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e Samples of different mol% of copper doped titania were studied.

e At 650°C, samples with 0% and 2% Cu were comprised of 100% rutile.

e 4% and 8% Cu doping the samples showed 27.3% and 74.3% anatase
respectively.

DFT studies of show formation of oxygen vacancies and a 2* oxidation state for Cu.

Abstract

This paper shows that incorporation of Cu inhibits the anatase to rutile phase transition at
temperatures above 500°C. The control sample, with 0% Cu contained 34.3% anatase at 600°C and
transitioned to 100% rutile by 650°C. All copper doped samples maintained 100 % anatase up to
600°C. With 2% Cu doping, anatase fully transformed to rutile at 650°C, at higher Cu contents of 4%
& 8% mixed phased samples, with 27.3% anatase and 74.3% anatase respectively, are present at
650°C. All samples had fully transformed to rutile by 700°C. 0%, 4% and 8% Cu were evaluated for
photocatalytic degradation of 1, 4 dioxane. Without any catalyst, 15.8 % of the 1,4 dioxane degraded
upon irradiation with light for 4 hours. Cu doped TiO, shows poor photocatalytic degradation ability
compared to the control samples. Density functional theory (DFT) studies of Cu-doped rutile and
anatase show formation of charge compensating oxygen vacancies and a Cu?* oxidation state.
Reduction of Cu®* to Cu* and Ti* to Ti*>* was detected by XPS after being calcined to 650-700°C. This
reduction was also shown in DFT studies. Cu 3d states are present in the valence to conduction band
energy gap upon doping. We suggest that the poor photocatalytic activity of Cu-doped TiO,, despite
the high anatase content, arises from the charge recombination at defect sites that result from
incorporation of copper into TiO..

Keywords: TiO,, doping, DFT, oxygen vacancy, photocatalysis

1. Introduction

Titanium dioxide (TiOy) was first commercially used during the 20™ century for applications that
include pigments in paint, UV blockers, batteries and food colouring. Since 1972, when Fujishima
and Honda first reported TiO, for photocatalytic splitting of water [1] its use as a photocatalyst has
gained significant interest.[2-4] There are numerous reasons why TiO, remains the most researched
photocatalyst. These include ease of preparation, strong oxidising ability, long term stability,
nontoxicity, high refractive index, high dielectric constant and low cost.[5, 6] The potential for use of
TiOz in energy and environmental applications is another reason why TiO; continues to be examined.
Of particular importance are hydrogen production, CO; reduction, solar cells, self-cleaning coatings
and degradation of organic compounds (e.g. phenol) in water.[6-9] The large band gap (3.2 eV for
anatase) is partly responsible for its use as a photocatalyst.[10] The band gap has a direct impact on
the rate of electron-hole recombination during photocatalysis and titania has a relatively slow
recombination rate compared to most photocatalysts.[5]



TiO, is naturally present in three main phases: anatase (tetragonal, a=b=3.785A, c=9.54A), brookite
(orthorhombic, a=5.143A, b=5.456A, c=9.182A) and rutile (a=b=4.593A, c=2.959A). [11, 12] The
thermodynamically metastable phases, anatase and brookite, transition irrevocably into the stable
rutile phase at high temperatures.[5] Generally this takes place in the range of 600-700°C in pure
synthetic TiO,. Of these TiO; phases, anatase is considered to be the most photocatalytically active
phase. It can however only be activated by UV light, which accounts for ca. only 4% of the solar
spectrum. [9] In order to stabilise the anatase phase at elevated temperatures and to utilise UV and
visible light for photocatalysis, chemical modifiers and dopants can be used. These include anion
dopants, e.g. carbon, [13, 14] and nitrogen, [15, 16] or metal dopants, e.g. iron, [17, 18] and silver,
[19, 20].

Copper has been previously investigated as a potential dopant in TiO, [9, 21-28] but to date a
detailed systematic analysis of the effect of Cu doping on the phase stability of TiO; is lacking.[29] In
an important contribution, Yoong et al. examined Cu-doped Degussa P25 TiO, for different weight%
of Cu (0, 2, 5, 10, 15 %) at three temperatures (300, 400, 500°C).[29] However, the highest
temperature in this work is below the anatase-rutile phase transition.[10] Hence there is no
comprehensive understanding of the effect of copper doping on the anatase-rutile phase transition
in TiO2. Unravelling the role of Cu in this phase transition will clearly be beneficial in stabilising the
more photoactive anatase phase of TiO; at higher temperatures.

Therefore, the aim of this investigation was to carry out a systematic and detailed study of the
impact of copper doping of titanium dioxide on the anatase content, having calcined the samples to
temperatures in the range 400-800°C. Having determined the crystalline composition of the samples
we examine the resulting photocatalytic activity. We have prepared copper doped titania with four
different Cu concentrations, namely 0, 2, 4 and 8 mol. % Cu and these were calcined between 400-
800°C. Density functional theory (DFT) studies of Cu doping of bulk rutile and anatase were carried
out to explore the effect of doping on the cation oxidation states, oxygen vacancy formation and any
changes to the electronic structure of rutile and anatase after doping. X-ray diffraction (XRD) analysis
and Raman spectroscopy were used for determining the phase composition of each sample. X-ray
photoelectron spectroscopy (XPS) was used for identifying the bonding that was present in samples.

