Synthesis of Interface-Driven Tunable Bandgap Metal Oxides
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ABSTRACT: Mixed bandgap and bandgap tunability in semiconductors is critical in expanding their use. Composition alterations through single-crystal epitaxial growth and formation of multi-layer tandem structures are often employed to achieve
mixed bandgaps albeit with limited tunability. Herein, self-assembled one-dimensional coordination polymers provide a facile synthon and template for graphitic C-doped mesoporous oxides, gC-β-Ga2O3 or gC-In2O3 via controlled oxidative ligand
ablation. These materials have mixed bandgaps, and colors, depending on amount of gC present. The carbon-oxide interface
leads to induced gap states, hence, a stoichiometrically tunable band structure. Structurally, a multi-scale porous network
percolating throughout the material is realized. The nature of heat-treatment and top-down process allows for facile tunability and formation of mixed bandgap metal oxides through controlled carbon deposition. As a proof of concept, gC-β-Ga2O3 was
utilized as a photocatalyst for CO2 reduction, which demonstrated excellent selectivity and conversion rates into CH4 and CO.

Semiconductors are a class of materials well known for
their wide range of bandgaps. Based on their unique band
structures, most semiconductors are engineered to fulfill
specific applications in fields such as photonics,1-2 sensors,36 solar cells7-11 and catalysis.12-19 Manipulating photon emission and absorption are, therefore, the key tenet on which
semiconductor devices are designed. To enhance robustness, however, there is need for tunable/mixed bandgap
semiconductors.20 Advances in engineering bandgaps in
semiconductors have mostly been achieved by molecular/crystal structure engineering. Examples of these approaches include single-crystal alloy composition tuning
through epitaxial growth (1D)21-22 or by creating tandem
layered structures (2D heterostructures),23-25 both of which
are severely limited by the small window of chemical miscibility26 and/or lattice matching.27-30
Engineering surfaces and interfaces offer a tunable approach to engineering band structures or establishing desired energy level symmetry/asymmetry. This stems from
perturbation of Bloch waves, and associated changes in
Born-von Karman cyclic boundary condition at the surface/interface.31 As a result, band structure of semiconductor changes (bending) at the interface, forming SchottkyMott barriers from semiconductor-conductor interface (SCI) or mixed-oxides.32,33,34 Asymmetry in electron density
across S-CI introduces a large interface dipole resulting in
formation of the charge neutrality level (CNL). 35,34 Exploiting induced gap states, the fermi level, Ef, may be pinned at
a desired position – the CNL.32 We inferred that creation of

a S-CI transforms high bandgap materials, like Ga2O3, into
viable visible light active semiconductors by inducing gap
states above the valence band (Figure 1b). Concomitant
generation of surface trapped states extends exciton lifetimes, which can enhance turnover, performance, and catalytic efficiency.14 A major caveat in realization of this ansatz
is synthesis of requisite high surface area semiconductorconductor paired material(s).

Figure 1. a) Schematic illustration of our approach to high-aspect ratio nanobeams. b) Schematic illustration of induced gap
states in β-Ga2O3 relative to hydrogen electrode. c) Schematic
illustration of thermal conversion of self-assembled Ga-based
coordination polymer into mesoporous carbon coated Ga2O3.

Insert: corresponding scanning electron microscope images of
respective material.

Herein, we overcome the synthetic challenge by using
self-assembled one-dimension coordination polymers35 as
facile synthons for the bottom-up assembly of porous, carbon (conductor) doped mixed bandgap oxides. Exploiting
recently reported coordination polymers synthesis (Figure
1a), so-called HetMet reaction, enables organization of requisite synthons (carbon ligands and well-spaced metal centers).35 We illustrate this approach using graphitic carbon
(conductor) and M2O3 (where M=Ga or In) —to give tunable
bandgap semiconductors (Figure 1c). The two-step process
involves synthesis of requisite coordination polymer (Cp)
precursor, which entails in situ self-assembly into high aspect-ratio layered nanomaterials,35 and subsequent partial
thermal ablation of the ligands to form mesoporous β-Ga2O3
or In2O3 with concomitant isotropic incorporation of graphitic carbon into the structure (abbreviated as gC-Ga2O3
and gC-In2O3).
Results and Discussion
For brevity and clarity, we first focus on development of
gC-Ga2O3. From eutectic gallium-indium (EGaIn; 75.5% Ga,
24.5% In), one dimensional Ga based coordination polymers were synthesized and in situ self-assembled into high

