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Abstract Along with many other solar energy conversion

processes, research on photocatalytic water splitting to

generate hydrogen and oxygen has experienced rapid major

development over the past years. Developing an efficient

visible-light-responsive photocatalyst has been one of the

targets of such research efforts. In this regard, nitride

materials, particularly Ta3N5, have been the subject of

investigation due to their promising properties. This review

focuses on the fundamental parameters involved in the

photocatalytic processes targeting overall water splitting

using Ta3N5 as a model photocatalyst. The discussion

primarily focuses on relevant parameters that are involved

in photon absorption, exciton separation, carrier diffusion,

carrier transport, catalytic efficiency, and mass transfer of

the reactants. An overview of collaborative experimental

and theoretical approaches to achieve efficient photocat-

alytic water splitting using Ta3N5 is discussed.

Keywords Ta3N5 � Water splitting � Photocatalysis �
Crystal structure � Optoelectronic properties � Kinetics �
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Introduction

The development of new clean and inexpensive energy

resources as an alternative to conventional fossil fuel

energy is a crucial challenge for the scientific community.

Solar H2O splitting is one of the most innovative solutions

that have emerged over the past years [1–8]. H2 production

can currently be achieved through an artificial photosyn-

thetic way, in the UV domain, using broad bandgap pho-

tocatalyst materials such as TiO2 [9] or using photoactive

oxides such as a-Fe2O3, WO3 or BiVO4 under visible light

irradiation (1.7–2.8 eV) [10–15]. However, these types of

materials are effective only for half of the reaction (water

oxidation). For overall water splitting, there is a limited

choice of photocatalysts, such as Ta3N5, TaON, or some

material from the family of oxynitride perovskites [16–24].

Achieving one step overall water splitting with one single

photocatalyst presents a practical way in term of engi-

neering design of the reactions. The simplicity of using

powder semiconductor photocatalysis makes this technique

economically feasible for its scalability and capital cost.

Thanks to its extended visible absorption (600 nm) and its

ability for the redox reaction, Ta3N5 is an attractive pho-

tocatalyst that can theoretically achieve a solar energy to

hydrogen conversion efficiency of *17 %. Many studies

have addressed improving the photocurrent at the potential

for water oxidation [20–24]. A significant photocurrent can

be achieved by increasing the structuration of the photo-

catalyst and using a high-performance cocatalyst, but

understanding the intrinsic properties of Ta3N5 for

obtaining a significant improvement in the global photo-

electrocatalytic reaction is still a challenge. Knowledge of

the material’s intrinsic properties can help to improve the

photocatalytic performance.

Photocatalytic water splitting mechanism

The basic principle of photocatalytic water splitting is

schematically depicted in Fig. 1. The reaction begins

when the photocatalyst absorbs light with a photon energy
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that is higher than its bandgap [7, 8, 18, 25–28]. This

process initiates electron excitation from the valence band

(VB) to the conduction band (CB), simultaneously leav-

ing a hole in the valence band. This initiation proceeds in

a very short time (at the femtosecond scale), followed by

relaxation of the hole to the bottom of the CB and to the

top of the VB, respectively, on a similar time scale.

Furthermore, the photogenerated charges will undergo an

electrochemical reaction on the surface of the photocat-

alyst when the charges successfully migrate from the bulk

to the surface (i.e., no recombination reaction). On the

surface of the photocatalyst, the photogenerated electron

and hole undergo water reduction and oxidation reactions,

respectively. However, to facilitate (and accelerate) these

reactions, another catalytic active site (cocatalyst) is

introduced onto the surface of the photocatalyst. The

presence of an efficient electrocatalyst as a cocatalyst is

indispensable because each photon in visible light pos-

sesses a limited overpotential for water splitting. In

addition, the cocatalyst will preferentially accommodate

electrons (hydrogen evolution site) or holes (oxygen

evolution site), preventing recombination reactions on the

surface [7, 8, 18, 25–28].

From the mechanism for photocatalytic water splitting,

it is clear that this reaction involves complex photophysical

and chemical processes on different time scales. Our recent

review addressed the fundamental parameters involved in

photocatalytic overall water splitting [26]. The steps

involved in the photocatalysis for water splitting are divi-

ded into the following six processes: (1) photon absorption,

(2) exciton separation, (3) carrier diffusion, (4) carrier

transport, (5) catalytic efficiency, and (6) mass transfer of

reactants. All steps are illustrated in Fig. 1.

The current review aims to describe the relevant

parameters related to the six processes mentioned above

using Ta3N5 as a model photocatalyst. Some physico-

chemical properties, such as electronic structure, interface

development, and electrocatalytic properties, will be

described and correlated to achieve a comprehensive

understanding of the complex sequential processes of

overall water splitting.

Why Ta3N5?

For a semiconductor to be considered a good material for

photocatalytic water splitting, there are several general

requirements. First, to utilize visible light, it needs to have a

low bandgap energy [7, 8, 18, 25–31]. A photocatalyst with a

bandgap energy of approximately 2.1 eV, corresponding to a

wavelength of 600 nm, is sufficient for achieving the tar-

geted efficiency. The second requirement is that the photo-

catalyst band positions have to straddle the water redox

potential (ECB[ 0 vs. RHE, EVB\ 1.23 vs. RHE)

[7, 8, 18, 25–31]. Next, the photocatalyst needs to have

excellent stability under the photocatalytic reaction condi-

tions, under illumination and in the dark [7, 8, 18, 25–31].

Some potential low bandgap energy photocatalysts, such as

CdS andCdSe, fulfill the first requirement and are very active

for hydrogen evolution. However, these photocatalysts suf-

fer from photocorrosion or self-oxidation due to their

valence band positions, which lie more negative than the

water oxidation potential [32–36].WO3, on the other hand, is

very good for oxygen evolution, but its CB position liesmore

positive than the water reduction potential [37, 38]. Hence,

compared to photoelectrochemical (PEC) systems, a single

photocatalyst system has fewer choices of existing

Fig. 1 Schematic of processes

involved in photocatalytic water

splitting. The steps involved in

the photocatalysis for water

splitting process are presented

in the scheme: 1 photon

absorption, 2 exciton separation,

3 carrier diffusion, 4 carrier

transport, 5 catalytic efficiency,

and 6 mass transfer of reactants
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photocatalysts. The fourth requirement is that the semicon-

ductor should possess a high catalytic activity toward the

oxidation or reduction of water. Finally, the semiconductor

must be economically viable. Considering the scalability of

the powder photocatalyst system, the photocatalyst must

therefore be composed of inexpensive, abundant materials

and have a largely scalable synthesis.

Studies on finding suitable and effective photocatalysts

to fulfill all the aforementioned requirements have been

conducted using various methods. Investigations have

mainly focused on reducing the bandgap of the photocat-

alyst while maintaining its band position relative to the

H?/H2 and O2/H2O redox potentials. The successful syn-

thesis of a visible-light-responsive photocatalyst was

demonstrated by the formation of (oxy)nitrides

[19–24, 39–50]. Particular interest has been focused on

Ta3N5 due to its absorption spectrum that can go up to

600 nm: a target for achieving efficient photocatalytic

water splitting. It has been reported that Ta3N5 can gen-

erate H2 or O2 from water under visible light in the pres-

ence of suitable sacrificial reagents [19, 39–47].

Despite considerable studies as a photocatalyst for many

years, information on Ta3N5 is still lacking regarding its

thorough characterization to understand its underlying

physical and chemical properties. Theoretical studies on

this material are also limited. This review addresses the

global picture of photocatalytic reactions using Ta3N5 as a

model photocatalyst. This material was selected for two

reasons. First, the initially reported photocatalytic activities

were promising. Second, prior to the start of the work

presented in this review, there were conflicting reports on

the performance levels of different Ta3N5 materials, i.e.,

there was limited understanding of the factors that affect its

photocatalytic performance.

