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ABSTRACT:

We have developed a new penternary wurtzitic nitride system Li1`xZnx-

Ge2`xGaxN3 (0 ≤ x ≤ 1) by hybridizing LiGe2N3 and ZnGeGaN3. Fairly stoi-

chiometric fine powder samples were synthesized by the reduction–nitridation

process at 900‹C. While the end member LiGe2N3 possessed a relatively large

band gap of 4.16 eV, the band gap of the developed penternary system var-

ied in a broad range of 3.81–3.10 eV, showing promising responsivity to the

solar spectrum. The crystal structure of LiGe2N3 was precisely determined

by time-of-flight neutron powder diffraction for the first time, revealing the

complete ordering of Li and Ge in the Cmc21 structure. The structural evolu-

tion from the completely ordered LiGe2N3 to the fully disordered ZnGeGaN3

was quantitatively analyzed by Rietveld refinement based on a partially dis-

ordered Cmc21 model, and the obtained results were also supported by 71Ga

solid-state NMR spectroscopy. The synthesized Li1`xZnxGe2`xGaxN3 pow-

der samples exhibited photocatalytic activities for the water reduction and

oxidation reactions under solar-light irradiation, with the H2 evolution rate

of 0.3–59.0 µmol/h and the O2 evolution rate of 3.1–296.2 µmol/h, depend-

ing on the composition. Stable solar hydrogen generation of up to 48 h was

demonstrated by the x = 0.80 sample, with the total amount of H2 evolved

over 1.6 mmol and the external quantum efficiency of 2.1%.
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1 Introduction

Mutinary wurtzitic nitrides have attracted considerable attention in recent years, owing

to their potentiality for optoelectronic, photovoltaic, photocatalytic, electrochemical, and

spintronic applications.1−24 Most of them synthesized experimentally to date are restricted

to ternary systems such as II–IV–N2 and II2–V–N3, which essentially possess no compo-

sitional flexibility and thus, limited tunability for physical properties, unless controlling

the cation (dis)order or alloying (solid-solution formation).

We explored the solid-solution formation between ZnGeN2 and GaN for the first time,

and established a quaternary wurtzitic nitride system Zn1−xGe1−xGa2xN2.
17 The band

gap of Zn1−xGe1−xGa2xN2 showed an abrupt decrease from 3.42 eV for x = 0 to the

visible-light range of 3.05–3.02 eV for x = 0.10–0.50, depending little on the value of

x. The observed unusual reduction of the band gap was attributed to the predicted

staggered (type-II) band offset and the minimal lattice mismatch between ZnGeN2 and

GaN.25−27 Refinements of the crystal structure and 71Ga solid-state NMR spectroscopy

indicated that cation ordering in the octet-rule-preserving structure of ZnGeN2 (Pna21)

nearly disappears at x = 0.10, transitioning to a fully disordered P63mc phase when

x ≥ 1/3. The synthesized Zn1−xGe1−xGa2xN2 showed photocatalytic activity for water

splitting reactions, achieving H2 evolution rates between 2.8 and 3.6 µmol/h and high O2

evolution rates of 100.4 to 126.6 µmol/h under visible light irradiation with wavelengths

greater than 400 nm. Jayatunga and Lambrecht et al.28 predicted potential crystal struc-

tures and band structures for the Zn1−xGe1−xGa2xN2 system at x = 0.5 through first-

principles calculations. They found that, contrary to expectations, the band gaps of two

simulated octet-rule-preserving superlattices (Pmn21, P1n1) were marginally larger than
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those of the end members, whereas another superlattice that violated the octet rule and

was energetically unfavorable exhibited a reduced band gap. Their findings suggested

that the marked band-gap narrowing observed in our earlier study might not be due to

the anticipated type-II band alignment, but rather to the cation disorder caused by Ga

incorporation. We further investigated the Zn1−xGe1−xGa2xN2 system with previously

unexamined low-Ga concentrations of x = 0.02 and 0.05, to clarify the transitionary

optical and structural evolution induced by Ga incorporation.8 Detailed analyses using

time-of-flight (TOF) neutron powder diffraction and high-field 71Ga NMR spectroscopy

showed that the markedly reduced band gap attained in Zn1−xGe1−xGa2xN2 is mainly

due to the cation disorder. With the synthesized x = 0.02 sample, photocatalytic water

reduction of up to 5 days was performed under simulated solar-light irradiation, with an

average H2 evolution rate of 23.4 µmol/h.

