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Abstract 

Copper-promoted anatase-type TiO2 photocatalysts (2.5 wt% Cu) were prepared by wet 

impregnation onto TiO2 which was pre-calcined at 600°C and the other not subjected to any 

thermal pre-treatment. In the latter case, the material was inactive for the photo-reduction of 

nitrate whereas 600°C pre-calcined TiO2 yielded a material which was active for the same 

reaction. The surface properties of the materials were determined by BET Surface area, SEM 

TEM, XRD, XPS, TPR, UV-Visible diffuse reflectance, DTA, N2O pulsed chemisorption and 

FTIR studies. The BET and XRD and DTA showed that pre-calcination of TiO2 stabilised the 

support, but coalescence of particles was observed in TiO2 that was not subjected to any thermal 

pre-treatment as evidenced by crystallite growth. Similarly, XPS, FTIR and TPR proved the 

formation of Cu2O particles on the surface of pre-calcined TiO2. On the other hand, the absence 

of pre-calcination step resulted in interring of Cu species within the grown anatase crystallites 

that hindered their proper distribution over TiO2, helped in its inactiveness in the 

photoreduction of nitrate. However, the prepared material using pre-calcined TiO2 showed the 

overall nitrate and oxalic acid removal efficiency of 31 and 70% with N2 and NH4+ selectivity 

of 44.9 and 55.1 %, respectively. The results provide insight into the significance of activity-

structure relation, inferring that the two surfaces were chemically not similar. Thus, as even 

supported by adsorption experiment, difference in photocatalytic behaviour amongst the 

prepared materials was a function of crystallinity, particle size, absence of surface defect and 

high energy sites.  
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1 Introduction 

The interaction between metal oxides and metal oxide semiconductors has been a subject 

of interest in heterogeneous photocatalysis for many years. This is not necessarily because the 

metal promoted metal oxide semiconductors have shown wide applications as photocatalysts 

for environmental clean-up, but also because there are still a variety of diverse explanations on 

the nature and activity-structure relationship between dispersed metal oxides on various metal 

oxide semiconductors.1 Among the various metal oxide semiconductors, TiO2 has appeared to 

be the most promising, environmentally compatible and widely used semiconductor in 

heterogeneous photocatalysis. Consequently, TiO2 and its impregnated metal oxide-based have 

found different applications in environmental pollution remediation such as photocatalysts 

used for water denitrification in the presence of an organic hole scavenger.2  

The photocatalytic process for environmental pollution abatement is based on the reactive 

properties of electron-hole pairs that are generated by UV-Vis illumination with energy greater 

than the semiconductor band gap.3 These photogenerated electrons and holes have redox 

potential and can reach the semiconductor surface and react with adsorbed species rendering 

them benign.4 However, photogenerated electrons/holes are also prone to recombination and it 

has been reported that TiO2 suffers from rapid recombination which limits optimal 

photocatalytic potential.5,6 In order to overcome such a challenge, one common approach that 

has received much attention is doping of crystalline TiO2 with metal ion oxides, which suppress 

the rate of recombination and extends their lifetime of electron-hole pairs.7,8  

The manifestation of the adverse detrimental effect of excessive amount of nitrate and its 

metabolites in surface and ground water bodies has coerced the international environmental 

protection agencies and health organisations to set tolerable limits for these pollutants. In 

recognition of the toxicity of nitrate and its metabolites, the World Health Organisation (WHO) 

and the U.S. Environmental Protection Agency (USEPA) have set the maximum tolerable 

contamination level of 10 mg L-1 of NO3
‒ in drinking water source.9,10 In the same vein, the 

European Union (EU) has recommended levels of 50, 0.1 and 0.5 mg L-1 to be the maximum 

permissible concentrations of NO3
‒, NO2

‒ and NH4
+ in water bodies against pollution, 

respectively.11 In addition to the legislative control of nitrate pollution in surface and ground 

water sources, a large number of treatment techniques have been developed and tested amongst 

which the heterogeneous photocatalytic reduction of nitrate in the presence of an organic hole 
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scavenger has appeared to be promising and viable, as it can be operated at low cost and 

possibly installed in remote locations.12,13 Despite the potential treatment ability of TiO2 in the 

abatement of air and water pollution, TiO2-P25 alone has been reported to show either no 

activity for this reaction14,15 or relatively low activity but high selectivity for N2 
16 or mainly 

produce NH4
+ as an undesired product.17 This has provoked attempts to modify TiO2 with 

metals, which include Pt,14,18,19 Pd,14,19,20 Rh,19 Au,12,13 Ag,16,21-23 Cu,20,21,24,25 Cr and Zn.25 

Unlike TiO2-P25, modification of the anatase-type TiO2 (Hombikat UV 100) with Cu metal 

has been reported to be detrimental to the activity of the photocatalyst and selectivity to N2 was 

reduced and in some cases was zero after addition of Cu21,25. This variation in terms of the 

impact of Cu was attributed to Cu particle size effects in addition to blockage of reactive sites 

on the surface of TiO2.
21 These observations could be related, at least in part with the 

crystallinity of both the supported-metal and the support. The difference in the photocatalytic 

behaviour between the two supports may be related with the fact that TiO2-P25 is a fully 

crystalline material, whereas Hombikat may consist of only 66% crystalline TiO2 with the 

remaining part amorphous.26 The later may contain defects which could serve as electron-hole 

recombination sites. The presence of such amorphous materials may serve as an electron or/and 

electron-hole pair trap which prevents electrons from participating in the reduction of nitrate 

and/or at the same time deteriorates the degradation process of the organic hole scavenger. In 

this study, Cu was chosen as the metal oxide co-catalysts with TiO2 due to its natural abundance 

and low cost compared to noble metals such as Au, Ag and Pt and to the diverse range of results 

obtained to date using coper in its multiple forms.21,65 Oxalic acid was selected as organic hole 

scavenger, although other acids such as formic acid are also often generated, as one of the 

incomplete mineralisation products of advanced oxidation treatments (AOTs) characterised as 

recalcitrant to the treatment system.2,27 

The aim of this work was to investigate the photocatalytic performance of TiO2-Hombikat 

and its Cu impregnated forms in an effort to explore, in greater detail, the surface chemistry of 

the materials using different physicochemical characterisation techniques and their solid-state 

behaviour with respect to photocatalytic reduction of nitrate in the presence of oxalic acid as 

an organic hole scavenger.  
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2 Experimental 

2.1 Preparation of photocatalysts 

All photocatalysts were prepared by wet impregnation method. TiO2-UV100 (Hombikat, 

Sachtleben Chemie) was dispersed in ultra-pure deionised water (MilliQ ≥ 18.2 Mῼ-cm) and 

stirred for 1 h before slow addition of an appropriate amount of Cu(NO3)2.3H2O in aqueous 

solution.  This was stirred vigorously for 2 h before water was removed by evaporation to 

produce a paste.  This was then dried at 60°C for 24 h before being calcined at 400°C for 2 h.  