aspect ratio nanobeams.35 The structure of the repeat unit
consist of a Ga3+ ion coordinated to four hydroxyl (two covalent and two dative) and two acetate bridging ligands, giving rise to the formula Ga(-OH)2(-O2CCH3).35 The as-synthesized Ga Cp (Pristine) were heat-treated both in air (aerobic) or reduced oxygen (anaerobic) to synthesize porous
Ga2O3. Gaseous products of the degradation were analyzed
via TGA-IR-MS (coupled thermogravimetric analysis, infrared, mass spectroscopy), while solid transformation was
followed via gravimetric (TGA) and calorimetric (DSC)
methods in an argon atmosphere (anaerobic). The primary
organic products of degradation were determined to be CO2,
CO, H2O, and acetic acid. Mass loss primarily occurs in two
steps from: 188-240 °C and 240-440°C (Figure 2a-2b). The
material undergoes a transition from highly ordered (pristine), to amorphous (200-600 °C) and back to crystalline at
800 °C albeit with significantly different peaks for the crystalline forms. The latter spectra aligning with the most stable polymorph, β-Ga2O3, suggesting that the material is fully
equilibrated (Figure 2c-2d). The relaxation process is captured from different scanning calorimetry (DSC) where sequence of exothermic and endothermic processes are observed (Figure 2b, dotted line), in the absence of mass loss
(Figure 2b solid line) above 400°C.

Figure 2. Characterization of heat-treated Ga-based coordination polymers (referred to as Pristine). a) TGA/DSC-MS of exudates
from heat-treatment. b) Highlight of mass and thermal transitions (DSC/TGA) during heat treatment. c) Static 71Ga solid state NMR
spectra of samples treated at different temperatures, d) powder XRD patterns for samples treated at different temperatures, e)
changes in mesoporous volume (BJH) with mass and acetate loss. f) Evolution in composition with temperature as captured by XPS.
g) 13C spin echo NMR spectra of samples aerobically and anaerobically treated at different temperatures. h) 2D 1H{13C} CP-HETCOR
spectrum and i) DNP-enhanced 1H→13C CPMAS spectrum of Ga-based (heated to 370°C) material showing control over the partial

ablation of the ligand. DNP enhancements are indicated. Similar DNP enhancements for graphite and residual acetate peaks suggest
these two components are spatially proximate.
the porous nanobeams, d) zoom in on HRTEM image reveals
The samples reported here were heat treated under vacassociated crystalline Ga2O3.
uum (anaerobic) unless otherwise highlighted. The mass

loss (ca. 48%, Figure 2a-2b) upon ligand ablation, as expected, correlated with decline in the acetate C=O infrared
absorption peak (Figure 2e) with associated degradation
moieties being observed in the mass spectrum of gaseous
exudate (Figure 2a). A significant increase in pore volume
(pore size ~ 4 nm, Figure 2e and Figure S1), is concomitantly observed albeit with gradual decrease after 300 °C—
likely due to sintering and tighter packing. Changes in empirical composition captured through XPS indicates that not
only is the oxide forming, but a significant (~25%) amount
of residual carbon is present in the sample despite aerobic
heating to 800 °C (Figure 2f). The XPS data captures the expected Ga:O ratio for the oxide, indicating that the residual
carbon is likely due to challenges in removal of carbon by
thermolysis.36 Carbon was present in both aerobic and anaerobic degraded samples (Figure 2g). Based on the chemical shift in the 13C SSNMR spectra (Figure 2g-2i), we infer
that the carbon is graphitic in nature, hence, refer to the
sample as gC--Ga2O3. The presence of graphitic carbon on
the oxide was further confirmed by 2D 1H{13C} CP-HETCOR
spectroscopy (δppm ≈ 7, Figure 2h). A dynamic nuclear polarization (DNP) enhanced37-38 13C SSNMR spectrum showed
the same DNP enhancement (ε) for the graphite and residual acetate 13C NMR signals in 370°C treated Cp, suggesting
that the graphite was not restricted to the surface of the
beams but was mixed with residual acetate ligands throughout the sintered catalyst (Figure 2i). We can therefore infer
that these graphitic carbons are not a re-deposition of partially oxidized adducts but is rather co-localized with the ligands. This proximity is not surprising as the acetate groups
in the Cp are interdigitated,35 allowing for facile carbon radical combination during heat-treatment. Graphite signal
was similarly observed from Cp heat-treated at 600˚C (aerobic and anaerobic), albeit with lower signal to noise ratio
presumably due to the absence of bonded protons at high
temperatures (Figure 2g).

