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We  report  the  enhanced  photocatalytic  activity  of  TiO2 by  the  surface  decoration  of  CoO  nanoparticles
to  degrade  paraoxon.  The  CoO  nanoparticles  are  precipitated  in  situ  during  heat  treatments  of  Co doped
amorphous  TiO2 and  enhance  the  degradation  by 11–24  times  that  of  pure  TiO2 or  Rh2O3–TiO2 or  the
oxide  nanoparticles  under  white  light  (natural  sunlight  and  fluorescence  light).  The  enhanced  activity  is  a
combined  result  of visible  light  absorption  by  CoO  and  effective  electron-hole  separation  at  the  CoO–TiO2
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. Introduction

Titanium-dioxide (TiO2) is often used for photocatalysis to
egrade organic and biological substances [1–5] due to its stabil-

ty and cost. TiO2 is not efficient in sunlight limiting its use under
V irradiation, which accounts for 5% of solar spectrum. There
ave been various approaches to improving visible light response
f TiO2, for example, by attaching photosensitizers to TiO2 sur-
aces, doping (bandgap reduction), induce new states within the
andgap [6–8]. Photosensitizers suffer from photo corrosion and
re not as stable as TiO2. Although doped TiO2 can operate in the
isible region, but its photocatalytic activity is far lower than that
f unmodified TiO2 under UV irradiation. Furthermore, doping can
lso reduce the activity of TiO2 under UV irradiation because the
oped species could act as recombination centers [7,9,10]. In recent
ears we demonstrated the effectiveness of sonosynthesis to pre-
are pure and doped TiO2 [10–12]. The use of pure TiO2 for water
urification and the removal of pesticides (e.g., paraoxon and p-

itrophenol) has been previously demonstrated [4,13–15]. Here
e demonstrate that CoO–TiO2 is photocatalytically active using

unlight or fluorescent light instead of ultraviolet light.

∗ Corresponding author. Fax: +1 505 213 7106.
E-mail address: fcrobles@uh.edu (F.C. Robles Hernández).

1 Authors with similar contribution.

ttp://dx.doi.org/10.1016/j.apcatb.2015.09.047
926-3373/Published by Elsevier B.V.
The chemical paraoxon, an organophosphate, is a potent
neurotoxin and has been extensively used as an insecticide.
Most organophosphorus pesticides are vinyl ester derivatives of
phosphates and have been widely used as insecticides and chem-
ical warfare agents [16] that has accumulate in the soil and
it is now a major health concern [17]. The organophosphates
are cholinesterase inhibitors and irreversibly bind to acetyl-
cholinesterase (AChE) and rendering it inactive [18]. Inactive AChE
prevents the degradation of acetylcholine can quickly kill by caus-
ing convulsions, brain seizures, respiratory failure etc. [18,19].
Several methods have been used to destroy these toxic compounds,
including chemical hydrolysis, incineration and microbial enzy-
matic degradation by microbial enzymes [20,21].

In the present work is demonstrated a new catalyst that has
enhanced efficiency when compared to pure TiO2. This enhance-
ment is the result of the precipitation (decoration) of nanoparticles
(e.g., CoO) on the surface of TiO2. Metallic cations are added as
dopants (Co and Rh) and they precipitate in amorphous TiO2 dur-
ing the synthesis. The novelty presented herein is the use of heat
treatments to promote “back-diffusion” of the cations allowing
to control the particle size within the nanometric range (CoO or
Rh2O3). A variety of nanostructure precipitates are used to enhance

the photo-catalytic efficiency of TiO2; yet, CoO seem to be the most
effective. The photocatalytic degradation of paraoxon is used as

dx.doi.org/10.1016/j.apcatb.2015.09.047
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
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tandard benchmark reaction to demonstrate the enhancement
enefits CoO nanoparticles on TiO2.

