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A B S T R A C T   

Modification of TiO2 with copper oxides clusters (CuOx-TiO2) induces visible-light absorption and enhances its 
activity. In this work, we investigated the CuOx-anatase and CuOx-rutile for the photocatalytic oxidation of 
gaseous NH3 under visible light. In contrast with the widely reported results that CuOx-anatase displays higher 
performance than CuOx-rutile in photocatalytic oxidation or reduction, we surprisingly observed that CuOx-rutile 
is able to oxidize NH3 efficiently under visible light irradiation, while CuOx-anatase shows no activity. Further 
characterizations showed that visible-light inclines to drive the VB electrons of rutile TiO2 to CuOx at the 
interface between rutile TiO2 and CuOx, while it drives the electrons of CuOx to anatase TiO2 at interface between 
anatase TiO2 and CuOx. DFT calculations revealed that the interaction between CuOx and TiO2 is markedly 
different in CuOx-anatase and CuOx-rutile, which induces the differences in the electronic distribution of 
interfacial Cu, O and Ti atoms, resulting in the distinct direction of charge transfer.   

1. Introduction 

TiO2 is well-known as an efficient photocatalyst, and TiO2 with 
different crystalline forms (anatase and rutile) is widely employed to 
various photocatalytic reactions [1–4]. Owing to the wide band gap, 
TiO2 can be only activated under ultraviolet (UV) light irradiation, 
which limits its practical applications. Nano-copper oxide clusters 
(CuOx) grafting is recently shown to be a promising way to expand the 
visible-light photocatalytic activity of rutile and anatase TiO2 [5–9]. The 
CuOx-TiO2 has been investigated in many photocatalytic oxidation or 
reduction, such as degradation of organic pollutants, H2 evolution, CO2 
reduction, etc. [5–10]. Anatase TiO2 usually has the higher photo-
catalytic activity under illumination of UV light compared with rutile 
TiO2 due to the wider bandgap and higher surface area [11,12]. Simi-
larly, CuOx-anatase has also demonstrated the higher activity under UV 
and visible light compared with CuOx-rutile [6,10]. 

On the surface of CuOx-TiO2, the photocatalytic reactions are driven 
by visible-light induced interfacial charge transfer (IFCT) process be-
tween CuOx and TiO2 [13–15]. Since TiO2 itself cannot be directly 
excited by visible light, the electron is usually considered to be excited 

from the valence band (VB) to conduction band (CB) of CuOx, and next 
transfers to the CB of TiO2, leading to the charge separation [16,17]. 
Similar scheme was also reported in TiO2-based heterojunctions, such as 
CdS-TiO2, g-C3N4-TiO2, and plasmonic metal-TiO2 [18,19]. In contrast, 
several reports have shown that the direct excitation from the VB of TiO2 
to the metal species might occur under visible-light irradiation in the 
metal-grafted TiO2 [8,13,17]. Hashimoto et al. reveal that the electrons 
in the valence band (VB) of rutile phase TiO2 are excited and migrate to 
MOx (for example, CuOx and FeOx) through the interface between TiO2 
and MOx [13]. It is further supported by detecting reaction in-
termediates, such as trapped holes, trapped electrons, ⋅O2

‑, and H2O2 
[16]. Thus, the direction of the charge migration between CuOx and 
TiO2 is relatively complicated and a further investigation is greatly 
needed. 

In above-mentioned two cases, the generated hole is left in the VB of 
CuOx or TiO2, and the disagreement about the direction of the charge 
migration on MOx-TiO2 should be mainly due to the discrepancy in 
understanding the origin of the holes. Hence, confirming the location of 
hole will contribute to the better understanding of charge separation 
mechanism in CuOx-TiO2. Researches usually use decomposition of 
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model organic pollutants to judge the efficiency of MOx-TiO2 [20]. The 
reported CuOx-TiO2 or FeOx-TiO2 shows excellent activities for oxida-
tion of acetone and degradation of 2-naphthol or other dyes [16,21]. 
Since the active species such as holes, electrons, ⋅O2

-, and ⋅OH are all 
involved in these reactions, the specific role and source of the hole 
cannot be determined. Therefore, it is reasonable to propose that a 
typical oxidation reaction, which is very sensitive to the VB position of a 
photocatalyst, might be more suitable for effectively investigating the 
direction of charge migration on MOx-TiO2. 