2. Materials & Methods

2.1Chemicals & Reagents

Titanium tetraisopropoxide (97%), copper sulphate pentahydrate (298.0%) and isopropanol (299.5%)
were purchased from Sigma-Aldrich and were used without further treatment. 1,4-dioxane was
purchased from Merck.

2.2 Preparation of nanomaterials

2.2.1 Preparation of TiO;

46.16mL of titanium isopropoxide (TTIP) was added to 200mL of isopropanol (IPA). This solution was
stirred for 15 min. To this solution 200mL of deionised water was added. This mixture was stirred for
another 30 min. The resulting gel was dried in the oven set at 100°C for 12 hrs. The resulting powder



was annealed at 400°C, 500°C, 600°C, 650°C, 700°C and 800°C, at a ramp rate of 10°C/min and held
at the target temperature for 2hrs.

2.2.2 Preparation of copper doped materials

For a 2% copper sample, 45.24mL of TTIP was added to 200mL of IPA and was stirred for 15 min
(Solution A). 0.8705g of copper sulphate (CuSO4) was added to 200mL of deionised water, this was
stirred for 15 min (Solution B). Solution B was added to Solution A and this was stirred for 30 min.
The resulting gel was dried in the oven at 100°C for 12 hrs. The resulting powder was annealed at
400°C, 500°C, 600°C, 650°C, 700°C and 800°C, at a ramp rate of 10°C/min and was held for 2hrs. This
method was repeated for the 4% and 8% copper samples by altering the amount of TTIP and CuSO,
(4% - 44.32mL and 1.7375g; 8% - 42.47mL and 3.5075g).

2.3 Characterisation
All samples were analysed with X-ray Diffraction (XRD). The diffractograms were produced using a
Siemens D500 X-ray powder diffractometer, using Cu Ka radiation (A= 0.15418 nm). The diffraction
range examined was between 206=10°-80°. To determine the fraction of rutile in the samples, the
Spurr equation was used (eq. 1).[30]

1
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where Fg is the quantity of rutile in mixed sample and /4(101) and /z(110) are the intensities of the
main anatase and rutile peaks.

The crystallinity of the samples were calculated using the XRD spectra and the Scherrer equation (eq.
2).[31]
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(eq. 2)

where @ is the crystallite size, K is the shape factor, A is the X-ray wavelength, B is the full line width
at the half-maximum height of the main intensity peak and 8 is the Bragg angle.

The Horiba Jobin Yvan LabRAM HR 800 with a grating of 300gr/mm was used for Raman analysis. A
660nm solid state diode laser standard bandwidth version with double edge filter upgrade was the
laser used. The acquisition time was 3 seconds. When focusing onto the sample a X50 lens was used.

A ThermoFisher Scientific Instruments (East Grinstead, UK) K-Alpha* spectrometer was utilised in
obtaining XPS spectra, with a monochromated Al Ka X-ray source (hv = 1486.6 eV) and ~400 pum
radius was used as an x-ray spot. The survey spectra and a high-resolution core level spectrum for all
elements was obtained using a Pass Energy of 200 eV and 50 eV, respectively. The Cls peak (285)
was used as a charge reference to account for charging effects during acquisition. The non-linear
(Shirley) background was removed from the high resolution, core level spectra before calculating the
guantitative surface chemical analyses. The manufacturers Avantage software was used which
incorporates the appropriate sensitivity factors and corrects for the electron energy analyser
transmission function.



The surface morphology of the samples was analysed using the Siemens TM1000 Scanning Electron
Microscopy with Energy Dispersive X-Ray Analyser (SEM-EDX).

In order to determine the surface area of the samples the Brunauer— Emmett—Teller method (BET)
was used. The samples were first degassed for an hour at 300°C. The adsorption isotherms were
acquired at -196.15°C.

The following analyses were made according to the standard methods for the examination of water
and wastewater (APHA 2005). Total organic carbon (TOC) was measured by the combustion-infrared
method using a multi N/C* 3100 TOC/TN analyser (Analytik Jena AG, Jena, Germany), which
performed the catalytic combustion on cerium oxide at 850°C.

1,4-Dioxane was quantified using gas-liquid chromatography (GLC) on a 7980A instrument (Agilent
Technologies Inc., Palo Alto, CA) equipped with a flame ionization detector. The temperatures of the
injector and the detector were 310°C and 280°C, respectively. Samples (2 ulL) were injected using the
pulsed-split mode (split ratio 5:1) and analysed in a TRB-FFAP (Teknokroma, Sant Cugat del Valles,
Spain) fused silica column (30 m x 0.25 mm internal diameter x 0.25 um film thickness) with He (43
psi) as carrier gas, and the following temperature programme: 80°C to 240°C at a 15°C/min ramp
rate, after a 9 min initial hold. Peaks were identified according to relative retention time figures
provided by commercial standards. Quantification was performed according to peak area, corrected
with the response factors calculated for each compound using 1-butanol (60 ppm) as internal
standard, and the GC-ChemStation software Rev.B.04.02 (96) from Agilent.