In the current work, we developed a new penternary nitride system Li1−xZnxGe2−x-

GaxN3 by hybridizing ternary and quaternary wurtzitic nitrides, LiGe2N3 and ZnGeGaN3.

The existence of LiGe2N3 has been reported as early as 1974,29 whereas its physicochemical

properties have not been explored up to now, except for the crystal structure determined

by X-ray diffraction (XRD) and optical absorption properties reported by Häusler et al.30

While ZnGeGaN3 corresponds to x = 1/3 in the Zn1−xGe1−xGa2xN2 system and should

be regarded as Zn1/3Ge1/3Ga1/3N from the crystallographic point of view, its formula

will be represented as “ZnGeGaN3” hereafter for convenience. The synthesis of Li1−xZnx-

Ge2−xGaxN3 fine powder samples was established by the gas-reduction–nitridation (GRN)

process, and integrity of the designed composition was confirmed thoroughly by chemi-

cal analyses. The formation of the solid solution and the resulting structural evolution
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were examined by the Rietveld refinement and 71Ga solid-state NMR spectroscopy. The

synthesized Li1−xZnxGe2−xGaxN3 exhibited promising sensitivity to the solar spectrum,

and improved photocatalytic activity for the water reduction compared to the previously

developed quaternary system was achieved.

2 Experimental Section

2.1 Powder Synthesis by GRN

The powder samples of the system Li1−xZnxGe2−xGaxN3 were synthesized by using the

GRN method.8,17,31−39 The oxide starting materials were prepared by simple wet mixing

of Li2CO3 (FUJIFILM Wako Pure Chemical Co., 99%), ZnO (Sigma-Aldrich Co., no.

544906), GeO2 (Sigma-Aldrich Co., 99.99%), and Ga2O3 (Sigma-Aldrich Co., 99.99%)

powders. The content of ZnO in the starting composition was 3 times the stoichiometric

quantity, as has been optimized previously.17 The raw powder mixture of ∼0.3–0.4 g was

loaded in an alumina boat and set in a horizontal alumina tube furnace (inner diameter of

24 mm). The sample was subsequently heated to the reaction temperature of 900◦C at a

ramp rate of 8.33◦C/min in an NH3–1.5 vol% CH4 gas mixture, introduced at a constant

flow rate of 0.13 SLM. The optimized holding time varied as follows: 2.5 h (x = 0), 3 h

(x = 0.05), 3.5 h (x = 0.10), 5 h (x = 1), 5.5 h (x = 0.20), and 6 h (x = 0.50–0.90). After

the predetermined holding time, the sample was furnace cooled in an NH3 atmosphere

with an average cooling rate of 20◦C/min. (Caution! The NH3-containing exhaust gas

should be absorbed by an acid trap or thermally decomposed by a subfurnace. The sample

should be removed from the furnace after sufficient purging with an inert gas.)
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2.2 Characterization

The phase composition of the synthesized powders was analyzed by XRD using Cu Kα1

radiation operated at 45 kV and 200 mA (SmartLab, Rigaku). The Rietveld refinement of

the XRD data was conducted using the program RIETAN-FP.40 The neutron diffraction

pattern of LiGe2N3 was acquired by the TOF neutron powder diffractometer, BL20 iMA-

TERIA, located at the pulsed-spallation neutron source in the Materials and Life Science

Experimental Facility of the Japan Proton Accelerator Research Complex with 400 kW

beam power. The pattern was collected at room temperature using the 90 degree bank

with a resolution of ∆d/d = 0.5% for d = 0.255–7.2 Å. The Rietveld refinement of the

neutron powder diffraction pattern was conducted using the program Z-Rietveld.41 The

definitions of the reliability factors for refinement are as described by Young.42 The bond

valence sum values at the (Li,Zn,Ge,Ga) mixed occupancy sites were calculated according

to the weighted long-range bond valence sum,43 and the bond valence parameters were

taken from the work by Brese and O’Keeffe.44 The cationic compositions of the synthe-

sized powders were analyzed by inductively coupled plasma optical emission spectrometry

