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Abstract 

Modern life-style is creating an indoor generation: human beings spend approximately 90% of their time 

indoors, almost 70% of which is at home – this trend is now exacerbated by the lockdowns/restrictions 

imposed due to the COVID-19 pandemic. That large amount of time spent indoors may have negative 

consequences on health and well-being. Indeed, poor indoor air quality is linked to a condition known as sick 

building syndrome. Therefore, breathing the freshest air possible it is of outmost importance. Still, due to 

reduced ventilation rates, indoor air quality can be considerably worse than outdoor. HVAC, air filtration 

systems and a well-ventilated space are a partial answer. However, these approaches involve only a physical 

removal. Photocatalytic mineralisation of pollutants into non-hazardous, or at least less dangerous 

compounds, is a more viable solution for their removal. Titanium dioxide, the archetype photocatalytic 

material, needs UVA light to be “activated”. However, modern household light emitting diode lamps irradiate 

only in the visible region of the solar spectrum. In this short-communication, we show that the surface of 

titanium dioxide nanoparticles modified with copper oxide(s) and graphene shows promise as a viable way 

to remove gaseous pollutants (benzene and NOx) by using a common light emitting diode bulb, mimicking 

real indoor lighting conditions. Titanium dioxide, modified with 1 mol% CuxO and 1 wt% graphene, proved to 

have a stable photocatalytic degradation rate, three times higher than that of unmodified titania. Materials 

produced in this research work are thus strong candidates for offering a safer indoor environment. 

 

1. Introduction 

Human-beings spend 90% of their time indoor, approximately 70% of this time being spent at home [1]. 

Indoor air quality (IAQ) is referred to as: “the quality of the air in a home, school, office, or other building 

environment” [2]. According to the United States Environmental Protection Agency, IAQ potential impact on 

human health can be significant. Indeed, long-term exposure to air pollution [mostly given by nitrogen oxides 

(NOx), and volatile organic compounds (VOCs)] has serious health effects. It has been shown that this can 

eventually lead to premature mortality [3]. Variegated are the sources of indoor pollution: combustion, 

cleaning supplies, and the building materials themselves [2]. Lockdowns/restrictions imposed by 

Governments during the (ongoing, at the time of writing) COVID-19 pandemic on the one hand resulted in 

less industrial, and in general, outdoor emissions. However, this situation led to an (unrequested) increase 

of the time we stay home, thus to a non-negligible worsening of the IAQ. This in turn led to negative health 

outcome on human-beings during the COVID-19 lockdowns [4]. 

Possible answers to reduce and remove air pollutants, besides spending more time outdoor, are: adsorption, 

electrochemical oxidation processes and filtration [5]. However, those technologies involve physical removal 

(therefore, requiring replacement), cleaning, and disposal of any consumable. Mineralisation of those 
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pollutants into non-hazardous, or at least less hazardous compounds by means of photocatalysis is of great 

promise as a more feasible solution for their removal [6]. Amongst the semiconductor materials used as 

photocatalysts, titanium dioxide (TiO2, titania), is still the most promising to remove harmful gases – Earth-

abundant, high oxidising power and resistance to photocorrosion, non-toxic, and cost-effective material. 

However, being a wide-gap semiconductor, TiO2 needs UVA light for the photocatalytic phenomenon to be 

exploited on its surface [7]. This goes against the usual lighting used indoors: lamps emitting in the visible 

region of the solar spectrum. Furthermore, a recent directive of the European Union states that light emitting 

diodes (LEDs) bulbs, emitting with no UV lines, should replace fluorescent and/or incandescent lamps as 

household room illumination systems [8]. Indeed, there are advantages of LED technology over the classical 

light irradiation sources: they do contain no Hg, they have higher energy efficiency, and have longer life-time 

[9]. Thus, the need to modify titania’s surface for this to absorb visible light, and being active under real 

indoor household conditions, is concrete. Indeed, most of the previous research about photocatalysis and 

visible-light deal with halogen or xenon arc lamps [10], are not compatible with those used in an actual indoor 

environment. Little work has been carried out using common household visible-LEDs so far, the majority of 

the research dealing with organic dyes decolourisation. Ferrari-Lima and colleagues tested the photocatalytic 

activity of N-doped TiO2 and ZnO in aqueous solutions containing benzene, toluene and xylenes using a white 