Another sample was prepared following the same procedure except that TiO2 was firstly pre-

calcined at 600°C for 4 h before Cu impregnation.  All the materials contained the same 

nominal Cu loading (2.5 wt%) and were labelled as Cu/TiO2 and Cu/600TiO2, of which the 

latter supported on the pre-calcined TiO2.  In order to investigate the significance of the 

preparation stage involving the incorporation of copper, materials were also prepared following 

the facile ethanol reduction method28 to synthesise Cu2O supported on TiO2.  Briefly, TiO2 was 

dispersed in anhydrous ethanol before Cu(NO3)2.3H2O (2.5 wt%) was slowly added.  After 

vigorous stirring for 2 h, the solvent was evaporated by drying at 60°C for 6 h before calcination 

at 350°C for 2 h.  As before, an equivalent material was prepared following the same procedure 

but using 600°C pre-calcined TiO2. In this case, samples were labelled as Cu2O/TiO2 and 

Cu2O/600TiO2, of which the latter was prepared using the pre-calcined TiO2. 

2.2 Characterisation 

The crystal structure of the prepared photocatalysts was examined using a X’Pert Pro 

Diffractometer (PANalytical) with a Cu Kα radiation source (λ = 0.15418 nm) in the range 5-

80° 2θ.  Textural properties (surface area, pore volume and pore size) were determined by 

collecting N2 adsorption-desorption isotherms at -196°C on a Tristar-3000 instrument 

(Micromeritics). To understand the changes which arose from pre-calcination treatment at 

600°C, copper containing samples supported on TiO2 which was either uncalcined or pre-

calcined at 600°C were compared by differential thermal analysis (DTA) under a flow of air 

on a thermal analyser (STA 780).  Profiles were collected in the temperature range 25-400°C 

using a 5°C ramp rate, although data is presented in the range 100-400°C as the only process 

observed below 100°C was the endothermic removal of water. This was done to mimic 

calcination and post-calcination scenarios of uncalcined and pre-calcined Cu-containing 

amaterials.  The surface texture of the photocatalysts was captured by field emission scanning 

electron microscopy (FESEM) using a SUPRA 40VP microscope (Carl Zeiss NTS GmbH, 

Oberkochem) and the morphology of the materials was observed by high resolution 
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transmission electron microscopy (HRTEM) using a JOEL JEM-2000 EX microscope. The 

optical properties of the photocatalysts were studied using a UV-Visible spectrometer (Cary 

60, Varian) in diffuse reflectance mode using a 60 mm diameter integrated sphere and BaSO4 

as the internal reference standard. To establish whether Cu changed the band gap of TiO2 in 

the photocatalysts, (αhv)1/2 versus Ephoton was applied by fitting the absorption data to the 

equation. 

Reducibility of the photocatalysts was investigated by temperature-programmed 

reduction (TPR) using a TPDRO 1100 instrument equipped with a TCD detector.  Samples 

were heated from 40 to 600°C at 5°C/min in 5% H2/N2.  The amount of hydrogen consumed 

was quantified based on a response factor determined from a CuO reference standard. The 

dispersion of Cu on the supports was estimated by N2O pulsing conducted using the same 

instrument.29  Samples were firstly reduced at 300°C for 30 min before allowed to cool to 

110°C.  N2O pulses (0.285 ml loop size, NTP) were subsequently exposed to the reduced 

sample.  Unreacted N2O was condensed in a liquid nitrogen trap and N2 produced via 

decomposition/surface oxidation (N2O + 2 Cu → Cu2O + N2) was measured using a TCD. The 

amount of N2 produced was quantified based on a response factor determined from pulses of 

pure N2. The dispersion (%) was calculated as the ratio of surface Cu atoms and total Cu 

measured by atomic absorption spectroscopy after sample digestion.30,31 

The nature of the Cu species on the surface of the supports was probed by adsorption of 

CO using FTIR (1750 series spectrometer, Perkin-Elmer). Sample as self-supporting discs 

were suspended in a quartz holder in a vacuum line which permitted heating, out-gassing and 

gas manipulation. Sample was first evacuated and then heated to 120°C to remove surface 

water.  The sample was cooled to room temperature and the cell evacuated to a residual pressure 

of ca. 4x10-5 Torr before an initial spectrum (25 scans, 4 cm-1 resolution) was collected prior 

to introduction of increasing CO pressures (0.2-50 Torr).  Results are presented as difference 

spectra relative to the initial scan collected prior to exposure of CO. Additionally, a separate 

experiment was conducted to determine whether the presence of CO transformed Cu2+ to Cu+ 

at room temperature. In this case, a sample was evacuated at room temperature for 1 h, followed 

by exposure to CO (50 Torr). Spectra were collected after 5, 20, 40 and 60 min exposure to 

follow evolution of absorption bands indicative of both adsorbed CO and gaseous CO2.  

XPS measurements were carried out using a Kratos AXIS Ultra DLD XPS spectrometer 

with monochromated AlKα X-rays and hemispherical analyser with a pass energy of 160 eV. 