Different methods for Ta3N5 synthesis

Ta3N5 is generally synthesized via the direct nitridation of

crystalline tantalum oxide (Ta2O5) at high temperatures in

the presence of NH3 gas as a nitrogen source. The nitridation

of tantalum oxide in a NH3 flow proceeds in a complex

manner, where the solid-state diffusion of anion replace-

ments (N3- vs. O2-) occurs while gaseous NH3 decomposes

to nitrogen and hydrogen at high temperatures typically

between 750 and 1150 �C [44, 51–54]. The process of anion

diffusion requires the substitution of three oxygen atoms

with two nitrogen atoms to maintain a high oxidation state of

the Ta d0 electronic configuration (Ta5?). Depending on the

amount of Ta2O5, the NH3 flow rate and temperature are

varied, typically in the range of 100–200 mL min-1 and

800–900 �C, respectively. This method generally produces

sub-micrometer scale (*50–100 nm)Ta3N5 (Fig. 2a)with a

low surface area (*10 m2 g-1). Ta3N5 powder has also been

synthesized from amorphous Ta2O5, as reported by Hen-

derson and Hector [55]. Using NH3 gas between 680 and

900 �C, Ta3N5 with a crystal size of 20–30 nm was formed.

Fig. 2 SEM images of powder

Ta3N5 synthesized with

different method: a direct

nitridation of Ta2O5, adapted

from [44] with permission from

the PCCP Owner Societies,

b decomposition using

mesoporous g-C3N4 template,

adapted from [46] by

permission of John Wiley &

Sons Inc, c nitridation of

Na2CO3-pretreated Ta2O5,

adapted with permission from

[42] Copyright (2012)

American Chemical Society,

and d nanorod Ba-Ta3N5 film

synthesized by nitridation of

Ta2O5 nanorods, adapted from

[21] Copyright 2013, Nature

Publishing Group
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Direct nitridation generally produces Ta3N5 with good

photocatalytic activity toward oxygen evolution but low

activity for hydrogen evolution, approximately one order of

magnitude lower than that for oxygen evolution [19, 39–47].

The resulting Ta3N5 generally contains some anion defects,

as observed from its absorption spectrum after the band edge

absorption (*710 nm), which is associated with its low

photocatalytic performance due to the recombination reac-

tion of photogenerated electrons-holes [43]. In addition, this

method resulted in agglomerated Ta3N5 with a very low

surface area [19, 39–47]. To overcome these problems,

several attempts to improve the synthesis method of Ta3N5

have been pursued in various ways.

To improve the surface area and obtain a uniform size

distribution, nanoparticle (NP) Ta3N5 has been successfully

synthesized using mesoporous graphitic carbon nitride

(mpg-C3N4) as a decomposable and reactive template

[45, 46]. The particle size of Ta3N5 is controlled to sizes as

small as approximately 7 nm by controlling (Fig. 2b) the

pore size of the mpg-C3N4 template, and its surface area

can reach 60 m2 g-1. The resulting Ta3N5 NPs exhibits

improved photocatalytic activity for H2 evolution in the

presence of methanol as a sacrificial reagent. The size of

semiconductor particles is believed to affect their photo-

catalytic activity by reducing the distance that the excited

electrons and holes must travel to reach the active surface

sites. Moreover, the size has also been hypothesized to

affect the space-charge layer and band bending that govern

the photocatalytic activity [45].

Improved photocatalytic hydrogen evolution was repor-

ted on Ta3N5 synthesized using a sol–gel method. In this

method, Ta2O5was first grownon the surface of SiO2 spheres

with a diameter of*550 nm and subsequently subjected to

nitridation [47]. The final Ta3N5/SiO2 sample exhibited a

uniform size distribution with high crystallinity and a core–

shell structure with a narrow size distribution without

aggregation. The photocatalytic activity of the Ta3N5/SiO2

samples toward hydrogen evolution was considerably higher

than that of Ta3N5 synthesized via the conventional nitri-

dation of commercial Ta2O5. Interestingly, when no SiO2

was used, the photocatalytic hydrogen evolution of sol–gel

Ta3N5 was relatively comparable to that of Ta3N5/SiO2.

Hence, attributing the improvement in photocatalytic activ-

ity toward hydrogen evolution to only the smaller particle

size and higher surface area is questionable. Note that light

scattering by SiO2 in such away to improve the absorption of

light by Ta3N5may occur. A simple physicalmixture of SiO2

and Ta3N5 did not improve photocatalytic performance;

thus, an additional understanding of this type of supported

photocatalyst is required.

Through a simple modification of the synthesis with an

alkali metal salt, an improved photocatalytic oxygen evo-

lution has been achieved on Ta3N5 [42]. In this method, the

Ta2O5 precursor was first modified with an alkali metal salt

(i.e., Na2CO3) prior to nitridation. This alkali metal salt

produces a molten salt state at high synthesis temperatures

(flux). The presence of the alkali metal salt improved the

activity of Ta3N5 by affecting the crystal growth, which

further led to higher crystallinity and a smaller particle size

(Fig. 2c). Although low valence cation substitution may

reduce the number of reduced Ta species by charge com-

pensation, the enhanced physicochemical properties of Na-

doped Ta3N5 and their relationship to higher photocatalytic

activity remain unclear.

Quantum confinement in semiconductor nanoparticles

(NPs) is believed to be capable of tuning the redox prop-

erties of the material if the size of the NPs becomes smaller

than the exciton radius of an electron–hole pair [56, 57].

The synthesis of colloidal Ta3N5 NPs has been achieved by

injecting a variety of reactive tantalum and nitrogen pre-

cursors into hot coordinating solvents under an inert

atmosphere [58]. Through the use of different organic

solvents and reaction times, the size of the NPs can be

tuned in the range from 2 to 23 nm. A change in the

bandgap energy of colloidal Ta3N5 NPs was observed from

the absorption spectrum, where colloidal NPs have

absorption onsets greater than that of the bulk powders by

*0.3 eV. Despite the successful formation of very small

Ta3N5 particles, this method suffers from very low Ta3N5

yields along with problems of Ta3N5 oxidation, which

suggest that this method is not likely to be effective for the

large-scale production of metal nitride nanoparticles [58].

The controllable synthesis of Ta3N5 with a tailored chem-

ical composition and size has been attempted using urea as the

N source rather than NH3 gas [59]. By varying the urea/Ta

ratio in the precursor gel, both TaON and Ta3N5 NPs with

defined structures and sizes can beachieved.AssistedbySiO2,

the production of TaON and Ta3N5 NPs with tailored com-

positions was achieved through the calcination of Ta–urea

gels with suitable urea/Ta ratios (RU/Ta). In thismethod, urea

is first converted into carbon–nitride (CNx) species on the

surface of SiO2 at mild temperatures, which further acts as a

slow-release N source for controlled nitridation.

Regarding the synthesis of Ta3N5 electrodes, the

majority of the films were obtained by Ta foil post-calci-

nation [48, 49, 60], Ta anodization (Fig. 2d) [24, 61], or by

sputtering [41, 62]. In our previous work on Ta3N5, we

reported thin films with different thicknesses fabricated in a

controlled manner using reactive direct current sputtering

followed by optimal annealing and nitridation. The

preparation of such Ta3N5 photoanodes in the form of

dense thin films is a useful approach for obtaining a high

crystalline quality that may effectively increase the effi-

ciency of the process and the chemical stability of the PEC

system. The thin film configuration also allows for thor-

ough characterization of the photophysical properties of the
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material, such as the Ta3N5 properties and photocatalytic

performance.

Structural and optoelectronic properties of Ta3N5:
detailed experiments and theoretical calculations

The crystal and electronic structures are two factors that

primarily determine the absorption properties of a powder

semiconductor [26]. The electronic properties of a semi-

conductor define the bandgap and band positions, the nat-

ure of direct and indirect light absorption, and the

absorption coefficient. Essentially, the main effect resulting

from direct and indirect bandgaps is the absorption coef-

ficient, where a direct bandgap provides a high absorption

coefficient and an indirect bandgap leads to a lower

absorption coefficient. An indirect transition involves both

a photon and a phonon because the band edges of the

conduction and valence bands are widely separated in

k-space. The crystal orbitals at the top of the valence band

and at the bottom of the conduction band have the same

wave vector in a direct bandgap solid but different wave

vectors in an indirect bandgap material.

Crystal structure

The crystal structure of Ta3N5 was first reported by Brese

and O’Keeffe using time-of-flight neutron diffraction [63].