LED lamp [11]. Douven and co-workers used a near-visible LED light (emission at 395 nm) and TiO2 co-doped 

with nitrogen and iron for the degradation of an organic dye in the liquid-solid phase [12]. A low power LED 

bulb and sulfur-doped TiO2 were used to decolour an organic dye solution [13]. Yet, Vaiano and et al. showed 

that N-doped TiO2 modified with organic up-conversion phosphors was able to decolour a number of organic 

dyes in aqueous suspension using white LEDs [14]. [It has to be stressed that these latter works are not the 

ideal systems to show visible-light photocatalytic activity, as photosentisitation effects may happen [15].] A 

very recent work by Eimer et al. showed that mesoporous nanostructured TiO2 co-doped with iron and 

carbon was effective in the photocatalytic degradation of ibuprofen using visible-LED modules [16]. 

To fill that literature gap, we show that surface co-modification of TiO2 with graphene and copper oxide(s) 

(CuxO) is a promising way to photocatalytically remove benzene and nitrogen oxides (NOx) from the gas-

phase using a white LED bulb typically used in households. In particular, we highlight that 1 mol% copper and 

1 wt% graphene gave TiO2 a stable visible-light induced photocatalytic activity, three times higher than that 

of unmodified titania, and of a carbon-modified commercial anatase too. Copper oxide(s) behaves as visible-

light absorber, while graphene enhances the space charge separation of the photogenerated exciton in that 

hybrid TiO2-based composite. Our material shows therefore potential as an additive to building materials for 

interior use to improve IAQ. 
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2. Results and discussion 

2.1 Microstructural and optical information 

As described in the Experimental Section reported in the Supporting Information material, hybrid copper 

oxide(s) and graphene TiO2 nanoparticles were synthesised following an aqueous sol-gel method [15]. 

Microstructure and crystallographic properties are discussed in detail in [17]. Briefly, X-ray powder diffraction 

(XRPD) analyses showed that copper ions did not enter TiO2 structure. However, together with graphene, 

they hindered the anatase-to-rutile phase transition (ART), and the nucleation and growth of both anatase 

and rutile crystalline domains [17]. Indeed, we previously showed that unmodified TiO2 thermally treated at 

250 °C / 8h consisted of 92.8 wt% anatase, 5.1 wt% rutile, and 2.1 wt% brookite. Anatase fraction increased 

to 94.4 wt%, and 95.5 wt% in Cu-G0.5/250, and Cu-G1.0/250, respectively. Anatase crystalline domains in 

unmodified TiO2 were shown to have an average diameter of 4.4 nm, those of rutile 8.7 nm. The addition of 

copper and graphene led to a smaller size of anatase’s domains, being around 3 nm in Cu-G0.5/250, and Cu-

G1.0/250, respectively. 

The increase in the maximum firing temperature to 450 °C favoured the ART: anatase fraction in unmodified 

TiO2 was 70.8 wt%, whilst rutile accounted for 19.5 wt%, brookite 9.7 wt%. Yet, copper oxide(s) and graphene 

modifications delayed the ART. Anatase fraction increased to 89.6 wt% (rutile being 8.6 wt%), and 89.0 wt% 

(with a rutile fraction equal to 9.8 wt%) in Cu-G0.5/450, and Cu-G1.0/450, respectively. Anatase and rutile 

diameters in unmodified TiO2 were 8.7 nm, and 14.4 nm, respectively. Those in Cu-G0.5/450, and Cu-

G1.0/450 decreased to around 7 nm and 9 nm for anatase and rutile, respectively [17]. XRPD analyses data 

are listed in Table S1 of the Supporting Information material. Figure 1 shows the TEM study performed on 

the sample Cu-G1.0/250. The STEM-ADF micrograph (Figure 1a) shows the superposition of the graphene 

flake and nanoparticles in the same area. The size of the flakes is typically between 500 and 1000 nm. The 

corresponding EELS analysis is shown in Figure 1b. The EELs spectra acquired on the graphene flake shows 

only the presence of the C−K edge, and no edges related to O, Ca and N could be observed in the same 

spectral range. In addition, the C−K edge present characteristic fine structures of carbon materials with a high 

sp2 content [18]. As expected, the EELS spectra acquired on the nanoparticle supported by the graphene flake 

show the presence of the Ti−L2,3 and O−K edges in addition of the C−K edges. Figure 1c shows a HR-TEM 

micrograph acquired on the graphene flake, displaying the high crystalline quality of the flake. Automatic 