The powdered samples were mounted on copper tape and binding energies were normalised to 
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the C 1s signal from adventitious carbon at 284.6 eV. Background subtraction was performed 

using a Shirley background and Casa XPS.32 

2.3 Adsorption of reagents tests 

The adsorption of oxalic acid and nitrate were determined individually at constant 

temperature (25 ± 0.1°C) and without pH adjustment using different initial concentrations. 0.25 

g of Cu/TiO2 or Cu/600TiO2 photcatalysts was added to 100 ml Pyrex bottles containing 25 ml 

of nitrate (10-100 mg/L) or oxalic acid (0.001-0.010 mol/L) solution and shaken in a thermostat 

water bath for 24 h.  The suspensions were centrifuged, filtered using a syringe filter (0.45 μm, 

Millipore) and then the equilibrium concentrations of nitrate using a spectroquant nitrate kit 

and oxalate were determined using a UV-visible spectrometer (Lambda 25, Perkin-Elmer) at 

340 and 262 nm wavelengths, respectively. To determine the uptake of nitrate and oxalic acid, 

the amount of nitrate and oxalic acid adsorbed per unit mass of sample (mol/g) was calculated 

using mathematical expression (1):  

 

qe =  
(Ci−Ce)

m
 V            (1) 

 

where qe is the amount adsorbed at equilibrium (mol/g), Ci is the initial concentration (mol/L), 

Ce is the solution equilibrium concentration (mol/L), V is the volume of the aqueous phase (L), 

and m is the mass of the sample used. Regression Chi-square (χ2) test was employed as a 

criterion for fitting quality of an adsorption isotherm model.33 The chi-square can be 

represented by the following equation: 

 

χ2 = ∑ [ 
(qee ‒ qec)2

qec
]                                                                              (2) 

 

where qee is the equilibrium capacity of the adsorbent obtained from experiment (mol/g), and 

qec is the calculated equilibrium uptake according to the model (mol/g). A low value of χ2 

indicates that experimental data provides a good quality fit to the value from the model. 

2.4 Photocatalytic tests 

Photocatalytic reactions were carried out in a stirred, batch reactor fitted with a primary 

cooler (Fischer Scientific 3016S) to maintain the reaction temperature around 25°C. A 

secondary cooling system was also incorporated to control heat given out by the UV lamp 



7 
 

(Hereaus BQ 512 E, 400 W, 230 V and maximum wavelength of 365 nm). Water was used as 

the coolant in this secondary cooling system by providing a constant flow through a Pyrex 

cooler which encased the UV lamp. The Pyrex glass sleeve also functioned to filter out light of 

wavelengths below 290 nm which might otherwise lead to direct photolysis of nitrate and 

oxalic acid (Fig. 1). Therefore, only light in the range between 290 and 365 nm were available 

for the experiments conducted (Fig. SI-1). The temperature of the reaction was monitored by 

thermometer inserted in the reactor. Initially, 0.5 g/L photocatalyst was stirred in 1.5 L of ultra-

pure water and N2 bubbled for 30 min to displace any dissolved oxygen. Thereafter, 100 ml 

stock solutions of nitrate and oxalic acid were added to the suspension to give initial 

concentrations of 100 ppm nitrate and 0.005 M oxalic acid. The reactor was stirred for another 

1 h in the dark, to attain adsorption-desorption equilibrium. A sample was then taken to 

determine the equilibrium concentrations of the model pollutants in solution before the light 

was turned on. During the photocatalytic reaction test, samples were withdrawn at fixed time 

intervals over a 3 h reaction period and filtered with a 0.45 µm syringe filter. The 

concentrations of nitrate, nitrite and oxalate were measured using ion chromatography (Dionex 

DX-120), while ammonium concentration was measured using a Merck Spectroquant test kit 

which follows the indophenol test for ammonium.34 Thereafter, the degradation (%) of both 

model pollutants was calculated using equation 3. 

 Degradation (%) = 
C0− Ct

C0
 x 100                                                                                           (3) 

where C0 stands for the initial concentration at zero time of illumination, Ct is the concentration 

at a particular time of illumination. The selectivity toward N2 (SN2) was determined based on a 

nitrogen balance, evaluated from the balance of nitrogen by-product (NH4
+) analysed in the 

reaction solution, according to equation (4 and 5).22  

 

S(NH4
+) = [NH4

+]t  ∕ ([NO3
-]0 – [NO3

-]t)                                                                       (4) 

S(N2) = ([NO3
-]0 – [NO3

-]t  – [NH4
+]t)  ∕ ([NO3

-]0 – [NO3
-]t)                                        (5) 

 

where [X]0 is the concentration at time = 0 and [x]t  is the concentration at time = t. 

3 Results and discussion 

3.1 Characterisation of photocatalysts 

The XRD patterns of all the materials are shown in Fig. 2 with intense peaks apparent at 

25.3, 37.9, 48.1, 54.0, 55.1, 62.8, 70.3 and 75.1° 2θ.  These peaks correspond to the (101), 
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(004), (200), (105), (211), (213), (202) and (215) crystal planes of the anatase phase of TiO2 

(ICDD-01-075-2550). Although all the materials consisted of typical anatase phase, but sharp 

peak intensity and thin diffraction peaks in 600TiO2 and Cu/600TiO2 were observed, 

suggesting a richer content of anatase phases and larger particle sizes compared to TiO2, 

Cu/TiO2. No diffraction peaks associated with rutile were observed even after pre-calcination 

at 600°C. No Cu species were detected, probably due to the low Cu loading. The crystallite 

sizes of all the materials were calculated by the application of the Scherrer equation and are 

displayed in Table 1.  Pure TiO2 has a relatively small crystallite size of 9.4 nm.  A large 

increase in crystallite size (ca. 26 nm) was apparent following impregnation of Cu and 

subsequent calcination at 400°C for 2 h. Similarly, an increase in crystallite growth was 

observed following pre-calcination of TiO2 at 600°C for 4 h, but no significant change in 

crystallite size was noted following subsequent loading of Cu over the support (Table 1), 

reflecting that the pre-calcined TiO2 support was virtually stable during impregnation and post-

calcination processes.  