(ICP-OES; SPS3520UV-DD, Hitachi High-Tech Science Co.). Nitrogen and oxygen con-

tents were analyzed by the thermal conductimetric method and infrared absorption, re-

spectively (TC-436AR, LECO Co.). The specific surface area and the equivalent particle

size of the powders were measured by the single-point Brunauer–Emmett–Teller (BET)

method (FlowSorb III, Micromeritics). The 71Ga magic-angle spinning (MAS) NMR mea-

surement was conducted at 18.8 T using a JEOL ECA 800 spectrometer equipped with

a home-made 3.2 mm MAS probe spinning at ca. 20 kHz. The Larmor frequency at 18.8

T was 244.12 MHz for 71Ga. Spectra were acquired by 720–12200 scans using the single
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pulse sequence with a 30◦ pulse of 1 µs and a relaxation delay of 20 s, and were referenced

to 0 ppm for a 1.0 M aqueous Ga(NO3)3 solution. The diffuse reflectance spectrum of

the samples was measured with a spectrophotometer (V-650, Jasco), by referring to the

Spectralon reflectance standard. Photoluminescence (PL) spectra were measured at room

temperature using a spectrofluorometer (FP-8500, Jasco).

2.3 Photocatalytic Reactions

The photocatalytic test reactions were carried out by using a top irradiation-type cell

connected to a closed gas circulation system, as described in our previous studies.8,17,38

The RuO2 cocatalyst was loaded to the powder samples by impregnation from a RuCl3

(FUJIFILM Wako Pure Chemical Co., 99.9%) ethanol solution, followed by the calcination

in air at 400◦C for 4 h. Photocatalytic H2 evolution was examined with ∼0.22 g of the 2

wt% RuO2-loaded samples dispersed in 200 mL of deionized water containing 10 vol % of

methanol as an electron donor. O2 evolution was evaluated in an aqueous silver nitrate

solution (0.01 M) without loading the cocatalyst. The reaction cell was irradiated by UV–

visible light using a 300-W Xe lamp (PE300BF, Excelitas Technologies Co.). An air mass

filter (AM1.5G, Asahi Spectra Co.) was used for irradiation of the solar spectrum. The

external quantum efficiency was measured by using a bandpass filter of 380 nm (MZ0380,

Ashahi Spectra Co.), and the number of incident photons was predetermined by using a

photodiode sensor (PD300-UV, Ophir Optronics Solutions Ltd.). The amounts of H2 and

O2 evolved were measured using on-line gas chromatography (GC-8A, Shimadzu).

7



3 Results and Discussion

3.1 Synthesis and Crystal Structure

The main physicochemical properties of the Li1−xZnxGe2−xGaxN3 powder samples syn-

thesized are summarized in Table 1. Completion of the reduction–nitridation reaction

was confirmed by weight-loss measurements for each run, and the holding time required

for complete nitridation ranged from 2.5 h for x = 0 to 6 h for x = 0.50–0.90. The com-

positional deviations for each element, with regard to the total cation number of 3, were

found to be less than 2.3% by the ICP-OES analysis. The analyzed nitrogen contents

(CN) were in fair agreement with the expected values of 16.83–21.64 wt%. The impurity

oxygen contents (CO) were found to increase from 1.21 wt % for x = 0 to 2.66 wt% for

x = 1, which is attributable to the marked increase of the specific surface area (SBET)

from 3.3 to 13.4 m2/g. The introduction of Li2CO3 with the melting point of 724◦C45

might promote transient liquid-phase formation in the reaction system, resulting in the

decrease of the specific surface area in the lower x (Li rich) region. The corresponding

particle size (DBET) decreased from 0.38 µm for x = 0 to 0.07 µm for x = 1.

The crystal structure of the end member LiGe2N3 is shown in Figure 1. LiGe2N3 is

isostructural with NaGe2N3, possessing a cation-ordered superlattice of wurtzite with the

space group Cmc21.
46 This orthorhombic lattice has relationships a ≃ 3aw, b ≃

√
3aw,

c ≃ cw (suffix “w” stands for wurtzite), and consists of N–LiGe3 and N–Li2Ge2 tetrahedra

in the ratio of 2:1 without satisfying the local octet rule. As seen in the figures, Ge–N4

tetrahedra tilt to accommodate larger Li–N4 tetrahedra. The tilting of Ge–N4 also causes

a noticeable decrease of the parameter ϵ = 2c/(a/3 + b/
√

3), corresponding to the cw/aw

ratio, from the value of 1.633 for the ideal wurtzite structure.
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Figure 1: Crystal structure of LiGe2N3 (Cmc21) viewed along the directions of (a) [001],
and (b) [010]. Li, Ge, and N atoms are represented by red, blue, and white spheres,
respectively.
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Table 1: Physicochemical Properties of the Synthesized Li1−xZnxGe2−xGaxN3 Powders

cationic ratioa CN CO SBET DBET Eg

x Li Zn Ge Ga (wt %) (wt %) (m2/g) (µm) (eV)