indexation of the corresponding FFT (inset of Figure 1c) shows that this belongs to the graphitic basal plane 

seen along the [001] zone axis. Figure 1d displays a HR-TEM micrograph acquired on TiO2 nanoparticles. The 

nanoparticles have a sub-spherical morphology with diameter typically between 5 and 10 nm. 
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Figure 1. Transmission electron microscopy analysis of the sample Cu-G1.0/250. a) STEM-ADF micrograph. The red 
and blue squares highlight the areas used for the acquisition of the corresponding blue and red EELS spectra shown 
on the right. b) EELS spectra acquired on the graphene flake, and on the graphene plus TiO2 nanoparticles area. c) 
Filtered HR-TEM image of the graphene flake. The inset shows the corresponding FFT pattern. c) HR-TEM image of 
TiO2 nanoparticles. 

 

Optical spectra of K7000 and those of unmodified TiO2 are shown in Figure S2. They show a single absorption 

band at around 3.2 eV, which is assigned to the band-to-band transition in TiO2 [19]. Addition of graphene 

and copper oxide(s) gave titania further optical features, as displayed in Figure 2. As also previously shown 

in [17], the strong band centred at approximately 1.5 eV is assigned to d−d electronic transitions in Cu2+ [20]; 

the absorption feature at around 2.75 eV belongs to interfacial charge transfer (IFCT). This is an electron 

transferring from the valence band of TiO2 to both the copper oxide(s) and graphene clusters that are grafted 

at the interface with titania [21,22]. We have previously proven that those latter specimens exhibited 

(reversible) photochromism when irradiated by a white light LED lamp [17]. [This was the same visible white 

LED lamp as that employed in those photocatalytic experiments. 5.0 mW.cm−2 was the radiant flux in the 

photochromic experiments; 5.8 mW.cm−2 that in the gas-phase photocatalytic experiments.] However, while 

photochromism in specimens thermally treated at 250 °C / 8h was mainly due to IFCT (Figure 2a), the P-type 
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change in colour observed in samples treated at 450 °C / 2 h was a visible-light induced photocatalytic colour 

switching. That is: the photogenerated electron in titania’s conduction band was able to continuously reduce 

Cu(II) to Cu(I). This is better shown in Figure 2b: at around 30 min irradiation time an absorption feature 

centred at ~2.25 eV, and belonging to the band-to-band transition of newly formed Cu2O [23], appeared. 

After 300 min visible light irradiation time, the optical features due to IFCT and Cu2+ d−d transitions 

completely disappeared in favour of that belonging to Cu2O. This behaviour influenced the apparent optical 

band-gap (Eg) of the CuxO-graphene modified titania-based materials, Table 1 and Table S2. 
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Figure 2. Pseudo-absorption spectra [absorbance, in Kubelka-Munk (K-M) units, versus 
photon energy] of: a) fresh Cu-G1.0/250, after 30, and 300 min visible light LED 
irradiation. b) Fresh Cu-G1.0/450, after 30, and 300 min visible light LED irradiation. 
The radiant flux per unit area reaching the surface of the specimens was 5.0 mW.cm−2 
in the visible spectral region. Modified from [17]. 

a) 

b) 



7 

 

Table 1 – Apparent optical Eg of fresh and irradiated specimens (hybridised with 1 wt% graphene and 1 mol% Cu), 

estimated according the Tauc procedure. The absolute error in the Tauc plot measurements was ≤ 1%. 

Sample Visible-light LED 
irradiation time, min 

Apparent optical band-gap, eV 

Direct Indirect 

Cu-G1.0/250 0 3.12 2.55 
 30 3.11 2.52 
 300 3.09 2.44 
    
Cu-G1.0/450 0 3.03 2.54 
 30 2.95 2.16 
 300 2.91 1.99 

 

Anatase is reported to have an indirect Eg transition, while rutile a direct band-to-band transition [24]. 

However, our specimens are composed of mixed anatase-to-rutile wt% ratios (cf Table S1). To them, the 

direct Eg transition model would suit better [25]. Given this scenario, the apparent optical direct Eg of 

specimens thermally treated at 250 °C / 8h does not significanty vary with the irradiation time. On the other 

hand, the apparent direct Eg of specimens thermally treated at 450 °C / 2h experienced a red-shift upon 

visible-light irradiation, as listed in Tables 1, and Table S2, enabling visible-light absorption. [This does not 

necessarily correspond to an actual rigid narrowing of TiO2’s Eg, but it might be the consequence of some 

electronic transitions deriving from intra-gap localised levels.] 