Ta3N5 has an orthorhombic structure composed of irregular

octahedra of N atoms with Ta atoms in the center. Two

nitrogen atoms have four Ta atoms as the nearest neigh-

bors, while another single nitrogen atom is coordinated to

three Ta atoms. The Ta–N distances range from 1.96 to

2.24 Å and are similar to those in TaON.

The crystal structure of Ta3N5 based on our theoretical

calculations is shown in Fig. 3a. Ta3N5 has an

Fig. 3 a XRD pattern and crystal structure (inset), b Raman spectra, and c IR spectra of Ta3N5 obtained from nitridation of Ta2O5 by 15 h in

NH3 gas at 900 �C. Color legend for crystal structure: Ta in gray and N in blue. All figures are adapted from [64] by permission of Elsevier
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orthorhombic structure with space group Cmcm, which is

composed of edge-sharing irregular TaN6 octahedra. Each

Ta is coordinated by two N (that are threefold coordinated)

and four N (that are fourfold coordinated) with Ta–N bond

lengths ranging from 2.0 to 2.23 Å.

In our previous work, Ta3N5 powder was synthesized

through the direct nitridation of crystalline Ta2O5 under a

NH3 flow at high temperature [43, 44, 64]. XRD character-

ization was performed to investigate the crystal structures of

the synthesized materials. The successive nitridation com-

pletely changed the crystal structures of the products from

the initial b-Ta2O5 to monoclinic b-TaON and then to

orthorhombic Ta3N5, which is consistent with the literature

[39, 40, 44]. The XRD patterns of samples heated at 800 and

900 �C for 15 h under different NH3 flow rates were com-

pared. For both temperatures, changing the flow rate clearly

changed the TaON and Ta3N5 concentrations. At 900 �C, a
mixture of oxynitride (TaON) and nitride (Ta3N5) material

phases was observed for lower flow rates (i.e.,

50-100 mL min-1 NH3), whereas a higher amount of the

Ta3N5 phase was observed at higher flow rates. Complete

transformation of Ta2O5 to Ta3N5 was achieved after pro-

longed nitridation at 900 �C for 15 h under a 200 mL min-1

NH3 flow. No remaining Ta2O5 or partially nitrided phase

(e.g., b-TaON) was detected, as can be seen from XRD

pattern presented in Fig. 3a. The resulting Ta3N5 has an

orthorhombic crystal structure (ICSD card No. 1005006)

with Cmcm space group. Similarly, for samples nitrided at

800 �C, the amount of the Ta3N5 phase increased with

increasing NH3 flow rate. However, at 800 �C, higher flow
rates up to 500 cm3 min -1 did not change the entire Ta2O5

precursor into the pure Ta3N5 phase. Some remaining TaON

(*8 wt %) phase was still observed. It is suggested that

competitive substitution of O with N between the NH3 feed

and H2O occurred, where the chemical potential of oxygen

kinetically determines these pseudo-thermodynamically

stable phase diagrams [44].

The fact that a mixture of TaON and Ta3N5 always

forms at 800 �C regardless of the flow rates under our

conditions suggested that, during nitridation, the oxide was

first transformed into oxynitride prior to nitride. This

finding is in good agreement with reports in the literature,

which state that TaON is the intermediate phase in the

formation of Ta3N5 from the Ta2O5 precursor

[39, 40, 51, 64]. This also implies that the nitridation

proceeds via the successive transformation of Ta2O5 TaON

Ta3N5, where a continuous dehydration reaction occurs. In

this study, no concrete evidence could be found that the

transformation of Ta2O5 to Ta3N5 is initially triggered by

the incorporation of N atoms into the Ta2O5 lattice to form

N-doped Ta2O5, as observed by Dabirian et al. where

in situ XRD was utilized to follow the nitridation of Ta2O5

films [52].

The crystallite sizes for the synthesized samples and the

lattice parameters were obtained from Rietveld analysis.

The lattice parameters of Ta3N5 obtained from the XRD

measurements and calculations are listed in Table 1. The

calculated lattice parameters for Ta3N5 at the DFT/PBE

level of theory are found to be in excellent agreement with

the experimental data. The Ta3N5 samples synthesized at

different temperatures with similar NH3 flow rates and

samples synthesized at 800 �C with different NH3 flow

rates did not exhibit any significant change in lattice

parameters. Hence, the incorporation of N into Ta2O5 (i.e.,

the formation of doped-Ta2O5) is unlikely, as observed for

the synthesis of Ta3N5 films [52]. In addition, the lattice

parameters are also compared with those reported in the

literature.

Lattice dynamics

Prior to our report, there was only limited literature on the

lattice dynamics of Ta3N5 [43]. In our recent paper,

detailed theoretical calculations and experimental results of

Ta3N5 were explored [64]. Orthorhombic Ta3N5 with space

group Cmcm is predicted to have a total of 24 Raman-

active modes, 8Ag ? 16Bg, and 21 IR-active modes,

3Au ? 18Bu. However, some frequencies predicted by the

DFPT/PBE method have not been experimentally

observed, most likely due to the low scattering cross-sec-

tion of these modes and because the peaks are consequently

hidden in the background. On the other hand, the experi-

mental Raman spectrum exhibits 19 active modes and a

few modes that are not predicted by the theoretical calcu-

lation. Nevertheless, the model generally reproduces the

experimental data accurately, particularly at low

wavenumbers.

The experimentally measured Raman spectra (Fig. 3b)

show the most intense peaks at low wavenumbers, 102,

123, 138, 152, 168, 230, 266, 400, and 495 cm-1, which

are very well matched with the theoretically calculated

peaks within 3–4 cm-1. These modes are assigned to Bg,

Bg, Ag, Bg, Bg,Ag, Ag, Ag, and Bg, respectively. However,

at higher wavenumbers, the agreement is less evident. The

experimental peaks located at 524 and 601 cm-1, which

are both assigned to Ag modes, are still quite well

reproduced by the computed values within 5 cm-1,

whereas for the peaks at 749, 869, and 900 cm-1, which

are assigned to the Bg, Bg, and Ag modes, respectively,

there is a larger variation in the range of 10 cm-1. This

behavior at higher wavenumbers was expected according

to several reports in which the low energy part of the

experimental spectrum was always better matched by

theory than the higher energy part [71, 72]. Two peaks at

658 and 823 cm-1 were observed experimentally but not

predicted by theory. These peaks were broadened and
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enhanced in resonance conditions using kex = 532 nm

(2.33 eV) and kex = 473 nm (2.62 eV), and likely due to

LO overtones, were too weak to be observed in non-

resonance conditions. In particular, the peak at 823 cm-1

observed with kex = 532 nm might be the second over-

tone (3xAg) of xAg = 266 cm-1, and the peak at

523 cm-1, which was not very well matched by the the-

oretical models, might be the first overtone 2xAg. In

addition, these modes might also originate from different

localized non-stoichiometries in the crystal that can be

activated by one or various excitation wavelengths [44].

In addition to Raman’s spectra, we reported calculated

and experimentally measured IR spectra (Fig. 3c). There is

a good agreement between the theoretical calculations with

the experimental frequencies. However, most of the theo-

retically predicted modes cannot be associated with any

experimental peak, probably because they are hidden in the

background due to the low intensity. Moreover, a part of

the spectrum, namely below 360 cm-1, could not be

measured experimentally due to the instrumental

limitation.

Absorption coefficient and bandgap energy

The absorption spectrum of Ta3N5 powder is generally

expressed from its diffuse reflectance spectrum [26]. Typ-

ically, Ta3N5 presents absorption from the UV region up to

600 nm, which is attributed to electron transitions from the

N 2p orbitals to the empty Ta 5d orbitals [42]. The bandgap

energy calculated using a Tauc plot (Fig. 4a, b) yielded

values of 2.1 and 2.0 eV for the direct bandgap and indirect

bandgap excitations, respectively; these values are in good

agreement with previously reported values [18–29].