2.4Photocatalysis

Experiments were performed with a synthetic solution of 1,4-dioxane (75 mg/L) that was kept stirred
during the experiment using a magnetic device. The corresponding doped-TiO, catalyst was added to
the suspension with a concentration of 1 g/L. The photocatalytic reaction was performed for
duration of 240 minutes. Samples were withdrawn from the solution every 30 min. The source of UV
light was a solar simulator supplied by Newport (Irvine, USA) equipped with a Xenon lamp (300 W). A
correction filter (ASTM E490-73a) provides the simulated solar spectrum under ideal conditions. A
total photon flux of 6.8:10° photon-s® was calculated to flow inside the photochemical reactor, as
described by Liang et al. (2011). Light intensity between 200 to 400 nm resulted of 150 W-m2 at 3
cm from the light source, which was the distance between the sample surface and the lamp. Light
intensity was recorded using a radiometer (UV-Elektronik, UV-VIS Radiometer RM-21, Ettlingen,
Germany).

The light intensity recorded on the irradiated liquid surface in W- m (J-s1-m2) was converted to kJ/L
taking into account the volume of the solution (50 mL) and the irradiated surface (0.0104 cm™) in
order to normalize the data. Blank experiments either performed without adding the catalyst,
without switching the UV lamp on, or using no dopant concentration were performed. All
experiments were repeated three times.

2.5 Density Functional Theory Computations
Calculations were performed using the VASP5.2 [32, 33] code with projector augmented wave [34,
35] (PAW) potentials to account for the core-valence interaction and a kinetic energy cut-off of 400
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eV. Ti is described with 12 valance electrons, Cu with 11 and O with 6. The bulk unit cell was
optimised using standard DFT and for rutile, the optimised lattice parameters area=4.613 Aand c =
2.961 A. For anatase, the optimised lattice parameters are a = 3.791 A and ¢ = 9.583 A. Cu was
substitutionally doped onto a Ti site in rutile (2 X 2 X 3) and anatase (2 X 2 X 2) supercells. This
gives a dopant concentration of 3.1 at.% for rutile and anatase, which is consistent with
experimental concentrations of Cu in TiO,.[22, 36, 37] The k-point sampling used a Monkhorst-Pack
(4 x4 x 2) grid for both bulk polymorphs. Structures were relaxed until forces were less than 0.01
evA-1.

Calculations were performed taking into account spin polarisation and no symmetry constraints
were imposed. In the DFT + U calculations, U = 4.5 eV was applied to the Ti 3d states and U = 7 eV
was applied to the Cu 3d states, arising from the inability of DFT to describe consistently the Cu?*
oxidation state of Cu.[38, 39] An additional U = 7 eV is applied to the O 2p states to described the
localised oxygen polaron in the doped systems prior to the formation of a charge compensating
oxygen vacancy. These choices for U are based on previous studies.[40-44] The starting geometries
were manually distorted from the symmetric bulk geometry in order to examine relaxation to
distorted geometries which can be compared with undistorted geometries. To study the charge
compensation that arises as a result of the difference in the Cu** and Ti** oxidation states, one
oxygen ion was removed from different sites of the most stable Cu-doped structures and the energy
of formation was calculated via:

E"% = E(CuyTiy_x0,_y) + 1/2E(0,) — E(Cu,Tiy_,0,) (eq. 3)

where E(Cu,Ti;_,0,_y) is the total energy of Cu doped TiO, with a charge compensating oxygen
vacancy and E(Cu,Ti;_,0,) is the total energy of Cu-doped TiO,. The formation energy is
referenced to half the total energy of O,. A similar formula is used to compute the formation energy
of the subsequent reducing oxygen vacancy.

Given that copper ions can take a 2+ oxidation state, these calculations were therefore performed
with 1 and 3 unpaired spins which takes into account the electron deficit due to substitutional
doping of Cu? for Ti** and the d°® configuration of Cu?*. The oxidation states of the Cu dopant and
lattice Ti and O ions were determined from Bader charge analysis [45] and spin magnetisations and
these values are quoted in the results.



3. Results and Discussion

3.1 X-ray Diffraction (XRD) Characterisation

Intensity (Arb. Units)
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Figure 1: XRD of (a) 0% Cu-TiOz2 (b) 2% Cu-TiOz (c) 4% Cu-TiOz (d) 8% Cu-TiO2 after calcining to 650°C. A =
anatase and R = Rutile

X-ray Diffraction (XRD) was used to determine the effect of copper on the anatase to rutile transition
temperature in TiO,. The intensities of the main anatase and rutile peaks (101 and 110 respectively)
were used in the Spurr equation (eq. 1) for calculating the % anatase and % rutile present in each
sample. There were no peaks present relating to copper metal (which appear at approx. 26 = 43, 50
and 74°),[21] the only peaks that were present were those for titanium dioxide. The uncalcined
samples are partially amorphous as all the peaks are not fully visible in the XRD (figure S1). All
samples were 100% anatase phase at 400°C and 500°C. At 600°C, the control (0%) was 34.3%
anatase and 65.7% rutile while the copper doped samples remained 100% anatase (figure S2). At all
temperatures above 650°C, the 0% and 2% Cu-TiO, samples contained 100% rutile. However, at the
same temperature the 4% and 8% Cu-TiO; had 27.3% anatase and 74.3% of anatase respectively
(figure 1). All samples were 100% rutile phase at temperatures above 700°C (figure S3). Figure 2
shows the composition profile of the samples prepared.



