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ABSTRACT: Solid-state chemical transformations at the nanoscale
can be a powerful tool for achieving compositional complexity in
nanomaterials. It is desirable to understand the mechanisms of such
reactions and characterize the local-level composition of the
resulting materials. Here, we examine how reaction temperature
controls the elemental distribution in (Ga1−xZnx)(N1−xOx) nano-
crystals (NCs) synthesized via the solid-state nitridation of a
mixture of nanoscale ZnO and ZnGa2O4 NCs. (Ga1−xZnx)(N1−xOx)
is a visible-light absorbing semiconductor that is of interest for
applications in solar photochemistry. We couple elemental mapping
using energy-dispersive X-ray spectroscopy in a scanning transmission electron microscope (STEM-EDS) with colocation
analysis to study the elemental distribution and the degree of homogeneity in the (Ga1−xZnx)(N1−xOx) samples synthesized
at temperatures ranging from 650 to 900 °C with varying ensemble compositions (i.e., x values). Over this range of
temperatures, the elemental distribution ranges from highly heterogeneous at 650 °C, consisting of a mixture of larger
particles with Ga and N enrichment near the surface and very small NCs, to uniform particles with evenly distributed
constituent elements for most compositions at 800 °C and above. We propose a mechanism for the formation of the
(Ga1−xZnx)(N1−xOx) NCs in the solid state that involves phase transformation of cubic spinel ZnGa2O4 to wurtzite
(Ga1−xZnx)(N1−xOx) and diffusion of the elements along with nitrogen incorporation. The temperature-dependence of
nitrogen incorporation, bulk diffusion, and vacancy-assisted diffusion processes determines the elemental distribution at
each synthesis temperature. Finally, we discuss how the visible band gap of (Ga1−xZnx)(N1−xOx) NCs varies with
composition and elemental distribution.

KEYWORDS: nanocrystals, oxynitride, solid state, STEM-EDS, colocation, elemental correlation

Emerging applications, such as solar fuel generation, have
revealed the need for new semiconductors with binary
and ternary compositions to control band gap and

chemical stability.1,2 While often desirable, compositional
complexity can be difficult to achieve and requires synthetic
control of composition at both the ensemble and local levels.
For nanoscale semiconductors in particular, there has been
remarkable development of solution phase chemical trans-
formations that create ternary and quaternary mixed semi-
conductors.3−5 Some materials, however, are not sufficiently
reactive at temperatures compatible with solution phase
reactions.6 In these cases, chemical transformations in the
solid state can provide an avenue for compositional complex-
ity.7−9 As nanoscale solid-state reactions emerge as means of
achieving compositional complexity, it is necessary to under-

stand their mechanisms and how the elemental distribution in
the resulting materials can be controlled.
In this manuscript, we focus on the reaction that produces

nanocrystals of the oxynitride (Ga1−xZnx)(N1−xOx). A solid
solution of ZnO and GaN, (Ga1−xZnx)(N1−xOx) has gained
considerable attention as a material for solar energy harvesting
since 2005.10 This material is unusual because it absorbs visible
light even though its parent semiconductors, ZnO and GaN,
have band gaps in the UV region (3.2 and 3.4 eV,
respectively).10−13 Decorated with suitable cocatalysts,
(Ga1−xZnx)(N1−xOx) is capable of splitting water into H2 and
O2 under visible light illumination (λ >400 nm).10−22
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In (Ga1−xZnx)(N1−xOx), the composition (i.e., the value of x)
determines the band gap, which in turn determines the fraction
of the solar spectrum that can be absorbed.13,23,24 Although
composition control has been made difficult by Zn volatility at
high temperatures, several synthesis methods have been
developed to widen the range of available compositions of
(Ga1−xZnx)(N1−xOx).

10,23−29 One of these methods is a solid-
state synthesis of (Ga1−xZnx)(N1−xOx) nanocrystals in which a
mixture of ZnO (∼10 nm) and ZnGa2O4 (∼5 nm) NCs is
converted to (Ga1−xZnx)(N1−xOx) under NH3 at 650 °C.

23 The
use of nanoscale precursors allows for a lower conversion
temperature and avoids the loss of Zn. As a consequence, a
wide range of compositions is possible (0.06 ≤ x ≤ 0.98)
simply by tuning the starting material ratio, although, as
ZnGa2O4 has the x value of 0.33, Ga-rich compositions require
a slight increase in temperature to remove Zn.24 The wide
range of compositions results in band gaps that vary from 2.9 to
2.2 eV.24

While the x values reported above describe the average
ensemble composition of nanocrystalline (Ga1−xZnx)(N1−xOx)
samples, the question of how the four elements are distributed
within and among particles has not been answered. Because
ZnO, GaN, and (Ga1−xZnx)(N1−xOx) have similar lattice
parameters, the crystalline order may coexist with varying
degrees of compositional disorder.30,31 The solid-state reaction
that transforms ZnO and ZnGa2O4 NCs into (Ga1−xZnx)-
(N1−xOx) under NH3 flow is a complex process, requiring both
the making and breaking of chemical bonds and diffusion of
elements to create the final product. Thus, it is important to
understand how the interplay of these factors leads to the
elemental distribution in the final product.
In this manuscript, we reveal the elemental distribution in

(Ga1−xZnx)(N1−xOx) NCs synthesized over a range of
temperatures from 650 to 900 °C using subnanometer EDS
mapping in STEM. The elemental composition of the NCs at
the ensemble and the individual particle levels is measured by
inductively coupled plasma optical emission spectroscopy
(ICP-OES) and STEM-EDS quantification, respectively. We
use colocation analysis of EDS maps to quantify the degree of
correlation in elemental distribution by determining the
Pearson product-moment correlation coefficient (PCC or
Pearson’s r) for Ga and Zn. We find a considerable degree of
heterogeneity in samples of (Ga1−xZnx)(N1−xOx) NCs
synthesized at 650 °C, consisting of two distinct types of
particles and compositional heterogeneity within particles. The
elemental distribution is readily controllable with reaction
temperature, which increases homogeneity and reaches an even
distribution of the four elements at 800 °C. We explain these
results in terms of increased chemical reactivity, faster diffusion,
and vacancy-assisted diffusion at higher temperatures. Finally,
we discuss the relationships between the compositional
distribution and the optical properties of the (Ga1−xZnx)-
(N1−xOx) samples.