One interesting feature observed in the absorption

spectrum of Ta3N5 is the extent of sub-bandgap absorption

at approximately 715 nm. The enhanced sub-bandgap

absorption at wavelengths greater than 600 nm has been

previously assigned to reduced Ta5?, which is presumably

present at the surface of the Ta3N5 [62]. In contrast,

Dabirian and Van de Krol [73] attributed the enhanced

absorption of Ta3N5 at wavelengths greater than 600 nm to

its bulk properties rather than to its surface. The highly

charged nitrogen vacancy that formed during prolonged

Table 1 Comparison of Ta3N5 crystal structure obtained from theoretical calculation and experimental measurement

Crystal structure Calculation Experimental Method/references

Lattice parameter

a, b, c (Å) 3.89, 10.25, 10.27 DFT-PBE [44, 45, 65]

a, b, c (Å) 3.89, 10.22, 10.27 Powder XRD, Rietveld analysis [44, 45, 65]

a, b, c (Å) 3.89, 10.21, 10.26 Neutron diffraction [64]

a, b, c (Å) 3.87, 10.22, 10.26 PBE (QE) [68]

a, b, c (Å) 3.90, 10.33, 10.32 PBE (CRYSTAL) [68]

a, b, c (Å) 3.85, 10.14, 10.16 LDA (QE) [69]

a, b, c (Å) 3.99, 10.69, 10.69 rev PBE [70]

a, b, c (Å) 3.87, 10.24, 10.26 PBE [70]

a, b, c (Å) 3.91, 10.32, 10.35 PBE [71]

a, b, c (Å) 4.00, 10.43, 10.48 CGA ? U [72]

a, b, c (Å) 3.87, 10.25, 10.27 HSE [71]

a, b, c (Å) 3.89, 10.22, 10.28 Neutron diffraction [56]

a, b, c (Å)

Atom position

Ta1 (4e); x, y, z 0, 0.198, 0.250 0, 0.197, 0.250 DFT-PBE and powder XRD, Rietveld analysis [65]

Ta2 (8e); x, y, z 0, 0.133, 0.559 0, 0.134, 0.560

N1 (4e); x, y, z 0, 0.764, 0.250 0, 0.762, 0.250

N2 (8e); x, y, z 0, 0.046, 0.120 0, 0.044, 0.116

N3 (8e); x, y, z 0, 0.309, 0.073 0, 0.304, 0.072

Ta1 (4c); x, y, z 0, 0.197, 0.250 Neutron diffraction [64]

Ta2 (8f); x, y, z 0, 0.135, 0.559

N1 (4c); x, y, z 0, 0.763, 0.250

N2 (8f); x, y, z 0, 0.047, 0.119

N3 (8f); x, y, z 0, 0.309, 0.074
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nitridation is a likely candidate for the deep donor state

responsible for the absorption feature at wavelengths

greater than 600 nm. This assignment was rationalized by

the fact that oxygen is always present at the 3-coordinated

nitrogen sites in the Ta3N5 structure. To elaborate the

origin of this sub-bandgap absorption, a theoretical calcu-

lation was performed [43]. The 720 nm sub-bandgap

optical absorption of Ta3N5 was formed due the appearance

of new deep donor metallic states located within the 0.7 eV

range just below the original conduction band edge of pure

Ta3N5, which corresponds to reduced Ta species (Ta3?)

originating from O species substituted at N sites, as in

Ta3N4.83O0.17. This finding is in a good agreement with the

Raman spectra, where the Ta3N5 crystal is most likely non-

stoichiometric with oxygen substituted for nitrogen [64].

Indeed, elemental analysis under a control atmosphere

always shows the presence of oxygen even though XRD

shows a pure phase of Ta3N5 [43, 44, 64]. In line with this,

our group has systematically investigated the possible

structures and found that the experimentally prepared tan-

talum nitride materials are most likely not stoichiometric

but strongly enriched in O, closer to Ta(3-x)N(5-5x)O5x (for

x C 0.16) rather than Ta3N5 [44].

We can accurately deduce the Ta3N5 absorption coef-

ficient from the transmittances and reflectances of dif-

ferent thicknesses of thin films. An absorbance edge of

*600 nm was observed for all of the films, which is

consistent with the reported 2.1 eV bandgap of Ta3N5

[30]. As can be seen in Fig. 5a, the absorption coefficient

appears to monotonically decrease with increasing wave-

lengths, and the values are relatively low, starting from

8 9 105 to 1 9 104 cm-1 in the spectral range relevant to

the PEC measurement (300–600 nm). In addition to

absorption coefficient measurements from Ta3N5 thin

films, we performed theoretical calculations of the

absorption coefficient [44, 64]. In agreement with those

reported in the literature, in our calculations for pure

Ta3N5, the density of states (DOS) calculated using the

HSE06 functional predicts a bandgap of 2.2 eV (Fig. 5c).

The electronic analysis reveals a VB governed by occu-

pied N 2p states and a CB that is primarily composed of

empty Ta 5d states. Our bandgap of 2.2 eV calculated

using HSE06 closely matches the available experimental

data. Based on the DOS results, our UV–Visible optical

absorption spectrum calculated using DFPT-HSE06

reveals a broad absorption edge extending to 564 nm

(Fig. 5b). The lowest-energy bandgap in this compound

involves transitions between N 2p6 orbitals and Ta 5d0

orbitals. Similar absorption behavior was exhibited by

non-stoichiometric Ta3N5 (O-enriched Ta3N5) materials.

The lowest-energy bandgaps in these compounds involve

transitions between N 2p6 orbitals and Ta 5d0 orbitals.

Their calculated UV–Vis optical absorption coefficient

spectra are found to be slightly blue-shifted over pure

Ta3N5, revealing new absorption onsets at 540, 517, and

497 nm, respectively (Fig. 3b). The top part of the

valence band in these compounds is dominated by occu-

pied N 2p states due to the very weak contributions from

O 2p states distributed over a wide energy range in the

deeper part of the valence band, which caused the shifting

of the absorption spectra.

Direct/indirect bandgap nature

The DOS of Ta3N5 was calculated to understand the nature

of direct/indirect bandgaps [43, 44, 64]. Our calculated

DOS is presented in Fig. 5c, in which the valence band is

dominated by completely filled N 2p states and the con-

duction band is primarily composed of Ta 5d states. This

compound can be identified as a direct (at the U or Y point)

or an indirect (U-Y) semiconductor with the same bandgap

energy of 2.2 eV. Inconsistent with our work, a previous

Fig. 4 Tauc’s plots of Ta3N5

for a direct and b indirect

bandgaps. Figures are

reproduced from [64] by

permission of Elsevier
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study on calculating the DOS of Ta3N5 has shown that it is

an indirect bandgap semiconductor with the VBM located

at the U point and the CBM located at the Y point. The

density of states shows that the top of the valence band is

primarily composed of N 2p orbitals, whereas the bottom

of the conduction band is mainly composed of Ta 5d

orbitals.

In addition to the DOS calculation and DR–UV–Vis

absorption, we studied the photoluminescence (PL) spectra

of Ta3N5 to investigate its absorption properties [64]. The

photoluminescence spectra of Ta3N5 were acquired using

473 and 532 nm lasers as excitation sources. Ta3N5 has a

quite narrow PL centered at 580 nm that is considerably

more intense when kex = 532 nm is used. This PL is

related to the direct bandgap transition at the C point

(2.2 eV) with slightly lower energy for the absorption onset

due to non-radiative recombination.

Band position

The flatband potentials of Ta3N5 are typically estimated

from Mott-Schottky experiments or ultraviolet photoemis-

sion spectroscopy (UPS) measurements [19]. The first

study on Ta3N5 flatband potentials was reported by Chun

et al. utilizing Mott-Schottky and UPS measurements [19].

Both techniques provided good agreement with a flatband

potential of -4.44 eV (0 V vs. NHE at pH = 0). Another

work by Cong et al. [24] found the flatband potential of

Ta3N5 to be -0.05 V vs. NHE (pH = 0).