We have chosen paraoxon as a benchmark and for its known
esistant to degradation. At the current state we do not propose
ur photocatalyst as a solution for soil treatment or remediation;
nstead, we are demonstrating that CoO nanoparticle decorated
iO2 are highly effective in the absence of intense UV light and
ay result effective for fresh water sources (e.g., rivers, lakes, water

reatment, etc.). We  also show our unique method to synthesize
uch hybrid catalyst.

. Experimental

.1. Catalyst synthesis

The chemicals used in the present work are described in Table 1,
nd a complete list of chemicals to produce all catalysts tested
s provided in the supplementary material (SM). We  tested the
ollowing catalysts: pure TiO2, Al–TiO2, C–TiO2, CoO–TiO2, �-
e2O3–TiO2, and Rh2O3-TiO2; but in the interest of brevity the
ain text focuses only TiO2, CoO–TiO2, and Rh2O3–TiO2. The sto-

chiometry of the nanoparticles that decorate TiO2 is taken from
ur previous work [22]. For the sonosynthesis De-ionized water
30 ml)  is added drop wise to 150 ml  of titanium isopropoxide
Ti[OCH(CH3)2]4) during sonication. The temperature in the son-
cator is set to 40 ◦C via water cooling. The dopant agents are dosed
eparately from water; however, they are added through the syn-
hesis to secure its integration with TiO2.

The results presented here correspond to pure TiO2 and with
.1 at% additions of Co, or Rh. The sonication was assisted by a Mis-
nix S-2000 apparatus operated with micro-tip using amplitude of
00%, 20 kHz for 30 minutes delivering 25 j/s. The resulting colloid
as dried on a hot plate at 60 ◦C for 24 hours. The dry powders are

iO2 with organic residue; the drying step is concluded when the
owder attains a loose appearance. The organic residue is removed
y deionized water wash, which is repeated 10 times. Each wash

s accompanied by a draining procedure performed via micropore
lter paper on a funnel-flask with an applied vacuum pump. The
owders are dried a final time before they are heat treated.

.2. Heat treatment

The heat treatments were monitored via thermal analysis using
 workstation consisting of a high-speed-high-resolution National
nstruments data acquisition system (cFP 1804, Austin, TX) and a
ersonal computer set to 10 readings per second. The pure TiO2,
o–TiO2 and Rh–TiO2 were heat treated at 300 and 800 ◦C for 12 h

n a tube electric resistance furnace in open air conditions.

.3. Characterization

The XRD characterization was conducted on a SIEMENS Diffrac-
ometer D5000 equipped with a Cu target; the K� characteristic has

 � = 0.15406 nm.  The scanning electron microscopy (SEM) obser-
ations were carried out on a FEI XL-30FEG in secondary electrons
ode. The samples were prepared by depositing the powders on

raphite tape and coating with gold. High Resolution Transmis-
ion Electron Microscopy (HRTEM) was conducted on a JEOL 2000
X operated at 200 kV and the samples were done adding a pinch
f powder onto 3 ml  of ethanol that was sonicated for 1 min  fol-
owed by sedimentation until the liquid is clear. Two drops of the
uspension were deposited on a Cu grid (300 mesh).
Raman spectroscopy was conducted on an XploRATM apparatus
sing a green laser (532 nm)  with a spot size is 1 �m and a reso-

ution of 0.5 cm−1. UV–vis was conducted to obtain the bandgap
hat was calculated using a modified Kulbeka–Munk method [23].
nvironmental 182 (2016) 449–455

The samples for Raman and optical spectroscopy were prepared by
adding 0.01 g of powder in 20 ml  of de-ionized water. The mix  was
subjected to sonication for 10 min  using an intensity of 25 j/s. The
resulting suspension was  deposited on fused silica glasses (4 mm in
diameter) that were dried on a hot plate at 60 ◦C for 2 h. The process
was repeated 5 times to thicken the films. Pictures of the sonicated
suspension (water-catalyst) are presented in the SM1  showing that
the catalyst can be suspended on water for 8 h or more. The amounts
of catalyst for the degradation test and for the samples used for the
UV–vis test may  vary; nonetheless, we can confirm that some of
the catalyst is suspended during the degradation test.