Figure 2: Percentage of the anatase phase in Cu-doped TiO2 samples

XRD was also used to determine the crystallinity of all samples (Table 1) using the Scherrer equation
(eq. 2). Generally as the temperature increases so does the crystallinity. The origin of this is due to
the samples converting from the anatase phase (with a smaller crystalline size) to the rutile phase.
At 400°C, 500°C and 600°C all doped samples show a smaller crystalline size compared to the
undoped sample, indicating that at these temperatures Cu doping stabilises the anatase phase. The
8% Cu sample has lowest crystalline size in the range of 400-700°C,

Table 1: Crystalline size (in nm) of all samples calcined at 400°C, 500°C, 600°C, 650°C, 700°C and
800°C.

0% Cu 2% Cu 4% Cu 8% Cu
400°C 7.06 6.15 5.75 5.07
500°C 10.11 8.98 6.77 5.49
600°C 17.73 (A) 15.46 14.02 14.07
19.88 (R)
650°C 24.87 25.03 23.65 (A) | 21.10(A)
26.14 (R) | 22.70 (R)
700°C 27.12 28.45 26.09 24.09
800°C 33.94 31.36 29.20 25.18




3.2 Raman Spectroscopy
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Figure 3: Raman spectra of 0% Cu-doped TiOa.

The anatase to rutile transition of Cu-TiO; was further examined using Raman spectroscopy. A typical
Raman spectrum shows characteristic modes at different wavenumbers corresponding to Raman
shifts.[10] The active modes for anatase are Alg, 2B1g and 3Eg at 147, 197, 396, 516 and 638cm™.
[10] For rutile the Raman active modes are Alg, Blg, B2g and 3Eg at 144, 238, 446, 612 and 827cm”
1[10] Raman spectra showed the presence of the titania peaks and did not show the occurrence of
copper/copper oxides or other impurities. If we consider the example of 0% Cu-doping of TiO,, then
samples calcined at 500°C exhibited 100% anatase phase (figure 3), while 0% Cu-TiO; calcined at
600°C illustrated a mixed phase profile (figure 3). The peaks for 100% rutile phase can be observed
for the 0% Cu-TiO, sample when calcined at 650°C (figure 3). The Raman spectra of 8% Cu-TiO; are
shown in figure S4. This figure shows that the 8% Cu-TiO; is anatase at 600°C and rutile at 700°C.
However, in contrast to XRD, 8% Cu-TiO at 650°C appears to only show anatase peaks. This is due to
the high % of anatase present (74.3%) and is a result of Raman spectroscopy being less sensitive
than XRD.

3.3X-ray photoelectron spectroscopy (XPS)

The X-ray Photoelectron spectroscopy (XPS) measurements were performed to analyse the
elemental composition and metal oxidation states of each sample. XPS analysis was performed on all
samples that were treated at 600°C, 650°C and 700°C. Figure 4(a) illustrates the survey spectrum for
the example of samples with 8% Cu-doping and which were calcined at 600°C, 650°C and 700°C. The
survey spectrum indicates the presence of Titanium, Oxygen, Copper and Sulphur. Cls peaks (at
binding energies (BE) of 284.9-285.0 eV) are present in all samples. These peaks can be attributed to
adventitious carbon (C-C, C=C and/or C-H bonds) which arise due to contamination during synthesis
and calcination.[10, 46] The concentrations of the elements present in the Cu-doped TiO, materials
are tabulated in Table S1. Sulphur is present at ca. 4 at.% in the 8% Cu material calcined at 600°C,
Table S1. The presence of sulphur in Cu-doped TiO; at this concentration is mostly likely due to the
release of sulphur dioxide from the Cu precursor (CuSO4) during the calcination process. [47]
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However, the amount of Sulphur reduces to below 1 at.% in the composites calcined at 700°C (Table
S1), which is also evident from the Sulphur 2p spectrum in figure 4(e).
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Figure 4: XPS spectra for the example of 8% Cu-TiO: that was calcined at 600°C, 650°C and 700°C, Part
(a) shows the survey spectrum, (b) shows the Ti2p BE region, (c) shows the O1s BE region, (d) shows
the Cu2p 3/, BE region and (e) shows the S2p BE region.

The peaks for the Ti2p 32 spectrum show the presence of Ti-O binding. The slight decrease in the
binding energy (464.6-464.4 eV) as the temperature increases is an indicator of samples becoming
oxygen deficient, see figure 4(b) and Tables S2 and S3. [10, 12] This change is also an indication of
Ti** reduction to Ti** at higher temperature. [10, 12] There is a similar decrease in the binding energy
of the O1s peak (BE = 530.4-530.1 eV), shown in figure 4(c) and Tables S2 and S3. This slight decrease
in the O1s BE further indicates the formation of oxygen vacancies. [12] The formation of oxygen
vacancies (as determined from the O1s and Ti2p 3,2 peaks) signifies that the anatase phase is
beginning the transformation to the rutile phase. [10, 12, 48] The second dominant peak in the Ols
spectra at 532.6 eV in Cu-TiO; calcined at 600°C shows a shift to 531.7 eV, when calcined at 700°C.
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These peaks are assigned to oxygen in the sulphate and oxygen bound to Cu (as Cu®) respectively.
(49]