In our work, we utilized a Mott-Schottky experiment to

estimate the Ta3N5 flatband potential [43, 44]. The Mott-

Schottky analysis at pH 13.5 provided a flatband potential

of *-0.5 V vs. RHE. The experimentally obtained flat-

band potential is considered to be located close to the

conduction band and is consistent with the fact that the

Fig. 5 Absorption coefficient a obtained from experimental mea-

surement, adapted from [41] with permission from the PCCP Owner

Societies and b obtained from theoretical calculation, adapted from

[44] with permission from the PCCP Owner Societies, and c electronic
density of states (DOS) and k-space band structure diagrams

computed at the DFT/HSE06 level of theory for Ta3N5. Color

legend: total DOS (black) and the partial contributions from Ta 5d

orbitals (blue) and N 2p orbitals (red). Fermi level is set at 0 eV,

adapted from [64] by permission of Elsevier
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contribution of conduction bands is commonly strongly

associated with empty Ta d0 orbitals for Ta3N5. Here, the

band positions are assumed to follow a typical pH depen-

dence relationship of 0.059 9 pH (in V) such that the band

positions relative to water redox potentials remain constant

at any pH [19]. In addition, the slope of the Mott-Schottky

graph exhibited a positive value, characteristic of n-type

semiconductors. From the bandgap obtained from the

measurement of optical properties, the measured conduc-

tion and valence band positions are located at *-0.5 and

1.6 V vs. SHE (at pH 0). Based on these data, the band

positions for Ta3N5 are suitably located for overall water

splitting (they straddle the water redox potentials).

The band positions of Ta3N5 were predicted through

theoretical calculations [44]. For pure Ta3N5, the HSE06

calculations predict the VB edge position to be 0.3 eV higher

in energy than the O2/H2O level. The CB edge position is

found to be 1.3 eV higher in energy than the H?/H2 level.

Because of its unsuitable VB edge position with respect to

the O2/H2O potential, pure Ta3N5 is predicted to be a good

candidate only for the hydrogen evolution reaction. It is

important to discuss here the potential error bars in the cal-

culation of the band edge positions. General benchmarks are

available for the ionization potential and electron affinities of

molecular sets, and they indicate a mean absolute error of

*0.2 eV. Regardless, the VB edge position is not below the

O2/H2O level, and thus, the holes created upon photon

absorption in pure Ta3N5will have a very limited (if not null)

capability to oxidizewater. Additionally, the pHvalue is able

to slightly affect the O2/H2O potential. In contrast, the

position of the CB band edge is undoubtedly above the H?/

H2 level, and the excited electrons thus have a strong capa-

bility to reduce H?.

The predicted band edge positions for pure Ta3N5 are

found to differ from the experimental results. For the

experimental results, the measurements and calculations

are based on the Mott-Schottky relationship, where the

surface states may present and play a crucial rule in

modifying the band positions [19, 24, 43, 44]. This effect,

however, was not taken into account for the theoretical

calculations. In addition, as mentioned previously, the

formation of pure Ta3N5 is not possible. Although the XRD

patterns show the pure phase, the elemental analysis shows

a considerable amount of remaining oxygen for Ta3N5,

which indicates an oxygen-enriched Ta3N5 crystal struc-

ture. Our group has systematically predicted the band edge

positions of various oxygen-rich Ta3N5 structures through

theoretical calculations. The measured band edge positions

are found to be highly consistent with the band edge

positions for O-enriched Ta3N5 materials, particularly for

the non-stoichiometric Ta(3-x)N(5-5x)O5x (for x C 0.16)

compounds. Considering the accuracy of bandgap predic-

tion using the HSE06 functional, this result confirms that

the experimentally prepared tantalum nitride materials are

not stoichiometric but rather strongly enriched in O, as also

observed from Raman and DR-UV–Vis absorption spectra.

The optical properties and band positions based on our

experimental results and calculations and those reported in

the literature are compared in Table 2.

Kinetic and dynamic properties of photoexcited
carriers on Ta3N5

Charge carrier separation

In photocatalytic reactions, it is important to examine the

separation of charge carriers in the photocatalyst. The

dielectric constant is an important parameter that describes

the interaction of the electric field with the material’s med-

ium. As defined bymany researchers [66, 67, 76, 79–83, 84],

the extraction of charge is greatly dependent on the mate-

rial’s dielectric constant. In general, a high dielectric con-

stant (10 or more) was found to induce good exciton

dissociation into free charge carriers. Furthermore, knowing

the dielectric constant allows the donor density of the

material to be calculated, which is an important parameter

for describing the intrinsic nature of semiconductors. In

general, the dielectric constant is dependent on the different

vibrational modes induced by time scale variations. At low

frequency, there is only an ionic contribution called the

vibrational dielectric constant (evib). At high frequency, there
is an additional contribution coming from the electronic

vibrational mode (e?). For Ta3N5, evib is almost used as 110

[21]. We calculated the imaginary part of the frequency-

dependent dielectric function over the three principal light

polarization vectors as a function of the photon energy using

the DFPT/HSE06 method, and the obtained spectra are dis-

played in Fig. 6a [64]. High dielectric constants of 35.15,

39.68, and 53.88 were obtained along the principal crystal-

lographic directions with an average value of 43. For the

electronic dielectric constant contribution, it was calculated

using density functional perturbation theory at the DFT/PBE

level of theory and at the experimental geometry, as well as

by employing the QE code. It was found to be between 8 and

11.5 [67, 70, 77].

In our previous work, we reported the measurement of

the dielectric constant of Ta3N5 films from the fringes

observed in the transmittance and/or reflectance spectra

[41]. The details of the measurements and calculations

were also described. The dielectric constants for different

film thicknesses are presented in Table 3. Experimentally,

to estimate the electronic vibration of the dielectric con-

stant, we use the complex index of refraction N = n ? ik.

From the fringes observed in the transmittance and/or

reflectance spectra, we can deduce the dielectric constant
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e1 = n2 - k2 & n2 (for low absorption) and e2 = 2nk.

Thus, the obtained dielectric constants were approximately

12.5 and 13 in the visible spectral range for Ta3N5-160 nm

and Ta3N5-470 nm, respectively [26, 41]. Because of the

very thin thickness of the Ta3N5-50 nm sample, there were

no fringes observed. Therefore, we can use another for-

malism to extract dielectric constant. We calculated the

dielectric constant from a calculation of the real part of the

index of refraction from the reflectance and transmittance

measurements [78]. The real part of the dielectric constant

is linearly related to the wavelength in the non-absorbing

region [78]. Figure 6b shows the plot of e1 vs. k2 for the

Ta3N5-50 nm thin films. The intersection of the linear part

of this curve provides the value of the dielectric constant,

and the N/m* ratio can be calculated from the slope of the

straight line. From this extrapolation, we determined the

dielectric constant to be equal to 13.8. Moreover, we can

estimate the relative mass of the material. Indeed, relative

mass is another important parameter that can provide an

idea about the charge diffusion in the photocatalyst. It will

be developed in the following section.

Clearly, there is a significant difference among the

measured and theoretically calculated dielectric constants

[41, 64]. For the measured dielectric constant, the experi-

ment was conducted only for high frequency (UV–Vis

range), where it contributes only to electronic vibration,

whereas for the calculated dielectric constant, both low and

high frequencies were taken into account, and therefore,

the dielectric constant also considered the ionic and elec-

tronic contributions [41, 64, 66].

Table 2 Ta3N5 optical properties and band positions

Optical properties Calculation Experimental Method/references

Bandgap energy (eV)

2.1 DR-UV–Vis [19–21, 40–48]

2.1 UV–Vis [41, 100]

2.20D DFT-HSE06 [44, 64]

2.20I DFT-HSE06 [64]

1.43I PBE [67]

1.88I PBE [67]

2.12D Sc-hybrid [67]

2.90I PBE0 [70]

2.20I HSE [69]

Flatband potential (V vs. NHE)

0 (pH 0) Mott-Schottky [19]

-0.02 UPS [19]

-0.05 (pH 0) Mott-Schottky [24]

-0.3 (pH 13) Mott Schottky [41, 43, 44]

Conduction band

-0.3 (pH 0) Mott-Schottky [19]

-0.52 (pH 0) UPS [19]

-1.3 (pH 0) HSE06 [74]

-0.4 (pH 0, defective Ta3N5) HSE06 [74]

Valence band

?1.58 (pH 0) Mott-Schottky [19]

?1.58 (pH 0) UPS [19]

?0.9 (pH 0) HSE06 [74]

?1.6 (pH 0, defective Ta3N5) HSE06 [74]

Absorption coefficient (cm-1)

1 9 105 HSE06 [44, 64]

8 9 105–1 9 104 UV-Vis spectroscopy [41]

6.2 9 104 UV-Vis spectroscopy [60]

2.5 9 105–3 9 103 Spectroscopic ellipsometry [75]

1.4 9 105–2.2 9 105 BSE-G0W0 [67]