Nitrogen adsorption-desorption isotherms for all materials were collected to understand 

the impact of pre-calcination, calcination and post-calcination on the surface area and textural 

properties of the prepared materials.  All samples display type IV isotherms according to 

IUPAC classification35 (Fig. 2) with relatively faint hysteresis loops associated with capillary 

condensation in relatively small mesopores.36 The BET surface area (SBET), pore volume and 

pore size distributions of the materials are tabulated in Table 1. The surface area of pure TiO2 

was initially high (290 m2/g) with a decrease to119 m2/g after the addition of Cu and subsequent 

calcination.  This could be attributed to poor thermal stability of the anatase-type TiO2
37 and 

was responsible for the coalescence of particles that led to the decrease of surface area.38 In 

addition, the loss of active surface area by the agglomeration of small crystallites into larger 

ones was also notably accompanied by loss of pore volume (Table 1). This decrease is 

consistent with crystallite growth observed from XRD.  Pre-calcination of TiO2 at 600°C led 

to a reduction in surface area from 290 to 99 m2/g, however, this essentially remained constant 

even after the formation of Cu/600TiO2, which implies that the pre-calcined TiO2 phase was 

relatively stable even before the impregnation of Cu and after post-calcination treatment. So, 

the difference between the two materials was that significant structural changes were observed 

in the material where Cu was anchored on TiO2 for the formation of Cu/TiO2 without pre-

calcination treatment. On the pore size distribution, the distributions lie within the range of 2-

20 nm (Fig. 3a and b inserts) reflecting the mesoporous nature of all materials. The average 

pore sizes of the prepared Cu/TiO2, 600TiO2 and Cu/600TiO2 were found to be greater than 
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that of pure TiO2, which could be an advantage to the adsorption-desorption processes on the 

surface of the materials. After the pre-calcination treatment and combination of TiO2 with Cu, 

the pore size distribution broadened significantly, even though TiO2 show a very narrow range 

of pore size distribution (Fig. 3 inserts) and thus, confirm the hybrid surface structure of the 

Cu/TiO2, 600TiO2 and Cu/600TiO2. Consequently, the pore size distribution of these materials 

comprised a small amount of micropores and the majority as mesopores. Interestingly, for 

comparison, the pore size distributions of 600TiO2 and Cu/600TiO2 remained unchanged (Fig. 

3b insert), which is in contrast with TiO2 and Cu/TiO2 (Fig. 3a insert) with no pre-calcination 

treatment. This indicates the relative stability of the Cu-containing material formed with pre-

calcined TiO2.                         

Figure 4 shows the exothermic DTA features observed during heating under air for 

Cu/TiO2 and Cu/600TiO2 samples, which are materials containing Cu supported on uncalcined 

and pre-calcined TiO2, respectively. The Cu/TiO2 profile shows an exothermic process 

occurring at ca. 320°C. The exothermic process observed is attributed to crystal growth of 

anatase that resulted in the sharpening of diffraction lines (Fig. 1 and Table 1) and reduction in 

BET area (Table 1). This similar observation has also been reported in the literature.38 The 

equivalent transition was not apparent for the sample prepared with pre-calcined TiO2, 

suggesting that the as-prepared Cu/600TiO2 was relatively stable. 

The surface texture and morphologies of Cu/TiO2 and Cu/600TiO2 captured by SEM 

and TEM are displayed in Fig. 5. The SEM micrographs show that Cu/TiO2 (Fig. 5a) and 

Cu/600TiO2 (Fig. 5b) exhibited subtle differences, of which Cu/600TiO2 appeared to be more 

dispersed and homogeneous in terms of size and shape than Cu/TiO2 which was more 

agglomerated.  However, the TEM images for Cu/TiO2 (Fig. 5c) and Cu/600TiO2 (Fig. 5d), 

show no obvious differences between the two materials. The images extracted only prove the 

manifestation of TiO2 crystallites, as there are no obvious signs of other crystalline phases, 

such as e.g. Cu. The inability of TEM technique to demarcate or detect the copper-containing 

phases may be related to the low Cu content in the two materials or due to the lack of contrast 

between Cu and TiO2.     

The optical absorption as a function of photon energy are shown in Fig. 6 for Cu/TiO2 

and Cu/600TiO2.  The material which was calcined at 400ºC after addition of Cu showed the 

same band gap of3.20 eV as the pure TiO2 and consistent with the expectation for the anatase 

phase of TiO2.
39-41 This suggests that impregnation of Cu on TiO2 resulted in no effect on the 

electronic properties of the Cu-containing material formed.  In contrast, the band gap of Cu-

containing material which its support was pre-calcined at 600ºC prior to Cu impregnation, i.e. 
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Cu/600TiO2 showed some deviation from that of pure TiO2. The band gap of such material 

(Cu/600TiO2) was significantly narrowed to3.12 eV, which implies electronic interactions 

between Cu and the solid support that led to charge transfer transitions between the d-electrons 

of Cu and valence and/or conduction bands of TiO2.  

In situ FTIR spectroscopy of adsorbed CO was employed to determine the nature of the 

surface of the exposed Cu species. It has been well established that CO adsorbed onto Cu2+ 

sites shows a band at 2200 cm-1,42 whereas peaks due to CO on Cu+ species and Cu0 appear at 

2102-2133 and 2060-2080 cm-1, respectively.42-47 Fig. 7a shows the spectra of adsorbed CO on 

the Cu/600TiO2 sample. The main absorption band occurred at 2110 cm-1 and thus is attributed 

to adsorption on Cu+ which is thought to be the predominant oxidation state.  A small band was 

observed at ca 2060 cm-1 and suggests the presence of a small population of Cu0 sites. Note, 

however, that band area due to CO on these sites is not a reflection on relative amounts due to 

the differences in relative molar absorption coefficients,43 meaning that the Cu0Cu+ population 

is likely to be underestimated by relative band areas. In addition, the differences for the molar 

absorption coefficients of CO on Cu+ and Cu0 overemphasise the relative abundance of Cu+ 

sites.43 In contrast, the Cu/TiO2 photocatalyst was not adsorbed CO to the same extent as the 

former (Fig. 7b), of which only a weak band observed at ca. 2115 cm-1 (ca. 40-fold less intense 

than observed for Cu/600TiO2). In the same vein, Cu2O/TiO2 exhibited very similar behaviour 

as Cu/TiO2 where CO was too faintly adsorbed over it (Fig.7d), which was signified with a 

weak band observed at ca 2120 cm-1 (ca. 60-fold less intense than observed for Cu2O/600TiO2 

of Fig. 7c). From this, it is inferred that the availability of surface Cu sites must be different 

from materials which were formed with pre-calcined TiO2. Also, no evidence of Cu0 was 

observed in the sample of Cu/TiO2. The acquired FTIR spectra of Cu2O/600TiO2 and 

Cu2O/TiO2 shown similarities to spectra of Cu/600TiO2 and Cu/TiO2, respectively (Fig. 7c and 

d). None of these samples exhibited a peak that could be assigned to CO adsorbed on Cu2+. 

This may be because that copper in this oxidation state was not present, or was readily reduced 

either under vacuum, or in the presence on CO.  To distinguish between the two likely 

situations, a sample of Cu/600TiO2 was outgassed at beam temperature and exposed to CO.  