Recently, we demonstrated that TiO2-based hole is the key active 
species for the oxidation of NH3 on TiO2-based photocatalysts, and 
therefore NH3 activation can be a good indicator for the presence of 
TiO2-based hole [22–24]. In this study, we prepared the CuOx-grafted 
rutile and anatase TiO2 catalysts, and carefully investigated the impact 
of TiO2 crystalline structures on the charge migration mechanism of 
CuOx-TiO2 by using a hole position sensitive NH3 oxidation probe re-
action, combining with EPR experiments and DFT calculations. We 
found that the charge migration pathway of CuOx-TiO2 is closely 
dependent on the crystalline structures of TiO2, in which at the interface 
between rutile TiO2 and CuOx, visible light drives the VB electrons of 
rutile TiO2 to CuOx, while in case of the interface between anatase TiO2 
and CuOx, visible light is incline to drive the excitation of CuOx, and the 
photoexcited electrons transfer to anatase TiO2. Our findings about the 
IFCT process between CuOx-TiO2 will be very helpful for the deep un-
derstanding of the mechanism of charge migration in MOx-TiO2. 

2. Experiment 

2.1. Synthesis of catalysts 

TiO2 with different crystalline (anatase and rutile) was purchased 
from Aladdin. 1.0 g anatase or rutile TiO2 nanoparticles were dispersed 
into the CuSO4 aqueous solution. The amount of Cu2+ relative to the 
amount of TiO2 sample was 0.3 wt%. The dispersing solution under 
stirring was placed into a water-bath kept at 70 ◦C for 1 h. The obtained 
precipitates were washed with deionized water several times and then 
were dried in an oven at 70 ◦C for 24 h. 

2.2. Activity tests 

The activity tests for NH3 oxidation were performed at room tem-
perature in a flow reactor. 0.1 g of photocatalyst powders in a round dish 
was placed in the center of the reactor. The light source was a 500 W 
commercial Xe lamp (Beijing TrusTech Science and Technology Co., 

China). The concentrations of NH3, NOx (NO, NO2) and N2O were 
simultaneously measured by an online FTIR (Nicolet IS50) equipped 
with 2 m gas cell and a DTGS detector, and N2 selectivity was calculated 
according to the N element balance by the following equations: N2 
selectivity = ([NH3]in – [NOx]out – 2[N2O]out) / [NH3]in. The reactant 
gas was 100 ppm NH3, 20 vol% O2, RH 50% and N2 balance. The volume 
of reactant gas was about 1.5 L. 

2.3. Characterization methods 

Powder X-ray diffraction (XRD) measurements were performed on a 
X’Pert PRO MPD X-ray powder diffractometer (Japan) over the 2θ range 
from 10◦ to 90◦ with a scan step size of 0.02◦. Transmission electron 
microscopy (TEM) images of the samples were taken on a JEOL 2100F 
instrument operating at an accelerating voltage of 200 kV. The UV–vis 
diffuse reflection spectra (DRS) were tested with UV–vis spectropho- 
tometer (U-3310, Hitachi) using Al2O3 as a reference. The X-band 
electron paramagnetic resonance (EPR) spectra were measured at 90 K 
using a Bruker E500 EPR spectrometer. The photoelectrochemical 
measurements were conducted on CHI 630B workstation and a saturated 
Ag/AgCl electrode and a platinum plate were used as the reference 
electrode and the counter electrode, respectively. 

