoactivity for CHy
production than bare GaN nanowires, with over 24 hrs of stability. Yotsuhashi ef al. demonstrated that n-type
Si doped GaN epilayer photoanode grown by MOCVD could produce HCOOH with 3% Faradic efficiency

with light being the only energy input.”*’ Later on the Faradic efficiency of GaN epilayer was improved to 9%
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by enhancing the water oxidation of GaN with NiO co-catalysts.*’" In a follow-up study, the efficiency of the
photoanode was improved by using AlIGaN/GaN heterostructures.”’> *** In a subsequent study, a tandem
photoanode of InGaN with two Si p-n junctions was developed for CO; reduction to HCOOH with an energy

conversion efficiency of 0.97%.°%

While InGaN enhanced the light absorption of the photoanode, the
embedded Si p-n junction raised the cathode potential for CO, reduction and enhanced the reaction capability

of the cathode.

Since the first demonstration in 2009, polymeric C3;Ny4 has been widely studied as a visible light sensitive

catalyst for CO, reduction.'*® 2%>2!!

It has been demonstrated that the CO, photoreduction activity and
selectivity of the products is highly dependent on the structure of the g-C3Ny4 and the co-catalysts used. For
example, melamine hydrochloride precursor derived g-C;Ny4 effectively photocatalyze CO, reduction into CO
under visible light without any co-catalyst.”'* In another study, urea derived g-C3N, was found to be more
effective than melamine-derived g-C3;Ny4 due to improved reaction surface area, and small crystal size.?”” The
incorporation of Pt co-catalyst on g-C3N4 was reported to enhance photocatalytic activity and selectivity for
CO;, reduction into CH;OH, CH,, HCHO etc.”"” Bai et al. reported that the Pd{111} facets of Pd co-catalyst
were more active than Pd{100} facets for CO, photoreduction.’'* Lin et al. demonstrated an inexpensive
system consisting of g-C;N; photocatalyst, CoOy oxidative co-catalyst, and Co-bipyridine complex

206

(Co(bpy),>") electron mediator, that can reduce CO, to CO under visible light.”"” Heterojunctions of g-

C3N4/In203,215 and g-C3N4/red-phosph0r216 were also found to be effective for CO, photoreduction to CHy4
under visible light. Maeda and co-workers demonstrated that molecular ruthenium complex coupled
polymeric C3Ny4, shown in Fig. 12, can photocatalytically reduce CO, to HCOOH under visible light with a
high turnover number (200 for 20 hrs) and high selectivity (80%).””® A follow-up work on this hybrid
photocatalyst revealed that the introduction of mesoporosity into C3Ny4 structures can increase the specific
surface area and hence the activity.””’ In a subsequent work, by carefully designing the catalytically active
site and the reaction environment, a substantial improvement in the photocatalytic conversion of CO; into

formic acid was achieved, leading to a relatively high TON (>1000) and AQY of 5.7% at 400 nm.**” Very
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recently, 2D BCN has been developed, which can photocatalytically reduce CO; to CO under visible light

(>420 nm)."**

Conclusions and perspectives

In summary, we have provided an overview of the current research status of metal/nonmetal-nitride based
photocatalysts and photoelectrodes for artificial photosynthesis. Over the last decade, metal/nonmetal-
nitrides have emerged as a new generation of photocatalysts owing to their unique optoelectronic and
photocatalytic properties. A number of nitride based photocatalysts and photoelectrodes have been developed
in recent years that can function effectively for solar water splitting and CO; reduction under UV and visible
light. Nearly 10 years of research efforts on nitrides has seen more success, to some extent, than what has
been achieved from nearly 40 years of dedicated research on metal-oxide based materials for solar-fuel

conversion.

While STH efficiency of a few percentages and a few hours of stability have been achieved to date, it is
far from the target STH efficiency of >10% with long-term stability (5000 hrs) to meet the DOE’s target cost
of $2-4/Kg H, by 2018.'" Therefore, the synthesis of new materials and development of new technologies
are needed. Although significant research efforts have been made to develop UV and visible light sensitive
photocatalysts, little attention is paid to harness the infrared light, which constitutes about 52% of the solar
spectrum. Synthesis of defect-free In rich InGaN (In~50-100%) photocatalysts could harness a large part of
the solar spectrum. For near-infrared (up to 2,000 nm) light absorption, InN with a bandgap of 0.65 eV can
be utilized. Since InN does not possess sufficient potential for HER, it can be utilized in combination with
another small bandgap semiconductor with sufficient HER potential in a Z-scheme to capture ~80-90% of the
solar spectrum. The tunable bandgap of InGaN enables the synthesis of a quadri-band photocatalyst, which
can be one of the potential options for better utilization of the entire solar spectrum. Utilization of other
potential technologies, such as multiple exciton generation*'®, hot electron transfer, and up-conversion®’ may

help overcome the efficiency bottleneck as well. Moreover, because of their earth-abundance, excellent

photovoltaic properties, strong photon absorption, and large carrier diffusion lengths, perovskite based PV
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(or their integration with Si based PV) may contribute to the long waited breakthrough in solar hydrogen
race.** 2222 However, the stability of perovskite material remains a major concern to achieve this goal.
Apart from novel material development, the reaction kinetics, i.e., detailed thermodynamics and kinetics in
interfacial carrier transfer in water splitting and CO; reduction need to be further understood to improve the
efficiency and stability of the existing photocatalyst materials. An optimum photocatalyst should possess
enhanced light absorption, rapid carrier collection/extraction, and wider solar spectrum absorption, lowered
cost and toxicity, and enhanced stability. Because of their tunable bandgap, unique optoelectronic and
catalytic properties, it is expected that metal/nonmetal-nitrides will stimulate further research to overcome

the efficiency and reliability bottleneck of metal-oxides, Si, and other commonly used photocatalysts for

commercially viable artificial photosynthetic devices in the near future.
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Figure 4: (a) Schematic energy band diagram of GaN:Mg nanowires illustrating the formation of nitrogen
vacancy (Vy) and Mg acceptor related intra-gap states, along with the redox potential of water (vs. vacuum
level). (b) H» evolution rate from overall neutral water splitting from different Mg doped GaN (GaN:Mg)
samples with different intra-gap excitations using a 300 W Xenon lamp and long-pass optical filters.'"”
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Figure 5: (a) Schematic of a triple-band InGaN/GaN nanowire heterostructure, illustrating the light absorption
process. (b) Electron energy loss spectroscopy (EELS) spectrum image of Rh/Cr,O; core/shell nanoparticle
decorated triple-band InGaN/GaN nanowire heterostructure. (c) Apparent quantum efficiency (AQE) and rate of
H, evolution vs. excitation wavelength. The experiment was performed in neutral pH water under 300 W Xenon
lamp irradiation with different band-pass filters without any other energy input. The horizontal error bars
represent the full-width-half-maximum of the bandpass filters. The red solid line is a guide to the eye.'"
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Er-Ey on the TEM image of a single GaN nanowire. The dotted vertical line separates Regime 1 (n-type surface)
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temperature. 134
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absorbance by the InGaN segments is also shown for comparison.
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