Figure 3. Microscopy based evidence of transformation. Scanning electron micrograph of a collection of Ga Cp a) before and
b) after heat treatment to 800˚C. Insets shows stacked porous
network and associated intra-layer honeycomb structures. c)
High resolution transmission electron microscopy images of

To further confirm the inferred transformations, physical
changes were captured through microscopic imaging of the
samples before and after ligand thermal ablation. Since the
synthon Cp is a made up of layered thin sheets bearing interdigitated ligand tails,35 we inferred that the product
would be templated to form similar structure. The Cp oxygen atoms are closer to intra-layer metal atoms but separated by at least four carbon bonds (plus the Van der Waal
bond between the ligand’s terminal methyl moieties) across
layers. From this, we infer an asymmetry in pore distribution with large interlayer spacing compared to intralayer
pores. Figure 3a shows a collection of synthesized Cp before
thermolysis, while Figure 3b shows representative SEM images of a sample heated to 800° C. Both aerobic and anaerobic samples showed similar morphologies. On the surface,
sintering is observed to occur along the length of the beam
(densified lines) which we attribute to the 1D nature of the
precursor synthon. A cross-section view of a fractured edge
reveals layered porous sheets (Figure 3b). A closer look at a
single layer reveals a honeycomb-type network of pores
(Figure 3b inset). High resolution transmission electron microscopy (HRTEM) confirms that the beams are porous, and
sintering is enhanced along the length of the material (Figure 3c) further validating the 1D nature of the CP precursors. Despite the porosity, the network is made up of sintered crystallites of Ga2O3 (Figure 3d).

Figure 4. Summary of absorbance/band gap structure of gCM2O3. a) Progressive color transformation of Cp. b,d,f) UV-vis

absorption of anaerobic Ga, aerobic Ga and aerobic In Cp at various treatment temperatures. c,e,g) corresponding Tauc plots
reveals band gap of each material assuming direct transfer.47