2.4. Computational methods 

The calculations about interaction of CuOx with the (101) surfaces of 
anatase or (110) surface of rutile TiO2 was performed with code VASP. 
The Perdew-Burke-Ernzerhof (PBE) GGA exchange-correlation func-
tional was applied. A periodic slab with 2 × 2 surface unit cells for (101) 
surface of anatase TiO2 and (101) surface of rutile TiO2 was used. The 
models contain 108 atoms for (101) facets of anatase TiO2 and 108 
atoms for (110) facets of rutile TiO2. The bottom two layers of Ti and O 
were fixed in the process of structure optimization. The vacuum gap 
thickness was 15 Å. Gamma centered k-point meshes of 2 × 2 × 1 were 
employed. Structures were relaxed until the forces acting on each atom 
were smaller than 0.02 eV/Å. 

3. Results and discussion 

3.1. Activity tests for photocatalytic oxidation of NH3 

The photocatalytic activity for oxidation of NH3 was firstly tested. As 
shown in Fig. 1, under UV irradiation, both CuOx-anatase and CuOx- 
rutile show much higher activity compared with pure anatase and rutile 

Fig. 1. Photocatalytic oxidation of NH3 under UV (a) and visible light (b) over different samples. (100 ppm NH3, 20 vol% O2, RH 50% and N2 balance).  
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TiO2. The CuOx-anatase is more active than CuOx-rutile under UV light 
irradiation (Fig. 1a), and the NH3 conversion over CuOx-anatase can 
reach above 95% in 20 min, while only 60% over CuOx-rutile. Notably, 
in the case of visible light irradiation, we surprisingly observed a 
completely different activity order between CuOx-rutile and CuOx- 
anatase, relative to that of under UV irradiation. The CuOx-rutile ex-
hibits excellent performance towards NH3 oxidation, while no any NH3 
conversion is observed at all on CuOx-anatase (Fig. 1b). We have 
measured the produced NOx and N2O during the reaction over CuOx- 
rutile under visible light and the results are presented in Fig. S1. It is 
shown that no NO and NO2 was detected and about 12 ppm N2O is 
produced, and hence the selectivity of NH3 to N2 was calculated to be 
about 76%. The influences of Cu precursor, Cu loading amount and 
calcination temperature on the activities of CuOx-rutile were also 
investigated (Figs. S2–S4). It is shown that the optimal loading of Cu is 
0.3 wt%, and the counterions of the Cu precursors such as chlorine, 
nitrate and sulfate have no clear impacts on the activity. The drastic 
different performances between CuOx-rutile and CuOx-anatase strongly 
indicates that there is a distinct mechanism of charge migration on 
CuOx-rutile and CuOx-anatase under visible light irradiation. 

3.2. Structural characterizations 

The structure of CuOx-rutile and CuOx-anatase were next investi-
gated. X-ray diffraction (XRD) analysis shows that CuOx-anatase and 
CuOx-rutile contain the typical anatase and rutile crystalline phases, 
respectively (Fig. 2). The TEM images display that the CuOx clusters are 
uniformly distributed on rutile or anatase TiO2, and the sizes of the CuOx 
clusters in both samples are approximately 1–2 nm (Fig. 3). XPS analysis 
was employed to further detect the chemical states of the surface CuOx. 
As shown in Fig. S5, both CuOx-anatase and CuOx-rutile exhibit two 
peaks of Cu 2p1/2 (952.9 eV) and Cu 2p3/2 (933.1 eV), which are 
assigned to Cu2+ [5,25]. We further conducted an EPR experiment to 
explore the chemical state of CuOx. The EPR signal with the g factor of 
2.394 is dominant on CuOx-anatase and CuOx-rutile (Fig. S6), and this 
signal is ascribed to Cu2+ species. Thus, the formed amorphous CuOx 
mainly exhibits the state of Cu (II), which is well consistent with the 
results previously reported [26,27]. Furthermore, the Cu 2p XPS spectra 
of the CuOx-rutile and CuOx-anatase after reaction were also measured. 
As shown in Figs. S7 and S8, the CuOx species remained in Cu2+ state on 
the tested samples, indicating that the chemical properties of CuOx do 
not change after reaction. 