0 1.030(14) 1.970(8) 20.04(7) 1.21(2) 3.3 0.38 4.16

0.05 0.980(8) 0.075(1) 1.893(6) 0.052(1) 19.68(8) 1.21(1) 4.3 0.28 3.81

0.10 0.916(14) 0.139(1) 1.840(12) 0.105(1) 19.37(10) 1.36(3) 4.9 0.25 3.72

0.20 0.826(2) 0.214(1) 1.752(2) 0.208(1) 18.99(6) 1.09(3) 5.6 0.21 3.54

0.50 0.506(7) 0.531(2) 1.444(9) 0.519(7) 17.88(3) 1.24(9) 6.5 0.17 3.27

0.80 0.224(2) 0.823(1) 1.133(7) 0.820(2) 16.31(3) 1.83(5) 8.8 0.12 3.16

0.90 0.119(1) 0.926(2) 1.032(2) 0.923(2) 15.79(1) 2.09(5) 9.8 0.10 3.10

1 1.005(2) 0.972(1) 1.023(1) 15.32(4) 2.66(1) 13.4 0.07 3.03

aNormalized against the total of 3.

No satisfactorily precise crystal structure data for LiGe2N3 have been reported up

to now, mainly due to the uncertain atomic coordinates obtained by powder XRD.30 In

the current work, we could precisely determine the atomic coordinates for the lighter

elements of Li and N, by conducting TOF neutron powder diffraction experiments for the

single phase LiGe2N3 synthesized. The plot of Rietveld refinement pattern is presented

in Figure 2, and the obtained crystallographic data and the relevant bond lengths are

provided in Tables 2 and 3, respectively. The refinement converged with Rwp = 4.25%,

S = 4.36 (Re = 0.98%), RB = 1.71%, and RF = 2.23%. The parameter ϵ derived from the

refined lattice constants was 1.581, markedly lower than 1.624 for another end member of

ZnGeGaN3 with the wurtzite structure.17,39 The variation between the mean tetrahedral

Li–N bond distance of 2.119 Å and the fifth closest Li–N distance (2.971 Å) was as large as
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Figure 2: Rietveld refinement pattern of the TOF neutron powder diffraction data for the
synthesized LiGe2N3.

40.2%, and thus the Li ions should be definitely regarded as tetracoordinated in LiGe2N3.

The bond valence sum values were calculated to be 1.02 for Li and 4.32 for Ge, comparable

to each formal valency, indicating a complete cation ordering attained in the synthesized

LiGe2N3.

Figure 3 shows the XRD patterns of the synthesized Li1−xZnxGe2−xGaxN3 samples

with the various x values. In our previous work,39 we have revealed by the TOF neutron

powder diffraction experiment that the end member ZnGeGaN3 possesses a fully cation-

disordered wurtzite structure. Thus, the cation arrangement in the current Li1−xZnx-

Ge2−xGaxN3 system is expected to exhibit a transition from the completely ordered state

at x = 0 to the fully disordered state at x = 1. The diffraction peaks of 110/200 and 111,

clearly observed at x = 0, are typical superlattice satellite peaks of the Cmc21 structure,

resulting from the large difference of the electron density between Li and Ge. These

superlattice peaks showed a monotonic decrease of the intensity with the increase of x

11



Table 2: Refined Crystallographic Dataa for LiGe2N3 Determined by TOF neutron powder
diffraction

atom site SOF x y z B (Å2)

Li 4a 1 0 0.3120(6) 0.9683(3) 2.93(4)

Ge 8b 1 0.16583(5) 0.83322(10) 0.97963(1) 0.395(3)

N(1) 8b 1 0.18729(3) 0.85378(7) 0.34859(2) 0.405(2)

N(2) 4a 1 0 0.29661(5) 0.37897(3) 0.405(2)

aSpace group Cmc21 (No. 36), a = 9.55210(5) Å, b = 5.52312(3) Å, c = 5.03901(1) Å,
V = 265.845(2) Å3, Z = 4, reliability factors: Rwp = 4.25%, RB = 1.71%, RF = 2.23%.