D direct bandgap, I indirect bandgap
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Charge carrier diffusion

Quantitatively, charge carrier diffusion can be examined

from the effective mass property. Acceptable effective

masses are considered optimal, at least in one crystallo-

graphic direction, when they are less than 0.5 m0 (m0 being

the electron mass) for an efficient diffusion of charge

carriers in the material [64, 66, 79–83]. For a measured

Fig. 6 a Imaginary part of the frequency-dependent dielectric

function along with the three principal light polarization vectors

computed at the DFPT/HSE06 level of theory for Ta3N5 utilized for

dielectric constant calculation. Red, blue, and green curves

correspond to xx, yy, and zz components, respectively, adapted from

[64] by permission of Elsevier and b plot of the dielectric constant vs.

k2 of Ta3N5 thin film for electron effective mass determination

Table 3 Ta3N5 kinetic and dynamic properties

Kinetic and dynamic properties Calculation Experimental Method/references

Dielectric constanta

43 LR-DFPT-PBE [64]

17b Reflectance fringe [41]

110 Not specified [21]

7–9 Spectroscopic ellipsometry [75]

65 PBE [67]

Electron Effective massc

0.60 m0–1.94 m0 FD-DFT-HSE06 [64]

0.23 m0–2.70 m0 DFT-PBE [67]

0.36 m0 Reflectance measurement [40, 41]

Hole Effective massc

0.85 m0–3.38 m0 FD-DFT-HSE06 [64]

0.66 m0–3.56 m0 DFT-PBE [67]

Charge carrier concentration (cm-3)

5 9 1017–5 9 1020 Hall effect measurement [41]

3.7 9 1019 Mott-Schottky plot [21]

Mobility (cm2 V-1 s-1)

1.3–4.4 Van der Pauw [41]

Carrier lifetime (ps)

3–9 Transient spectroscopy [41]

2–12 Femtosecond DR-spectroscopy [86]

Diffusion length (nm)

3–9 Subtracted from mobility and lifetime [41]

A average value for different crystal orientations, calculated as the total dielectric constant considering ionic and electronic contributions (i.e.,

low and high frequencies), b measured only for high frequency (electronic contribution), c depending on crystal orientation
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donor density of 5 9 1020 cm-3, deduced from Mott–

Schottky measurements, we estimate the electron effective

mass to be 0.36 me
* for Ta3N5-50 nm using Fig. 6b. We

also computed the charge carrier effective masses (i.e.,

electron and hole effective masses) and compared them to

previous experimental works on semiconductors used in

photovoltaic devices. The smallest hole and electron

effective masses are both found to be along either the [001]

or [010] direction with mh
* = 0.85 m0 and me

* = 0.6 m0, and

the highest hole and electron mobilities are expected to be

along these two specific directions. These two obtained

values are larger than 0.5 m0 (threshold value), and hence,

relatively poor charge carrier transport properties are

expected along this specific direction. Note that the current

data using the DFT/HSE06 level of theory had a subtle

discrepancy with the reported values using the DFT/PBE

level of theory [85], as expected from the different calcu-

lated energy diagrams. In addition, compared to the cal-

culated electron effective mass obtained from

measurements, 0.36 m0, the value is below the threshold,

and thus, good electron charge carrier transport is expected.

Calculations estimate the electron effective masses to be

between (0.2–2.7 me
*) [64, 67] depending on the crystal-

lographic direction. Additionally, it appears that the

effective masses of holes are larger than those for electrons

(0.66–3.6 mh
*). This result suggests that low hole mobility

may be responsible for the limitation of the generated

photocurrent in Ta3N5.

The charge carrier concentration can be calculated from

the slopes of the Mott-Schottky plots. Using a geometric

area of the films, the obtained values were

*5 9 1019 cm-3 for the thin films and 5 9 1020 cm-3 for

the thicker ones. If the relative surface area of the thicker

film was used, the carrier concentration of this film was in

the same range as the rest of the samples. Clearly, the

donor density measurement from the Mott-Schottky anal-

ysis is very complex; therefore, the carrier concentrations

of the films were also measured using Hall measurements.

We found values between 5 9 1017 and 5 9 1020 cm-3,

which are within the same range for other reported pho-

toanodes, such as hematite or bismuth vanadate materials

[103–105]. We also reported on the electronic transport

properties (carrier mobility) and spectroscopic measure-

ments (carrier recombination). These two parameters

determine the diffusion length of the material and can be

correlated to the PEC performances. The van der Pauw

four-probe measurement provides the resistivity of the

material, and the Hall measurements provide the charge

carrier concentration. The resistivity of the films decreased

from 32.44 to 0.01 O cm with a thickness increase from

160 to 470 nm, which correlates to the crystallinity of the

films. For the thick films (960 nm), the resistivity increased

to 54.88 O cm. All of these values are within the range of

typical semiconductor materials (10-3 – 103 X cm). The

calculated mobilities were in the range of 1.3–4.4 cm2 -

V-1 s-1. Thicker films possess better mobility.

The intrinsic defects in Ta3N5 can significantly reduce

the carrier lifetime and consequently decrease the pho-

tocurrent. It is well known that the carrier lifetime is sig-

nificantly increased by enhancing the film morphology,

grain size, and crystallinity. Femtosecond (fs) transient

absorption spectroscopy provides direct information

regarding the carrier dynamics and excited-state deactiva-

tion pathways, including carrier trapping. We utilized this

method to probe the events that occurred due to photoex-

citation of the Ta3N5 films. We explored the carrier

dynamics of Ta3N5 thin films using broadband transient

absorption spectroscopy with 120 fs temporal resolution.

We observed a significant increase in the carrier lifetime of

the thick films compared with the thinner films. The

observed dynamics can be attributed to the decrease in

carrier trapping, indicating that there are less defects in the

thicker film compared with the thinner one, consistent with

the crystalline structure and the surface morphology of the

thick films. The measured lifetimes are in the range of

3.1–8.7 ps, consistent with the 12 ps reported for Ta3N5

powder [86]. Using the mobility and lifetime, we can

estimate the Ta3N5 diffusion length to be between 3 and

9 nm, which again highlights the difficulty in diffusing

charge carriers. Material structuration and cocatalyst

addition are mandatory to diffuse charge carriers and

subsequently improve the photocatalytic reaction.

The kinetic and dynamic properties from our experi-

mental and theoretical calculation results and those repor-

ted in the literature are compared in Table 3.

Ta3N5-electrolyte interface

Surface states related phenomena

The photocatalytic activity of Ta3N5 for oxygen and

hydrogen evolution reactions has primarily been attributed to

its activity related to its bulk properties, such as crystallinity,

particle size, and optical properties [18–20, 22, 23,

26, 29, 30]. However, as previously described, photocat-

alytic water splitting is a complex reaction that is affected by

many factors associated with the photocatalyst and cocata-

lyst properties. Although the effect of the surface properties

of semiconductors is significant, it is less investigated and

correlated with photocatalytic activity.

Our work reported that not only the bulk properties but

also the surface properties greatly affected the photocat-

alytic activity of Ta3N5 [43]. A thin TaN layer on the

surface (*2 nm), which formed depending on the syn-

thesis method, was observed to change the energetic profile
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on the Ta3N5-electrolyte interface, thus changing the pho-

tocatalytic activity. The surface layer changes the potential

distribution on the Ta3N5 surface-electrolyte interface, as

evidenced by the perturbed flatband potential. The flatband

potentials shifted as a consequence of Fermi level pinning

of the semiconductor-electrolyte interface due to the drastic

influence of surface states. However, the surface states

were difficult to elucidate in this study, but it can be said

that the layer, which can be removed by alkaline piranha

solution, shifted the overall flatband potential to be more

negative without changing the bandgap, consistent with the

enhanced hydrogen evolution while minimizing the oxygen

evolution. This study also emphasized the importance of

surface modification to improve the photocatalytic perfor-

mance. Interface modification together with cocatalyst

function and intentional perturbation of the surface states

by introducing an additional hetero-layer would have the

potential to further improve the photocatalytic

performance.

