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Abstract

Products of microwave-assisted urea-induced co-precipitation of Ga(NOs); and Zn(NOs), or
Ga,03 and ZnO were nitridated in order to obtain Ga-Zn-based photocatalysts. Irrespectively
to the starting material, wurtzite-like Ga-Zn-oxynitride phases formed. The preparation was
completed by deposition of a Pt co-catalyst, which was activated by either reduction in
hydrogen or calcination in air. It was demonstrated by X-ray diffraction (XRD), transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) that during
oxidative activation the oxynitride started to transform into a nitrogen-free Zn-containing Ga-
oxyhydroxide. Regardless to the structure of the catalysts after the activation step, almost
complete oxynitride to oxyhydroxide transformation was observed during the methanol
photocatalytic reforming reaction, accompanied by complete reduction of the Pt co-catalyst to
metallic state. The observations of this study point to the importance of phase transitions
under reaction conditions in the development of the active ensemble in the Ga,Zn-based

photocatalysts.
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Introduction

Photocatalytic hydrogen production is a promising approach for storing solar energy in
chemical form. High gravimetric energy density, abundance and storage potential make
hydrogen a potential energy carrier [1]. It has great promise for utilizing in clean, high-
efficiency power generation systems such as fuel cells.

Methanol is a good hydrogen resource because of its high hydrogen/carbon ratio.
Significant efforts have been made for photo-induced reforming of methanol. The idea is to
use an efficient photocatalyst together with solar energy to promote H, formation from
methanol according to equation (1) [2]:

Photocatalyst, hv
CH3OH + HZO — 3H2 + C02

~

(1)

Ga-oxynitride [3-5] and Ga-Zn-oxynitride [4] photocatalysts can be efficiently applied
for utilizing visible light [6], they are good candidates for photocatalytic reforming of
methanol [5,7]. Both materials are semiconductors, their band gaps are reduced [5] in
comparison to GaN (~3.4eV), ZnO (~3.2eV) and Ga,0; (~4.6 eV). Ga-oxynitrides have a
chemical formula of (Ga;x x)(N,O) and can adopt the wurtzite-type structure of the
hexagonal GaN (GalNy), in which O substitutes for N and the octahedral sites are randomly
occupied by Ga and vacancies [3]. In Ref [8-10] a range of (Ga; xZny)(N;xOx) materials were
synthesized; these wurtzite-type phases can be regarded as solid solutions of the two
constituents GaN and ZnO, in which Ga and Zn randomly occupy the octahedral cation sites.
The Ga-Zn-oxynitride ((Ga;xZny)(N,O)) structure can be related to the GaN-ZnO solid
solution structure by incorporation of more O to the N sites and compensating vacancies to
the cationic sites, resulting in an imperfect wurtzite-type material.

Ga-oxynitrides, Ga-Zn-oxynitrides and GaN-ZnO solid solutions, which are
1sostructural with GaNy, are commonly synthesized via high temperature ammonolysis of the
appropriate oxide [8-10] or hydroxide precursors [4,5]. However, many parameters of the
preparations, among others temperature and duration of the ammonolysis, geometry of the
reactor, the gas flow and even the pre-calcination of the precursor ZnO [8], can significantly
influence the properties, thus the activity of the photocatalysts. In particular, the degree of the
crystallinity in Ga-Zn-oxynitrides increases with increasing nitridation time and in parallel the
Zn and O concentration decreases because the significant part of the ZnO precursor is
removed as a result of reduction and volatilization of the Zn [9]. The decrease of nitridation
temperature, as a method of controlling ZnO concentration, results in Ga-Zn-oxynitrides with

poor crystallinity, phase separation and mixed surface oxide formation leading to poor



photocatalytic activity [11]. Literature data suggests that Ga(OH); behaves as a more suitable
precursor for Ga-oxynitride synthesis than Ga,O; because its crystal lattice contains
unoccupied 12-coordinate sites, which facilitate the ionic transport during the nitridation [5].
The abundance of vacancies at the octahedral sites in Ga-oxynitrides can be reduced by
increasing the nitridation temperatures in the range of 750-850°C [3] and the vacancies can be
eliminated by introducing Zn* into the structure, during which a complete solid solution of
(Ga;xZny)(NxOy) forms [4].

The photocatalytic activity of the semiconductors can be significantly improved by
applying co-catalysts [12-15]. The H, formation in the methanol photocatalytic reforming
reaction increases several orders of magnitude if co-catalysts have been introduced onto the
surface of the semiconductor [16-18]. In the absence of co-catalysts, semiconductors induce
poor H, evolution even in the presence of any sacrificial electron donor [13]. Co-catalysts
promote the charge separation and suppress the recombination of the photogenerated electron-
hole pair [13-14]. Another less emphasized but important role of the co-catalyst is to provide
reaction sites for elementary reaction steps subsequent to light absorption, such as formation
of molecular hydrogen and its desorption from the surface. If the surface reaction is too slow
to consume the charges, the probability of charge recombination increases [13].

Noble metals such as Ag, Au, Pt and oxides such as RuO, NiOy are considered to be
effective co-catalyst. Regarding the photocatalytic hydrogen production, Pt with the largest
work function is not only the best co-catalyst for electron trapping but it shows excellent
catalytic activity for H" reduction and promotes the combination of surface hydrogen atoms
into molecular H, as well [13]. According to literature data, Pt has the lowest activation
energy for H; evolution [19]. In addition, Pt not only drains electrons from the semiconductor
but transfers them to the solution, while other metals such as Au, Ag and Cu store the excess
electrons on the metal surface due to the Helmholtz capacitance of the metal-solution
interface, rather than transport electrons directly to the solvent [20,21]. Consequently, Pt is
considered as the most suitable hydrogen evolution co-catalyst because of its excellent
electronic and catalytic properties [13].

In order to load co-catalysts on the surface of the semiconductors several methods are
available. Commonly used techniques include in situ photodeposition [5,12,22] and
deposition of pre-prepared metal colloids [23-26]. An easy and effective way for preparing
co-catalysts is impregnation with the appropriate metal salt followed by calcination. A series
of metal oxide co-catalysts (such as NiOx, RuO,, RhOy, and PtOy) can be built on the surface

of Ga-Zn-oxynitrides by means of this method [27]. RuO, can also be loaded via



impregnation by tetrahydrofuran solution of Ru3(CO);, followed by drying and calcination
[9]. Calcination of the Ga-Zn-oxynitride support itself is preferred because the treatment
eliminates the traces of metallic Zn, which are potential recombination centers [28].
According to [29,30], the Rhy-Cry-oxide pair, obtained by co-impregnation (co-evaporation )
followed by calcination, is one of the most effective co-catalysts in the overall water splitting
on Ga-Zn-oxynitrides. However, this co-catalysts/semiconductor system is less effective in
the methanol photocatalytic reforming reaction [31]. High temperature reduction of the metal
precursor [32] in H; is one of the most commonly used methods to prepare supported metal
catalysts, but it is believed unsuitable for oxynitrides because of their limited thermal stability
compared to oxides [33].

