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Abstract

Herein we report the synthesis and characterization of spinel copper gallate (CuGaz04)
nanocrystals (NCs) with an average size of 3.7 nm via a heat-up colloidal reaction.
CuGaz204 NCs have a band gap of ~2.5 eV and strong p-type character, in agreement with
ab initio simulations. These novel NCs are demonstrated to be photoactive, generating a
clear and reproducible photocurrent under blue light irradiation when deposited as thin
films. Crucially, the ability to adjust the Cu:Ga ratio within the NCs, and its effect on the
optical and electronic properties of the NCs was also demonstrated. These results position
CuGa204 NCs as a novel material for optoelectronic applications, including hole transport

and light harvesting.



Semiconducting metal oxides are essential in countless applications, and in recent years
oxide nanocrystals (NCs) have emerged as fundamental building blocks for various
nanostructures with enhanced properties.!?3#* Colloidal syntheses for these oxides allow
for accurate control of their size, shape, composition, and surface chemistry, enabling their
use in applications including photovoltaics, catalysis, plasmonics, electrochromics,
sensing, and energy storage.>678910 An extensive library of reactions has been
developed for binary metal oxide NCs. However, significantly less research has been
conducted on the colloidal synthesis of ternary oxides, due to the increased synthetic
challenges of needing to combine multiple precursors with different reactivities. It is worth
mentioning that strategies to partially circumvent these challenges have started to
appear.'"'2 Ternary oxides (such as perovskites, spinels, delafossites efc.) are particularly
appealing as the presence of two cation sites allows intrinsic tuning of the materials
stoichiometry,’'* and additional flexibility when incorporating dopants.'®'® As such,
ternary oxide NCs hold great promise for improving oxide-based devices. For example,
ternary oxides have shown enhanced performances in catalysis,'”18192021 and

optoelectronics,?22324 making their synthesis highly desirable.

Among the various ternary oxides, spinels have demonstrated excellent potential and
versatility.?® Spinel oxides have the general formula AB204, with the archetypal compound
being MgAl204, and in the most common structures A is a divalent cation (e.g. Cu?*, Zn?*,
Co?*) and B is a trivalent cation (e.g. Ga3*, Fe3*, Cr3*). Other combinations of cations of
different valency are also possible. Many spinel oxides are semiconductors with excellent
optoelectronic properties—key compounds include ZnFe204, CuFe204, and MnCo204—and
as such they are appealing for the aforementioned applications.?52¢ Spinel oxide NCs with
gallium as the trivalent cation, such as CuGaz204, ZnGa204 and FeGax04, are largely

unexplored, despite their proven use in catalysis, plasmonics and optoelectronics.'3:27:28.2

Due to the promise of spinel oxides, and the lack of research on Ga-based spinels, here
we present the first colloidal synthesis of copper gallate (CuGa204, CGO) NCs. We
demonstrate phase-pure CuGa204 NCs with a band gap of ~2.5 eV and strong p-type
character. We also show how the stoichiometry can be controlled by adjusting the
precursor ratio, allowing us to modulate the optical and electronic properties. Importantly,

these NCs can be processed into thin films, which are also photoactive, opening various



possibilities in light harvesting and conversion, photocatalysis, and as hole transport layers

for solar cells and LEDs.

CGO NCs were synthesized via a heat-up protocol. Briefly, Cu and Ga acetylacetonates
were first dissolved in oleylamine and degassed at 80 °C. Afterwards, the solution was
heated to 180 °C under nitrogen and kept at this temperature for 3 hours. The solution was
then cooled down to room temperature and the NCs were isolated via conventional
precipitation/resuspension protocols. This unusually low nucleation (reaction) temperature
for oxide NCs was selected to avoid the reduction of Cu (lI) and the formation of Cu (I)
oxide or metallic Cu, which were found to form at high reaction temperatures. This is also
consistent with existing literature on Cu and Cu20 NCs.3%3132 The presence of additional
ligands such as oleic acid, and of alcohols and diols—commonly used in oxide NC
syntheses—was also found to trigger the formation of reduced copper impurities.33:34.35.36
Examples of these reactions are reported in the Supporting Information, Figure S1 and
Table S1. As such, a low reaction temperature in neat oleylamine was found to be
requisite to the growth of pure CuGa204 NCs.