RESULTS
We begin our investigation of elemental distribution with the
samples of (Ga1−xZnx)(N1−xOx) NCs synthesized at 650 °C,
the temperature at which the loss of Zn is minimal.23,24 By
nitriding a starting mixture of wurtzite ZnO (d ∼10 nm) and
cubic spinel ZnGa2O4 (d ∼5 nm) NCs at this temperature,
compositions ranging from x = 0.38 to x = 0.98 can be obtained
simply by varying the ratio of the starting material NCs to
match the Zn:Ga ratio desired in the final product.23,24 These x

values refer to the ensemble composition of the product
measured by elemental analysis of acid-digested samples using
ICP-OES. Powder X-ray diffraction (XRD) and TEM imaging
have shown that the products contain single crystalline wurtzite
particles with diameters of 15−20 nm, such as the one shown in
Figure 1. Their XRD peak positions fall between those of

wurtzite ZnO and GaN, consistent with the formation of a solid
solution, with an upward bowing deviation from Vegard’s law in
lattice constants.23,24 For this study, we selected the ensemble x
values of 0.38, 0.52, 0.75, and 0.93 to span the composition
range achieved at 650 °C. Their XRD patterns are shown in
Figure S1.

Heterogeneous Elemental Distribution in (Ga1−xZnx)-
(N1−xOx) Particles Synthesized at 650 °C. We first examine
the elemental distribution in individual (Ga1−xZnx)(N1−xOx)
particles made at 650 °C. Figure 2 shows high-angle annular
dark-field (HAADF)-STEM image and EDS elemental maps of
Zn, Ga, O, and N, and line profiles of Zn and Ga taken on a
(Ga1−xZnx)(N1−xOx) particle in a sample with the ensemble
composition of x = 0.38. The elemental maps clearly

Figure 1. High-resolution TEM image of a single-crystalline
(Ga1−xZnx)(N1−xOx) particle (x = 0.76), with fast Fourier transform
(inset).

Figure 2. (a) HAADF-STEM image and (b,c) the corresponding
EDS elemental maps of (Ga1−xZnx)(N1−xOx) NCs with ensemble x
= 0.38 synthesized at 650 °C. (d) EDS line profiles taken across the
oxynitride particle indicated in (a) with an arrow.

ACS Nano Article

DOI: 10.1021/acsnano.7b03891
ACS Nano 2017, 11, 8401−8412

8402

http://pubs.acs.org/doi/suppl/10.1021/acsnano.7b03891/suppl_file/nn7b03891_si_001.pdf
http://dx.doi.org/10.1021/acsnano.7b03891


demonstrate that the four elements are not distributed
homogeneously (Figure 2b,c). Zn and O are more heavily
concentrated at the particle core while Ga and N are
preferentially found closer to the particle surface. EDS line
profiles taken across one particle further illustrate the
nonuniform distribution of Zn and Ga (Figure 2d). EDS
maps of the individual elements and additional overlap maps
can be found in Figure S2. We observe similar behavior
throughout the sample, with strong spatial correlation between
Ga and N, as well as Zn and O, and the enrichment of the
former around edges and the latter in the particle center. The
EDS elemental maps of the large particles with other ensemble
compositions (x = 0.52, 0.75 and 0.93) are shown in Figure 3

(and Figure S3). These particles show a remarkably similar
pattern of compositional heterogeneity, with Zn and O
enrichment inside the particles and Ga and N enrichment
near the surface.
To describe the degree of compositional heterogeneity in

samples shown in Figures 2 and 3, we turn to colocation
analysis, which quantifies the spatial correlation of elements
within a particle. We use methods similar to those previously
reported for a Mn−Co bimetallic catalyst32 and nickel
distribution in cell-mineral aggregates formed by Fe(II)-
oxidizing bacteria.33 The scatter plots for Zn and Ga intensities
at each pixel within the area of one particle are shown in Figure
3 (right column). The scatter plot and colocation analysis
section in Materials and Methods describes how the plots are
generated. The intensities of Zn and Ga are in units of atomic
percent obtained from the quantification of four elements (Zn,
Ga, N and O). As shown in the right column of Figure 3, we
observe some preference for higher Ga content when Zn is low,

resulting in somewhat triangular shape of the correlation plots.
A plot that deviates from a linear relationship and has a fairly
spread out shape reflects a weak correlation.34 The correlation
can be quantified by Pearson’s r,35 which characterizes the
correlation between two variables, in our case, the intensities of
Zn and Ga and is calculated using eq 1 (in Materials and
Methods). Pearson’s r can range from −1 to 1, where 1
represents perfect positive correlation, 0 indicates no
correlation and −1 indicates perfect negative correlation. For
interpretation, Pearson’s r values are categorized as weak
(<0.35), moderate (0.36−0.67) and high (0.68−1) correla-
tions.34 The resulting Pearson’s r values obtained from the
scatter plots of 650 °C samples are in the range of 0.15−0.25,
suggesting a weak correlation of Zn and Ga, which is consistent
with the visual inspection of the elemental maps. The origin of
this heterogeneity will be described in the Discussion section.
We note that we do not observe evidence for phase separation
of pure GaN and ZnO in the scatter plots. Likewise, XRD
patterns of these (Ga1−xZnx)(N1−xOx) samples cannot be
described with a sum of GaN and ZnO peaks (Figure S1).