Mott-Schottky analysis

One of the requirements of a photocatalyst to undergo

photocatalytic/PEC reactions is possessing suitable band

positions with respect to the water redox potentials (ther-

modynamic requirement). To estimate the band positions,

Mott-Schottky plots using impedance spectroscopy were

obtained in an attempt to retrieve the flatband potential

[26, 41]. Note that the Mott–Schottky relation is only

applicable to ‘‘ideal’’ semiconductors with a uniform bulk

and surface and with preferably known surface areas.

Additionally, the surface states present on the semicon-

ductor significantly affect the Mott–Schottky plot because

the pH effects follow the Nernstian relationship of

-59 mV pH-1 for many semiconductors. Hence, the fab-

rication of high-quality electrodes using powder semicon-

ductors is indispensable for obtaining reliable results

[26, 41].

Several works have reported the flatband potentials of

Ta3N5 films synthesized using different methods, where the

reported flatband potentials show different values for dif-

ferent film preparations [19, 24, 41]. In addition to films

synthesized from Ta3N5 by applying electrophoretic

deposition, we applied the sputtering method to synthesize

Ta3N5 on Ta foils with different thicknesses [41, 43, 44].

The Mott-Schottky plots for the Ta3N5 films with different

thicknesses were determined based on the impedance data.

All of the Ta3N5 films exhibited positive slopes, which are

characteristic of n-type semiconductors.

To obtain accurate flatband potentials, the selection of a

suitable potential window for extrapolation from the Mott-

Schottky plots is crucial. For this purpose, the Faradaic

current should remain negligible. However, in most cases,

the non-flat behavior of the capacitive current causes dif-

ficulty in selecting the right potential window for measur-

ing the flatband potential. For example, in our case, in the

potential range from -1.2 to ?1.0 V vs. RHE, the Mott-

Schottky analysis leads to a flatband potential from -0.1 to

0 V vs. RHE, which is consistent with previously reported

values. However, in a different potential range at more

positive potentials, the flatband potential can be found

between ?0.8 and ?1.1 V vs. RHE, which are more pos-

itive compared with those reported. Notably, the flatband

potentials mentioned in the literature were taken in dif-

ferent potential ranges, resulting in different flatband

potentials. Mott-Schottky analysis is more preferable for

studying the flatband potential of a single-crystal semi-

conductor with a moderate doping content and a good

ohmic contact [26, 41, 87]. These ideal conditions are not

the case for these samples nor those reported in the liter-

ature. Additionally, due to the surface state capacitance and

associated double-layer capacitance at the semiconductor-

electrolyte interface, it is often observed that the flatband

potential depends on the frequency used, which should not

be the case.

Upon successful charge transfer, the culmination of all

the photophysical processes on the semiconductor surface

succeeds with an effective electrocatalytic process

[1, 26, 88]. An efficient electrocatalyst is one of the most

important parameters for achieving efficient photocatalytic

water splitting in visible light. To achieve efficient water

splitting under visible light irradiation where there is no

significant overpotential for electrocatalysis, the electro-

catalysts need to transfer the received electrons and holes

to the relevant reactants in the water splitting redox reac-

tions [1, 26].

OER cocatalyst deposition effect on Ta3N5

A comprehensive understanding of the cocatalyst and of its

fundamental effect on photocatalytic water splitting has yet

to be elucidated. Studies on electrochemical water splitting

have obtained some promising results regarding the

development of oxygen evolution reaction (OER) cocata-

lysts. Some new cocatalysts, such as Co3O4, Ni(OH)2, and

Mn3O4, have good potential for replacing the employed

noble metal catalysts (RuO2) because of their excellent

electrocatalytic activity [76, 87–90]. However, little

attention has been focused on investigating these materials

as OER cocatalysts in photocatalytic water splitting.

Despite the difference in these two systems, this electro-

chemical approach is applicable for studying the surface

reaction of water oxidation.
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Physical and chemical properties of CoOx on Ta3N5

surface

Cobalt oxide (CoOx) has been extensively investigated as a

cocatalyst, particularly for electrochemical and PEC OER

[15, 24, 91–98]. Although many studies have reported

improvement of the electrochemical OER using CoOx,

studies on powder suspension systems are limited [42, 93].

An improved photocatalytic OER rate with a quantum

efficiency as high as 27 % (at 440 nm) has been reported

on LaTiO2N with deposited CoOx [93]. In addition to

providing active sites for the electrocatalytic OER, CoOx is

also believed to play a vital role in promoting charge

separation. However, despite the tremendous efforts toward

developing a CoOx catalyst, its chemical state and prop-

erties on a photocatalyst have yet to be elucidated.

In our recent work, quantum efficiencies as high as

19.4 % (at 440 nm) were achieved on CoOx/Ta3N5 in the

presence of AgNO3 as a sacrificial electron acceptor [99].

The effect of CoOx addition and heat treatment on the pho-

tocatalytic OER on Ta3N5 was investigated based on the

photocatalytic OER performance and thorough characteri-

zation. Nitridation after Co impregnation essentially creates

a metallic cobalt–cobalt oxide core shell structure with

intimate contact between the Ta3N5 surface and the cocata-

lyst, as indicated by STEM image depicted in Fig. 7a, b.

This intimate contact led to drastic improvements in the

photocatalytic efficiency for the OER. This state is also

consistent with the results obtained by Raman, XAS, and

XPS measurements. However, the metallic state of cobalt

is not an essential component of the improved OER

because it disappeared after the photocatalytic reaction.

The high-temperature treatment is likely to form an inti-

mate contact between the Ta3N5 surface and CoOx, facil-

itating effective hole transfer. Subsequent mild oxidation

led to further improvement of the photocatalytic OER,

indicating that CoOx is a preferred active site for the OER

over the metallic phase. The photocatalytic OER activity

using Ta3N5 as photocatalyst from our study and that

reported in literature are compared in Fig. 8a, b.

Kinetics and dynamics of photoexcited carriers

on CoOx/Ta3N5 and noble metal co-loaded CoOx/

Ta3N5

The effect of cocatalyst modification on improved photo-

catalytic/PEC performance has been a matter of debate.

The role of the cocatalyst has been reported to provide two

effects: 1) improvement in electrochemical performance by

lowering the overpotentials for the redox reactions, and 2)

effectively separating the excited charges utilizing the

photocatalyst (semiconductor)–catalyst interface through

the differences in Fermi levels between them.

In a previous work, a substantial improvement of the

electrocatalytic OER was observed when Au was added to

the CoOx electrode [91]. The beneficial effects of the two

coexisting metals were speculated to be increasing the

population of CoIV, which are believed to be the active

sites for the OER. Knowing that CoOx is a more preferable

active site for the photocatalytic OER, we attempted to

improve the OER rate by simply adding a trace amount

(*0.05 wt %) of noble metals to a cobalt-modified Ta3N5.

The photocatalytic OER over Pt or Ir co-loaded CoOx/

Ta3N5 is presented in Fig. 9.

The optimized system exhibited one of the highest

quantum efficiencies (QEs) reported over 20 % in visible

light range in 0.1 M Na2S2O8 at pH 14. Using time-re-

solved spectroscopy, we are attempting to identify whether

hole transfer kinetics is improved by the addition of noble

metal. The initial attempts likely suggest that hole transfer

was also improved, and the results are to be published in

the near future. In addition, as claimed in the literature,

improved electrocatalytic OER by lowering the onset

potential also plays a significant role in enhancing the

photocatalytic OER [90].

As previouslymentioned, investigating electrocatalysis is

one of the best approaches for studying photocatalytic water

splitting. In our recent review, we included the mass transfer

of reactants, which significantly affects the photocatalytic

water splitting performance [26]. The study of photocatalytic

water splitting has primarily focused on developing efficient

materials, including cocatalysts, without consideration of

thermodynamic and kinetic information from the electro-

catalysis perspective. Indeed, in a single powder photocat-

alyst system, there is no pH gradient because the H2 and O2

are generated in the same compartment.