Based on our hypothesis (Figure 1b) and compositional
evolution (Figure 2f), the synthesized isotropic conductorsemiconductor material should exhibit significantly different optical properties compared to Ga2O3. Since the amount
of residual carbon varies with temperature (Figure 2f) and
oxygen partial pressure (aerobic vs anaerobic), we inferred
that absorption properties can be readily tuned through felicitous choice of processing conditions. To maximize the
amount of deposited carbon, we first heat-treated Cp samples under vacuum (anaerobic). We heated the samples either in a TGA or while also measuring porosity in a BET system. We observe, as expected, that the color of the sample
evolves from white -yellow-brown-dark brown with increase in processing temperature (Figure 4a). This color
change corresponds to a red shift in the absorption maxima
(Figure 4b). Due to concomitant changes in porosity upon
heating (Figure 2e) and likely scattering, we deployed Tauc
plots (Figure 4c) to ascertain changes in band structure. For
brevity, direct transitions were assumed for all materials.
For the amorphous phases, this extrapolation represents an
average optical transition, which allows direct comparison
with the crystalline samples. The bandgap of the material
decreases from 4.7 eV to as low as 1.5 eV when sample is
heated to 600 °C. The presence of proton detected graphitic
carbon (Figure 2h and Figure S2) in the samples heat
treated to this range suggest the formation of amorphous
hydrogenated carbon (a-C:H), which is a semiconducting
phase with band gap varying from 1.5-2.3 eV.39-40 Thus, the
significant reduction in band gap could originate from optical transitions in the a-C:H coating formed. Finally, the band
gap increases to 2.5 eV when heated to 800 °C in conjunction with the formation of β-Ga2O3 (Figure 4c).
To confirm that carbon stoichiometry in the sample controls the overall band structure, we heat-treated the samples in air (Figure 4d-e) and compared them to a previously
anaerobically heat-treated sample (a dark brown 800 °C
sample). Note that heat-treating the material in air produced similar structural observations in PXRD and SSNMR,
thus, confirming that the differences in optical properties
are derived from the deposited carbon. Samples calcined in
air had significantly large band gaps and a significantly
lower carbon content. When the 800 °C anaerobically heattreated Ga Cp was reprocessed in air, it turned white with
concomitant increase in bandgap from 2.5 eV to a mixed
state of 3.9 and 4.2 eV (Figure 4e). We further affirm that
the carbon phase is in fact sp2 hybridized through Raman
spectroscopy where the G-band (1580 cm-1) was observed
in 600 ˚C anaerobic gC--Ga2O3 (Figure 5a). The large intensity and linewidth of the D-band (1350 cm-1), however, indicates the presence of edge defects and polydisperse
graphite crystallites.41 Nonetheless, this result confirms
that the formation of a SCI leads to a decrease in band gap.

Figure 5. a) Raman spectroscopy of 600˚C anaerobic gC-βGa2O3. b) Proposed band structure of 800˚C aerobic gC-β-Ga2O3.
c) Photocatalytic reduction of CO2 with a Xe source showing

high selectivity towards generation of CO and minimal water splitting. d) Control experiment demonstrating minimal
water splitting in the absence of CO2.
We also demonstrate the versatility of this approach by
preparing indium-based coordination polymers and aerobically converted them to the carbon infused porous In2O3
(Figure 4f-g). The formation of In2O3 from aerobic heattreated In-based Cp is demonstrated through TGA and
PXRD (Figure S3 and S4 respectively). Evaluating the absorption properties (Figure 4f) showed that the bandgap
dropped from 5.3 eV in the In CP to 3.2 eV (270 °C sample)
but increased to 3.8 eV when sample was treated to 800 °C
(Figure 4f-g). These results corroborate with the widely accepted direct band gap of In2O3 at 3.6 eV.42 Similar to the gC-Ga2O3, these samples displayed a second bandgap between 1.2-1.6 eV when calcined above 400 °C. Counterintuitively, the indium-based coordination polymer exhibits a
larger band gap compared to gallium (Figure 4c and 4e),
considering that the opposite is true in the case of their respective oxides. We note that the band structure of coordination polymers is largely influenced by their organic ligands and stereo-electronic properties around the coordination sphere,43-45 which should differ significantly from its
oxide counterpart.
Interestingly, both the 800˚C aerobically synthesized gC-Ga2O3 and gC-In2O3 resulted in a mixed band gap narrower than that of their native oxides. We infer that narrower band gap stems from induced gap states produced at
the graphite-oxide interface (i.e. SCI), whereby electron
wavefunctions from the graphite perturb that of the oxide46,
thus, creating allowed transitions at lower energy. For gC-Ga2O3, these gap states appear 0.5-0.8 eV above the valence band of −Ga2O3 (Figure 5b). In contrast, gC-In2O3 displayed gap states 2.3 eV above the valence band of In2O3
(Figure S5). A complete picture of the effect of oxide composition on the energy level of the induced gap states would
require band structure calculations, which is beyond the
scope of this work.