2.4. Catalytic degradation of paraoxon

The catalysts were tested the degradation of the organophos-
phate compound paraoxon into the by-product p-nitrophenol
(PNP) under two lighting conditions: (i) natural sunlight and (ii)
fluorescent light. The spectra for both, are included in the SM 2.
The samples were prepared in sterile 14 mL  falcon tubes with 10 mL
of sterile carbon supplemented media (CSM). The selection of the
minimal media CSM as a resuspension agent follows the exper-
imental method previously employed by Iyer et al. [24,25] where
the concentration of paraoxon is measured by means of UV–vis. This
is a well established method that we  have been using for several
years and was  reported in our previous publications [24,25]. The
amount of catalyst added in every case was 0.5 g. The concentra-
tion of paraoxon was 100 �g per mL  of CMS  for a final concentration
of 2 mg  of paraoxon/gram of catalyst. The tubes were then sealed
and vortexed for approximately 10 s. The vortex time sufficient
to suspend the catalyst; although, some particles may  precipi-
tate.

For the sunlight lighting conditions, the sample tubes were
placed on a bench top adjacent to an exterior facing window (sun-
light spectra is available in the SM 2a). The fluorescent light was
carried in a close container to isolate any interaction with sunlight
or any other source. The light spectra for the fluorescent source
is available in SM 2b. The temperature during the procedures was
remained constant at approximately 29 ◦C for both lighting condi-
tions.

For the degradation analysis a 500 �L aliquot was collected from
each tube at designated times from Day 0 to Day 6 (approx. 144 h).
Each time an aliquot is taken, the remaining sample is vortexed
again to ensure that the catalyst is suspended again for the rest
of the test. The aliquot was centrifuged at 13,400 rpm for 2 min at
room temperature; the supernatant was  read at 200 �L per well,
in duplicate, by plate spectrophotometry in a wide spectrum scan
between 230 and 1000 nm by Tecan UV–vis plate spectrophotome-
ter.

3. Results

3.1. Materials: synthesis and characterization

Fig. 1 shows characterization of pure TiO2 and with Co and Rh
additions in the as synthesized and heat treated conditions using
SEM, XRD, and Raman spectroscopy. The grain size was calculated
using the Sherrer method [26,27]. For the three samples in the as
synthesized conditions the grain is sub-nanometric, hence quasi-
amorphous and this is in agreement with Fig. 1d. On the other
hand, for the pure TiO2 and with Co or Rh additions for the heat
treated samples between 300 and 800 ◦C for 12 h the grain sizes

vary from 1.5 to 5 nm respectively (Fig. 1e–f). Thermal analysis
results demonstrate that using sonochemistry the crystallization
of the powders to anatase occurs at relatively low temperatures
(e.g., 100 ◦C [11]). The diffraction pattern for pure TiO2 heat treated
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Table  1
Chemical agents used in the present work with their respective purity and vendors.

Name Formula Purity(wt%) Vendor

Titanium isopropoxide Ti[OCH(CH3)2]4 97.00 Sigma–Aldrich

Agents
Cobalt (III) Fluoride CoF3 99.99 Sigma–Aldrich
Rhodium (III) nitrate ∼36wt% rhodium Rh(NO3)3 99.99 Sigma–Aldrich

Paraoxon (pesticide)
Paraoxon O2NC6H4OP(O)(OC2H5)2 98.9 Supelco
Acetonitrile C2H3N 99.5 Fluka
CSM: Carbon Selective
Media (prepared in lab,
sterilized by autoclave)

De-ionized water 94.5 mL
1  M NTA 200 uL Sigma–Aldrich
20% (w/v) MgSO4 7H2O 100 uL Sigma–Aldrich
4%  (w/v) Ca(NO3)2

0.5% (w/v) FeSO4 6H2O 100 uL Sigma–Aldrich
Phosphate Buffer 100 uL Sigma–Aldrich
Solution (Stock solution) 5 uL Sigma–Aldrich
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ig. 1. Characterization of the as synthesized and heat treated samples by means of (
n  the following conditions: (a,d,g) As synthesized samples, (b,e,h) samples heat tre
pper  left letters (A or R) denote anatase or rutile respectively.