Impact of Synthesis Temperature on the Elemental
Distribution in (Ga1−xZnx)(N1−xOx) NCs. Because the
synthesis of (Ga1−xZnx)(N1−xOx) NCs is a solid-state chemical
transformation, it is reasonable to expect that its trajectory will
have a strong dependence on reaction temperature. We
therefore examine how the reaction temperature impacts the
elemental distribution in (Ga1−xZnx)(N1−xOx) NCs. A mixture
of starting materials, ZnO and ZnGa2O4 NCs having the same
molar ratio (Zn/Ga ∼10, x ∼0.91) was heated under NH3 at
different reaction temperatures: 650, 750, 800, 850, and 900 °C.
After a 10 h reaction time, we obtained (Ga1−xZnx)(N1−xOx)
samples with different ensemble x values, as determined by
ICP-OES analysis: 0.93, 0.27, 0.11, 0.11 and 0.08, respectively.
Zn evaporation at high temperatures (≥750 °C) in an NH3
atmosphere10,13,23,36 causes a significant decrease in ensemble x
values in the product compared to the starting material mixture
(x ∼0.91).
Figure 4 (and Figure S4) shows HAADF images and STEM-

EDS elemental maps of the (Ga1−xZnx)(N1−xOx) NCs prepared
at different nitridation temperatures. EDS elemental maps
paired with line scan profiles taken across individual particles
show that the distribution of elements becomes more uniform
with increasing nitridation temperature. At 750 °C, there is still
some separation of Ga and Zn (Figure 4b) and N and O
(Figure S4b). As in the 650 °C samples, the Ga position
correlates with N, and Zn correlates with O. Particles
synthesized at 800, 850, and 900 °C appear to have all
elements distributed evenly throughout.
Because of Zn evaporation, increasing the nitridation

temperature affects both the elemental distribution and the
composition. To separate the two effects, we synthesized
samples of similar compositions at 650, 700, 750, and 800 °C.
To do this, we adjusted the starting material composition (i.e.,
the ratio of ZnO to ZnGa2O4) to obtain (Ga1−xZnx)(N1−xOx)
samples with similar final ensemble x values of ∼0.35. Ratios of
Zn/Ga in the starting materials were adjusted to ∼0.64, 1, 2,
and 20 for the nitridation at 650, 700, 750, and 800 °C,
respectively, with a nitridation time of 10 h for the first three
reaction temperatures and 4 h for 800 °C. TEM images of the
resulting particles are shown in Figure S5. The particle sizes
increase with increasing nitridation temperatures: 17.3 ± 3.7,
18.9 ± 4.1, 18.4 ± 6.0 and 40.2 ± 10.5 nm, respectively. A
similar observation has been made previously.37 XRD patterns

Figure 3. Left column: HAADF-STEM images and EDS elemental
maps of (Ga1−xZnx)(N1−xOx) NCs synthesized at 650 °C with
varying ensemble compositions x of (a) 0.38, (b) 0.52, (c) 0.75 and
(d) 0.93. The map shows the overlays of two elements, Zn/Ga and
N/O. Scale bars are 15 nm. Right column: Colocation analyses of
the distribution of Zn in relation to Ga for each (Ga1−xZnx)-
(N1−xOx) NC shown on the left. Analyses contain scatter plots of
the respective element intensities at each pixel within the single NC
area. The resulting Pearson’s r value is displayed in the top right
corner of the scatter plot.
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of these samples are shown in Figure S6. All samples show a
wurtzite crystal structure with diffraction peaks located between
the wurtzite peaks of the parent materials, ZnO and GaN. The
crystallite sizes obtained from XRD data are estimated using the
Scherrer equation (Table S1). They are in good agreement with
particle sizes determined by low-magnification TEM (Figure
S5), indicating that the particles are single crystals.
Representative HAADF images and STEM-EDS elemental

maps of the (Ga1−xZnx)(N1−xOx) NCs with similar ensemble x
values prepared at different nitridation temperatures (650, 700,
750, and 800 °C) are shown in Figure 5. The EDS elemental
maps show that the homogeneity in the samples increases with
increasing nitridation temperature while the ensemble
composition remains the same. The scatter plots of the
intensities of Zn and Ga for the particle area are shown in the
right column. The degree of homogeneity is quantified by the
Pearson’s r, the value of which is shown on the right corner of
each scatter plot. A weak correlation of Zn and Ga is found in
the samples synthesized at 650 and 700 °C (r = 0.17 and 0.13,
respectively). At 750 °C, the Pearson’s r is 0.45, which is
considered as moderate correlation, while the NCs synthesized
at 800 °C have a strong correlation (r = 0.76).

Composition-Dependent Elemental Distribution of
(Ga1−xZnx)(N1−xOx) NCs Synthesized at 800 °C. On the
basis of the temperature dependence of the products of the
(Ga1−xZnx)(N1−xOx) synthesis, we conclude that by 800 °C,
the products have a homogeneous elemental distribution within
each particle, at least within the limits of the resolution of the
EDS mapping. To some extent, we can compensate for the Zn
evaporation at the higher reaction temperature (800 vs 650 °C)
by shortening the reaction time (<10 h). In this section, we
examine the relationships between synthesis conditions,
composition, and elemental distribution. The syntheses of
(Ga1−xZnx)(N1−xOx) NCs using a mixture of ZnO and
ZnGa2O4 NCs with Zn/Ga ratio of 20:1 are carried out at
800 °C for 10, 6, 4, 3, and 2 h. The resulting (Ga1−xZnx)-
(N1−xOx) NCs have ensemble x values of 0.11, 0.21, 0.35, 0.44
and 0.86, respectively, as determined by ICP-OES.
Representative HAADF images and STEM-EDS elemental

maps of the (Ga1−xZnx)(N1−xOx) NCs with ensemble x values
of 0.11, 0.21, 0.35, and 0.44 are shown in Figure 6 (and Figure
S7) (the sample with x = 0.86 will be discussed later). EDS
elemental maps of the particle and line profiles of Zn and Ga
taken across a single particle clearly show that the individual
elements are homogeneously distributed in the particles. Under
our conditions, 3 h is the shortest reaction time that is
sufficiently long to yield homogeneous NCs with an ensemble x
value as high as 0.44. The NCs synthesized at 800 °C for 2 h do
not reach homogeneity, as we will discuss below. A single area
EDS analysis shown in Figure S8 reveals that there is minimal
difference in the composition near the particle surface (Ga
∼30.6 at.% and Zn ∼22.0 at.%) and the particle core (Ga ∼31.6
at.% and Zn ∼19.7 at.%). To quantify the degree of elemental
correlation of the samples with different compositions, scatter
plot and PCC statistical analysis are carried out, as shown in the
right column in Figure 6. A qualitative examination of scatter
plots of four samples shows that the relationship between Zn
and Ga approaches a linear shape. The Pearson’s r of the four
compositions is in the range of 0.74−0.80, indicating strong

Figure 4. HAADF-STEM images and EDS elemental maps of
(Ga1−xZnx)(N1−xOx) NCs obtained from the same Zn/Ga ratio in
the starting materials at varying reaction temperatures: (a) 650 (x =
0.93), (b) 750 (x = 0.27), (c) 800 (x = 0.11), (d) 850 (x = 0.11) and
(e) 900 (x = 0.08) °C. Scale bars are 20 nm. EDS line profiles of Zn
and Ga (right column) taken across an oxynitride particle are
marked by an arrow for the direction of the profile.