The indirect technique of electron paramagnetic resonance (EPR) spectroscopy has been employed to 

examine the role of photogenerated electrons in the studied reacting systems. To this aim, methylviologen 

dication MV2+, a viologen derivative, has been employed. As it is a well-known electron scavenger [26], its 

reduction from diamagnetic MV2+ to paramagnetic MV•+ radical anion can be monitored by EPR spectroscopy. 

Figure 3 displays the relative concentration of EPR spectra (presented as the area of EPR signals) of MV•+ 

radical cation generated upon LED@365 nm exposure in the dimethylsulfoxide (DMSO) dispersion under an 

inert atmosphere. The highest signal was detected in Ti/450. However, the generation of MV•+ radical cation 

in the reacting system with CuxO and CuxO-graphene modified titania-based materials was significantly lower. 

In the Cu/450, Cu-G0.5 /450, and Cu-G1.0/450 systems the photogenerated electron migration from the 

conduction band of TiO2 to the conduction band of CuO is favourable, the reduction of Cu(II) to Cu(I) occurs 

as a consecutive reaction. The lowest signal was detected in Cu-G0.5 /450, which correlates well with our 

previous data, in which the system with TiO2 and 0.5 wt% graphene preferred the kinetics of Cu(II) reduction 

[17]. It has to be noted that reduction has been performed here under an inert atmosphere, to avoid 

consecutive reactions of a photogenerated electron with molecular oxygen, as well as the broadening of the 

EPR signal due to spin-spin interaction with an oxygen molecule. 
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Figure 3. Area of EPR spectra of radical cation MV2+ measured upon LED@365 
exposure (dose 2.7 J.cm–2) in dimethylsulfoxide (DMSO) suspensions of photocatalyst 
under inert atmosphere. Initial concentration of photocatalyst was 0.67 mg.mL–1, and 
MV2+ 0.65 mM. Inset reports the experimental EPR spectrum of radical cation MV•+ 
measured upon exposure (magnetic sweep width = 12 mT) with spin Hamiltonian 
parameters obtained from the simulation analysis: aN(2N) = 0.396 mT, aH(6H) = 0.355 
mT, aH(4H) = 0.098 mT, aH(4H) = 0.127 mT; g = 2.0030. 

 

The photoinduced electron transfer has been also examined in the aqueous system of radical cation ABTS•+, 

which can be reduced to parent diamagnetic molecule ABTS. (Figure 4) This process may be monitored via 

electron absorption spectroscopy due to the presence of selective absorption bands at 735 nm and 415 nm, 

well distinguishable from the absorption maxima of its reduced ABTS (340 nm) and oxidised ABTS2+ (518 nm) 

forms [27]. Light exposure led to a decrease in the absorption maxima at 735 nm and 415 nm, together with 

an increase of that centred at 340 nm. For the system containing G1.0/450 (Figure 4a) and Ti/450 within 20-

minute exposure, the blue-green colour suspension of ABTS•+ changed to a slight yellow one, which 

represents the ABTS form. Thus, the change in colour indicates the effective photoreduction of the radical 

cation ABTS•+. The presence of CuxO and CuxO-graphene modified titania-based material in the aqueous 

ABTS•+ system caused a decreased rate in photoreduction, due to consecutive reaction of photogenerated 

electrons (Figure 4b). In the irradiated aqueous titania dispersions, not only radical cation ABTS•+ is reduced 

to ABTS via photo-electrons, but also via the superoxide radical anions, generated by the reaction of 

molecular oxygen with the photo-electrons. Despite the stability of superoxide radical anions in a protic 

solvent as DMSO, their reaction with photons in aqueous solutions is favourable, and hydrogen peroxide, 

which can be further involved in photocatalytic processes, is being formed [27,28]. Based on the obtained 

results under given experimental conditions, we suppose that the photoreduction of radical cation ABTS•+ 

prevailed in the system with Ti/450. However, the behaviour of reacting systems Cu/450, Cu-G0.5 /450, and 