As XPS is significantly more sensitive than XRD and Raman to minute compositional changes such
changes can be detected from XPS analysis, i.e. any copper oxides that may form can be detected in
XPS but not in XRD and Raman spectra.[11] Figure 4(d) shows the Cu2p 3/, spectra of 8% Cu-TiO;
samples calcined at 600°C, 650°C and 700°C. The sample calcined at 600°C exhibits a broad
asymmetric curve from 930 eV to 937 eV. The deconvolution of this curve gave 2 prominent peaks at
933.1 eV and 936 eV corresponding to Cu®" in CuO and CuSO, respectively. Calcining at higher
temperatures of 650°C and 700°C resulted in slight shift in these peaks. At 700°C the peaks were
observed at 932.6 eV and 934.1 eV corresponding to Cu'* and Cu?* oxidation states, respectively.
Hence, XPS results revealed the presence of copper in two oxidation states. Moreover, two satellite
peaks of Cu2ps/, that correspond to the Cu?* oxidation state are observed at 941 eV and 944 eV; the
peak intensities gradually decreased as the calcination temperature increased. [10, 50] The S2p
(figure 4 (e)) XPS spectrum shows two sub-component peaks at 170.1 eV and 168.8 eV, these are
attributed to S2p 12 and S2p 35, respectively and these binding energies suggest the presence of
sulphur in S®* state. [10]

3.4 Effect of Cu Doping and Temperature on Surface Area

BET analysis was performed in order to determine the surface area and porosity of the sample. Table
2 shows the surface area and the porosity for the control (0% Cu) and the example of 8% Cu-TiO,,
which shows the highest anatase-rutile transition temperature. The surface area for the control is
significantly smaller than that of the 8% copper sample calcined at 500°C (both 100% anatase) and
600°C (0 Cu% = 34.3% anatase; 8 Cu% =100% anatase). After calcining at 700°C (where both samples
are 100% rutile) the two samples have similar surface areas. There are small differences in the pore
volumes of the different samples. For example, in pure TiO, these range from 24 -26 A and for 8%
Cu-TiO; these range from 26 -27 A (Table 2).

Table 2: Surface area and porosity of 0% and 8% Cu-TiO; calcined at 500°C, 600°C & 700°C

Sample Surface area (m?/g) Pore volume (A)
0% Cu-TiO; 500°C 57.4 26.5
0% Cu-TiO; 600°C 6.6 26.5
0% Cu-TiO, 700°C 3.5 24.4
8% Cu-TiO; 500°C 83.2 27.8
8% Cu-TiO; 600°C 21.2 26.9
8% Cu-TiO; 700°C 3.9 26.7

3.5 Scanning Electron Microscopy- Energy Dispersive X-Ray Analyser (SEM-EDX)
The morphology and elemental composition were examined using Scanning Electron Microscopy
with an Energy Dispersive X-Ray Analyser (SEM-EDX). No specific shapes were able to be determined
due to the agglomeration of the samples, as a result of the high calcination temperatures. Examples
of SEM-EDX results are shown in the supplementary information (figure S5 & S6).
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3.6 Density Functional Theory Simulations

3.6.1 Atomic and Electronic Structure of Cu-Doped TiO:

The local atomic structure that results from substituting Cu on a Ti site in Cu-doped bulk rutile and
anatase TiO, (see figure S7), is distorted about the dopant site. Replacing a Ti** cation with a Cu?
cation results in a deficiency of two electrons and formation of two oxygen holes. Two energy
minima are found. In the first, the local atomic structure is distorted symmetrically about the dopant
with the distortion arising from differences in ionic radii between copper and titanium. The second is
an asymmetric distortion to the geometry.

In the first solution the four-equatorial dopant-O distances are equal (1.96 A (1.91 A) for rutile
(anatase)) as are the two apical dopant-O distances (1.97 A (1.97 A) for rutile (anatase)). In undoped
rutile (anatase), the equatorial/apical Ti-O distances are 1.96/1.98 A (1.93/2.01 A). Upon doping, the
equatorial and apical Cu-O distances are shorter than the equivalent Ti-O distances in undoped TiO,.
The symmetric structure is consistent with delocalisation of the oxygen holes and the results for
rutile are similar to those previously reported.[51] Figures 5 (a) and 5 (c) show that with DFT, the
oxygen holes which form upon Cu doping are delocalised over all oxygen ions in rutile and more
localised in anatase, but still notably delocalised.

The asymmetric solution, with a geometry distortion about the dopant, shows non-uniform dopant-
O distances. For rutile, there is one elongated Cu-O distance, consistent with a longer bond between
Cu and an oxygen hole polaron. This has also been observed in In-doped rutile TiO,[52] and Li-doped
MgO[39] and ZnO[53] among other materials. [38, 54-56] That the effect is less strong in Cu-doped
TiO; can be attributed to the presence of a second hole which is less localised, being distributed over
oxygen ions neighbouring the dopant, as shown by the spin density plot in figure 5 (b). This
diminishes the Coulombic attraction and lengthens the cation-O bonds. [69] We find that a solution
starting with two fully localised holes relaxes to the partially localised hole distribution just
described.