Spectra were collected over 1 h period but no change to the CO absorption bands or evidence 

of CO2 formation (i.e., 2CuO + CO → Cu2O + CO2) was observed (Fig. 7e). This suggests that 

CO was not responsible for reducing Cu2+ at beam temperature, contrary to earlier reports.45,47  

In order to understand the reducibility of Cu in the different samples, TPR profiles were 

collected (Fig. 8). The materials prepared after the pre-calcination treatment of the TiO2 powder 

namely Cu/600TiO2 and Cu2O/600TiO2 show TPR patterns characterised by the onset of 
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reduction at temperatures below 200°C. In contrast, the materials of Cu/TiO2 and Cu2O/TiO2 

show an onset of reduction above 200°C and full reduction of the latter was not completed until 

ca. 300ºC. The reduction peaks of Cu/600TiO2 and Cu2O/600TiO2 that appeared below 200 °C 

can be assigned to Cu species that are readily reduced due to its high dispersion on the support. 

On the contrary, the reduction peak of Cu/TiO2 above 200°C and full reduction of Cu2O/TiO2 

that was not completed until ca 300ºC could be related to reduction of Cu species that were 

weakly interacted with the TiO2 support. In addition, the broadness of their peaks perhaps 

resulted from the nature of the interaction of Cu species with the supports, i.e. TiO2 with no 

pre-calcination treatment, upon which Cu species were either loosely held or no interaction 

with the support. It is also interesting to note that materials which displayed features due to 

adsorbed CO in the FTIR (Fig. 7a and c) are those which were reduced at lower temperatures 

(i.e. those materials prepared with pre-calcined TiO2).  In contrast, materials that gave rise to 

very low intense FTIR features due to adsorbed CO (Fig. 7b and d) required higher 

temperatures for the onset of reduction.  These differences in behaviour amongst the materials 

may be associated with Cu accessibility, which conspicuously reflect the fact that the as-

prepared materials derived from TiO2 pre-calcined at 600ºC perhaps contained copper in a 

lower oxidation state and/or contained surface with no defects that reduced the probability of 

creating more difficult to reduce Cu species supported on pre-calcined TiO2. The amount of 

hydrogen consumed was quantified and used to calculate percentage reduction assuming Cu 

was initially present as CuO (Table 2).  On this basis, all materials exhibited degrees of 

reduction below 50% suggesting that copper was initially more likely present as Cu2O. The 

presence of Cu+ in the as-prepared materials is consistent with FTIR of adsorbed CO (Fig. 7), 

more especially in the case of the materials involving pre-calcined TiO2. Note that although 

the onset temperature of reduction for materials based on 600TiO2 were lower, these materials 

also exhibited the lowest overall degrees of reduction (Table 2) at ca. 32% compared with ca. 

48%, suggesting potentially a lower initial average oxidation state, as proposed above.  

It is reasonable to conclude that Cu2+ was absent in all the as-prepared photocatalysts.  

The reduction of CuO during the preparation stages conceivably originate from the redox 

reaction of CuO + Cu → Cu2O, as Cu can act as a reducing agent at high temperature (above 

300°C) in air.48,49 This was strengthened by FTIR of adsorbed CO results that support the 

presence of Cu0 in the samples. Based on the results here, the calcination treatment probably 

induced the creation of Cu0 followed by strong interaction between Cu2+ and Cu0 ions, leading 

to the charge transfer.  In support of this statement, this process is thermodynamically feasible 

by nature of the electronic environment of the two species, i.e. CuO and Cu. The ionic nature 
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of Cu2+ with electronic configuration of [Ar]3d9 is more electronegative than Cu and thus, is 

readily to be reduced to Cu+ by Cu whose electronic environment ([Ar]4s23d10) remained intact. 

On the account for the existence of Cu2O in the samples tested, the electronic arrangement of 

Cu2O ([Ar] 3d10) is more symmetrical and stable than CuO and therefore, can coexist with 

TiO2. Consequently, even though Cu particles on TiO2 mostly exist in multiple oxidation states, 

it appeared in this study that Cu existed predominantly as Cu+. Similar results have been 

reported where Cu loaded on TiO2 was dominated by Cu+ or in a mix with Cu0 after 

calcination.50,51 Comparable results have been reported regarding the presence of a lower 

oxidation state for Cu following high calcination temperatures, but no explanation for the 

formation of Cu2O was made.52   

One characteristic which was relatively similar for all materials was the Cu dispersion as 

accessed by N2O decomposition.  Although, FTIR of adsorbed CO indicated that Cu/TiO2 and 

Cu2O/TiO2 samples were not readily adsorb CO, the N2O decomposition tests for percentage 

dispersion of Cu in all the materials studied indicate no significant differences. This anomaly 

was a consequence of the fact that FTIR was performed on materials which were outgassed 

only whereas N2O reaction was conducted on samples reduced at 300ºC, a treatment which led 

to a degree of uniformity that was introduced to the samples in terms of the nature of the Cu 

phase.   

XPS analyses were conducted to gain insight into the nature of Cu ions in the two types 

of support. XP spectra of Cu 2p core level profiles of Cu/TiO2, Cu/600TiO2, Cu2O/TiO2 and 

Cu2O/600TiO2 are displayed in Fig. 9a-d, respectively. The Cu 2p3/2 characteristic peaks Cu0, 

Cu2O, and CuO are expected at 932, 932.7 and 933.6 eV 52, respectively. The Cu 2p3/2 and 2p1/2 

binding energy values for Cu/600TiO2, Cu2O/TiO2 and Cu2O/600TiO2 appeared at 930.2 and 

951 eV, confirming the presence of Cu+ in the materials (Fig. 9b-d). The species were present 

in the form of Cu2O rather than Cu0 or CuO, as Cu+ (Cu2O) does not exhibit Cu 2p satellite 

peaks since the 3d band of Cu2O is filled (3d10) and the 4s band is unoccupied.53 However, in 

the case of the Cu/TiO2, apart from the Cu 2p3/2 and 2p1/2 characteristic peaks of Cu+, energy 

satellite structures are found between 936 and 942 eV (Fig. 8a), which are associated with Cu2+ 

species. This very weak satellite peak found in the sample of Cu/TiO2 confirms that very small 

quantities of Cu2+ were present, and conceivably existed as residues of the Cu2+ present during 

Cu2O nanoparticle formation on the surfaces of TiO2 and 600TiO2 supports. Therefore, this 

material may be compared with data for the reduction of nitrate in the presence of oxalic acid 

using copper based photocatalysts where Cu existed predominantly in a zero or plus two 

oxidation state.14,15,20,21,24 
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3.2 Adsorption isotherms of nitrate and oxalic acid 

Adsorption isotherms were measured to assess interactions of nitrate and oxalic acid with 

the surface of Cu/TiO2 and Cu/600TiO2 photocatalysts. Pre-adsorption of reactants on the 

photocatalyst surface is of importance, since it can result in rapid interfacial charge carrier 

trapping, thus avoiding recombination of electron-hole pairs and leading to effective 

photochemical conversion.17 Experimental data was fitted to both Langmuir and Fruendlich 

models but a better fit was obtained using the former and as such, only data determined from 

that model is presented here.   