In this contribution the structural stability of the Ga-Zn-oxynitride/Pt co-catalyst
system is discussed. The effect of the synthesis steps on the structural properties of the
catalysts is compared in case of two distinct Ga-Zn precursor compounds. The study is
completed by exploring the structural evolution of the catalyst systems during the reaction

conditions of photocatalytic H, production.

2. Materials and methods

2.1 Materials

Ga(NOs)3 (Aldrich), Ga,Oj3 (Aldrich), ZnO (Aldrich), GaN (Aldrich), Pt(NH3)4(NO3),
(Aldrich), Zn(NO3),x6H,0O (Fluka), urea (Molar Chemicals Ltd, Hungary) were used as
received. Methanol and NH4OH solution were purchased from Reanal (Hungary). Double

distilled water (18 M) was used in every experiments.

2.2 Synthesis of the photocatalysts

We assumed that homogeneous distribution of the components was favorable to retain
Zn during the nitridation process. Therefore a co-precipitation method starting from Ga and
Zn salts was chosen to obtain the precursors for high temperature NH; treatment. The Zn/Ga
starting (Zn/Gayom) ratio was controlled by the amount of the precursor materials. For
example, in order to achieve a Zn/Gayeny, atomic ratio of 0.32, we dissolved 2.43 g Ga(NOs3);
and 0.89 g Zn(NO3),x6H,0 in 50 ml water and added 1.03 g urea. The mixture was irradiated
in a microwave reactor for 30 min at 120°C. Then the mixture was stirred at 60°C as long as
the NH; gas liberated (checked by the color change of the pH paper over the mixture). As a

result a precipitate formed, which was separated by centrifugation and washed with 3x50 ml



water to remove the nitrate. The sample was dried in an oven at 90°C for overnight. The
nitridation was carried out in a quartz reactor using 100 ml/min NH; flow at 800°C for 10h.
The relatively low temperature was chosen in order to reduce the release of Zn. For
comparison, the same preparation steps were performed by mixing Ga,O3; and ZnO starting
materials with Zn/Gapon, ratio of 0.32. We also synthesized samples with Zn/Ga,o,=0.14 from
both the nitrate and oxide starting materials. The quality and behavior of the prepared samples
were compared to commercial GaN.

As a co-catalyst, 1% Pt was introduced by impregnation with the aqueous solution of
Pt(NH3)4(NO3),. After overnight drying at 90°C, the samples were either calcined for 1h at
300°C in an oven using 1 °C/min heating rate or were reduced in 30 ml/min H, flow at 450°C

for 1h using stepwise heating in H; after purge with N, at 150°C for 15 min.

2.3 Characterization of the photocatalysts

X-ray powder diffraction (XRD) patterns were obtained in a Philips model PW 3710
based PW 1050 Bragg-Brentano parafocusing goniometer using CuK,, radiation (A= 0.15418
nm), graphite monochromator and proportional counter. Silicon powder (NIST SRM 640) or
corundum were used as internal standards and the scans were evaluated with profile fitting
methods. During phase analysis we used reference cards from the ICDD PDF-2 (1998) data
base. The cell parameters of the crystalline phases were determined from the d-values of all
the reflections. Crystallite sizes were calculated from reflection line broadening using the
Scherrer-equation.

TEM studies of the samples were carried out in a FEI Morgagni 268D type
transmission electron microscope (accelerating voltage: 100 kV, W-filament). The samples
were prepared by grinding and dispersing of the resulted powder in ethanol using an
ultrasonic bath. Energy Dispersive X-ray Spectrometry (EDX) analysis was performed by an
INCA (Oxford Instruments Ltd.) detector and an INCA Energy software package attached to
a ZEISS EVO 40XVP Scanning Electron Microscope (accelerating voltage: 20kV, W-
filament, working distance 10 mm).

X-ray photoelectron spectroscopy (XPS) measurements were carried out using an
EA125 electron spectrometer manufactured by OMICRON Nanotechnology GmbH
(Germany). In order to overcome difficulties due to overlap of the C 1Is and N 1s lines with
Ga Auger transitions, the photoelectrons were excited by both MgKa (1253.6 eV) and AIKa
(1486.6 eV) radiation. Spectra were recorded in the Constant Analyzer Energy mode of the

energy analyzer with 30 eV pass energy resulting in a spectral resolution around 1 eV.



Samples in the form of fine powder were pressed into pellets. Binding energies were
referenced to the hydrocarbon component of the C 1s peak arising from adventitious
contamination at 285.0eV. Since compositional analysis suggested a strongly
oxidized/hydroxilated state for the surface, a secondary reference was the Ga 2ps, peak,
which was expected around 1118.8eV in Ga,0Os; [34]. Data were processed using the
CasaXPS software package [35] by fitting the spectra with Gaussian-Lorentzian product
peaks after removing a Shirley or linear background. Nominal surface compositions were
calculated using the XPS MultiQuant software package [36,37] with the assumption of
homogeneous depth distribution for all components. Chemical states were identified by XPS

databases [38,39].

2.4 Photocatalytic hydrogen generation

The photocatalytic reforming reaction of methanol was carried out in an UV-Consultig
Peschl UV-Reactor System 1 equipped with gas inputs and outputs. We monitored the
reactions at least for a day. N, with 20 ml/min flow rate was continuously bubbled through
the reactor. The gas outlet was connected to a gas chromatograph (Agilent 7820A, SUPELCO
Carboxen 1010 column, TCD and FID detections and argon internal standard) to follow H,
formation. Initial concentration of methanol was 6 vol% in double distilled water. Literature
reports suggested that the rate of hydrogen generation vs. methanol concentration had a
saturation curve and therefore the use of diluted solution was favorable [40]. The
photocatalytic reaction was carried out at 30-35°C. The amount of catalyst and the reaction
volume were 50-300 mg and 370 ml, respectively. A mercury medium pressure lamp TQ 150
72 (150 W) operating in UV-visible region was used as light source. After the photocatalytic
reaction, the samples were recovered from the aqueous methanol solution by centrifuging,

washing with 3x50 ml absolute ethanol followed by drying under N, flow.