Figure 5. HAADF images and EDS elemental maps of (Ga1−xZnx)-
(N1−xOx) NCs with similar ensemble x values of ∼0.35 synthesized
at (a) 650, (b) 700, (c) 750 and (d) 800 °C. Scale bars are 20 nm.
Right column: the scatter plots of the intensity of Zn and Ga with
the value of Pearson’s r in the upper right corner.
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correlation between Zn and Ga. The slope of the line is
approximately the ratio of Ga to Zn.
While the reaction temperature is a key factor in elemental

distribution, the reaction time also plays an important role. The
(Ga1−xZnx)(N1−xOx) NCs synthesized at 800 °C for 2 h have
an ensemble x value of 0.86. Representative HAADF-STEM
image, STEM-EDS elemental maps and line scan profiles of Zn
and Ga are illustrated in Figure S9. These images show NCs
with heterogeneous elemental distribution similar to samples
made at 650 °C. It appears that at 2 h, the reaction time is not
long enough to achieve strong elemental correlation.
To enable comparisons with (Ga1−xZnx)(N1−xOx) NC

samples synthesized at 650 °C, which have been previously
characterized with XRD and TEM imaging,23,24 we describe the
results of similar characterization of the (Ga1−xZnx)(N1−xOx)
NCs synthesized at 800 °C. Low-magnification TEM images of
the (Ga1−xZnx)(N1−xOx) NCs with ensemble x values of 0.11,
0.21, 0.35, and 0.44 are shown in Figure S10. The NCs have an
average particle dimension of ∼35−41 nm as measured by
TEM, which is in good agreement with the crystallite size
obtained from XRD using the Scherrer equation, shown in
Table S2, indicating that the particles are single crystals. The
positions of the diffraction peaks shown in Figure S11a are
located between those of GaN and ZnO, consistent with a solid
solution of GaN and ZnO. The diffraction peaks are shifted to
lower angles (toward ZnO peaks) with increasing ensemble x
value. The lattice parameters, a and c, of the 800 °C products
plotted against ensemble x values are shown in Figure S11b.
They deviate from the parameters of an ideal solid solution of
the parent compounds, ZnO and GaN, with upward bowing, as

has been theoretically predicted31,38 and observed in
(Ga1−xZnx)(N1−xOx) synthesized by other methods.26,39

The optical properties of the (Ga1−xZnx)(N1−xOx) NCs
prepared at 800 °C were measured by diffuse reflectance
spectroscopy. Using the Kubelka−Munk equation, the diffuse
reflectance spectra were transformed to absorption spectra,
which are presented in Figure 7. The absorption edges of the
NCs are shifted to longer wavelengths with increasing values of
x. As with other (Ga1−xZnx)(N1−xOx) materials, the absorption
onsets in these samples are lower in energy than the band gaps
of ZnO (3.2 eV) and GaN (3.4 eV). This dependence of visible
band gap on composition is a signature feature of (Ga1−xZnx)-
(N1−xOx) materials and the results in Figure 7 are consistent

Figure 6. Left column: HAADF-STEM images and EDS elemental maps of (Ga1−xZnx)(N1−xOx) NCs prepared at 800 °C with ensemble x
values of (a) 0.11, (b) 0.21, (c) 0.35 and (d) 0.44. Scale bars are 30 nm. Middle column: EDS line profiles of Zn and Ga taken across an
oxynitride particle indicated by arrow for the direction of the profile. Right column: Colocation analyses of the distribution of Zn in relation
to Ga for (Ga1−xZnx)(N1−xOx) NCs. Analyses contain scatter plots of the respective element intensities at each pixel within the single NC area.
The resulting Pearson’s r is displayed in the top right corner of the scatter plot.

Figure 7. Kubelka−Munk transformed diffuse reflectance spectra of
(Ga1−xZnx)(N1−xOx) NCs synthesized at 800 °C with different
compositions (x = 0.11, 0.21, 0.35 and 0.44). The spectra are
normalized at 350 nm.
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with previous observations.13,26 The optical properties of these
samples will be addressed in the Discussion section.
Presence of Additional Species in (Ga1−xZnx)(N1−xOx)

Samples Synthesized at 650 °C. Quantitative EDS analysis
of local composition in (Ga1−xZnx)(N1−xOx) samples prepared
at 650 °C reveals a stark discrepancy between the ensemble x
values and those of individual particles. For example,
quantitative analysis of the composition in the core and surface
areas of the particle in Figure 2 shows that the x values in the
two regions are 0.97 and 0.50, respectively (Figure S12). The x
value for the entire particle is 0.83, which is considerably higher
than the ensemble x value for the sample of 0.38 measured by
ICP-OES. Similarly, the single area quantitative EDS composi-
tional analysis on a particle of the (Ga1−xZnx)(N1−xOx) sample
having high ensemble x value (x = 0.76) shows that two regions
(tip and core) have x values of 0.30 and 0.97, respectively, with
the overall particle x value of 0.86 (Figure S13). A quantitative
analysis of 96 individual particles from samples with the four
different ensemble x values (Figure S14) shows a remarkable
result: the individual large wurtzite particles have x values of
0.8−0.9, even though the ensemble x values range from 0.38 to
0.93 (Table 1).