3.3. Photo-electrochemical measurement 

The UV–vis diffuse reflectance spectra (DRS) of the rutile TiO2, CuOx- 
rutile, anatase TiO2 and CuOx-anatase samples were measured and 
compared, and the spectra are displayed in Fig. S9. The pristine rutile 
and anatase TiO2 show no obvious visible light absorption. After the 
CuOx species are grafted, the absorption intensities of both CuOx-rutile 
and CuOx-anatase are increased in the visible light range, indicating that 
CuOx clusters on rutile or anatase TiO2 introduce visible light absorp-
tion. To show the origin of the visible light absorption, we further 
compared the UV–vis diffuse reflectance spectra of CuOx-rutile and 
CuOx-anatase with rutile and anatase TiO2 as background, respectively. 
As shown in Fig. 4, CuOx-rutile has strong absorption in 420–500 nm 
with a maximum at around 475 nm and 700–800 nm in visible light 
region, however, the dominant absorption of CuOx-anatase in visible 
light region is in the range of 700–800 nm. Evidently, the absorption in 
700–800 nm on CuOx-rutile and CuOx-anatase stems from the d-d exci-
tation of CuOx [28]. The absorption of 420–500 nm on CuOx-rutile 
should not originate from the individual excitation of TiO2 or CuOx, and 
it may be caused by direct charge transfer from valance band of rutile 
TiO2 to CuOx nanoparticle (see below for more discussion). Other optical 
properties such as photocurrent and EIS were also measured. Consistent 

Fig. 2. X-ray diffraction pattern of CuOx-rutile and CuOx-anatase.  

Fig. 3. The TEM image of CuOx-rutile (a) and CuOx-anatase (b).  
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with the results about activity tests, the CuOx-rutile possesses higher 
photocurrents and the lower electrochemical impedances, compared 
with CuOx-anatase under visible light irradiation (Figs. S10 and S11). In 
contrast, CuOx-rutile possesses lower photocurrents and the higher 
electrochemical impedances compared with CuOx-anatase under UV 
irradiation (Figs. S12 and S13). These findings further suggest that 
CuOx-rutile and CuOx-anatase may have completely different photoex-
citation pathway under visible light. 

3.4. Mechanism discussion of charge migration on CuOx-TiO2 

As reported, the decomposition of model organic pollutants is 
frequently used to judge the efficiency of CuOx-TiO2, for instance, the 
CuOx-TiO2 or FeOx-TiO2 shows excellent activities for oxidation of 
acetone and degradation of 2-naphthol or other dyes [13,29–34]. Since 
the active species such as holes, electrons, ⋅O2

-, and ⋅OH are all involved 
in these reactions, the specific role and source of the hole cannot be 
determined. Previous studies and our recent reports have confirmed that 
NH3 oxidation is a hole-position sensitive reaction, and the activation of 
NH3 by hole into NH2 radical is the activity-determining step [22–24], 

which means that an active visible-light photocatalyst for NH3 oxidation 
should have a low valence band (VB) edge with high oxidation potential. 
For instance, semiconductor with low VB position, such as TiO2, 
Ag3PO4, and WO3, is able to oxidize NH3 when they are photoexcited 
under suitable irradiation [23]. The distinct performances in NH3 
oxidation between CuOx-rutile and CuOx-anatase suggest that visible 
light might excites electrons from VB of rutile to the CuOx, then holes in 
VB of rutile TiO2 are capable of oxidizing NH3. By contrast, visible light 
might only excite electrons from VB of CuOx to CB of CuOx on anatase 
TiO2, then holes in VB of CuOx cannot oxidize NH3. 