The x-ray diffraction (XRD) patterns of the NCs show clear peaks ascribed to copper
gallate without any visible impurities (Figure 1a). The bulk CuGaz204 crystal has a spinel
structure (space group Fd-3m), wherein oxygens are arranged in a face-centered cubic
closed packed lattice, with Ga and Cu occupying octahedral and tetrahedral sites,
respectively (Figure 1b). The broad diffraction peaks are indicative of nano-sized
crystalline domains. The average crystallite size is 2.5 £ 1.5 nm, which increased to 3.9
1.3 nm after annealing at 500 °C, suggesting good thermal stability of the CGO NCs. This
is particularly important when processing the NCs into thin films, which usually require high
temperature annealings to decompose the organic ligands. Transmission electron
microscopy (TEM) shows that the CuGa204 NCs are spheroidal or slightly elongated, with
an average NC size of 3.7 + 1.1 nm, which is in reasonable agreement with the crystallite
size (Figure 1c). High resolution TEM images (Figure 1d, Figure S2) further confirm the
size and shape of the NCs, and their crystallinity, with lattice planes clearly visible also in

the fast Fourier transform (FFT) images.
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Figure 1. a) XRD pattern of as synthesized and annealed NC powders. The expected peak
positions for CuGa204 (ICDD No. 44-0183) are shown. b) Schematic representation of the
CuGaz04 crystal. c) Low-resolution TEM image (inset: size distribution histogram). d)
High-resolution TEM image. e-f) XPS spectra and peak fittings in the Cu 2p (e) and Ga 2p
(f) regions.

X-ray photoelectron spectroscopy (XPS) shows clear signatures for Cu, Ga and O (Figure
S3). Figure 1e shows the Cu 2p region, which presents distinctive Cu 2p12 and Cu 2pss2
peaks at 953.4 eV and 933.7 eV, respectively (spin-orbit splitting of 19.7 eV). Fitting these
peaks according to the expected peaks for Cu (I) and Cu (ll) oxides shows that copper is
mainly present in its 2+ state.3” Satellite “shake-up” peaks at 942.3 eV and 961.8 eV
further confirm the presence of Cu?*, as expected from copper gallate.®® Figure 2f shows
the Ga 2p region demonstrating Ga 2p12 (1144.6 eV) and Ga 2p32 (1117.7 eV)
components with a spin-orbit splitting 26.9 eV, indicating the presence of Ga3*.38 3 The O

1s region displays a typical asymmetric peak with a main component (530.5 eV) attributed



to oxygen within an oxide lattice. The components at higher binding energies can be
ascribed to hydroxides and organic carbonyl/carboxyl species (Figure S3). Compositional
analysis via XPS provides a Cu:Ga ratio of 34.4% Cu: 65.6% Ga, which matches well the
expected 0.5:1 ratio, and indicates near stoichiometric NCs. Very similar values are
obtained with EDX analysis. It is important to highlight that this ratio was obtained starting
from a precursor mixture slightly richer in copper (Cu:Ga = 0.6:1) to account for the
different reactivity of the precursors (vide infra). Collectively, these data suggest that

phase pure spinel CuGa204 NCs have been synthesized.