The discrepancy in x values between individual (Ga1−xZnx)-
(N1−xOx) particles and the ensemble sample suggests that not
all of the Ga and N are contained in the wurtzite nanocrystals
shown in Figures 2 and 3. A careful examination of low-
magnification TEM images of (Ga1−xZnx)(N1−xOx) samples

prepared at 650 °C reveals the presence of an additional type of
structure: much smaller (5.4 ± 1.3 nm), aggregated particles.
Figure 8a shows the presence of such particles in the x = 0.38
sample alongside the large particles discussed above. The small
particle aggregates are more common at lower ensemble x
values (see, for example, Figure S15).
We suspected that these small aggregated particles might

arise from nitridation of the ZnGa2O4 nanocrystals that are not
adjacent to ZnO particles during the reaction. We have
previously proposed that the (Ga1−xZnx)(N1−xOx) NCs such as
the ones shown in Figures 2 and 3 arise from a mechanism in
which (Ga1−xZnx)(N1−xOx) nucleates at the interface of a ZnO
and a ZnGa2O4 nanocrystal,

24 with ZnO providing a crystalline
template for topotactic growth of (Ga1−xZnx)(N1−xOx). If the
ZnGa2O4 nanocrystal is not in sufficient proximity to a ZnO
nanocrystal, it may still produce a nitrided product, but one
with a different morphology and crystal structure. To test this
hypothesis, we carried out nitridation of ZnGa2O4 at 650 °C in
the absence of ZnO. The resulting material consists of small
aggregated particles of similar appearance (Figure 8b) (a low-
magnification TEM image is shown in Figure S16). The XRD
pattern shows one very broad peak with the base covering 30−
40° (see Figure 8c). Because of the broad XRD peaks caused by
the small particle size, it is difficult to unambiguously determine
whether the crystal structure of this product is spinel, wurtzite,
or a mix of the two. Spinel zinc gallium oxynitrides have been
previously observed to coexist with wurtzite oxynitride under
certain synthesis conditions.40,41 Nitrided ZnGa2O4 shows a
clear wurtzite pattern at reaction temperatures of 750 °C and
above.24 STEM-EDS mapping of the ZnGa2O4 particles
nitrided at 650 °C (see Figure 8d) shows uniform distribution
of Zn, Ga, N, and O. Quantification results of seven areas (∼50
× 50 nm) give x value of 0.14 ± 0.01 which is in agreement
with 0.13 ± 0.00 obtained from ICP-OES. Figure S17 shows
the Kubelka−Munk absorption spectrum of these small
particles. Its absorption edge is in the visible region with the
absorption onset ∼475 nm. On the basis of the XRD, optical,
and elemental mapping data, these small particles appear to also
be (Ga1−xZnx)(N1−xOx), only with ambiguous crystal structure
and smaller particle size. For the purposes of this manuscript,

Table 1. Elemental Composition, x, in Ensemble and
Individual (Ga1−xZnx)(N1−xOx) NCs Synthesized at 650 °C
Examined by ICP-OES and EDS Elemental Analyses,
Respectively

composition, x

ICP-OES (ensemble) EDS quantification (single particle)

0.38 0.85 ± 0.04
0.52 0.86 ± 0.04
0.75 0.92 ± 0.02
0.93 0.95 ± 0.02

Figure 8. Low-magnification TEM images of (a) (Ga1−xZnx)(N1−xOx) NCs with x = 0.38 and (b) nitrided ZnGa2O4 at 650 °C. (c) Powder
XRD pattern of nitrided ZnGa2O4. The vertical lines represent the reference diffraction patterns of ZnGa2O4 (green, JCPDS #38−1240), ZnO
(red, JCPDS #05−0664), and GaN (blue, JCPDS #2−1078). (d) HAADF image and EDS elemental maps and spectrum of the nitrided
ZnGa2O4.
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we will refer to this product as “nitrided ZnGa2O4”. We note
that the nitrided ZnGa2O4 samples tend to have lower Zn
content than expected from starting material. This may be due
to increased Zn evaporation when ZnO is not available nearby.
The x value of this particular sample was particularly low.
Normally, they are in the 0.25−0.30 range.
We now turn back to the composition of the samples with

varying ensemble x values synthesized at 650 °C. It appears that
these samples are a mixture of the small aggregated particles,
such as the ones described above, and the large wurtzite
particles with heterogeneous composition shown in Figures 2
and 3. Further evidence for this is present in the XRD patterns.
For example, for the x = 0.38 sample, a contribution of the
broad peak arising from nitrided ZnGa2O4 can be seen
underneath the dominant wurtzite peaks associated with the
large particles (Figure S18). The varying ensemble x values can
then arise from a different ratio of the two types of particles.
Starting material mixtures for the higher x values have
proportionally more ZnO NCs, allowing for a higher fraction
of the larger (Ga1−xZnx)(N1−xOx) particles in the final product.
The discrepancy between the compositions at the ensemble

and the individual particle level decreases with increasing
nitridation temperature. A comparison of ensemble x values
and composition of individual particles for the set of samples in
Figure 5 is shown in Table 2. EDS quantitative analysis of the

large particles from those samples is shown in Figure S19. In
the case of the 650 and 700 °C syntheses, large particles have
higher x values (i.e., higher Zn content) than the ensemble
composition. However, the 750 and 800 °C syntheses produce
particles that individually have compositions that match the
ensemble x value. We note that the small aggregated particles
are not observed in samples synthesized at 750 and 800 °C.
Our results suggest that the higher-temperature synthesis leads
to samples that consist of only the large wurtzite (Ga1−xZnx)-
(N1−xOx) NCs that have fairly homogeneous elemental
distributions.
The XRD patterns of samples of similar ensemble

composition (x ∼0.35) made at different temperatures (Figure
5) are consistent with this picture. Samples synthesized at
higher temperatures have decreasing amounts of the broad
background that we attribute to nitrided ZnGa2O4 (Figure S6).
Although the samples have similar ensemble compositions, we
observe a shift of the wurtzite peaks toward the higher
diffraction angle (toward GaN) in the samples produced at
higher reaction temperature. The lattice constants a and c of
the 800 °C product decrease by ∼0.51% and 0.22%,
respectively (see Figure S6) compared to those of the 650

°C sample. This shift is consistent with the fact that the large
wurtzite particles represented by the XRD patterns have lower
x values (i.e., less Zn) when made at higher temperatures.
The match in composition between the (Ga1−xZnx)(N1−xOx)

ensemble sample and individual particles is confirmed in the
series of samples synthesized at 800 °C shown in Figure 6
(Table 2). Average x values obtained from the EDS
compositional analyses on the products of the 10, 6, 4, and 3
h reactions are 0.13 ± 0.02, 0.23 ± 0.03, 0.33 ± 0.05 and 0.43 ±
0.04, respectively, as shown in Figure S20. The x values are
obtained by averaging at least 16 particles per sample. They are
in good agreement with ensemble x values (0.11, 0.21, 0.35 and
0.44) as analyzed by ICP-OES. These results confirm that bulk
composition is reflected in individual (Ga1−xZnx)(N1−xOx)
particles synthesized at the higher temperatures.