3. Results and discussion

3.1 Characterization of oxynitrides

All of the samples recovered after high temperature nitridation, obtained either from
the precipitates or from the oxide mixtures, had a color of dark yellow to orange. Their
corresponding XRD patterns exhibited exclusively the characteristic lines of the hexagonal
wurtzite-type structure (see Figure 1) similar to GaN (# 76-0703) and ZnO (zincite) (# 36-
1451). None of the prepared oxynitride samples contained crystalline Ga,O3 (# 87-1901) or



cubic ZnO. We interpreted the elevated background as resulting from a small amount of an
amorphous phase. The average crystallite sizes were 14-15 nm for the samples recovered

from precipitates and 38-40 nm for those obtained from oxides.
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Figure 1. XRD patterns of the Ga-Zn-oxynitrides obtained by nitridation of different
precursors. a= sample obtained by nitridation of the precipitate from Zn(NO3), and Ga(NO3)3
with Zn/Gapen=0.32 (corundum internal standard added); b= sample obtained by nitridation of
the precipitate from Zn(NOs3), and Ga(NOs); with Zn/Ga,om=0.14 (corundum internal
standard added); c= sample obtained by nitridation of oxide mixture with Zn/Ga,,,=0.32; d=

sample obtained by nitridation of oxide mixture with Zn/Gayen=0.14; e= GaN (commercial)



As a result of Zn incorporation into the oxynitride, the positions of the diffraction
peaks were slightly shifted to lower 2@ angles than those of GaN (see details in the
Supplementary material, section S1). Nitridation of both precipitates and oxide mixture
resulted in oxynitrides similar to those described by Miyaake and coworkers [4]. The lattice
parameters depicted in Figure 5 of Ref. [4] (a=3.194 A, ¢=5.214 A at Zn/Ga=0.11) were in
accordance with our results (a:3.1951°\, c=5.182A at Zn/Gagpx=0.11).

TEM images of nitridated samples of Ga-Zn-oxynitrides (Figure 2A, B) showed
nanocrystals. Nitridation of the precipitate from Zn- and Ga-nitrate solution resulted in 20-
40 nm rounded crystals, whereas the crystallites were larger (40-200 nm) for the sample
obtained by nitridation of the oxide. Moreover, these crystals were aggregated into 1 pum wide
and 5 um long rods preserving the morphology of the parent Ga;Os. In contrast, the
commercial GaN (Figure 2C) consisted of very large (micrometer) crystals. The electron
diffraction patterns of each sample were indexed according to the hexagonal wurtzite (# 76-

0703) consistently with XRD result.
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Figure 2. TEM images of the Ga-Zn-oxynitrides obtained by nitridation of different
precursors (Zn/Gayem=0.32). A: nitridation of the precipitate from Zn- and Ga- nitrate
solution; B: nitridation of oxide mixture; C: commercial GaN. Electron diffraction patterns

(inserts) reveal the presence of hexagonal wurtzite (# 76-0703).
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The surface concentrations and chemical states of the elements of the Ga-Zn-
oxynitride samples prepared by different methods were determined by XPS measurements.
The Ga content was estimated using the intensity of the Ga 3d band. The results were
compared to those obtained on commercial Ga,Os; and GaN references. In Table 1
characteristic binding energies, N/Ga and Zn/Ga ratios were summarized for representative
examples of the prepared photocatalysts. In case of the Ga,O; reference the relatively narrow
Ga 3d peak was found at 20.5 eV, a value consistent with the nominal fully oxidized state
(Gay03) [34,38,39]. The 1062.2 eV kinetic energy for the Ga L3M4sMys Auger transition was
also in the range reported for Ga,Os3 (1062-1063 eV). The Auger parameter calculated as the
sum of the binding energy of the Ga 3d band and the kinetic energy of the Ga L3MysMys
Auger peak was at 1082.7 eV, which is also in good agreement with data available for Ga,0s.

The binding energy reported for the Ga 3d peak of GaN was around 19.5-20.0 eV [41-
46]. The value observed in the present study for the reference GaN was at the upper limit
(20.0 eV) of this range. On the other hand, according to quantitative analysis, the surface was
rather nitrogen-deficient and contained a high amount of oxygen. At the same time, the N 1s
binding energy of 398.4 eV was well above the values reported in the literature for GaN
(397.2-397.5 eV [9,41-43,45,46]), which could be interpreted in terms of formation of a
heavily oxidized surface layer, in which the local environment of the N atoms was quite
different from that in GaN. Indeed, literature reports for similarly high N 1s binding energies
suggested the occurrence of oxygen-exposed GaN surfaces [42,47]. This mixed nature also
influenced the Ga Auger parameter, which was at 1083.5 eV, an intermediate value between
those characteristic for Ga,O3 (1082.7 eV) and GaN (1084.1 eV ) [46].

Structural studies revealed that both classes of the GaN-ZnO photocatalysts (i.e. the
ones made from precipitates or from oxides) could be regarded as Ga-Zn-oxynitrides. As far
as their XPS characteristics were concerned, they were rather close to each other. The 20.1-
20.2 eV binding energy for the Ga 3d band, the Ga Auger parameter somewhat above 1083
eV and the strong N deficiency were all in very good agreement with the mixed, oxygen- and
nitrogen-containing local environment for Ga, as expected for oxynitrides. Indeed, in Ref.
[42] a Ga 3d contribution at 20.2 eV was observed on an oxidized GaN sample and was
attributed to Ga-oxynitride. The Zn content, which was considerable for the material prepared
from precipitates but was very small for the oxide derived samples, was in its fully oxidized
state as based on the Zn 2ps, binding energy (somewhat above 1022 eV) and the Zn
L3M4sMys kinetic energy (around 989.0 eV) [38,39].
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In all studied samples the O 1s peak was separated into two contributions; the binding
energy of the stronger one corresponded to the range reported for Ga,Os (530.7-531.3 eV)
suggesting again that the nitridation remained incomplete. The weaker contribution around
532.3-532.8 eV was also observed in GaN and could be assigned to surface oxygen
containing species like OH groups [9].

In Table 2 we summarized the nominal Zn/Gapon, ratio and the experimental Zn/Ga
ratios derived from XPS (Zn/Gaxps) and EDX (Zn/Gagpx) measurements of the nitrided
samples. The Zn/Gagpx was lower than the Zn/Ga,op, for all samples. The Zn deficiency was
particularly striking in the samples obtained from oxide mixtures, as also suggested by the
XPS data. It was obvious that some part of the Zn was removed during the preparation, i.e. it
was washed out and/or it was volatilized during the nitridation [9] despite the relatively low
temperature of the NH3 treatment. The latter was much likely affected by the Zn content. The
Zn retention during the nitridation was larger in the samples obtained from precipitates than
those from oxides (cf. Zn/Ga,,y, and Zn/Gagpx values in Table 2). This observation could be
explained by the better distribution of the components in the precursor of the nitridation,
which was similar to the gel-formation method used by Ward and coworkers [11]. The
parallel experiments showed acceptable reproducibility of the preparation of the Zn-Ga-
oxynitrides.