Theoretical models and experiments were combined to assess the optical and electronic
properties of the NCs. We first performed density functional theory (DFT) calculations for
the bulk, focusing on the ground state electronic structure (Figure 2a). From the band
structure and density of states (DOS), we obtained a direct bandgap Eg of ~3 eV for bulk
CuGaz04 (at the G point), which is just ~55 meV wider than the indirect bandgap. The
system also exhibits intrinsic p-type behavior with the Fermi level (Er) being degenerate
with the top of the valence band. The electronic states close to the Fermi energy have a
majority Cu-O character, while Ga-O states dominate the lowest conduction states.
Experimentally, CuGa204 NCs show a sharp absorption onset at ~500 nm, resulting in a
bandgap of ~2.5 eV, lower than the predicted theoretical value (Figure 2b). In addition, the
presence of an absorption tail extending from the band gap can be seen, possibly related
to the presence of in-gap defect states. A picture of the colloidal suspension shows a
typical orange-brownish color. The p-type nature of the synthesized NCs is confirmed
using valence band (VB) XPS (Figure 2c) and Mott-Schottky (M-S, Figure 2d) analyses.
The VB edge is detected ~0.6 eV away from the Er, which together with a band gap of 2.5
eV, suggests a strong p-type character. This is corroborated by the negative slope

observed in the M-S plot, also distinctive of p-type semiconductors.*®
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Figure 2. Optical and electronic characterization. a) Calculated band structure and density
of states (DOS) for bulk CuGa20a4. b) Optical absorption spectra of a NC suspension. The
inset shows the respective Tauc plot and a photo of the colloidal suspension. c) Valence
band XPS spectrum. d) Mott-Schottky plot. €) Computational models of a surface with or
without adsorbed amines. f) Calculated DOS for the three models, and comparison with
the bulk DOS. g) Linear sweep voltammetry of a CuGa204 NC film in dark and under 455
nm light. The inset shows a photo of the film. h) Photoresponse of the CuGaz04 film under

pulsed illumination at -0.2 V vs. Ag/AgClI.

To understand the lower band gap of our NCs compared to the expected value for the
bulk, we investigated the role of surfaces through the simulation of a 1.1 nm thick slab.
The bulk crystal was cleaved along the Cu-terminated (111) surface, as shown
schematically in Figure 2e. After full atomic relaxation, the electronic ground state was
obtained and summarized in Figure 2f (purple curve). The system maintains a p-type
character, but the surface termination imparts a different distribution of in-gap states
compared to the bulk. Ga-derived empty states appear close to the bottom of the
conduction band. Even when adding adsorbed amines (abundant in our reaction, Figure
S4) to partially saturate the dangling bonds of the clean surface, Ga defect states are

predominant (cyan trace in Figure 2f). Therefore, neither the atomic relaxation nor the



amine moieties fully saturate the dangling bond of the outermost Ga atoms. The net effect
of these surface contributions is a reduction in the band gap. In an ideal case, where all
surface cations are saturated with amines (yellow trace), the band gap is found to be
emptied from defect states, although it remains lower than the predicted bulk value (red
trace). These simulations highlight the important role of surfaces and related defects,
especially in colloidal NCs where the surface/bulk ratio is large, and different facets may
be exposed.

The semiconducting nature of the NCs and their band gap in the visible range make them
attractive for optoelectronic applications. To demonstrate their photoactivity, we performed
photoelectrochemical measurements under blue light illumination on thin film assemblies
of the NCs deposited on transparent electrodes from purified NC inks (see Figure S5-S7
for related characterizations). CuGa204 NCs are clearly photoactive, showing distinct
photocurrent and reversible signals under chopped illumination (Figure 2g,h and Figure
S8). The negative (cathodic) photocurrents observed at negative voltages further confirm
the p-type nature of the NCs. These results highlight the promise of these NCs for light-

driven applications, such as photocatalysis and optoelectronics.