DISCUSSION
The results described above show that nitridation temperature
controls the elemental distribution in samples of (Ga1−xZnx)-
(N1−xOx) NCs. We previously reported that the lowest
nitridation temperature at which spinel ZnGa2O4 signals in
the XRD disappear and only wurtzite (Ga1−xZnx)(N1−xOx)
peaks are clearly visible is 650 °C.23 The data above
demonstrates that, at this reaction temperature, the product is
highly heterogeneous, consisting of wurtzite (Ga1−xZnx)-
(N1−xOx) single crystals with Ga and N enrichment near the
surface and small aggregated particles of ambiguous crystal
structure. The wurtzite particles have high x values, 0.8−0.9.
The remaining Ga and N that make up the ensemble x value
measured by ICP-OES come from the small particles. The x
values of individual particles match the ensemble x value at 750
°C and above. At those higher temperatures, we no longer
observe the presence of the small aggregated particles. We also
observe increasingly correlated elemental distribution within
each particle with increasing temperature. The Kubelka−Munk
absorption spectra of the samples synthesized at 800 °C show
the absorption edges in the visible region and the band gap
energy that decreases with increasing x values. Taken together,
these observations allow us to propose the formation
mechanism of the NCs at 650 and 800 °C and examine the
effects of experimental conditions on optical properties.

Formation Mechanism as a Function of Temperature.
The results described above provide us with an improved
understanding of the mechanism behind (Ga1−xZnx)(N1−xOx)
NC formation. The essential steps of the mechanism that we
propose are schematically illustrated in Scheme 1. We first
describe the formation mechanism of the large wurtzite NCs
synthesized at 650 °C, which exhibit Ga and N enrichment near
the surface (Figure 2 and 3). In the beginning of the nitridation
reaction, the starting materials, ZnO and ZnGa2O4 NCs, appear
to fuse together, as demonstrated in our previous report.24 This
happens within 0−2 h at 650 °C.24 Reaction with NH3, phase
transformation of cubic spinel ZnGa2O4 (on the ZnO surface)
to wurtzite, and the diffusion of the elements within the fused
particles occur to create the (Ga1−xZnx)(N1−xOx) NCs. The
decomposition of NH3 requires a temperature slightly below
500 °C.42,43 A wide range of molecular or radical nitrogen-
containing intermediates such as NH, NH2

44 and N2H4
45 are

possibly released46 and react with the particles. The diffusion of
nitrogen is probably driven by Ga since they are trivalent and
valence-matched (Ga3+ and N3−).47−49 Diffusion in solids
occurs over surfaces and along grain boundaries more rapidly
than through the interiors of the crystal.50 As a consequence, at

Table 2. Summary of x Values in (Ga1−xZnx)(N1−xOx) NCs
Synthesized at 650, 700, 750, and 800 °C Determined by
ICP-OES and EDS Elemental Analyses

composition, x

temperature
(°C)

ICP-OES
(ensemble)

EDS quantification (single
particle)

650 0.38 ± 0.00 0.85 ± 0.04
700 0.36 ± 0.01 0.66 ± 0.11
750 0.37 ± 0.02 0.40 ± 0.05
800 0.35 ± 0.01 0.33 ± 0.05
800 0.11 ± 0.01 0.13 ± 0.02
800 0.21 ± 0.01 0.23 ± 0.03
800 0.44 ± 0.01 0.43 ± 0.04
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650 °C, the combination of the reaction with nitrogen and the
diffusion of Zn2+ and Ga3+ within fused ZnO/ZnGa2O4 NCs is
concentrated in the interface and surface areas, resulting in Ga-
rich outer regions and Zn-rich cores (see Figure 2). EDS
mapping shows similar results if reaction time is prolonged to
16 h (see Figure S21). We note that we do not see evidence of
phase separated pure GaN and ZnO. We also note that
hydrogen incorporation is possible during decomposition of
NH3.

51 However, hydrogen incorporation causes a lattice
expansion in ZnO,52,53 which is not apparent in our XRD
patterns (Figures S1 and S6).
The proposed mechanism for the formation of the small

aggregated particles at 650 °C is also shown in Scheme 1.
These particles are formed by the reaction of NH3 gas and
ZnGa2O4 NCs that are not in contact with ZnO NCs because
they are not perfectly mixed in the solid state. Previous studies
show that the complete conversion of cubic spinel ZnGa2O4
alone to unambiguous wurtzite (Ga1−xZnx)(N1−xOx) requires
the nitridation temperature of at least 750 °C for nano-
particles24 and 850 °C for bulk.54 The small aggregated
particles made at 650 °C have broad peaks in the XRD, making
it difficult to unambiguously determine their crystal structure
(see Figure 8c). They may be spinel, wurtzite, or a mixture of
the two. These particles contain Ga, N, Zn, and O with a
homogeneous distribution shown by EDS mapping (see Figure
8d). Homogeneous incorporation of nitrogen is possibly due to
the small size of ZnGa2O4 NCs (diameter ∼5 nm), making for
shorter diffusion distances.
The formation mechanism of homogeneous (Ga1−xZnx)-

(N1−xOx) NCs at 800 °C is also illustrated in Scheme 1. The
processes include the fusing of the starting materials, ZnGa2O4
and ZnO NCs, similar to the process at 650 °C, and phase
transformation and diffusion of elements within the particle
along with reaction with NH3. Within 2 h, the NCs enriched in
Zn and O at the particle core and Ga and N near the surface are
formed, revealed by STEM-EDS mapping shown in Figure S9.
Prolonging the reaction time for another hour leads to NCs
with highly correlated elemental distributions. The increase in
homogeneity for the products synthesized at 800 °C may be
due to several factors. First, the decomposition of NH3 is faster
at 800 °C compared to 650 °C43 resulting in the larger amount
of nitrogen-containing species released into the reaction.
Second, the diffusion coefficients of Zn and Ga in ZnO
increase with temperature.55−57 By increasing the nitridation

temperature from 650 to 800 °C, an increase in the diffusion
depth of the elements can be expected. Third, the evaporation
of Zn0 from the particles at temperatures above 650 °C likely
creates defects such as Zn vacancy sites. Diffusion of Zn2+ and
Ga3+ from and into the ZnO particle may occur through a Zn
vacancy-assisted mechanism.56−60 The vacancy-assisted diffu-
sion of Ga3+ can increase the amount and depth of Ga
incorporated into the ZnO starting material NCs. The
combination of these factors results in control of elemental
distribution in (Ga1−xZnx)(N1−xOx) NCs with a range of
homogeneity that depends on temperature.