t 300 ◦C shows the presence of pure anatase. The phase transfor-
ation observed during the heat treatments are in agreement with

eferences [28–30].
The transformation to rutile is initiated above 300 ◦C and com-

letes above around 500 ◦C, but this also depends on the additions
e.g., Co, Rh) [11,31]. The heat treated sample (CoO–TiO2) at 300 ◦C
s mainly anatase with 5 ± 2 wt% rutile. The Rh2O3-TiO2 sample
as approximately 70 ± 5 wt% anatase and up to 30 ± 5 wt% rutile.
herefore, we can say that both, Co and Rh, are rutile promoters,

nd Rh is more effective.

The samples heat treated at 800 ◦C possess higher crystallinity
nd in all cases are pure rutile (Fig. 1f); unfortunately, the parti-
EM, (d-f) XRD and (g–i) Raman Spectroscopy. The results correspond to the samples
t 300 ◦C and (c,f,i) samples heat treated at 800 ◦C. Note: In the Raman spectrum the

cles are coarser. Therefore, we  decided to use the materials heat
treated at 300 ◦C because they allow proper crystallization of TiO2,
but prevent undesirable coarsening. At the same time with this heat
treatment it is possible to synthesize key cobalt and rhodium oxides
semi-conductors with unique co-photocatalyst enhancement. This
is a unique process where the TiO2 is decorated with effective co-
photocatalytic particles of CoO or Rh2O3.

Fig. 1a–c are SEM images for the as synthesized and heat treated
materials respectively. The SEM micrographs indicate the coars-

ening evolution for pure TiO2 and the densification effects by the
higher temperature during heat treatment. The particle growth
during coarsening goes from irregular into faceted with sharp
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ig. 2. Bandgap results of the (a) as synthesized and heat treated TiO2 with Co addi
nd  (c) CoO–TiO2 heat treated at 800 ◦C. Notice in (b and c) are shown more than on

dges implying higher crystallinity with reduced surface area.
he irregular appearance in the as synthesized TiO2 is attributed
o incompleted stoichiometries and potentially a lack of oxygen.
gain, this implies that the best candidate if the material heat

reated at 300 ◦C.
The Raman characterization of the heat treated samples for as

ynthesized CoO–TiO2 shows an intense Eg(2) band. This band is
ell resolved due to a short to mid-range order [11]. Other identifi-

ble Raman bands (Fig. 1g-i) for anatase are: Eg, B1g, and the doublet
2g. The Eg mode shows three bands at 151, 193 and 630 cm−1,
hile the B1g, A1g and B1g are at 400, 508 and 512 cm−1 respec-

ively [32]. When anatase is nanostructured the Eg band (144 cm−1)
hows a red shift, based on the results from [33,34]; the grain size
n our materials is 5 nm that is in agreement with XRD results. The
s synthesized Rh2O3-TiO2 sample is almost amorphous; we  can-
ot calculate its grains size and we can only assume that is smaller
han that in CoO–TiO2 (Fig. 1d).

All heat treated samples exhibit second order Raman scattering
t about 240 cm−1 and a shoulder at around 685 cm−1 that are typ-
cal of rutile [35]. The CoO–TiO2 sample fully transforms into rutile

hen heat treated at 800 ◦C and is confirmed with the Raman bands
hat are identical to those reported in [35]. The Raman intensity in
h2O3–TiO2 heat treated at 800 ◦C decreases considerably due to
he surface decoration of the Rh2O3 precipitated along the TiO2
articles. The Rh2O3 blocked laser beam, preventing the identifica-

ion of TiO2. Yet, XRD clearly identifies the TiO2 as pure rutile with
he following lattice parameters: a = 0.459 and c = 0.295 nm that are
imilar to those reported in [36]. Here is important to clarify that
he Co and Rh additions are dopants in the as synthesized (amor-

Fig. 3. Sketch of the chemical degradation of paraoxon on to o,o-diethylp
The Figures in (b–c) are the bandgap results for (b) pure TiO2 heat treated at 500 ◦C
dgap that is due to the presence of multiple phases typical of TiO2 and CoO.

phous) samples, but during the heat treatment they form oxide
precipitates that decorate TiO2.