EPR is a powerful tool to detect the photo-excited holes and electrons 
of TiO2 and to investigate the chemical changes of CuOx species under 
UV or visible light irradiation [7,16,28]. Fig. 5 show that the EPR signals 
of Cu2+ in CuOx-rutile and CuOx-anatase became broader in the dark, 
probably due to the inhomogeneity of the chemical structure sur-
rounding Cu2+ ions. Upon visible light irradiation, the Cu2+ signal 
decrease in the case of the CuOx-rutile, and a small signal at g = 2.010 
ascribed to trapped holes in the VB of TiO2 is observed. The similar 
signal is also observed under UV irradiation. However, the Cu2+ signal in 
CuOx-anatase has no changes upon visible light irradiation, and no 
signal of trapped holes is observed. When the visible light was switched 
to UV irradiation, the Cu2+ signal on anatase decrease and the signals of 
trapped holes appear. The decrease of Cu2+ signal is associated with the 
appearance of trapped holes, corresponding to the excited electrons 
from the VB of TiO2 to the surface of CuOx. Hence, we confirm that on 
the interface of CuOx and rutile TiO2, electrons are excited from VB of 
rutile TiO2 to the CuOx under visible light, while in case of the surface of 
CuOx and anatase TiO2, the VB electrons of anatase TiO2 are not excited 
under visible light irradiation. 

The different photocatalytic charge separation process in semi-
conductors would induce the formation of distinct reactive species, such 
as hydroxyl radical (⋅OH) and superoxide radical (⋅O2

-), etc. [35,36]. We 
next measured the related active species on CuOx-rutile and CuOx--
anatase under visible light. Fig. 6a show that 4 strong characteristic 
peaks of the DMPO-⋅OH adducts appear in CuOx-rutile under visible 
light, while the DMPO-⋅OH adducts signal of Cu-anatase is very weak 
under same conditions, indicating that the large amount of ⋅OH species 
are formed on CuOx-rutile, but it is extremely low on CuOx-anatase. The 
⋅O2

- species are typical radicals through activating O2 molecules by the 
photoexcited electrons [37,38], and the DMPO-⋅O2

- species in acetoni-
trile dispersions were also measured under visible light irradiation 
(Fig. 6b). Both CuOx-rutile and CuOx-anatase has strong DMPO-⋅O2

- 

species signal, indicating electrons from CB of CuOx or CB of anatase 

Fig. 4. UV–vis diffuse reflectance spectra of CuOx-rutile and CuOx-anatase with 
rutile and anatase as background, respectively. 

Fig. 5. EPR spectra of CuOx-rutile (a) and CuOx-anatase (b) measured at 77 K under vacuum with visible light or UV irradiation.  
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TiO2 all can efficiently activate O2. The results of DMPO-⋅OH adducts 
and DMPO-⋅O2

- adducts further reveal that the sources of excited hole 
are different on the CuOx-rutile and CuOx-anatase under visible light. 
The holes on CuOx-rutile are from the low VB of TiO2, and it is capable of 
producing the ⋅OH radicals. In contrast, the holes on CuOx-anatase are 
from the VB of CuOx, and it can not oxidize the H2O to ⋅OH radicals. 

DFT calculations were next carried out to further explore why charge 
separation process greatly depend on the crystalline structure of the 
TiO2. Fig. 7 presents the optimization structures of CuO-anatase-101 and 
CuO-rutile-110. It is shown that Cu atom in CuO is bonded with the 
surface bridge oxygen (O2) of TiO2, and O1 in CuO is bonded with Ti1 in 
both CuO-anatase-101 and CuO-rutile-110 interfaces. The interfacial 
Cu–O2 and Ti1–O1 bonds between CuO and anatase-101 surface have 
a distance of 2.02 Å and 1.79 Å, while Cu–O2 and Ti–O1 bond be-
tween CuO and rutile-110 surface have a distance of 1.83 Å and 1.75 Å. 
The adsorption energy between CuOx and different crystalline TiO2 was 
then calculated. The adsorption energy is − 3.14 eV and − 3.43 eV for 
CuO adsorption on anatase and rutile TiO2, respectively (Fig. 4a), 
indicating that the interaction between CuOx and rutile TiO2 is stronger 