Optical Properties of (Ga1−xZnx)(N1−xOx) NCs Synthe-
sized at 650 and 800 °C. As the composition-dependent
band gap energies are the signature feature of (Ga1−xZnx)-
(N1−xOx) materials, we now turn to the discussion of optical
properties of our (Ga1−xZnx)(N1−xOx) products. The absorp-
tion spectra of the (Ga1−xZnx)(N1−xOx) NCs synthesized at
650 °C have been described previously.23,24 The absorption
spectra shown in Figure 7 for samples synthesized at 800 °C are
qualitatively similar in terms of spectral shape and extension of
the absorption into the visible range, suggesting that the
elemental distribution in these materials makes a subtle, rather
than drastic, difference in their optical properties. The
absorption onset in samples synthesized at 800 °C red-shifts
with increasing ZnO content (see Figure 7). This trend was
also observed in nano-27 and bulk-scale13,61 (Ga1−xZnx)-
(N1−xOx) solid solutions obtained at high temperatures
(≥800 °C) reported elsewhere. Theoretical work has predicted
that band gap energies at constant composition should decrease
with increasing synthesis temperatures due to increasing
compositional homogeneity.30 Unfortunately, we cannot
directly compare band gaps as a function of temperature
because we do not have samples where the large wurtzite
particles synthesized at 800 and 650 °C have the same x values.
The 800 °C samples are homogeneous in composition so the
ensemble x value reflects the composition of individual
particles, but our x values are only as high as 0.44. In the
650 °C samples, there is heterogeneity in both composition and
elemental distribution among particles and the large wurtzite
(Ga1−xZnx)(N1−xOx) NCs have high x values (∼0.8−0.9). For
this reason, we are not able to directly assess the effect of
increased homogeneity on the band gap of (Ga1−xZnx)-
(N1−xOx) NCs. For similar reasons, we cannot directly compare
XRD patterns of (Ga1−xZnx)(N1−xOx) samples made at the two
temperatures.
Perhaps a more interesting question is what determines the

band gap values in the samples synthesized at 650 °C and what
explains their variation with ensemble x value. The observed
absorption onsets range from 477 to 565 nm with ensemble
compositions varying from x = 0.42 to x = 0.87.23,24 Since the
product of 650 °C is composed of two types of particles (small
aggregated and large wurtzite particles), both of which absorb
in the visible, it is possible that the absorption spectrum
contains contributions from both types of particles so that their
ratio leads to the change of the band gaps with ensemble
compositions. To evaluate the plausibility of this hypothesis, we
simulated absorption spectra using linear combinations of the
experimental spectra of the nitrided ZnGa2O4 (x = 0.21) and
the (Ga1−xZnx)(N1−xOx) NCs (x = 0.87), both made at 650 °C
(Figure 9a). We chose these particular samples as model
spectra because the former are representative of the small
aggregated particles and the latter represents the large wurtzite
particles. Resulting simulated spectra, shown in Figure 9b, show

Scheme 1. Proposed Mechanism for the Formation of
(Ga1−xZnx)(N1−xOx) NCs Obtained from the Nitridation of a
Mixture of ZnGa2O4 and ZnO NCs at 650 and 800 °Ca

aAt 650 °C, the wurtzite NCs along with small aggregated particles are
obtained, while the reaction at 800 °C produces homogeneous
wurtzite NCs.
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that indeed the absorption shifts further to the red as the ratio
of large wurtzite to small aggregated particles increases. This
result suggests that it is possible for varying ratios of the two
types of species to shift the apparent band gap. However, the
shapes of the simulated spectra do not quite match the
experimental spectra,23,24 suggesting that the situation is not
quite so simple. It is likely that distributions in the
compositions of the large as well as small particles can broaden
the transitions such that a simple sum of two representative
spectra does not describe each ensemble x value sufficiently
well. It remains to be seen exactly what determines the
composition-dependent spectra of samples synthesized at 650
°C and the corresponding wide range of apparent band gaps
and, ultimately, what role elemental distribution may play in the
efficiency of photochemical water splitting.

CONCLUSIONS
In summary, we have shown that the elemental distribution in
samples of (Ga1−xZnx)(N1−xOx) NCs produced using a mixture
of ZnO and ZnGa2O4 NCs is controlled by nitridation
temperature. At 650 °C, the product is highly heterogeneous,
consisting of wurtzite single-crystalline (Ga1−xZnx)(N1−xOx)
particles with Ga and N enrichment near the surface and small
aggregated particles of ambiguous crystal structure. The
wurtzite NCs have high x values, 0.8−0.9, which do not
match the ensemble x values measured by ICP-OES because
most of the Ga and N come from the small aggregated particles.
With increasing temperature, the elemental distribution is
increasingly more homogeneous and the x values of individual

particles eventually match the ensemble x value. We propose a
mechanism responsible for the formation of (Ga1−xZnx)-
(N1−xOx) NCs at 650 and 800 °C. The formation mechanism
involves phase transformation, nitridation, and diffusion of the
constituent elements. At 650 °C, the latter two steps are
concentrated near the surface, resulting in particles with Ga and
N enrichment there. By increasing the nitridation temperature
to 800 °C, particles with homogeneously distributed elements
are achieved. We observe a decrease in band gap energy with
increasing x values in the homogeneous (Ga1−xZnx)(N1−xOx)
NCs, qualitatively similar to what has been observed for the
material made at 650 °C. The exact role of elemental
distribution in determining optical and photochemical proper-
ties remains to be determined.