Figure 10 displays the adsorption isotherms and corresponding Langmuir isotherm for 

Cu/TiO2 and Cu/600TiO2. The experimental adsorption capacity for each of the materials along 

with the Langmuir derived predicted maximum (qmax) and derived Langmuir constants are 

summarised in Table 3. Nitrate showed the higher Langmuir constant over both materials but 

the lower maximum uptake values (fewer but stronger sites). Both nitrate and oxalic acid 

uptake on Cu/TiO2 was lower than for Cu/600TiO2 despite the larger surface area of the former.  

The Langmuir constants for nitrate and oxalic acid adsorption on Cu/TiO2 were higher, which 

implying stronger adsorption on this surface than for Cu/600TiO2. Adsorption behaviour on 

metal oxide surfaces are influenced by multiple factors including crystallinity, particle size and 

oxygen deficiencies.54 It is therefore inferred that pre-calcination of TiO2 at 600°C led to the 

removal of defect and other high energy adsorption sites from the surface of the pre-calcined 

support and such might be responsible for its superior adsorption capacity.   

3.3 Photocatalytic activity evaluation 

Photocatalytic nitrate reduction tests using oxalic acid as a hole scavenger under UV light 

were measured and the results presented in Fig. 11a-b with derived parameters presented in 

Table 4. Under the conditions employed, TiO2 alone both the pre-calcined and one with no 

thermal pre-treatment found to be inactive for nitrate reduction, but faintly active in the removal 

of oxalic acid with conversion ca. 20% in both cases (Table 4). The absence of nitrate 

conversion confirms that nitrate photolysis was not occurred under the employed experimental 

conditions, which Fig. SI-1 further supports such inference. Similar levels of oxalic acid 

removal but without nitrate reduction was also achieved using the Cu/TiO2 sample, (Fig. 11a, 

Table 4). In contrast, Cu/600TiO2 sample was able to remove significant amounts of both 

oxalic acid and nitrate with effective conversion of 70 and 31%, respectively. To determine 

whether the method of copper impregnation was significant, another material was prepared 

using a different route known to produce Cu(1) oxide.28 Surprisingly, the formed Cu2O/TiO2 
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was tested on the same reaction and resulted in only 26% oxalic acid degradation still with no 

nitrate removal. On the other hand, reaction conducted with material where Cu2O was formed 

on pre-calcined TiO2 that produced Cu2O/600TiO2 resulted in 72 and 35% photoremediation 

of oxalic acid and nitrate, respectively (Fig. 11b). Relationships between all the materials tested 

(Fig. 11a and b) suggest that the method of Cu incorporation unto TiO2 support played, at most, 

a minor role while the thermal pre-treatment of TiO2 was crucial in creating active 

photocatalysts. 

It is therefore believed that TiO2 and 600TiO2 interacted in different extents with the Cu 

phases. Pre-calcination before impregnation of Cu produced a more crystalline TiO2, which 

facilitated surface intimate contact between the two phases of the combined materials as 

adjudged by the reduced band gap in the presence of Cu. This arrangement provided effective 

materials for the simultaneous photoremediation of oxalate and nitrate. In contrast, without 

pre-calcination of TiO2, significant aggregation of the TiO2 particles occurred during the 

incorporation of the Cu phase and calcination resulted in a degree of phase mixing comprised 

of both amorphous and crystalline phases (scheme 1). The lack of activity of the photocatalysts 

prepared on TiO2 without pre-calcination could be attributed to such mixed configuration of 

phases (scheme 1), where a high concentration of amorphous defects served as traps for 

photogenerated electrons or electron-hole pairs and consequently lowered the photon yields of 

the photocatalysts. The low photocatalytic activity for TiO2 comprised of an amorphous phase 

has also been reported elsewhere where the effect was attributed to the capturing of photo-

excited electron and positive hole at the defects situated on the surface and in the bulk of 

photocatalyst.55 In contrast, pre-calcination of TiO2 stabilised the support from aggregation and 

led to the formation of phase capable of supporting Cu2O particles on the surface and facilitated 

the photocatalytic reduction of nitrate over the material (Scheme 1). Although adsorption 

isotherms (Fig. 10) confirmed nitrate uptake on Cu/TiO2, but photocatalytic nitrate reduction 

was not observed. Therefore, appropriate surface interaction between copper oxide phase with 

TiO2 support was vital for significant photoremediation of nitrate and oxalic acid 

simultaneously. The (low) conversion of oxalic acid with absence of nitrate reduction over the 

supports alone and Cu2O/TiO2 suggest that protons in solution acted as conduction band 

electron scavengers for the one electron transfer process, and this buttressed with the similar 

levels of conversion in all cases signifying that the support alone was performing this function.  