Cu-G1.0/450 with ABTS•+ upon exposure differs, and the reaction rate of the ABTS•+ photoreduction is lower 
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due to consecutive reduction of Cu(II) to Cu(I). As was mentioned above, hydrogen peroxide may be formed, 

so a Fenton-like reaction in aqueous suspensions can be considered, and the reversible Cu(II) formed could 

again be introduced for being reduced. Despite the anticipated, rather complex mechanism, the results 

obtained correlates well with the proposed photoinduced electron transfer to the CuO conduction band upon 

exposure. 
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Figure 4. Time-course of electronic absorption spectra of ABTS•+ radical cation 
monitored in intervals during 20-minute LED@365 nm exposure in the aerated 
aqueous suspension of Cu-G1.0/450. (b) Half-times of photoreduction of ABTS•+ 

in titania dispersions. Initial concentration of photocatalyst was 0.10 mg.mL–1 and 
ABTS•+ 15 μM; optical path length was 1 cm. 
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2.2 Photocatalytic gas-solid phase results 

2.2.1 Benzene removal 

Visible-light induced benzene removal results, reported as FQE and k’app (first 1 h reaction time), are shown 

in Figure 5. All of the samples were shown to be photocatalytically active, with specimens thermally treated 

at the higher temperature displaying higher photocatalytic activity. TiO2 specimens modified with copper 

oxide(s) and graphene thermally treated at 250 °C / 8h showed a lower photocatalytic activity compared to 

the control specimens (i.e. Ti/250, and K7000). This might be justified by copper being still in its cupric (Cu2+) 

oxidation state, therefore CuO, as described above. Indeed, in such an alignment, the interface between TiO2 

and CuO is organised as a straddling gap (type-I) heterojunction, thus favouring a recombination of the 

photogenerated exciton (Figure 6a). 

On the other hand, specimens thermally treated at 450 °C / 2h all showed higher visible-light photocatalytic 

activity than unmodified TiO2, and commercial K7000 anatase. Specimens hybridised with 1 mol% Cu, and 

0.5 and 1.0 wt% graphene (i.e. Cu-G0.5/450, and Cu-G1.0/450) possessed FQE rates equal to 21.9, and 

30.6×10−10 molecules.photon−1, respectively. Those values are, respectively, around three and four times 

higher than that of Ti/450 (FQE = 6.9 ×10−10 molecules.photon−1), Figure 5c. This is well confirmed by the first 

hour reaction time k’app values, reported in Figure 5d: Ti/450 had an initial k’app value equal to 1.6×10−2 h−1. 

Those of Cu-G0.5/450, and Cu-G1.0/450 were: 3.1, and 4.5 ×10−2 h−1, respectively. 

The optical behaviour of those latter hybridised specimens (Cu-G0.5/450, and Cu-G1.0/450) upon visible-

light irradiation is quite different, as shown in Figure 2b. In them, photocatalytic induced photochromism 

made a swift and continuous reduction of Cu(II) to Cu(I) possible, leading to a regular red-shift in the Eg upon 

visible-light irradiation. Then, the interface between TiO2 and Cu2O is aligned as a staggered gap (type-II) 

heterojunction, thus favouring a spatial charge separation of the photogenerated exciton (Figure 6b). 

Besides, graphene in the hybrids allowed for an increase in both electric transport and thermal conductivity 

[17,29]. This is thermodynamically favourable, as graphene work function (WF) is at 4.5 eV (with respect to 

the vacuum level) [30]. This explains the visible-light induced photocatalytic activity of TiO2 specimens 

modified with CuxO and graphene. 
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Figure 5. Histograms depicting the FQE rates of prepared photocatalysts for benzene removal using the white light LED lamp, for a total 
reaction time of 5 h. a), and c): specimens thermally treated at 250 °C / 8 h, and 450 °C / 2h, respectively. 
Histograms showing the pseudo-first order kinetic constants (first 1 h reaction), k’app. b), and d): specimens thermally treated at 250 °C 
/ 8 h, and 450 °C / 2h, respectively. Reported values are averaged over three consecutive photocatalytic benzene removal tests. The 
error bars represent the standard error over three photocatalytic experiments. 

 

  

b) a) 

c) d) 
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Figure 6. Type-I band alignment for TiO2-CuO heterojunction (a), and type-II 
staggered heterojunction for TiO2-Cu2O (b) shown with respect to the WF of 
graphene. Energy levels of TiO2, CuO, and Cu2O are from Xu and Schoonen 
[31]; the value for graphene WF is from Liang and Ang [30]. The Eg of TiO2 is 
from specimen Cu-G1.0/450. EA and IP stand for electron affinity, and 
ionisation potential, respectively. 
Plots drawn with the MacroDensity python script [32]. 