In the case of anatase, the polaron is not bound directly to the dopant and sits at an equatorial site
of a neighbouring Ti (yellow sphere in figure 5 (d)). The polaron induces a significant extension of the
Ti-O distance of between 0.07 and 0.1 A when compared to undoped TiO,. The second polaron is
also partially localised over oxygen ions near the dopant.

The asymmetric polaronic solution is more stable by 0.2 eV in rutile and anatase, within the present
DFT + U computational set-up. The asymmetric solution is not stable with DFT, consistent with
previous work showing that only symmetric solutions are stable with DFT. [52]

The identity of the polaron is further confirmed through the calculated Bader atomic charges and
the spin magnetisations. For a polaronic oxygen the computed Bader charge is reduced from 7.4
electrons (lattice 0%) to 6.7 (6.9) electrons for Cu-doped rutile (anatase). The calculated spin
magnetisations are 0.85 (0.71) up in rutile (anatase). In rutile, the other five oxygen ions
neighbouring the dopant have spin magnetisations in the range of 0.16 to 0.22 ps. Similarly, in
anatase, five of the six oxygen ions neighbouring the dopant have spin magnetisations in the range
of 0.12 to 0.17 s, with a value of 0.33 g on a sixth oxygen, namely lower apical oxygen bonded to
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the dopant in figure 5(d). The Bader charges of the Cu dopant are 9.6 electrons for rutile and 9.7
electrons for anatase, consistent with the Cu?* oxidation state. [57]

Figures 5 (b) and 5 (d) display the projected electronic density of states (PEDOS), projected onto the
Ti and Cu 3d states and the O 2p states. The PEDOS plots show qualitatively similar behaviour for
both doped phases. The DFT calculations, with the delocalised symmetric solution, have states
associated with the oxygen holes positioned just above the valence band, crossing the Fermi level.
For anatase, in which the polaron is partially localised over oxygen ions near the dopant, even
without the +U correction, an O 2p state appears in the gap, just above the VB. These results concur
with previous ab initio studies of rutile [51] and anatase. [58]
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Figure 5: Spin density and PEDOS plots for Cu-doped rutile TiO2 for (a) DFT and (b) DFT + U and Cu-doped
anatase TiO:2 for (c) DFT and (d) DFT+U. Cu is represented in blue with yellow marking the position of the
oxygen polarons. The spin isosurfaces are set to 0.02 electrons AL,

Applying the +U correction to the O 2p, Ti 3d and Cu 3d states, proved necessary to obtain a properly
localised polaron description [38, 39, 54] and the EDOS plots consequently display the typical empty
oxygen hole polaron state in the middle of the valence band (VB) to conduction band (CB) energy
gap. The onsite Coulomb interaction pushes the defect state into the middle of the gap as opposed
to an unoccupied continuum state at the top of the valence band. With standard DFT the empty Cu
3d states lie just above the valence band edge, while with the +U correction on the Cu 3d states
there is clear shift of these states into the energy gap. Examining the position of the empty Cu 3d
states, one could conclude that the TiO, energy gap could be reduced by up to 0.5 eV upon Cu
doping.

The charge compensation mechanism for doping of TiO, with lower valance cation dopants is the
formation of oxygen vacancies. Therefore, given the 2+ oxidation state of Cu, one neutral oxygen
species per Cu is removed from different sites in Cu-doped rutile and anatase. The most stable site
for a compensating oxygen vacancy was determined and apical and equatorial oxygen sites
neighbouring the dopant are the most stable, with vacancy formation energies of 0.46 (0.16) eV and
0.02 (-0.40) eV in rutile (anatase). Both oxygen sites show either negative or small, positive
formation energies showing that oxygen vacancy formation is the charge compensation mechanism
in Cu-doped TiO,. This trend corroborates that found in a previous study of the effect of oxygen
vacancies on the magnetic moment of Cu-doped rutile TiO,. [51]

Figure 6 shows the geometry of the charge compensated structures of Cu-doped TiO,. For rutile and
anatase the copper dopant and two neighbouring titanium ions each coordinate to five oxygen ions.
This under-coordination leads to a distortion, with the titanium ions moving off their lattice sites and
outwards from the vacancy site along the direction of the missing bond. This distortion is
accompanied by a shortened Ti-O bond to the oxygen ion positioned opposite the vacancy. For
rutile, this shortened bond is 1.84 A compared to 2.02 A for equivalent bonds away from the vacancy
site. In anatase, the Ti-O distances are shortened by up to 0.15 A. The oxygen vacancy has little
effect on the remaining Cu-O bonds.