Most of the photocatalytic water splitting is conducted at

neutral pH due to the stability issue of most semiconductor

photocatalysts. Therefore, it is important to study the

electrolysis of water under neutral pH. In acidic or alkaline

conditions, pH 0 and 14, respectively, one H? or OH- ion

is present among approximately 55 H2O molecules. In

terms of kinetics, the reaction with hydronium ions (pro-

tons) or hydroxyl ions that have a very large diffusion

coefficient is more facile than that with water molecules for

reduction and oxidation, respectively [26, 100]. In neutral

conditions, however, a different reaction mechanism has

been observed [26, 101]. Insufficient hydronium/hydroxyl

ion activities at near-neutral pH induced the limiting dif-

fusion currents of reactions with these ions. In this condi-

tion, buffering actions are effective based on the reactant

switching over varied pH [101]. In addition, for electro-

chemical measurements, the supporting electrolyte is an

essential component for avoiding solution resistance (iR

drop). We recently reported a rigorous study on the effect

of a supporting electrolyte for electrochemical hydrogen
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evolution under neutral conditions in a buffered system

[102]. However, there is a lack of information available

regarding this pH and the electrolyte effect in photocat-

alytic water splitting.

We attempted to study the photocatalytic OER using

CoOx/Ta3N5 at different pH (alkaline conditions) in the

presence of 0.1 M Na2S2O8 as a sacrificial electron

acceptor. Alkaline conditions were selected due to the

stability of CoOx species, which is not stable under neutral

or acidic conditions. Hence, selecting a cocatalyst that is

stable under a wide range of pH is essential. As shown in

Fig. 10, the photocatalytic OER rate increases with

increasing pH. The OER rate increases from 40 to

60 lmol h-1 for pH 10.5 to pH 12, respectively, and

reaches optimum conditions for pH 14 with an OER rate of

100 lmol h-1. This positive trend is associated with

improved OER kinetics and a reduced iR drop (solution

resistance) for higher pH. A complete study from electro-

catalysis and photocatalysis perspectives for different

conditions using different catalysts is under development.

Fig. 7 a Dark field HR-STEM for core–shell agglomerated cobalt

nanoparticles. The inset shows the FFT results of the core region and

depicts a characteristic fcc pattern viewed along the [110] zone axis,

b X-ray fluorescence spectra of Ta3N5 (1), the core (2) and the shell

(3) of an agglomerate as depicted on (a). Figures adapted with

permission from [99] Copyright (2015) American Chemical Society

Fig. 8 Time course of photocatalytic OER on a 2 wt % CoOx/

Na2CO3-Ta3N5 nitrided at 500 �C for 1 h, adapted with permission

from [42] Copyright (2012) American Chemical Society, and b on

nitrided 2 wt % CoOx/Ta3N5 with and without oxidation at 200 �C for

1 h, adapted with permission from [99] Copyright (2015) American

Chemical Society (a 50 and b 10 mM AgNO3, at pH 8.5 (La2O3

buffer) under visible light irradiation (420\ k\ 800 nm))
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Kinetics and activation energy measurement

for photocatalytic OER using NiFeOx catalyst

Photocatalytic reaction is essentially electrochemical redox

reactions driven by photogenerated electrons and holes in

the semiconductor. Our attempt is to study electrochemical

reaction apart from semiconductor, and then connect to

photophysical process using the semiconductor. For this,

we used the NiFeOx electrocatalyst in alkaline solution as

highly active, industrially-vial catalyst [106]. As expected,

the catalyst achieved 10 mA cm-2 at an overpotential of

260 mV in 1 M of KOH solution and the different tem-

perature measurement resulted in an apparent activation

energy of 25 kJ mol-1. The same catalyst was used to

decorate Ta3N5 powder photocatalyst by applying identical

hydrothermal treatment in the presence of Ta3N5 powder.

The NiFeOx/Ta3N5 was used for photocatalytic OER

reaction in the presence of 0.1 M Na2S2O8 as a strong

electron scavenger, thus likely leading to the OER being

kinetically relevant. The incorporation of NiFeOx catalyst

leads to fivefold improvement of Ta3N5 photocatalytic

OER in the visible range with quantum efficiency up to

24 % at 480 nm. The apparent activation energy for pho-

tocatalytic OER was found to be 16 kJ mol-1.

The comparison between electrocatalytic and photocat-

alytic studies [106] shows very strong correlation that the

improvement in electrocatalysis leads to similar improve-

ment in photocatalysis. Both electrocatalytic and photo-

catalytic systems have similar dependence on pH change,

where high rates were observed for higher pH. The pH

dependence is associated with electrocatalytic kinetics that

accordingly influenced the photocatalytic rates. Further-

more, the difference in apparent activation energies for

both systems is associated with the possible effects of

temperature on the individual thermodynamic and kinetic

parameters of the reaction process.

Future directions

Developing efficient visible-light-responsive photocata-

lysts is essential for making the photocatalytic overall

water splitting reaction economically competitive for

hydrogen production. To achieve this goal, all the

parameters involved in photocatalytic water splitting

should be optimized. A collection of theoretical and

experimental studies of properties associated with Ta3N5

have been utilized to obtain a comprehensive under-

standing of this material. The fundamental structural and

optoelectronic properties of Ta3N5 have been addressed.

The nitridation is confirmed to proceed via the succes-

sive transformation of Ta2O5 TaON Ta3N5 on the basis

of XRD patterns and Rietveld analysis. From the elec-

tronic properties, the dielectric constant and effective

masses have been calculated. Because of its high

dielectric constant and relatively low effective masses,

Ta3N5 is promising for photocatalytic reaction applica-

tions. Studies of lattice dynamics, optical properties, and

band positions have been able to clearly show that the

synthesized Ta3N5 is essentially defective and non-stoi-

chiometric and that a truly pure phase of Ta3N5 has

never been achieved, even though XRD has shown a

pure phase sample. The photophysical properties of

Ta3N5, such as the absorption coefficient, carrier

mobility, and carrier lifetime, have been experimentally

measured by synthesizing Ta3N5 thin films. Very low

kinetic properties with very low transport properties and

fast carrier recombination explained why overall water

splitting has never been achieved with Ta3N5 as a

Fig. 9 Time course of photocatalytic OER on CoOx/Ta3N5 (0.1 M

Na2S2O8, pH 10.5 adjusted with NaOH under visible light irradiation

(420\ k\ 800 nm))

Fig. 10 Time course of photocatalytic OER on CoOx/Ta3N5. (0.1 M

Na2S2O8, at pH 10.5, 12.0 or 14.0 adjusted with NaOH, under visible

light irradiation (420\ k\ 800 nm))
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photocatalyst to date. A surface modification with a

cocatalyst and new interface construction are thus sug-

gested to improve the photocatalytic activity. The extent

to which the surface states of Ta3N5 photocatalysts

affect photocatalytic performance has been investigated.

The surface topmost layer is demonstrated to play a

critical role in the photocatalytic activity of Ta3N5;

further research on the surface properties of Ta3N5

should be conducted to understand and improve charge

separation and the resulting photocatalytic activity.

Finally, a remarkable improvement in the photocatalytic

OER has been achieved with the addition of cobalt as a

cocatalyst. There is a trade-off between the optimum

contact of hole transfer from bulk Ta3N5 to the surface

of the cobalt cocatalyst and providing active sites for the

electrochemical reaction. Knowing the characteristics of

cobalt on the Ta3N5 surface, further improvement was

attempted by adding a noble metal to the CoOx/Ta3N5

photocatalyst system, where a synergetic effect of CoOx

and noble metals was observed. Although a solar energy

to hydrogen conversion efficiency of greater than 1 %

using Ta3N5 has been achieved, substantial bias in the

PEC configuration or the use of a sacrificial reagent is

still mandatory. As mentioned in the beginning of this

part, the main limitation for Ta3N5 is that we cannot

make it until now chemically stoichiometric and without

crystalline defects. The ammonia treatment necessary for

the production of Ta3N5 is an aggressive treatment and

induces many defects in the crystalline structure that act

as sites of charge carrier recombination in the material.

Developing new synthesis techniques or new in situ

methods of the growth control for Ta3N5 is predicted to

be able to produce better chemical stoichiometry and

improve the crystalline structuration of the material (like

epitaxial growth). It can be a key to overcome the Ta3N5

limitations and make it efficient for overall water split-

ting. On the other hand, developing efficient cocatalysts

with new deposition techniques for surface functional-

ization can help to improve the photocatalytic efficiency

of Ta3N5. Research should continue as the efficiency has

not yet reached the desired level. However, a thorough

understanding of all the processes involved in the pho-

tocatalytic process would pin down the crucial parame-

ters, which will lead to the design of photocatalysts for

solving targeted problems.
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