 

 

An (qualitative and quantitative) identification of all of the intermediates of benzene photocatalytic oxidation 

is well beyond the scope of this work. However, with the available experimental data, together with the 

support of previous literature, we could speculate about (some of) the likely photocatalytic degradation 

products of benzene oxidation. To this aim, we extracted (at selected irradiation times) gas-chromatograms 

from the gas-analyser during the photocatalytic experiments – specimen Cu-G1.0/450, shown in Figure S3. 

At time zero, just before switching the white-light LED lamp on, benzene is virtually the only species inside 

the reacting system (Figure S3a). Once the white LED has been turned on, the photocatalytic reaction started, 

a) 

b) 
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so much so at time t = 0.5 h, the concentration of benzene decreased, and degradation compounds lighter 

than benzene, started appearing (Figure S3b). The molar mass of benzene is M = 78.11 g.mol−1. A recent work 

by Chen et al., by means of in-situ diffuse reflectance infrared Fourier transform spectroscopy over ZnWO4 

nanorods, proposed methylene (CH2, M = 14.03 g.mol−1 ), coming from the breaking of the aromatic ring, as 

a possible initial degradation by-product of benzene photocatalytic oxidation [33]. Ollis and co-authors, by 

means of GC/MS analysis, found carboxylic acids – acetic and formic acid (M = 60.05, and 46.03 g.mol−1, 

respectively) – as intermediates of benzene photocatalytic oxidation over TiO2 [34]. Thus, the presence of 

those intermediates is reasonable here. At t = 2 h, and t = 4 h irradiation time (Figure S3c,d), there is an 

increase in concentration of lighter degradation compounds of benzene. As a result, it is evident that different 

reaction conditions give different reaction mechanisms/paths for the gas-phase photocatalytic oxidation of 

benzene [35]. Yet, a real application requires a stable reuse of the photocatalytic material. Stability of Cu-

G1.0/450 over three consecutive photocatalytic runs is displayed in Figure S4. 

 

2.2.2 NOx abatement 

Given the benzene removal photocatalytic results, de-NOx tests were carried out only with the specimens 

thermally treated at 450 °C / 2h. Results are reported in Figure 7a-d. A photocatalytic de-NOx plot is displayed 

in Figure S5. Cu-G1.0/450 confirmed to be the most active (under white-light exposure) photocatalyst, with 

a FQE value of 3.3×10−3 molecules.photon−1 that is more than twice the removal rate of the commercial 

anatase-based photocatalyst (K7000, FQE = 1.5×10−3 molecules.photon−1), Figure 7a. Indeed, all of the 

synthesised photocatalysts were shown to be more active than K7000 – unmodified Ti/450, being a mixture 

of anatase and rutile TiO2 polymorphs has been shown to be photocatalytically active against isopropanol 

degradation [15]. [Anatase and rutile, also as nanoparticles [36], when in form of a heterojunction are able 

to absorb visible light [37].] Those results are confirmed by the initial (first 2 min of reaction) pseudo-first 

order kinetic constant k’app data, reported in Figure 7b. Cu-G1.0/450 was that having the higher initial de-NOx 

rate, this being equal to 6.8×10−2 h−1 (versus 5.4×10−2 h−1 of Cu-G0.5/450). This is more than twice as higher 

than the k’app rate constant of unmodified titanias (K7000 = 3.1×10−2 h−1; Ti/450 = 2.9×10−2 h−1). However, for 

a photocatalyst to be effective in NOx removal, parameters as selectivity for the formation of ionic species 

and conversion of NO are also important, as NO2 is more hazardous to human beings than NO [38]. If from 

the one hand all of the tested photocatalysts showed to possess very good selectivity toward the formation 

of ionic species (values ranging from 91% in Cu-G0.5/450 to 100% in K7000, Figure 7c), from the other, Cu-

G1.0/450 was that showing the highest NO conversion percentages amongst the whole series, 24% against 

9% of K7000, Figure 7d. Thus, TiO2 surface modification with 1mol% CuxO, and 1 wt% graphene (Cu-

G1.0/450) showed promise to de-NOx properties, limiting the formation of NO2, and improving the selectivity 

to the reaction for N2 evolution. Furthermore, similarly to the benzene removal photocatalytic tests, Cu-