To capture utility of these materials, we utilized the
mixed bandgap gC-β-Ga2O3 (least amount of intercalated
carbon) for CO2 reduction. Direct catalysis of CO2 is known
to be challenging due to its low reduction potential (–1.9 V).
Thus, proton-assisted transfer reactions have been adopted
as a more thermodynamically feasible pathway.13 Such reactions involve multiple steps, which could result in an array of products depending on thermodynamic and kinetic
limitations. Using a Xe lamp, we performed photocatalysis
of CO2 dissolved in water. The reactor consists of a sealed
chamber connected to gas chromatograph. 50 mg of 800˚C
aerobic gC-β-Ga2O3 was suspended into 30 ml aqueous solution, which is subsequently saturated with CO2 while
maintaining the pressure at 1 atm. The reaction was conducted under 100 mW/cm2 illumination with a >420 nm
cut-off filter. Evolved gases were analyzed using flame-ionization (FID) and thermal conductivity (TCD) detector gas
chromatography.
The reaction was monitored for 3 hours, and several
gases including CO, CH4 and H2 were observed (Figure 5c).
An average of 189 µmol of CO/g catalyst•h was produced
which, to the best of our knowledge, is the highest reported
among β-Ga2O3 catalysts (Table S2).12, 48-49 The reaction was
highly selective towards CO (>90%), despite its lower reduction potential relative to other products (Table S3). We
hypothesize that hydrocarbons that require higher population of excitons are suppressed due to kinetic barriers. Similarly, the production of methane (23 µmol CH4/g catalyst•h) is significantly higher than previously reported for
β-Ga2O3.12 We infer that larger hydrocarbons were not detected due to the higher number of excitons required, which
significantly raises the kinetic barrier of the reaction. From
observed composition (Figure 2f) the added catalyst only
contains about 0.45-0.5 moles of carbon, hence cannot be
the source of the observed products. To further illustrate
that the carbon produced does not originate from the catalysts, control experiments were performed with pure water
(Figure 5d). Only small amounts of hydrogen gas were observed alongside trace amount of oxygen, indicating partial
water splitting. Similar results were obtained from hydrogen (HER) and oxygen (OER) evolution reactions confirming photocatalytic activity in carbon reduction reaction
(CRR) (Figure S6-S7). We attribute the significant improvements in catalytic activity and selectivity to i) hierarchical
pore structure upon heat treatment for increased flux and
active surface area (Figure 3) and ii) deposition of graphitic
material (Figure 2), and iii) mixed bandgap that is lower
than the native oxide (Figure 4).

observed.36 Spatial-temporal distribution of the metal and
ligand oxygens limits the likelihood of the formed oxides
sintering into large crystals (diffusion limitations). The
proximity of the metal and ligand in the Cp implies that residual carbon deposits close to the metal oxide, hence, a
likely isotropic distribution across the material. It was
shown that the deposited graphite creates gap states, which
improves the absorption of low energy photons. Thus, this
work validates that mixed bandgap semiconductors can be
synthesized through controlling the extent of carbon deposition. Finally, application of the proposed method is
demonstrated through reduction of CO2 into CH4 and CO using gC-β-Ga2O3 as a photocatalyst. Selectivity for CRR over
HER or OER further demonstrates the versatility of this approach to tune bandgaps. For future work, the enhancement
in photocatalysis using the synthesized mesoporous oxides
will be elaborated.

Conclusion
This work reports a facile approach to synthesize tunable
bandgap materials, like gC-β-Ga2O3 and gC-In2O3, through in
situ isotropic deposition of a conductor (graphitic carbon)
on the surface of a semiconductor. This approach provides
a frugal approach to synthesis of gC-M2O3 based on controlled ligand ablation to deposit graphitic carbon proximal
to the sintered oxide crystallites. The multiscale structure of
the material is templated by interdigitated ligands in the
synthon and optimized through felicitous choice of processing conditions. Challenges in oxidant flux during calcination inhibits total ligand ablation as previously
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Synopsis TOC: Bandgap tunability and mixed bandgap materials are both highly desirable properties in semiconductors. Approaches to achieve such qualities, however, are highly limited. This work presents a facile method in achieving
mixed bandgap material through interfacial engineering between conductor and semiconductor to achieve gap induced
states. Utilizing self-assembled one-dimensional coordination polymers combined with graphitic carbon through calcination, tunable mixed bandgap materials can be attained.
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