The optical properties of the studied Ga-Zn-oxynitrides were investigated by diffuse
reflectance UV-visible spectrophotometry. The results are summarized in the Supplementary
Material (section S2). The band gap values derived from the UV-visible spectra were in

agreement with those available in the literature [9, 31].

3.2 Loading of the Pt co-catalyst

As it was mentioned above, adequate activity in the photocatalytic hydrogen
production could not be achieved without a metallic co-catalyst like Pt [13,18,27]. One of our
main questions was whether the hydrogenation and the calcination processes, which were
necessary for the formation of the co-catalyst from the impregnated precursor salt on the

surface of the oxynitride, would change the semiconductor.
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Figure 3. XRD patterns of the Pt loaded Ga-Zn-oxynitrides after different treatments of the Pt
precursor.

a= nitrided precipitate, Pt formation by calcination; b= nitrided precipitate, calcination after
“blank” impregnation (impregnation with no Pt precursor in the solution); c= nitrided
precipitate, calcination without impregnation; d= nitrided precipitate, Pt formation by
hydrogenation; e= nitrided oxides, Pt formation by calcination; f= nitrided oxides, Pt
formation by hydrogenation g= GaN (commercial), Pt formation by calcination.

Zn/Gapon: a-d=0.32, e-f=0.14, Pt load (when applicable) = 1%.

According to our experiments, the post-treatment process could significantly influence
the XRD patterns of the Ga-Zn-oxynitrides (Figure 3). It could be seen that the hexagonal

wurtzite-type structure was maintained if the Pt precursor was reduced in H, at 450°C (see
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lines d, f in Figure 3). The XRD results also revealed that the H, treatment of the unloaded
oxynitride itself at 450°C did not change the structure (not shown). Similarly, the calcination
process itself did not change the bulk oxynitride structure (see line ¢ in Figure 3). However,
the XRD pattern changed drastically if the Pt precursor was calcined in air (see line a in
Figure 3). Beside the wurtzite-type structure, significant amount of a new phase appeared,
which could be identified as a-GaOOH (# 87-1901) [48,49]. It was described that deuterated
GaOOD formed under hydrothermal conditions and remained stable up to 300°C [48]. Other
study reported that flower-like -GaOOH formed at 175°C, which converted to a rodlike o-
Ga,0; after calcination at 450 °C [49]. Our experiments suggested that Pt played a decisive
role in the phase transition of the oxynitride. Additionally we could propose the occurrence of
a Zn-containing Ga-oxyhydroxide (Ga(Zn)-oxyhydroxide) phase for Zn incorporation into
oxyhydroxides in analogy to the oxynitrides. Furthermore, no phase transition was observed
in a “blank impregnation” without platinum salt (line b in Figure 3) supporting the
preliminary importance of Pt in the process.

N, purge at 150°C, used before the H, reduction, removed the water, which probably
also contributed to the lack of the appearance of oxyhydroxide during the co-catalyst
formation by hydrogenation. Thus, we concluded that water in the atmosphere used in
calcination had an important role in the transformation of the oxynitride into oxyhydroxide,
during which nitrogen and excess hydrogen might be released in molecular form.

According to XRD results, the oxyhydroxide phase did not appear during the
formation of the co-catalyst by calcination for samples obtained from the oxides (see line e in
Figure 3). The lack of the oxyhydroxide phase could be explained by the significantly larger
grain size and smaller surface area, in contrast to those prepared via precipitation. The
oxyhydroxide formation in the presence of Pt likely started from the surface of the
nanoparticles. The commercial GaN also maintained its wurtzite structure and did not show
the presence of oxyhydroxide if GaN was calcined after impregnation with the Pt precursor
(see line f in Figure 3).

TEM images of the Pt/Ga-Zn-oxynitride samples (Figure 4) supported the XRD
results. Pt co-catalyst formation via hydrogenation of samples obtained from either precipitate
or oxide mixture did not change the morphology and the grain size in respect to the parent
oxynitride (cf. Figure 2A-Figure 4A and Figure 2B-Figure 4B). As expected from the XRD
data, co-catalyst formation via calcination of samples obtained from oxide mixture also
preserved the morphology (cf. Figure 2B-Figure 4D). However, calcination of the Pt-loaded

samples obtained from precipitates resulted in a drastic change of the morphology: the

15



originally more or less globular grains coalesced into large rod-like features (Figure 4C),

suggesting large-scale material transport accompanied by the appearance of the oxyhydroxide

phase.

B

Figure 4. TEM images of the Pt/Ga-Zn-oxynitrides (Zn/Ga,,m=0.32) obtained by different
formation of Pt co-catalyst. A: sample from precipitate, Pt co-catalyst formed by
hydrogenation at 450°C; B: sample from oxide mixture, Pt co-catalyst formed by
hydrogenation at 450°C; C: sample from precipitate, Pt co-catalyst formed by calcination at
300°C; D: sample from oxide, Pt co-catalyst formed by calcination at 300°C. Consistently
with XRD result, electron diffraction patterns (inserts) revealed the presence of hexagonal
wurtzite (# 76-0703) and for C GaOOH diffractions (# 87-1901), which are indicated by

arrows.

The XPS characteristics of selected reduced or calcined Ga-Zn-oxynitrides

(Supplementary Material section S2, Table S2) were essentially undistinguishable from those
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of the as synthesized materials, confirming that neither reduction nor calcination altered even
the surface of the photocatalysts if they were free of Pt.

In Table 3 XPS data demonstrating the response of the Pt-loaded Ga-Zn-oxynitrides to
the reductive treatment and the calcination were shown. In order to visualize some tendencies
in the data, in Figure S3.1 of the Supplementary material Ga 3d spectra at different stages of
the life cycle of the oxide derived sample with Zn/Gape,n=0.32 were summarized. In Figure
S3.2 the change of the Ga Auger parameter for the same sample was given from the as
prepared state up to the recovered state after the photocatalytic reaction.

The Ga 3d binding energies (Table 3) were essentially identical for all Pt-loaded
samples (slightly above 20 eV). On the contrary, the Ga Auger parameters and the N/Ga
ratios revealed significant changes for the calcined Pt/ Ga-Zn-oxynitrides, regardless if they
were derived from precipitates or oxides. The shift of the Auger parameter towards lower
values upon Pt loading (see also Figure S3.2, Supplementary Material) was consistent with a
more oxidized local environment for Ga and the strongly decreasing N content also pointed to
the growth of an oxidized phase during calcination, which, according to the XRD and TEM
data of the calcined Pt/ Ga-Zn samples obtained from precipitates (Figure 3, Figure 4C), could
be identified as Ga- or Ga(Zn)-oxyhydroxide. As the Zn content was hardly influenced by the
treatments, the latter identification seemed to be more probable. According to literature data,
the reported Ga 3d binding energy for Ga-oxyhydroxide species on water-exposed GaAs was
20.0-20.2 eV [50]. Thus, the Ga 3d binding energies of Ga-oxynitride and the Ga-
oxyhydroxide phases were indistinctive; for their identification the Ga Auger parameter was
also necessary.