G1.0/450 proved itself to be recyclable also in consecutive photocatalytic experiments, as displayed in Figure 
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S6. Moreover, with the available data, we can fairly speculate that NOx abatement mainly followed the NO 

oxidation path by O2
•− species (formed by the photogenerated electrons in reductive reactions with oxygen 

from the environment) [39]. 
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Figure 7. Histograms showing the de-NOx results in terms of: a) FQE, for a total reaction time of 10 min; b) first 2 min of reaction 
pseudo-first order kinetic constants, k’app; c) selectivity (%) for the formation of ionic species; d) NO conversion (%). The error bars 
represent the standard error over three photocatalytic experiments. 

 

The generation of superoxide anion upon light exposure has been detected via indirect EPR spin trapping 

technique utilising 5,5’-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trap in photocatalyst’s DMSO 

suspensions in the presence of molecular oxygen. Exposure to light of the reacting system (i.e.: 

photocatalyst/DMPO/DMSO/air) led to the formation of four spin-adducts: DMPO-O2
•–, DMPO-OCH3

•, along 

with DMPO-OR• and DMPO-CH3
•. Figure 8 shows the EPR spectrum of Cu-G1.0/450/DMPO/DMSO/air upon 

10-minutes light exposure, along with their spin Hamiltonian parameters, which were obtained from the 

simulation analysis. The superoxide anion has been detected, as its corresponding spin-adduct was the main 

species produced upon exposure (relative concentration ~70%), and it has been formed by the reaction of 

photogenerated electron with molecular oxygen. Methoxy radical originates from the DMSO solvent, which 

reacts with reactive oxygen species (O2
–/OOH or HO) to form the methyl radical and its subsequent 

transformation in a process of rapid reactions with DMPO and molecular oxygen to DMPO-OCH3
 (relative 

b) a) 

c) d) 
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concentration ~13%) [40]. Methyl radical may also be detected, depending on the reaction condition, as 

DMPO-OCH3
 spin-adduct (relative concentration: 7%). The oxygen-centred spin-adduct DMPO-OR (relative 

concentration ~10%) comes from the decomposition of DMSO solvent [40]. The intensity of the EPR signal 

reflected the character of photocatalyst, the highest signal was monitored for reaction systems with Ti/450, 

for the copper- and copper-graphene-decorated titania materials intensity was lower due to electron transfer 

to CuO conduction band and reduction of Cu(II). 
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Figure 8. Experimental (blue circles) and simulated (continuous orange line) EPR spectrum (SW = 8 mT) obtained after continuous exposure 
(LED@365 nm, dose 4.8 J.cm–2), specimen Cu-G1.0/450 in DMSO (c0 = 0.80 mg.mL–1), in the presence of DMPO (c0 = 0.04 M) and air, along 
with hyperfine coupling constants, and g-value. 

 

 

3. Conclusions 

As human beings spend the majority of their time indoors, good indoor air quality standards should be 

guaranteed worldwide. However, poor indoor air causes several adverse health effects and thus should be 

treated as a global interest. Photocatalysis might be a partial response to such a concern. To this aim, we 

have synthesised, by means of a green, clean, and simple sol–gel method, titania modified with copper 

oxide(s) and graphene hybrid nanomaterials. Photocatalytic activity of as-prepared materials was tested 

against two class of pollutants commonly found indoor: benzene as model volatile organic compound, and 

nitrogen oxides. A white-light LED bulb commonly found inside households was employed as the light source. 

We have shown that copper species allowed for the absorption of visible-light. Furthermore, upon visible-

light exposure, Cu(II) is continuously reduced to Cu(I), allowing for the formation of TiO2-Cu2O junction, 

favouring the separation of the photogenerated exciton. Addition of graphene enhanced that electron 

mobility, decreasing the recombination rate of the photogenerated exciton. EPR spectroscopy confirms the 

reduction of Cu(II) to Cu(I), as well as the generation of reactive oxygen species (mainly superoxide radical 

anions) upon light exposure. Results showed that the addition of 1 mol% CuxO together with 1.0 wt% of 
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graphene to TiO2 enabled up to a three-fold increase in the photocatalytic removal of those gaseous 

pollutants, compared to unmodified titania and to a commercially available TiO2. Prepared photocatalysts 

were also shown to be fully recyclable over repeated tests. This makes our material a suitable candidate for 

improving households’ indoor air quality. 
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