Figure 6 also shows the excess spin density plots and the associated PEDOS for the compensating
oxygen vacancy. The same trend is exhibited in the excess spin density plots of both rutile (figure
6(a)) and anatase (figure 6(b)) in that the excess spin is localized on the Cu dopant. The small spin on
four neighbouring oxygen ions arises from covalency in the Cu-O bonds. The fifth oxygen, in both
cases, is that positioned at an equatorial site opposite the vacancy. The computed Bader charges for
Cu are 9.7 and 9.8 electrons for rutile and anatase, consistent with a Cu?* oxidation state, which is
unaffected by the charge compensation process.
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Figure 6: Excess spin density and PEDOS plots of charge compensated Cu-doped (a) rutile and (b) anatase TiOa.
Cu is represented by a blue sphere and the black circle marks the location of the charge compensating oxygen
vacancy. (c) Cu-doped anatase with a second, reducing oxygen vacancy, where 0! and O? indicate the site of
the compensating and reducing oxygen vacancies. The spin density isosurface is set to 0.02 electrons A3,

For both TiO; polymorphs, the EDOS plots are significantly altered upon forming the compensating
vacancy. The EDOS displays a peak attributed to the empty 3d orbital of the Cu?* oxidation state. For
rutile, this peak lies in the gap just below the CB minimum whereas for anatase this peak coincides
with the bottom of the CB. For both polymorphs, the charge compensating vacancy thus shifts the
Cu 3d states closer to the CB edge of TiO,. Around the valance band region, Cu-doped anatase shows
a filled Cu 3d state above the TiO, valence band edge, while for rutile, this state lies below the
valence band edge. The empty oxygen hole states disappear after charge compensation, as
expected.

Thus, a small reduction in the band gap at this Cu doping concentration is proposed for rutile and
anatase. For rutile, the shift is 0.3 eV and for anatase the proposed band gap decrease is 0.2 eV.
Since these results should be regarded with caution given that this DFT+U set-up is not
guantitatively describing the band gap of TiO,, we ran single point hybrid DFT calculations of Cu-
doped TiO,. These use the HSE06 functional, with 25 % Fock exchange and a screening parameter of
0.2 A'. The PEDOS in figure 7 for doped anatase shows similar trends as the DFT+U result, despite
the differences in the DFT+U and hybrid DFT energy gaps. With no charge compensating oxygen
vacancy, the position of Cu 3d and O 2p polaron states are similar to those from DFT+U. With the
charge compensating vacancy, the occupied Cu 3d states are similar to those found with DFT+U but
the empty Cu 3d states lie above the TiO, conduction band edge. This gives a band gap reduction of
0.2 eV, similar to DFT+U. Thus, both DFT approaches appear to suggest that doping with Cu induces
only a small, if any, red shift in light absorption.

Cu-doping anatase TIO; Cu-doping anatase TIO; (1 oxygen vacancy)
- TI3d — O 2p Cu 3d (x J0) — Ti3d - O 2p Cu 3d (x 10)

Wﬂ_ sl
”WWQ\M/ A \1\\%5{“]7

-6 -4 -2 0 2 4 & 8 -6 -4 -2 0 2 4 6 8
Energy / eV Energy /eV

PEDOS

Figure 7: Hybrid DFT PEDOS for Cu-doped TiO.. Left panel: Cu-doped anatase with no compensating
oxygen vacancy, right panel: Cu-doped anatase with the compensating oxygen vacancy.

Finally, the formation of a neutral oxygen vacancy in charge compensated Cu-doped anatase has
been studied. This is motivated by the experiments described previously, in which TiO; is calcined to
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over 500°C, at which temperatures the formation of oxygen vacancy defects is likely. We compute a
formation energy of 3.3 eV for the most stable oxygen vacancy site in charge compensated 3% Cu-
doped anatase, with the atomic structure, spin density and PEDOS shown in figure 6 (c). Given the
elevated temperatures in the experiments, such reducing oxygen vacancies will be present and we
can examine the effect of these vacancies on the electronic properties of Cu-doped anatase. We
note that the computed oxygen vacancy formation energy of Cu-doped anatase is lower than that of
undoped anatase, which is 4.92 eV in our DFT+U set-up. This would promote the formation of
oxygen vacancies which would then lower the temperature at which the phase transition takes
place. However, we find that as the concentration of oxygen vacancies increases the computed
formation energy for Cu-doped anatase increases from 3.3 eV to 3.6 eV for a third vacancy. We can
conclude that the mechanism that underpins the experimental observation that the anatase phase
persists to higher temperatures with Cu doping cannot be fully accounted for by the
thermodynamics of simple oxygen vacancy formation. It is possible the sulfate in the copper
precursor also contributes to inhibiting the phase transformation.[59]

The computed Bader charge on Cu is 10.4 electrons, with a spin of 0.1 ps, which is consistent with
reduction to Cu®*. One Ti cation has a Bader charge of 10.5 electrons and a spin of 0.95 pg, which is
consistent with a Ti** cation (all other Ti cations are Ti** with computed Bader charges of 9.6
electrons). The formation of a neutral oxygen vacancy thus reduces one Ti cation to Ti** and the Cu
dopant to Cu'*. Comparing with the XPS data, this is consistent with the assighment of reduced Cu®*
at elevated temperatures. The decrease in peak intensities of the Cu?* satellites with increasing
temperature is also consistent with Cu?* reduction by oxygen vacancy formation. Finally, the PEDOS
in figure 6 (c) shows the introduction of occupied Cu®* states in the TiO, valence-conduction band
energy gap. These states can enhance charge recombination after excitation that could result in
reduced photocatalytic activity; this is discussed in the following section.