A key advantage of ternary oxides is the ability to modulate their properties by varying the
ratio between the cations.'34!" We therefore investigated the synthesis of CGO NCs in
copper-rich and copper-deficient conditions. Figure 3a shows the XRD patterns of samples
prepared with Cu:Ga precursor ratios between 0.33:1 and 1:1. The samples are labeled
CuX where X is the Cu:Ga nominal ratio. All samples show a diffraction pattern matching
copper gallate, however the most copper-rich sample also shows an additional peak at
48.7 ° and shoulders at 38.9 ° and ~66 °, all ascribed to CuO impurities (ICDD: 00-045-
0937, marked with stars in Figure 3a). These impurities can be inferred also in the Cu0.75
sample due to asymmetry in some of the diffraction peaks, and become more distinct in
the annealed powders (Figure S9). Importantly, XPS analysis shows additional signatures
in the valence band for these two samples at ~12 eV (Figure 3b, star mark), a shifted VB
edge almost coinciding with the Fermi energy (Figure S10), and an additional component
in the O 1s peak ascribed to Cu-O bonds in CuO (Figure S11).424344 The experimental
Cu:Ga ratios are shown in Figure 3c. All samples have an experimental Cu% lower than

the expected value based on precursor loading. Interestingly, the efficiency of Cu



incorporation in relation to precursor amount is very low (~40%) in the Cu0.33 sample, it
increases to ~70% in the Cu0.5 sample and then it stabilizes to ~90% and above for
higher Cu loadings (Table S2). These results suggest that the CuGaz20a4 crystal allows
highly copper deficient formulations, however even slightly copper-rich samples result in

copper oxide impurities.
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Figure 3. Stoichiometry control. a) XRD patterns. b) Valence band XPS. c) Compositional
analysis. Horizontal lines highlight stoichiometric CuGa204 (Cu, orange; Ga, blue). d)
Calculated DOS. e) Absorption spectra (Tauc plots as inset). f) Mott-Schottky plots. The
legends show the Cu:Ga nominal ratio.

From our computational models, increasingly copper-rich formulations cause an increase
in the number of empty acceptor-like states close to the valence band, which narrow the
band gap (Figure 3d). Cu acts as an effective p-type dopant that shifts the Fermi level
deep into the valence band. In copper poor (gallium rich) conditions this scenario is
reversed, with less shallow in-gap states and a slightly wider band gap. The optical

properties of the synthesized NCs are shown Figure 3e. In agreement with our



simulations, higher copper loadings induce a red-shifted absorption onset and a more
pronounced sub-bandgap absorption tail. CuO has a low band gap (~1.4 eV), and
therefore CuO impurities in the Cu? sample also contribute to this absorption tail.
However, the band gap from Tauc analysis does not change significantly, remaining in the
2.5-2.6 eV range. Mott-Schottky analysis showed that all samples retain their p-type
character regardless of the Cu:Ga ratio. Notably, there is a clear change in the flat band
potential (the difference between the material’'s Fermi energy and the electrochemical
potential of the electrolyte).*® Copper-rich samples show a flat band potential of ~0.8 V vs.
Ag/AgCl, while stoichiometric and Ga-rich samples have a flat band potential of ~1.3 V.
This ~0.5 V shift is consistent with the shift in the energy difference between the VB edge
and the Fermi level, that ranges between ~0.6 eV for stoichiometric and Ga-rich samples,
and <0.2 eV for Cu-rich samples (Figure S10). Collectively, these results highlight the
strong link between composition and optical properties in copper gallate NCs. As such,
accessing specific stoichiometries in this material provides a powerful means to fine tune

their properties.

In conclusion, we have presented the synthesis and characterization of small (<5 nm)
CuGa204 spinel colloidal NCs. By careful control and optimization of the reaction
conditions, we could avoid the formation of reduced copper, obtaining phase pure NCs.
Combining spectroscopic and electrochemical characterizations we demonstrated their
semiconducting nature, strong p-type character and photoresponse to visible light. DFT
calculations were used to assess the electronic structure of this material with specific
surface-ligand interactions, which account for the lower-than-expected band gap
measured experimentally. We also demonstrated the synthesis of non-stoichiometric
compositions which provide an accessible experimental handle on material properties.
This, in addition to the ability to process these NCs into thin films, positioning copper

gallate as a novel spinel oxide for various optoelectronic applications.

Supporting Information



Experimental methods, and additional XRD, TEM, SEM, UV-Vis, XPS, FTIR and

photoelectrochemical characterizations.
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