Table 3: Tetrahedral Li–N and Ge–N Bond Distances for LiGe2N3

Li–N distances (Å) Ge–N distances (Å)

Li–N(1) 2.098(1) × 2 Ge–N(1) 1.8739(1)

Li–N(2) 2.071(1) Ge–N(1) 1.8619(6)

Li–N(2) 2.208(3) Ge–N(1) 1.8631(7)

Ge–N(2) 1.8112(4)

mean 2.119(1) mean 1.8525(3)

12



Figure 3: XRD patterns of the synthesized Li1−xZnxGe2−xGaxN3 with the various x
values.

and almost disappeared at x = 0.50, which might result from the occupation of much

heavier Zn at the Li site, as well as from the progression of the cation disorder. Table 4

lists the main structural parameters for the penternary compositions, obtained through

the Rietveld refinement of the XRD data. The refinement was conducted based on the

orthorhombic Cmc21 model with the general formula (Li1−xZnx)(1)1−i(Ge1−x/2Gax/2)(2)i-

(Ge1−x/2Gax/2)(1)2−i(Li1−xZnx)(2)iN3, where i denotes the inversion parameter of the

original Li (4a) and Ge (8b) sites, i.e., (Ge,Ga)(2) and (Li,Zn)(2) stand for the antisites.

The fully cation-disordered state corresponds to i = 2/3, and the degree of disorder is

defined as 3i/2. The lattice constant c, as well as the parameter ϵ tended to increase with
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Table 4: Structural Parameters for the Li1−xZnxGe2−xGaxN3 Penternary Compositions,
Obtained through the XRD Rietveld Refinement

degree of
x a (Å) b (Å) c (Å) ϵ i disorder (%)

0.05 9.5473(4) 5.5244(2) 5.0505(1) 1.585 0.109(3) 16.4(5)

0.10 9.5460(7) 5.5209(4) 5.0591(1) 1.589 0.195(3) 29.3(5)

0.20 9.5404(9) 5.5183(5) 5.0698(2) 1.593 0.319(4) 47.9(6)

0.50 9.5277(2) 5.5233(2) 5.1286(1) 1.612 0.581(9) 87.2(14)

0.80 9.5547(3) 5.5252(2) 5.16898(6) 1.622 - -

0.90 9.5622(2) 5.5284(1) 5.17803(4) 1.623 - -

x and showed marked increases at around x = 0.50, where the superlattice satellite peaks

almost disappear, suggesting that the tilting of the (Ge,Ga)–N4 tetrahedra became less

pronounced due to the less ordered distribution of larger (Li,Zn) and smaller (Ge,Ga) ions.

The values of ϵ with x > 0.50 were almost comparable to 1.624 in ZnGeGaN3, indicating

that the cation arrangement is practically disordered in this compositional region. The

inversion parameter i was determined with sufficient precision by the refinement of the

site occupancy factor (SOF) of the (Ge,Ga)(2) site, and the resultant degree of disorder

increased from 16.4% at x = 0.05 to 47.9% at x = 0.20, and reached as high as ∼87% at

x = 0.50.

The appropriateness of the proposed penternary model and the derived structural

parameters are also supported by the 71Ga MAS NMR spectroscopy results presented

in Figure 4. At the composition of x = 0.05, only a single resonance centered at ∼290

ppm was observed, suggesting a selective occupancy of Ga at the Ge site, consistent
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Figure 4: 71Ga MAS NMR spectra of the synthesized Li1−xZnxGe2−xGaxN3. Asterisks
indicate spinning sidebands.

with the rather low disorder degree of 16.4%. With the increase of x, Ga ions tended

to also occupy the larger (Li,Zn) site, as indicated by a shoulder peak at ∼335 ppm

observed with the compositions of x = 0.10 and 0.20. It should be noted that the larger

chemical shift of the shoulder peak implies weaker shielding with the ligand, i.e., longer

nitrogen coordination distances at the (Li,Zn) site. These two peaks were nearly unified

into a single band at x = 0.50, where the degree of disorder reached about 90%, and

the compositions with x = 0.80 and 0.90 exhibited an essentially single peak at ∼300

ppm, indicating the indistinguishable coordination environment around the cations in the

disordered wurtzite structure. Figure 5 shows the result of XRD Rietveld refinement

for the sample with x = 0.90, conducted based on the disordered wurtzite structure