3.7 Photocatalytic Analysis

The adsorption of 1,4-dioxane onto the Cu-doped TiO, catalyst surface did not exceed 10% in the
dark control experiments, where the catalyst was added without applying solar light; as well as in
the control trials applying radiation without adding the catalyst (figure 8). Here we examined
samples with all Cu concentrations and calcined at 600°C & 650°C.

The highest degradation of 1,4-dioxane was achieved by adding TiO, prepared at 500°C without Cu
doping. With this sample, the majority of the 1,4-dioxane was degraded within 240 min. Increasing
the temperature to 600 or 650°C limited the extent of 1,4-dioxane degradation (figure 8 and figures
S7 and S8). The inclusion of Cu does not, therefore, result in any improvement of the photocatalytic
activity of TiO; (figure 8, S8 and S9). This is also irrespective of the polymorph of TiO, present as a
result of Cu-doping and calcination temperature. Thus, while Cu doping can be used to enhance the
stability of anatase TiO, to higher temperatures, and give a higher anatase content, the
incorporation of Cu has the effect of reducing photocatalytic activity towards dioxane removal.

This behaviour agrees with previous studies, in which Cu-doping did not always report an
improvement of the photocatalytic efficiency of Cu-TiO, even in the anatase phase. [9, 22, 23] This is
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usually attributed to the recombination of electron-hole pairs at defect centres. This process is
favoured by the presence of Cu within the TiO; catalyst; as well as to the prevention of photon
absorption by TiO, due to the presence of Cu. [23] Moreover, Colon et al. [22] reported that
deactivation may be caused by the formation of CuO species at the surface of the catalyst. [22] Cu®,
identified by XPS in TiO; calcined at 600 and 650°C, would impact on photocatalytic activity through
migration of a photogenerated electron from the conduction band of TiO,, which prevents the
generation of OH-.[22] In addition, Lopes et al. reported higher activity of the catalysts with the
lowest copper content due to a higher Cu(l)/Cu(0) ratio. [22]
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Figure 8: Degradation of 1,4-dioxane by Cu-doped TiO:2 photocatalysis at (a) 600°C and (b) 650°C
compared with TiO2 prepared at 500°C and radiation without catalyst.

In contrast to this study, a number of studies have found an increase of photocatalytic activity when
using copper nitrate as the copper precursor. [9, 24-28] For example, Lépez et al. (2009) found that
the photodegradation of dichlorophenoxyacetic acid was enhanced with the inclusion of copper,
compared with bare titania. They concluded that the increased photocatalytic activity was due to
the stabilisation of Cu®* by TiO,. [9] Another example is the study by Fisher et al. [25] in which the
effect of copper doping (with a copper nitrate precursor) and Cu-N co-doping on TiO, were explored.
These authors found that there was improved activity for all doped samples compared to bare
titania when examining the photocatalytic degradation of methylene blue and the inactivation of
microbiological materials. [25]

4. Conclusions

Cu-doped TiO, was synthesised using a modified sol-gel method to explore the effect of Cu-doping of
anatase TiO; on the transition to rutile at elevated temperatures. Samples were calcined between
500 and 800°C. We find that in comparison to the control (0% Cu) the copper doped samples
improve the stabilisation of anatase at elevated temperatures, thus shifting the transition
temperature higher. Doping with 8% Cu was found to be optimum. At 600°C, the control sample
(with 0% Cu) contained 34.3% anatase while at the same temperature; all doped samples were 100%
anatase. At 650°C, the 4% and 8% Cu-TiO; had anatase contents of 27.3% and 74.3% respectively. All
samples heated to 700°C were 100% rutile. XPS showed no indication of Ti-Cu binding, only Ti-O
binding was present. XPS was also used for determining that the increase in temperature resulted in
copper being reduced from Cu?* to Cu®*.

The doping of bulk rutile and anatase TiO, with Cu was investigated using different DFT approaches.
We have shown that charge compensating oxygen vacancies form to balance the lower +2 oxidation
state of Cu. The density of states shows localised peaks near the valence and conduction band
edges, arising from the empty Cu 3d state of Cu®*. These result in a predicted small red shift in the
adsorption edge. Computed formation energies for the formation of the reducing oxygen vacancy
are lower compared to undoped anatase, although the energy cost increases with vacancy
concentration. Thus, the increases in the temperature for the transition from anatase to rutile is
most likely not solely due to oxygen vacancy formation, with sulfate from the copper precursor
potentially playing a role. Formation of reducing oxygen vacancies reduces Cu®* to Cu'* and Ti** to
Ti** with a localised Cu-derived gap state that can act as a recombination centre and degrade the
photocatalytic activity of anatase.

Photocatalysis studies, using 1,4-dioxane, indicated that inclusion of copper induced a significant
reduction in the rate of photodegradation. The sample that showed the most photocatalytic activity
was the 0% Cu-TiO, (100% anatase), which showed a 1,4-dioxane removal of approx. 90% after
450kJL? (240 minutes). All copper doped samples showed 1,4-dioxane removal of between 20-40%
over the same time and radiation. When we compare these findings to the results from the DFT
studies, we suggest that the reduction in activity over undoped TiO, most likely arises from the

20



presence of the Cu'*/Cu®*-induced defect states described in Section 3.6 which act as traps for
charges and thus promote recombination.
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