XRD and TEM investigations suggested that the oxynitride to oxyhydroxide transition
occurred in the presence of Pt and water under oxidative conditions. Data of Table 3
confirmed these results, as only the reduced Pt/Ga-Zn-oxynitride sample prepared from
precipitates retained its oxynitride characteristics. In addition, while bulk-sensitive structural
methods revealed no changes for the oxide-derived calcined Pt/Ga-Zn-oxynitride sample, the
surface sensitive XPS clearly demonstrated its oxidized nature (Figures S3.1 and S3.2 in the
Supplementary Material), indicating that the transformation should have been initiated on the
surface of the particles. Nevertheless, the initial structure of the semiconductor particles had
an important role during the transition. While the Pt-containing oxynitrides seemed to be
unstable, the surface of the Pt-loaded commercial GaN sample consisting of large and

compact semiconductor grains remained essentially unchanged upon calcination, even if the
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shift of the N 1s peak towards lower binding energies might indicate an initial structural
rearrangement.

XPS also provided information on the state of Pt, which was difficult to assess by
XRD or TEM due to the very small loading. The influence of the treatments on the Pt 4f

spectra was depicted in Figure 5.

L B L B L B B B = data
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—o—PtO, (Pt
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Figure 5. Pt 4f spectra of an impregnated, a hydrogen treated and a calcined Pt/Ga-Zn-
oxynitride sample obtained from nitridation of the precipitate. Zn/Gapon=0.14; Pt content= 1

w%.

In the impregnated sample initially two almost equal Pt 4f;, contributions were
identified, one at 72.8 eV and the other at 74.9 eV. According to the literature, a Pt 4f;,, peak
around 72.5 eV occurred as the results of Pt ions (e.g. Pt(OH),), whereas Pt 4f7,, binding
energies around 74-75 eV were characteristic for pet (like PtO,) [51,52]. A gradual reduction
of Pt was observed in the course of the XPS measurement (Table 3, not shown in Figure 5), as

evidenced by the decrease of the Pt** contribution and the appearance of the metallic Pt signal
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around 71 eV. In the Pt 4f spectra of the calcined samples, the Pt** ionic state gave the
dominating contribution, whereas a smaller metallic signal was always present. On the other
hand, reductive treatment resulted in almost equal Pt** and metallic Pt contributions. A similar
response to calcination and reduction was commonly reported for oxide supported Pt catalysts
[53]. The amount of Pt corresponded well to the intended 1 m/m% in all samples. The
transformation of the oxynitride material seemed not connected to the oxidation level of Pt, as
qualitatively similar Pt 4f spectra were obtained from non-transformed and heavily
transformed samples. Nevertheless, Pt 4f;, binding energies of Table 3 suggested that the
metallic contribution shifted towards lower values, below 71 eV, if the surface became

hydroxylated.

3.3 The influence of the photocatalytic H, production on the photocatalysts

Both Pt/Ga-Zn-oxynitride samples obtained from either oxide mixtures or precipitates
showed higher H, production than the Pt/GaN samples (Figure 6). Similar H, productions for
Pt/Ga-Zn-oxynitride pairs from oxide mixtures and precipitates were observed. We found that
co-catalyst formation obtained by calcination resulted in better performance for each samples

than those obtained by hydrogen treatment (cf. dotted and striped columns).
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Figure 6. Photocatalytic hydrogen production over Pt/Ga-Zn-oxynitride catalysts obtained by
different preparation methods. Zn/Ga,on=0.32, Pt content= 1 w%; T= 30-35 °C, t= 4 h (steady
state);

Pt: H2 reduced - formation of Pt co-catalyst by H, treatment at 450°C;

Pt: Calcined - formation of Pt co-catalyst by calcination at 300°C;

from oxide mixture: obtained by nitridation of oxide mixture;

from precipitate: obtained by nitridation of the precipitate.

The beneficial effect of the calcination for the photocatalytic activity could be partly
attributed to the removal of the traces of metal Zn. Literature data reported that Zn
recombination centers could be eliminated by calcining the GaN-ZnO solid solution [28]. On
the other hand, as described above, calcination in the presence of Pt strongly influenced the
structure of Ga-Zn-oxynitride by enhancing the oxidation/hydroxylation of the surface. It has
been described that GaN@Ga,03 core-shell nanoparticles prepared by annealing of GaN
nanoparticles in air showed improved photocatalytic activity during the oxidation of an azo-
dye solution [54]. In addition, high-resolution XPS measurements indicated that a transitional
Ga-Zn-oxynitride layer forms on the surface of GaN-ZnO solid solution photocatalysts, which
was covered by a thin GaOy outermost surface layer [55]. Thus, it might be assumed that the
enhanced surface oxidation level of the Ga-Zn-oxynitride was beneficial for the photocatalytic
process.

The hydrogen evolution rate was almost the same for the two types of calcined Pt/Ga-
Zn photocatalysts, in spite of the fact that prior to the photocatalytic experiment the sample
obtained from oxides preserved the Ga-Zn-oxynitride phase in its bulk, whereas the catalyst
obtained from precipitates resulted in a new Ga(Zn)-oxyhydroxide phase (line a in Figure 3
and Figure 4C). In order to get a better understanding of the similar photocatalytic behavior of
the samples having different bulk structures, we investigated the recovered samples after
photocatalytic reactions using EDX, XRD, TEM and XPS methods.

The Zn/Gagpx ratio of the used catalysts decreased with 10-25 % compared to the
parent oxynitrides, indicating Zn release during the catalytic reaction. The XRD results
showed dramatic changes, i.e., presence of oxyhydroxide was evidenced in all samples (see
line a,b,d,e in Figure 7). In addition, some wurtzite phase was detected in samples obtained
from precipitates (see lines a,b in Figure 7). However, the apparent peak broadening and

overlap hindered the detailed characterization of this remnant wurtzite phase.
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Figure 7. XRD pattern of recovered catalysts after the photocatalytic H, production (reaction
conditions in Figure 5)

a=sample obtained from precipitate, co-catalyst formation by calcination; b= sample obtained
from precipitate, co-catalyst formation by hydrogenation, c= sample obtained from
precipitate, co-catalyst formation by hydrogenation, blank experiment, d= sample obtained
from oxides, co-catalyst formation by calcination; e= sample obtained from oxides, co-
catalyst formation by hydrogenation;

f= GaN (commercial), co-catalyst formation by calcination, blank experiment.
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The TEM images of the used samples recovered after the photocatalytic H, production
(Figure 8) confirmed the occurrence of elongated oxyhydroxide crystals, which were similar
to those of the calcined Pt/ Ga-Zn sample obtained from precipitates (Figure 4C). However,
the images showed the crystal size of Ga(Zn)-oxyhydroxide was larger in samples obtained
from oxide mixture (500 nm wide and couple of microns long) than those from precipitate