MATERIALS AND METHODS
Chemicals. Zinc acetylacetonate hydrate [Zn(acac)2, 99.995%],

gallium acetylacetonate [Ga(acac)3, 99.99%], 1,2-hexadecanediol
(90%), oleic acid (≥99.0%), oleylamine (70%), benzyl ether (98%),
zinc chloride (ZnCl2, ≥98%), 3-mercaptopropionic acid (3-MPA, ≥
99.0%), tetramethylammonium hydroxide pentahydrate (≥97%),
hexane (99%) and toluene (99.5%) were purchased from Sigma-
Aldrich. Sodium hydroxide (NaOH pellets, 99.3%), 2-propanol
(99.9%) and methanol (99.9%) were purchased from Fisher Scientific.
1,2-Ethanediol (99.8%) was purchased from Macron Fine Chemicals.
Ethanol (95%) was purchased from Decon Laboratories. Ammonia
(99.99%) was purchased from Airgas. All chemicals were purchased
commercially and used without further purification.

(Ga1−xZnx)(N1−xOx) NC Synthesis. The (Ga1−xZnx)(N1−xOx) NCs
were synthesized as described previously.23,24 Typically, a powder
mixture of ZnO and 3-MPA capped ZnGa2O4 NCs were dispersed in a
water/ethanol mixture (50/50 by volume) and dried on a glass slide.
The dry mixture was then transferred to an alumina boat and placed
into the hot zone of a quartz tube furnace. All nitridation reactions
were carried out in a tube furnace (Across International model STF
1200). Prior to nitridation, the tube furnace (with the starting mixture)
was purged with argon for 1 h followed by NH3 gas for 30 min at
room temperature. Subsequently, the temperature was raised to 650
°C with a ramp up speed of 20 °C min−1 under NH3 flow (∼150 mL
min−1). The starting materials were nitrided for 10 h. Upon
completion of nitridation, the furnace was allowed to cool down to
room temperature with flowing NH3 and flushed with Ar before
removal of the nitrided products. Resultant products were stored in a
small vial for further use. For nitridation temperature dependence
experiments, the nitrided products were obtained by varying
nitridation reaction temperatures: 700, 750, 800, 850, and 900 °C
with 10 h reaction time. The different compositions, x, in the products
prepared at 800 °C nitridation temperature were controlled by varying
nitridation reaction times: 2, 3, 4, 6, and 10 h.

Characterization and Elemental Analysis. Powder XRD
patterns were collected on a Rigaku Dmax diffractometer using a Cu
Kα radiation source (λ = 0.1540562 nm). The patterns were recorded
from 25 to 85° 2θ using a step size of 0.02° 2θ. Diffuse reflectance
spectra were collected on a Shimadzu UV-3600 spectrophotometer
equipped with an integrating sphere. Diffuse reflectance was converted
to a Kubelka−Munk plot using the equation [F(R∞) = (1 − R∞)

2/
2R∞; R∞ = Rsample/Rreference]. BaSO4 was used as a reference material to
obtain the reflectance of reference (Rreference). Elemental analysis of Zn
and Ga was carried out using an ARL 3410+ ICP-OES. For
transmission electron microscopy studies, the samples were prepared
by dropping dilute suspensions of NCs onto ultrathin carbon coated
copper grids and by picking up dry powder on lacey carbon film
supported by copper 300 mesh grids. Bright-field TEM imaging was
carried out on Tecnai T12 Spirit, Tecnai G2 and Tecnai ST30 FEI
microscopes operated at 100−300 kV. ADF and HAADF-STEM
images were obtained using FEI Titan and FEI Talos F200X
microscopes operated at 80−200 kV. The STEM convergence
semiangle was 10 mrad with 100−250 (FEI Titan) and 50−150

Figure 9. (a) Kubelka−Munk absorption spectra of the nitrided
ZnGa2O4 (x = 0.21; A) (black trace) and the (Ga1−xZnx)(N1−xOx)
NCs (x = 0.87) (red trace). The spectra are normalized at 380 nm.
(b) Simulated Kubelka−Munk absorption spectra of the
(Ga1−xZnx)(N1−xOx) NCs with different compositions. The
simulated spectra are generated using linear combinations of
experimental spectra of the nitrided ZnGa2O4 (x = 0.21; A) and the
(Ga1−xZnx)(N1−xOx) NCs (x = 0.87; B). The spectra are normalized
at 380 nm.
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(FEI Talos) mrad HAADF detector inner semiangle. STEM-EDS
experiments were performed on FEI Titan and FEI Talos F200X
microscopes, equipped with a Super-X EDS system (four silicon drift
detectors, SDDs), and operated at 80 and 200 kV, respectively. STEM-
EDS data analysis was performed using Bruker Esprit software.
EDS Elemental Map Processing. EDS elemental maps were

processed and quantified using Bruker Esprit software as described
previously.32 Briefly, the Bremsstrahlung background X-rays was fitted
and subtracted from the hyperspectral elemental maps. The detector
effects were removed from the spectra by applying the correction for
escape peaks, shelf, pileup peaks, shift and tail errors. A peak
deconvolution using Bayes model was performed to remove
contribution from the Cu from the spectra which could come from
the grids. The Cliff-Lorimer method was used for elemental
quantification and the elemental compositions were determined by
integrating the peak of N−Kα, O−Kα, Zn−Kα and Ga−Kα at 0.39,
0.52, 8.63, and 9.24 keV, respectively.
Scatter Plot and Colocation Analysis. The EDS elemental maps

processed and quantified as described above were exported from the
Bruker Esprit software. The Zn and Ga maps were exported separately
as color-coded images, with green and red colors representing Zn and
Ga, respectively. The pixel intensities were scaled linearly with X-ray
counts for the representative elements. The images were converted to
8-bit in ImageJ software, where the intensity was scaled from 0 to 255.
A Gaussian filter with a sigma (σ) value of 1 was applied to each map
to interpolate the discrete X-ray counts. A scatter plot of Zn and Ga
intensities was generated and statistical analysis of element spatial
association was performed using a Fiji plugin, ScatterJ.62 The spatial
correlation of Zn and Ga was quantified using the Pearson’s r, which
characterizes the linear correlation between two variables and was
calculated according to the expression below:35
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where N is the total number of pixels in the combined elemental map
(Zn and Ga); ri and gi are to the intensity values of the Ga and Zn,
respectively, across the entire image, of pixel i; r ̅ and g ̅ refer to the
mean intensities of the Ga and Zn, respectively, and sr and sg are the
sample standard deviations of the Ga and Zn, respectively.
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