than that of CuOx and anatase TiO2. The Bader charge was further 
analyzed, and the results are shown in Fig. 4c. When CuO is adsorbed on 
anatase-101 surface, the Bader charge of interfacial Ti1 is reduced from 
9.86 to 9.79, while the Bader charge of the surface bridge oxygen shows 
no significant change, indicating that the interaction between CuO and 
anatase is mainly related to the interaction of interfacial Ti and the 
oxygen in CuOx. Hence, the interfacial charge transfer between CuO and 
anatase TiO2 should occur in the interfacial Ti and the oxygen in CuOx, 
specifically, visible light inclines to drive the electrons of interfacial O in 
CuOx to the interfacial Ti in anatase-101. Interestingly, in case of CuO- 
rutile-110, the Bader charge of interfacial Ti has no significant change 
after CuO adsorb on rutile-110, while the Bader charge of the surface 
bridge oxygen is increased from 6.98 to 7.08, indicating that the inter-
action between CuO and rutile TiO2 mainly stems from the interaction of 
surface bridge oxygen and interfacial Cu in CuOx. Therefore, the charge 
transfer in CuO-rutile-110 takes place in a opposite mode compared with 
that of CuO-anatase-101, that the visible light inclines to drive the 
electrons of surface bridge O in rutile-110 to the interfacial Cu in CuOx. 

The strong interaction between noble metal and metal oxide, such as 

Fig. 6. DMPO spin-trapping EPR spectra measured at 303 K after 5 min visible irradiation in aqueous solutions (a) and acetonitrile (b) over different samples.  

Fig. 7. The optimization structures of CuO-anatase-101 and CuO-rutile-110 (a, b) and Bader charge before and after CuO adsorbed on anatase and rutile (c).  
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Au, Pt and Pd supported on TiO2, FeOx and CeO2, etc. [39–42], has been 
widely investigated in the field of catalysis, and it is shown to greatly 
influence the catalytic activity and selectivity. Additionally, the inter-
face of metal and oxide has been also identified as active site in catalytic 
oxidation or reduction reactions [43–45]. Our present results show that 
the interaction between MOx and TiO2 is also the key factor determining 
the direction of charge transfer in CuOx-TiO2. Since the interactions 
between CuOx and TiO2 in CuOx-anatase and CuOx-rutile are much 
different from each other, the electronic distributions of interfacial Cu, O 
and Ti atoms are markedly different, and then inducing the distinct di-
rection of charge transfer. 

4. Conclusions 

In summary, by using a hole-position sensitive NH3 oxidation as 
probe reaction, we found a usual photocatalytic phenomenon that CuOx- 
anatase shows better activity than the CuOx-rutile under UV, and an 
unusual phenomenon that CuOx-rutile shows activity, while no activity 
was observed on CuOx-anatase under visible light. In combination with 
EPR and DFT calculations, we discovered that the crystalline forms of 
TiO2 remarkably influence the charge separation of CuOx-TiO2 due to 
the different interactions between CuOx and TiO2 in CuOx-anatase and 
CuOx-rutile, resulting in the distinct direction of charge transfer. The 
detailed processes of charge separation are presented in Scheme 1. On 
the interface of CuOx and rutile TiO2, the electrons of rutile TiO2 are 
transferred from VB directly to the CuOx under visible light irradiation. 
Due to the low VB postion of TiO2, the left holes have high oxidition 
potential and therefore could efficiently oxidize NH3. On the interface of 
CuOx and anatase TiO2, visible light irradiation can only drive the 
excitation of CuOx itself. The left holes of CuOx have low oxidition po-
tential and therefore cannot oxidize NH3 due to the high VB postion of 
CuOx. This work provides a facile probe oxidation reaction to intensively 
study the mechanism of charge migration in CuOx-TiO2 and the findings 
will contribute to a deeper understanding of the basic photocatalytic 
process. 
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