(10-100 nm wide and 500-1000 nm long). ED indicated remnant wurtzite Ga-Zn-oxynitride in

one of the samples obtained from precipitate (Figure 8C).
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Figure 8. TEM images of the Pt/Ga-Zn-oxynitride photocatalysts recovered after the
photocatalytic H, production (reaction conditions in Figure 5). A: used catalyst from
precipitate, Pt co-catalyst formed by hydrogenation at 450°C; B: used catalyst from oxide
mixture, Pt co-catalyst formed by hydrogenation at 450°C; C: used catalyst from precipitate,
Pt co-catalyst formed by calcination at 300°C; D: used catalyst from oxide, Pt co-catalyst
formed by calcination at 300°C. Consistently with XRD result, arrows in electron diffraction
patterns (inserts) point to GaOOH diffractions (# 87-1901). 101 and 110 indices in C indicate

hexagonal wurtzite (# 76-0703) contributions.
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In order to get some insight into the influence of the photocatalytic reaction on the

oxynitride to oxyhydroxide phase transition, we performed blank experiments, i.e., we stirred
selected catalysts in methanol solution without irradiation. The XRD measurement showed
that both the Pt/GaN (co-catalysts formed by calcination) and the Pt/Zn-Ga-oxynitride
obtained from precipitate (co-catalysts formed by hydrogenation) mainly maintained the
wurtzite structure (see line c, f in Figure 7). Although one of the most intensive reflections of
the GaOOH (at 20~22°) was observed in the blank samples, these blank experiments
indicated irradiation and/or in-situ hydrogen formation had a key role for the oxynitride to
oxyhydroxide phase transition of the working photocatalysts.
In order to show how the transformation of the bulk of the used Pt/Ga-Zn-oxynitride
photocatalysts influenced the surface properties, we compared the XPS characteristics of the
used catalysts and those measured on the blank used calcined Pt-GaN sample (Table 4). As
far as the chemical states of Ga, Zn and O were concerned, each of the four samples recovered
from the photocatalytic reaction were very similar to each other. As it was pointed out in
connection with the reduced/calcined Pt-loaded photocatalysts, the Ga 3d binding energy
slightly above 20 eV might indicate the presence of either Ga-oxynitrides or Ga- or Ga(Zn)-
oxyhydroxides; accordingly, there was no notable shift in the example given in Figure S3.1
of the Supplementary Material. The Ga Auger parameter confirmed a strongly oxidized
environment for Ga in all used photocatalysts (see also Figure S3.2 of the Supplementary
Material), with the exception of the (not irradiated) Pt/GaN system, in which the oxynitride-
like Ga environment was still preserved (Table 4, entry 2).

In the O 1s spectrum of the used Pt/Ga-Zn-oxynitride photocatalysts a pronounced
component around 532.5 eV indicated the presence of hydroxyl species, confirming the
formation of oxyhydroxides. As a representative example, Figure 9 depicted the O 1s core
level spectra of a Pt-loaded, reduced sample derived from precipitates before and after the
photocatalytic experiment. In parallel with the surface transformation, a very significant loss
of N was evident. Thus, in good agreement with the structural studies, XPS also confirmed
the (almost complete) transformation of the Pt/Ga-Zn-oxynitride photocatalysts into

Pt/Ga(Zn)-oxyhydroxides during the photocatalytic reaction.
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Figure 9. O 1s spectra of the reduced and used Pt/GaN-ZnO photocatalysts derived from
precipitates (Zn/Gayom=0.32). Top line: reduced, before the photocatalytic reaction; bottom

spectrum: the same sample recovered after the photocatalytic reaction

The surface Zn content remained relatively abundant in the samples obtained by
precipitation (compare data in Table 1 and 4); the Zn 2ps3;, binding energy slightly above
1022 eV and the Zn Auger parameter calculated with the LsM4sMys transition around 2010 eV
corresponded well to the reported values for ZnO (1021.4-1022.5 eV and 2009.9-2011.0 eV,
respectively) [38,39]. The Auger parameter for Zn(OH), was at a lower value, around
2009 eV.

In Figure 10 representative Pt 4f spectra of the calcined and the used Pt/Ga-Zn-
oxynitride samples were compared. As discussed previously, the most intense contribution of
the calcined samples resulted from Pt** jons, whereas calcination also resulted in appearance
of a small metallic signal. On the other hand, despite the air exposure, the main component of
the used samples was the metallic contribution, suggesting a complete reduction of Pt during
the photocatalytic reaction. The binding energy of the metallic component was smaller by
several tenths of an eV than the literature value for Pt (71.2 eV [38,39]) in all used samples,
which indicated a very electron-rich environment for Pt, probably due to effective electron

transfer by the oxyhydroxide from the semiconductor particle.
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Figure 10. Pt 4f spectra of a calcined and a used Pt/Ga-Zn-oxynitride sample obtained from

nitridation of the oxide mixture. Zn/Ga,,,=0.14; Pt content= 1 w%.

In Figure 11 the time dependence of the detected hydrogen signal was compared in the
initial period of the photocatalytic experiment for the calcined and reduced Pt/Ga-Zn-
oxynitride photocatalysts obtained from the oxide mixture. When the co-catalyst was formed
by high temperature hydrogen reduction, the starting value of the hydrogen production curve
was higher than that in the calcined system, but the hydrogen evolution saturated after less
than 1 h. In the case of the calcined photocatalyst the slower activation was accompanied by a

notably higher final hydrogen evolution rate.
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Figure 11. Influence of the Pt co-catalyst formation method on the initial period of the
hydrogen production reaction. The Ga-Zn-oxyinitride was obtained from oxide mixture;

Zn/Gapon=0.14. Lines are only guides to the eye.

The gradual increase of the measured hydrogen production implied that the methanol solution
should have been first saturated by hydrogen and equilibrium for the liquid phase/nitrogen
flow should have been reached before the measurement became relevant to real gas evolution.
As this process equally occurred for both photocatalysts, the different initial H, release should
have been attributed to the interplay of other reasons: (i) transformation of the photocatalyst
from the oxynitride into an oxyhydroxide material and (ii) gradual reduction of the initially
partially oxidized Pt co-catalyst under the reaction conditions until a steady state is reached.
As the oxynitride-to-oxyhydroxide transformation seemed to require water and leads to
nitrogen loss from the system, it was reasonable to assume that the transformation was
accompanied by release of gaseous hydrogen and nitrogen. N, formation was reported in Ref.
[9,29,56,57] in the initial part of the photocatalytic reaction over GaN-ZnO solid solution-
based photocatalysts. According to the results discussed above, only the photocatalysts
activated by reduction were free from the oxyhydroxide phase prior to the photocatalytic

reaction, therefore initially they contain more oxynitride available for the reaction-induced
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transformation, which eventually meant a surplus hydrogen source to the methanol
photocatalytic reforming process.