Nitrite formation was not detected throughout the reduction process (Fig. 12a) and 

ammonium was the only by-product observed (Table 4), potentially suggesting that nitrate 

could be converted directly to N2 and NH4
+. However, Ranjit et al.56 reported increased 
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ammonium following addition of nitrite, suggesting that the latter was an intermediate in the 

photocatalytic reduction of nitrate. To verify whether N2 or/and NH4
+ was produced by the 

reaction between liberated NO2
-, the photoreduction reaction of NO2

- as a starting reagent in 

the presence of oxalic acid was studied under the same conditions as employed for NO3
-. In 

comparison, the rate of NO2
- removal over the Cu/600TiO2 photocatalyst was greater than of 

NO3
-(see Fig. 12a and b), confirming that NO2

- is the more reactive reagent and consequently 

may not be observed in a 2-step reduction process. Additionally, under the acidic conditions 

employed, nitrite may be converted to HONO that may be degraded via photolysis under the 

broad band radiation employed here.57 Selectivity to NH4
+ was much decreased (Fig. 12b) 

compared with nitrate photoreduction (Fig. 12a). Therefore, failure to detect nitrite in the 

photoreduction of NO3
- suggests that NO2

-, if produced during nitrate reduction, either 

underwent rapid reduction or banished via photolysis and perhaps produced either N2 or NH4
+

 

formation. The former scenario may predominately infer as the formation of NH4
+ was higher 

than the evolvement of N2, which may be due the unavailability of electrons for nitrite reduction 

due to the excess consumption by H+ ions contributed by oxalic acid and also due to the absence 

of sufficient CO2•− radicals in the process. In comparison with other studies in the literature, 

Au/TiO2-Hombikat photocatalyst yielded only 16% nitrate conversion after 180 min,12,13 which 

is 2 times less than the yield of conversion of NO3
- and selectivity of N2 recorded in the present 

work. In a similar work, addition of Cu to TiO2 (Hombikat UV100) was reported to be 

detrimental to its activity,21 which was not the same effect with the present work. In summary, 

pre-calcination atmosphere has been found to have significant effects on the photocatalytic 

activity of Cu-promoted TiO2 (Hombikat UV100) in nitrate photoreduction. The pre-

calcination resulted in removal of defect and high energy surface-active sites, leading to 

photocatalytic activity. Thus, as even supported by adsorption results, differences in 

photocatalytic behaviour amongst the prepared materials was a function of crystallinity, 

particle size, absence of surface defect and high energy adsorption sites. 

It is believed that in the case of metal-supported TiO2 photo-assisted nitrate reduction 

involves metal acting as an electron sink.2,13,20,28 However, a composite involving Cu2O and 

TiO2 are active metal oxide semiconductors pairing in the present study, consistent with recent 

studies which demonstrated that the combined photocatalytic properties of Cu2O and TiO2 are 

beneficial.28 The combination of p-type semiconductor (Cu2O) with n-type semiconductor 

(TiO2) form a heterojunction with an intrinsic electric field that favours separation of 

photogenerated electrons and holes.28,58 When a photocatalyst containing Cu2O and TiO2 is 

illuminated, photogenerated electrons can move from the conduction band of Cu2O into the 
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conduction band of TiO2 (-0.45 V)59 which is more positive than Cu2O (-1.64 V).60,61 In the 

same vein, photogenerated holes migrate from the valence band of TiO2 to the valence band of 

Cu2O (scheme 2). As the charge separation route is different from a conventional system of 

metal deposited on TiO2 such as Cu/TiO2 photocatalyst, the following mechanism involved in 

the photocatalytic reduction of nitrate in the presence of oxalic acid is proposed. Both Cu2O 

and TiO2 can be simultaneously photo-activated and generate electron-hole pairs in accordance 

with Equations 6 and 7: 

TiO2 + hv   e- + h+                                                               (6) 

Cu2O + hv  e- + h+                                                                                      (7) 

This followed by consumptions of photogenerated electrons and holes by surface adsorbed 

nitrate and oxalate ions, respectively (scheme 2). In earlier investigations14,15,17, it was reported 

that nitrate reduction in the presence of oxalate anion could proceed indirectly through 

formation of oxalate radical that decomposed to produce CO2
●‒62 (Equation 8). On the other 

hand, the one electron reduction of nitrate is not thermodynamically possible over TiO2
57. It 

has been shown that CO2
●‒ species are much active and have strong reductive ability (E° (CO2/ 

CO2
●‒) = -1.8 V)17, capable of reducing nitrate to N2 (E° (NO3

-/N2) = 1.25 V) (Equation 9) or 

to ammonium (E° (NO3
-/NH4

+) = 1.203 V) (Equation 10).14-16  It was also shown that 

photogenerated electrons on TiO2 can reduce nitrate to N2 or NH4
+ in a five and eight-electron 

reduction, respectively, (Equation 11and 12).22,63 In addition, independent conversion of NO2
- 

to N2 via a 3-electron reduction (Equation 13) was confirmed (Fig. 12b). The NO2
- to N2 

reduction is thermodynamically favoured because the electrochemical potential of nitrite to N2 

(E° (NO2
-/N2) = 1.45 V) is more positive than the reduction potential for NH4

+ formation (E° 

(NO2
-/NH4

+) = 0.897 V). The photoreduction of NO3
- to N2 may also proceed by further 

reduction of NO2
- to N2 (Equation 13). In addition, even though the formation of NH4

+ occurred 

to a limited extent during the photoreduction reaction of NO2
- (Figure 12b), conversion of NO2

- 

to NH4
+ was feasible during the photoreduction of nitrate and thus considered as part of the 

overall reaction mechanism (Equation 14). Previous studies have shown that CO2
●‒ species has 

a stronger reductive ability compared to (E° (NO2
-/N2) = 1.45 V) as well as (E° (NO2

-/NH4
+) = 

0.897 V)16,64, and therefore is able to reduce NO2
- to N2 and likewise to NH4

+, respectively 

(Equations 15 and 16). 

            C2O4
-
ads + h+                    C2O4

●‒                           CO2
●‒ + CO2                                         (8) 

NO3
-
ads + 5CO2

●‒ + 6H+              1/2 N2 + 3H2O + 5CO2                                  (9) 

NO3
-
ads + 8CO2

●‒ + 10H+   NH4
+ + 3H2O + 8CO2                                  (10) 

NO3
-
ads + 6H+ + 5e-                          1/2N2 + 3H2O                                                (11) 
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NO3
-
ads + 10H+ + 8e-    NH4

+ + 3H2O                                                 (12) 

NO2
-
ads + 4H+ + 3e-                          1/2N2 + 2H2O                                                (13) 

NO2
-
ads + 8H+ + 6e-                          NH4

+ + 2H2O                                                  (14)  

NO2
-
ads + 3CO2

●‒ + 4H+             1/2N2 + 2H2O + 3CO2                                   (15) 

NO2
-
ads + 6CO2

●‒ + 8H+             NH4
+ + 2H2O + 6CO2                                    (16)                                                                                                  

4 Conclusions 

Thermally untreated TiO2 (anatase) was found to be ineffective for the simultaneous 

photocatalytic removal of nitrate and oxalic acid, although the latter was photodegraded to a 

limited extent, probably involving a one electron transfer reaction involving protons and the 

generation of hydrogen. In the same vein, Cu-impregnated anatase-TiO2 failed to produce an 

active material. However, the loading of Cu onto pre-calcined anatase-TiO2 produced material 

which was able to photoremediate both nitrate and oxalic acid simultaneously. Active 

photocatalysts were those which contained readily reducible Cu2O as deduced by TPR, FTIR 

and XPS. These active materials exhibited more than 30 and ≥ 70% photoremediation of nitrate 

and oxalic acid that favoured 55.1 and 44.9% selectivity of NH4
+ and N2, respectively. 