(P63mc). The refined crystallographic data and the (Li,Zn,Ge,Ga)–N bond lengths are

provided in Tables 5 and 6, respectively. The refinement sufficiently converged with the
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Figure 5: XRD Rietveld refinement pattern of the synthesized Li1−xZnxGe2−xGaxN3 with
x = 0.90.

reliability factors of Rwp = 9.93%, S = 1.39, RB = 2.48%, and RF = 1.51%, proving the

expected complete disorder of the cation sublattice. The bond valence sum derived from

the obtained (Li,Zn,Ge,Ga)–N bond distance data was 2.90, in reasonable agreement with

the average valency of 3.
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Table 5: Refined Crystallographic Dataa for the x = 0.90 Sample with the Composition
Li0.0333Zn0.3000Ge0.3667Ga0.3000N

atom site SOF x y z B (Å2)

Li 2b 0.0333 1/3 2/3 0 0.33(1)

Zn 2b 0.3 1/3 2/3 0 0.33(1)

Ge 2b 0.3667 1/3 2/3 0 0.33(1)

Ga 2b 0.3 1/3 2/3 0 0.33(1)

N 2b 1 1/3 2/3 0.3824(6) 0.39(7)

aSpace group P63mc (No. 186), a = 3.18955(2) Å, c = 5.17791(4) Å, V = 45.6189(6) Å3,
Z = 2, reliability factors: Rwp = 9.93%, RB = 2.48%, RF = 1.51%.

Table 6: (Li,Zn,Ge,Ga)–N Bond Distances for Li0.0333Zn0.3000Ge0.3667Ga0.3000N

tetrahedral (Li,Zn,Ge,Ga)–N distances (Å)

(Li,Zn,Ge,Ga)–N 1.940(1) × 3

1.980(3)

mean 1.950(1)
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3.2 Optical Properties

The band gap energy (Eg) estimated from the Tauc plots of (αhν)2 vs hν is shown

in Figure 6(a), where the pseudo absorption coefficient α was obtained by Kubelka–

Munk transformation of the diffuse-reflectance spectra. The end member LiGe2N3, as

well as ZnGeGa2N4 (x = 0.5 in Zn1−xGe1−xGa2xN2) were expected to possess direct

transition.28,30 The band gap of LiGe2N3 obtained from the linear plot was located in

the UV region of 4.16 eV (298 nm), while Eg of the penternary compositions successively

shifted to lower energy region down to 3.03 eV (409 nm) for x = 1, showing promising

responsivity to the solar spectrum. The dependence of Eg on the composition x is also

shown in Figure 6(b). The Eg value varied with obvious deviation from Vegard’s law,

suggesting the contribution of the cation disorder discussed earlier. The least-squares

fitting gives a nominal bowing parameter of 1.57(13) eV.

Figure 7 shows the PL excitation and emission spectra of the synthesized Li1−x-

ZnxGe2−xGaxN3 powders. The penternary compositions containing Zn and Ga exhib-

ited yellow-orange broadband emission as has been observed for the Zn1−xGe1−xGa2xN2

system,8,17 while the end member LiGe2N3 was completely nonluminescent under the ex-

citation of λ ≥ 200 nm. The excitation peak redshifted with the increase of x in the range

of ∼300–410 nm, reflecting the decrease of the Eg value with x.
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Figure 6: (a) plots of (αhν)2 vs hν showing the Eg values, and (b) dependence of Eg on
the value of x for the synthesized Li1−xZnxGe2−xGaxN3.

19



Figure 7: PL excitation and emission spectra of the synthesized Li1−xZnxGe2−xGaxN3.
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3.3 Photocatalytic Activity

Table 7 lists the photocatalytic activities of the synthesized Li1−xZnxGe2−xGaxN3 powder

samples for the water reduction and oxidation reactions, observed under the simulated

solar-light irradiation (AM1.5G). The end member LiGe2N3 showed almost null activities

for both the H2 and O2 evolution, as expected from the large Eg value of 4.16 eV (298

nm). The penternary compositions, possessing sensitivities to the solar spectrum with

Eg ≤ 3.81 eV (≥ 325 nm), exhibited a gradual increase of the H2 evolution rate with the

increase of x, showing a maximum of 59.0 µmol/h at x = 0.80. The marked decrease of

the H2 evolution rate with x > 0.80 implies that the further decrease of the band gap

might result in an insufficiently low overpotential exerting on the reduction of H+ to H2.