Additionally, it was demonstrated that the initially partially oxidized Pt co-catalyst
underwent gradual reduction under the reaction conditions until a steady state was reached.
The change in the oxidation state of Pt was more pronounced for samples submitted to
oxidative treatment. The smaller initial activity of the calcined sample should have therefore
partly been due to the more oxidized state of the co-catalyst (Figure 5). However, Figure 11
suggested that the calcined sample provided more preferable conditions for the in situ
development of the catalytic ensemble (i.e. the interplay between the state of the Pt, the extent
of the transformation towards oxyhydroxide and the coupling between the metallic Pt and the

semiconducting particle), whereas the reductive pretreatment led to a less favorable situation.

4. Conclusion

In Figure 12 a graphical summary of this study is shown.

Ga(NO,), + Zn(NO,), Ga,0, + ZnO
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Nitridation
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Figure 12. Evolution of the investigated samples during their lifetime.

Ga-Zn-based photocatalysts were prepared by high temperature nitridation of either

Ga-Zn-hydroxide-like precipitates obtained from nitrates or mixtures of Ga,O3 and ZnO. A
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combination of bulk and surface characterization methods revealed that irrespective to the
starting material, the product of the synthesis was a wurtzite-like Ga-Zn-oxynitride phase.
After synthesis, a Pt co-catalyst was added by impregnation. The oxynitride turned out to be
an unstable phase in the presence of Pt: depending on the microstructural properties, at certain
stages of the Pt loading and thermal activation it started to transform into a nitrogen-free Ga-
Zn-oxyhydroxide. This transformation became complete during the photocatalytic methanol
reforming reaction, accompanied by reduction of the Pt co-catalyst until the fully metallic
state. Eventually, it was demonstrated that Pt was an effective catalyst in surface
transformation of the oxynitride to oxyhydroxide both by thermal and photo activated
processes.

The finding that, irrespectively to synthesis routes of the photocatalyst, metallic Pt-
loaded Ga-Zn-oxyhydroxide formed under the reaction conditions suggests that this Pt-
oxyhydroxide system could play an important role in the photocatalytic reaction. The detailed

investigation of this phenomenon is in progress in our lab.
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Table 1. Characteristic binding energies and element ratios obtained from XPS measurements on untreated Ga-Zn-oxynitride samples

Zn 2p (eV) Zn/Gaxps

Sample Zn/Gapem Ga3d (eV) GaAP* (eV) N l1s(eV) N/Gaxps
Ga,05 -- 20.5 1082.7 -- --

GaN® -- 20.0 1083.5 398.4 0.48
Ga-Zn-oxynitride from precipitate 0.32 20.1 1083.3 397.5 0.42
Ga-Zn-oxynitride from oxides 0.14 20.2 1083.0 397.7 0.37
Ga-Zn-oxynitride from oxides 0.32 20.1 1083.2 397.8 0.33

“AP= Auger parameter

®from Aldrich

O 1s (eV)

5314
533.1
530.8
5324
531.3
532.8
530.7
532.3
530.7
532.3

1022.4

1022.2

1022.1

0.19

0.01

0.02
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Table 2. Change of the Zn/Ga atomic ratios during the high temperature nitridation

N°
1
2%
3%
4%
5
6

*from parallel preparations

Sample preparation
from precipitate
from precipitate
from precipitate
from precipitate
from oxides

from oxides

Zn/Gayom
0.14
0.32
0.32
0.32
0.14
0.32

Zn/ GaEDX

0.11
0.18
0.18
0.19
0.02
0.03

Zn/Gaxps
0.09

0.19

n.d.

n.d.

0.01

0.02
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Table 3. Characteristic binding energies and element ratios obtained from XPS measurements on 1% Pt-loaded Ga-Zn-oxynitride samples

Sample/co-catalyst formation

GaN, Pt calcined

Ga-Zn-oxynitride from precipitate,

Pt loaded only incipient wetness

Ga-Zn-oxynitride from precipitate,

Pt reduced

Ga-Zn-oxynitride from precipitate,
Pt reduced

Ga-Zn-oxynitride from precipitate,
Pt calcined

Ga-Zn-oxynitride from oxides,

Pt calcined

Ga-Zn-oxynitride from oxides,

7Zn/Gayon Ga3d(eV) GaAP*(eV) Nls(eV) N/Garatio O ls(eV) Zn2p Zn/Garatio Pt4f

0.14

0.14

0.32

0.14

0.14

0.14

20.1

20.2

20.1

20.2

20.2

20.2

20.2

1083.4

1082.7

1083.4

1083.0

1082.5

1082.8

1083.1

397.6

397.6

397.6

397.6

3974

397.5

397.6

0.49

0.20

0.45

0.27

0.14

0.08

0.40

530.9
532.4

531.2
532.5

531.3
5324

531.4
532.7
531.3
532.5
531.2
532.6
531.3

1022.5

1022.3

1022.6

1022.5

1022.4

1022.3

0.09

0.10

0.18

0.17

0.02

0.01

71.4
72.4
74.1
72.8
74.9
later
70.9
72.4
74.7
71.5
72.5

71.4
72.6
70.9
72.6
70.6
72.4
71.5
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Pt hydogenated

“AP= Auger parameter

5324

72.6
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Table 4. Characteristic binding energies and element ratios obtained from XPS measurements on the spent Pt-loaded GaN-ZnO photocatalysts

Sample/co-catalyst formation 7Zn/Gayon Ga3d(eV) GaAP*(eV) N ls(eV) N/Garatio O ls(eV) Zn2p Zn/Garatio Pt4f
Ga, 03 Pt calcined - 20.2 1082.7 - - 531.1 - - 70.8
5323 72.4
GaN, Pt calcined - 20.3 1083.3 397.9 0.35 531.1 - - 70.9
5324 72.2
Ga-Zn-oxynitride from precipitate, .32 20.1 1082.8 397.1 0.04 531.2 1022.5 0.20 70.6
Pt reduced 5305
Ga-Zn-oxynitride from precipitate, 0.32 20.1 1082.5 397.1 0.04 531.2 1022.5 0.17 70.7
Pt calcined 5323
Ga-Zn-oxynitride from oxides, 0.14 20.2 1082.6 - 0.00 531.0 1022.4 0.02 70.4
Pt reduced 532.2 72.1
Ga-Zn-oxynitride from oxides, 0.32 20.3 1082.7 397.5 0.08 531.3 1022.5 0.02 70.8
Pt calcined 532.5 72.3
Ga-Zn-oxynitride from oxides, 0.14 20.1 1082.6 - 0.00 531.0 1022.2 0.04 70.4
Pt calcined 532.2 72.3

aAP= Auger parameter



Supplementary material

S1. XRD measurements

As can be seen in Figure S1 the Zn incorporation into the oxynitride resulted in a
slight shift of the positions of the diffraction peaks to lower 2@ angles comparing to GaN.
This phenomenon is an obvious consequence that ionic radius of Zn is larger than that of Ga.
Similar observations have been described in details by Maeda et al [S1].