Although the difference amongst the two materials largely relied on the key role of the surface 

interaction between Cu+ species and solid supports, adsorption capacity and relative adsorption 

strength differences were also partly considered played a role in inducing improved 

performance in terms of simultaneous photoremediation of nitrate and oxalic acid. Thus, 

understanding of surface characteristics in terms of activity-structure relation of a material 

serves to be a key route in the development of an improved photocatalyst.  
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Table 1 - Physical properties of the materials 

Materials SBET (m2/g) Pore volume 

(cm³/g) 

Average pore 

size (nm) 

aCrystallite size (nm) 

Pure TiO2 290 0.43 4.4 9.4 

 Cu/TiO2 119 0.26 9.8 26.4 

600TiO2 99 0.30 9.7 32.8 

Cu/600TiO2 97 0.31 10.1 32.2 

aAs determined using Sherrer equation applied to XRD pattern 

 

Table 2 – Physiochemical characteristics of copper species. 

Materials Nominal Cu 

wt% 

Actual Cu wt%a Dispersion (%)b Reducible Cu (%)c 

Cu/TiO2 2.5 2.38 5.3 47 

Cu/600TiO2 

Cu2O/TiO2 

Cu2O/600TiO2 

2.5 

2.5 

2.5 

2.16 

2.27 

2.32 

5.4 

3.5 

5.0 

31 

48 

33 

aDetermined by AAS. bBased on N2O pulsed chemisorption cAssuming Cu initially present as 

CuO. 

 

Table 3 - Adsorption parameters for nitrate and oxalic acid. 

Material Adsorbate Experimental 

max. amount 

Adsorbed 

mol/g 

KL 

(M-1) 

qmax 

(mol/g) 

R2 χ2 

Cu/TiO2 nitrate 8.02x10-5 5329 8.69x10-5 0.991 5.17x10-7 

 oxalic acid 1.09x10-4 4151 1.27x10-4 0.990 5.47x10-7 

Cu/600TiO2 nitrate 6.10x10-4 3417 6.37x10-4 0.990 6.99x10-7 

 
oxalic acid 8.17x10-4 2348 8.65x10-4 0.992 1.69x10-7 
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Table 4- Conversion, rate constants and selectivities for nitrate/oxalic acid photodegradation. 

Materials Nitrate 

conversion 

(%) 

Oxalate 

conversion 

(%) 

Rate constant (min-1) Final 

Ammonia 

selectivity 

(%) 

Final 

Nitrogen 

selectivity 

(%) 

Nitrate Oxalate 

TiO2 

600TiO2 

Cu/TiO2 

0 

0 

0 

19 

22 

20 

- 

- 

- 

0.0018 

0.0021 

0.0020 

‒ 

‒ 

‒ 

‒ 

‒ 

‒ 

Cu/600TiO2 31 70 0.0019 0.0056 55.1 44.9 

Cu2O/TiO2 0 26 - 0.0023 ‒ ‒ 

Cu2O/600TiO2 35 72 0.0023 0.0061     57.4 42.6 

 

 

 

 

 

 

 

 

 

 

 

Figure 1- UV illumination experimental set-up for the photo-remediation of model 

pollutant(s) (nitrate and oxalic acid). 
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Figure 2 – powder XRD patterns of TiO2, Cu/TiO2, 600TiO2 and Cu/600TiO2. 

 

 

Figure 3 - Nitrogen adsorption-desorption isotherms of the materials with corresponding 

pore size distribution (insert). (a) Samples with no pre-calcination treatment and (b) samples 

with pre-calcination step at 600°C. 
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Figure 4 - DTA curves for uncalcined copper promoted titania (Cu/TiO2) and precalcined 

copper promoted titania (Cu/600TiO2) samples. 

 

Figure 5 – SEM (a and b) and TEM (c and d) images of (a) Cu/TiO2, (b) Cu/600TiO2, (c) 

Cu/TiO2 and (d) Cu/600TiO2. 
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Figure 6 - UV-vis absorbance measurement of Cu/TiO2 and Cu/600-TiO2. 
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Figure 7 - FTIR spectra of CO adsorbed on (a) Cu/600TiO2, (b) Cu/TiO2, (c) Cu2O/600TiO2, 

(d) Cu2O/TiO2 and (e) Cu/600TiO2 exposed to CO at beam temperature as a function of time. 
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Figure 8- TPR profiles of (a) Cu/TiO2 and Cu/600TiO2 and (b) Cu2O/TiO2 and 

Cu2O/600TiO2. 

 

 

Figure 9 – XP Spectra of (a) Cu/TiO2, (b) Cu/600TiO2, (c) Cu2O/TiO2, and (d) 

Cu2O/600TiO2. 
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Figure 10 - Adsorption isotherms of (a) nitrate and (b) oxalic acid, on Cu/TiO2 and 

Cu/600TiO2, and (c-d) their corresponding data fit to Langmuir expression. 
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Scheme 1- Model of Cu promoted TiO2 with mixed amorphous/crystalline and crystalline 

phase structures. 

 

 

Figure 11 - Simultaneous photocatalytic remediation of nitrate and oxalic acid over (a) 

Cu/TiO2 and Cu/600TiO2, (b) Cu2O/TiO2 and Cu2O/600TiO2. 
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Figure 12 – Concentration profiles of photoreduction of (a) NO3
- and (b) NO2

- along with 

corresponding products profiles (NH4
+) over Cu/600TiO2. 

 

 

 

 

 

 

 

 

 

 

      

Scheme 2- Proposed simultaneous photoremediation of nitrate and oxalic acid over Cu 

promoted TiO2 photocatalyst. 
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