On the other hand, the evolution rate of O2 showed a monotonic increase from 3.1 µmol/h

for x = 0.05 to 296.2 µmol/h for x = 1, indicating that the water oxidation reaction might

be promoted primarily by the increased sensitivity to the solar spectrum, considering the

less pronounced increase of the specific surface area (Table 1). Figure 8 presents the time

dependence of the H2 evolution by water reduction, performed with the x = 0.80 sample

up to a reaction period of 48 h. The H2 evolution proceeded with no detectable formation

of N2 resulting from degradation, and the total H2 produced amounted to 1.676 mmol.

After 48 h operation, the external quantum efficiency at 380 nm excitation was measured

to be 2.1%.
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Table 7: Photocatalytic Activities of the Li1−xZnxGe2−xGaxN3 Powder Samples for Water
Reduction and Oxidation under Simulated Solar Light Irradiation (AM1.5G)

activity (µmol/h)

x H2
a O2

b

0 0.1 0.0

0.05 0.3 3.1

0.10 2.8 8.1

0.20 15.6 23.7

0.50 51.5 110.5

0.80 59.0 194.3

0.90 8.4 276.3

1 10.1 296.2

aAverage evolution rate of 5 h run.
bEvolution rate of 1 h run.

Figure 8: Time dependence of photocatalytic H2 evolution by water reduction performed
with the synthesized Li1−xZnxGe2−xGaxN3 (x = 0.80) powder, under simulated solar-light
irradiation.
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4 Conclusions

A new penternary wurtzitic nitride system Li1−xZnxGe2−xGaxN3 (0 ≤ x ≤ 1) has been

developed by the solid-solution formation between LiGe2N3 and ZnGeGaN3. Fairly sto-

ichiometric fine powder samples with the particle size of 0.07–0.38 µm were successfully

synthesized by the GRN reaction at 900◦C. The end member LiGe2N3 possessed a rela-

tively wide band gap of 4.16 eV, while the Eg value of the developed penternary system

varied in a broad range of 3.81–3.10 eV (325–400 nm), showing the promising responsiv-

ity to the solar spectrum. The crystal structure of LiGe2N3 was precisely determined by

the Rietveld refinement of the TOF neutron powder diffraction pattern, and the obtained

bond valence sum data indicated the complete cation ordering attained by the current syn-

thesis method. The expected structural evolution from the completely ordered LiGe2N3

to the fully disordered ZnGeGaN3 was analyzed quantitatively with a penternary Cmc21

model considering the inversion of the (Li,Zn) and (Ge,Ga) sites. The estimated degree

of disorder reached ∼50% at x = 0.20 and ∼90% at x = 0.50, beyond which the structure

transformed to the fully disordered P63mc phase. The observed order-disorder transition

was also confirmed by the results of 71Ga MAS NMR spectroscopy, which clearly showed

the gradual convergence of two peaks, originating from the Cmc21 structure, into a single

resonance with x ≥ 0.50. The synthesized Li1−xZnxGe2−xGaxN3 powders exhibited pho-

tocatalytic activities for the water reduction and oxidation reactions under the solar-light

irradiation, and the sample with x = 0.80 showed a maximum H2 evolution rate of 59.0

µmol/h, while retaining a relatively high O2 evolution rate of 194.3 µmol/h. With the

x = 0.80 sample, stable solar hydrogen generation of up to 48 h was demonstrated, with

the amount of H2 produced reaching 1.676 mmol and the external quantum efficiency of
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2.1% at 380 nm.
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We developed a new penternary nitride system Li1−xZnxGe2−xGaxN3 (0 ≤ x ≤ 1) by

hybridizing ternary and quaternary wurtzitic nitrides, LiGe2N3 and ZnGeGaN3. The

synthesized Li1−xZnxGe2−xGaxN3 exhibited promising sensitivity to the solar spectrum,

and improved photocatalytic activity for the water reduction compared to the previously

developed quaternary system was achieved.
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