ZnO GaN Zn0O||GaN ZnO GaN |Corundum

W

_— N

Corundum

30 32 34 36 38 40
2 theta/degree

Intensity/a.u.

Figure S1. XRD patterns of the Ga-Zn-oxynitride obtained by nitridation of the precipitate
from Zn(NO;3), and Ga(NO;3); at Zn/Gae,=0.32 (corundum internal standard added)-
enlargement of line a in Figure 1 in the main text. Reference cards from ICDD PDF-2 (1998)
data base, ZnO (# 36-1451), GaNh (# 76-0703), corundum (# 10-0173).

S2. UV-Visible diffuse reflectance spectroscopic measurements

In order to obtain information on the optical properties of the Ga-oxynitride samples,
diffuse reflectance UV-visible spectra were recorded prior to the Pt-loading step. The spectra
were registered using a Jasco V-570 UV-VIS spectrophotometer equipped with a NV-470
type integrating sphere. The data were collected between 800 and 200 nm wavelengths. The
reflectance data were transformed by means of the Kubelka-Munk function

(F(R)=(1-R)? /2R, where R is the measured reflectance [S2]). The Kubelka-Munk

function is regarded to be proportional to the absorption coefficient @, thus it represents the
approximate wavelength dependence of the absorption coefficient o.

As it is shown in Figure S2, the absorption properties of the samples are determined by
the actual Zn content. Samples with low Zn concentration (i.e. those obtained from oxides,
regardless to the intended Zn content) give very similar spectra to that of the GaN reference.
A more pronounced absorption in the visible region is obtained for the samples obtained from
precipitates, for which a representative example is presented.
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Figure S2. Diffuse reflectance spectra of nitridated samples.
a: commercial GaN, b: from oxide mixtures, Zn/Ga,,m=0.14; c: from oxide mixtures,
7Zn/Gapon=0.32; d: from precipitate, Zn/Ga,om=0.32.

The absorption spectra can be used for determination of the band gaps of the samples.
The evaluation of the band gap values was performed by plotting the quantity (F(R)E phomn)z
as the function of the photon energy (Ephowon) (Tauc plots [S3]). In the adsorption edge region
the plots were linear, as expected for direct band gap materials; the intersection of the fit to

the linear segment with the base line gave the band gap values, as presented in Table S2. The
data are in qualitative agreement with those available in the literature [S1, S4].

Table S2. Band gaps of nitridated samples calculated from Kubelka-Munk function
Line in Figure S1 | Sample preparation Zn/Gagpx | Band gap (eV)

a GaN - 3.3

b from oxide mixture 0.02 3.15

c from oxide mixture 0.03 3.05

d from precipitate 0.18 2.8
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S3. XPS measurements

The XPS characteristics of selected reduced or calcined Ga-Zn-oxynitrides [Table S2] were essentially undistinguishable from those of
the as synthesized materials, confirming that neither reduction nor calcination alters even the surface of the photocatalysts if they are free of Pt.

Table S2. Characteristic binding energies and element ratios obtained from XPS measurements on reduced and calcined GaN-ZnO samples

Ga3d(eV) GaAP(eV) Nls(eV) N/Garatio O 1s(eV) Zn2p

Sample/ treatment

GaN, calcined

Ga-Zn-oxynitride from precipitate,
reduced
Ga-Zn-oxynitride from precipitate,

calcined

Ga-Zn-oxynitride from precipitate,

calcined

Ga-Zn-oxynitride from oxides,

calcined

Zn/Gagom

0.32

0.32

0.14

0.14

20.1

20.1

20.3

20.3

20.1

1083.3

1083.5

1083.1

1083.

1083.6

398.3

397.9

397.7

397.8

397.9

0.46

0.41

0.36

0.44

0.41

530.8
532.8
531.0
5324
5314
5329

5314
533.0

531.0
5324

1022.4

1022.6

1022.5

1022.3

7Zn/Ga ratio

0.20

0.17

0.09

0.04
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As a typical example for the changes of the Ga 3d core level during the life cycle of
the (Ga, Zn)-oxynitride photocatalysts, in Figure S3.1 spectra collected from the oxide-
derived sample with Zn/Ga,om=0.32 are compared to those measured on GaN and Ga,0;. As
discussed in the main text, the change of the binding energy of the Ga 3d peak is rather small
during transition from the oxynitride to the oxyhydroxide state.

O2s

GaN

GaN-ZnO

_| from oxides
Dt

Pt/GaN-ZnO fr

oxides, calcine
/

_| Used P/GaN-4
from oxides
—

Intensity (arb. units)

28 26 24 22 20 18 16 14 12
Binding Energy

Figure S3.1. Ga 3d spectra of Ga-Zn-oxynitride prepared from oxides (Zn/Gay,n,=0.32) after
nitridation, after Pt loading and calcination and after the photocatalytic experiment, compared
to those of GaN and Ga,0s.

The Ga Auger parameter calculated as the sum of the binding energy of the Ga 3d
band and the kinetic energy of the Ga L3M4sMys Auger peak is a much more sensitive
indicator of the changes in the chemical environment of the Ga atoms. In Figure S3.2 Auger
parameter values measured on the oxide-derived with Zn/Gape,=0.32 sample at certain stages
of the life cycle are compared to those measured on GaN and Ga;0Os. As mentioned in the
main text, the measured Ga Auger parameter of GaN is significantly lower than the literature
value, due to surface oxidation of the crystallites. The as prepared oxynitride exhibits a
somewhat smaller Auger parameter, which further decreases upon Pt loading and calcination,
indicating the onset of the structural transformation. In the case of the recovered catalyst, the
very low Auger parameter points to a heavily oxidized environment for Ga.
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Figure S3.2. Auger parameter data for Ga-Zn-oxynitride prepared from oxides
(Zn/Gayom=0.32) after nitridation, after Pt loading and calcination and after the photocatalytic
experiment, compared to those for GaN and Ga,0Os.
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