Fig. 2 illustrates the bandgap values for the TiO2 and CoO–TiO2
samples. The values reported for the bandgap in the as synthe-
sized TiO2 is comparable to that in our previous work (2.8 eV
[11]) that is evidently lower than that presented in commercial
sources (3.0–3.2 eV [37]). This difference is due to incomplete stoi-
chiometries. Similar results have been reported in rutile/anatase
heterojunctions with values of 2.78 eV [38], but in our case we
attribute this change to dangling bonds and in samples above 500 ◦C
show only the bandgap for rutile (3.1 eV).

The CoO–TiO2 has three absorption bands (Fig. 2c). One of those
corresponds to TiO2 and the other two  are for CoO. The respective
bandgap analysis is given in Fig. 2c. The two  bandgap values at
1.71 ± 0.04 eV and 2.45 ± 0.05 eV match those reported previously
for CoO [39]. In the Rh2O3–TiO2 sample we  also identified more
than one bandgap (2.38 and 2.7 eV) for Rh2O3 that are comparable
to those reported in the literature. [40]. Again, the presence of the
Rh2O3 nanoparticles prevented the precise determination of the
bandgap on TiO2, which we  assume is identical to that shown in
Fig. 2 for pure TiO2.

3.2. Catalysis: chemical principles

Fig. 3 shows the degradation sequence of paraoxon by the cat-

alytic effect of TiO2. The degradation is initiated when the paraoxon
is decomposed into the p-nitrophenol and diethyl phosphate (DEP).
This degraded species are important due to their limited toxic-
ity that is two orders of magnitude less than paraoxon [41]. Here

hosphate + p-nitrophenol by the catalytic effect of the doped TiO2.
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Fig. 4. Catalytic degradation of paraoxon using various catalyst and a control sam-
ple. The efficiency of the Co-TiO2 is clearly evident when compared to the other
tested samples, the experiment presented herein was carried for 1 day under sun-
light conditions. Furthermore, the control sample do not show evidence of the
degraded species.
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ig. 5. Results of photocatalytic degradation of paraoxon using pure TiO2, CoO–TiO2,
nd  Rh2O3–TiO2 for duration between 1 and 6 days.

e investigate the rate of paraoxon degradation by the directly
orrelated spectroscopic quantification of p-nitrophenol. The p-
itrophenol is further degraded into p-benzoquinone [13,42–44].

.3. Catalysis: degradation of paraoxon

The initial experiment deomonstrated that using a concentra-
ion of 2 mg  of paraoxon/gram of catalyst was ideal to carry the test
resented herein.

Fig. 4 shows the UV–vis absorbance curves indicating the degra-
ation efficiency for various catalysts after 1 day of test under
unlight conditions. The degradation detection is conducted by ana-
yzing the degraded species as shown in Fig. 4, which is identified
s p-nitrophenol at approximately 400 nm.  The second degree of
egradation is p-nitrophenol transform into p-benzoquinone as
eported in our previous work [24,25]. It is important to notice that
fter the first day the most active catalyst is CoO-TiO2, the pure TiO2
nd Rh2O3–TiO2 have comparable degradation activity. The con-
rol sample does not seem to have any presence of p-nitrophenol
s expected.
In Fig. 5 shows clear catalytic enhancement of CoO–TiO2
ver pure TiO2 and Rh2O3–TiO2. The difference is enough to
egrade paraoxon into p-nitrophenol. In addition, both lighten-

ng conditions, sunlight and fluorescent, seem to have comparable
nvironmental 182 (2016) 449–455 453

degradation effects on paraoxon. In the first day, under sunlight
37% of paraoxon is degraded and for the fluorescent light condi-
tions the degradation is 36%. By the second day the corresponding
degradation values are 60.5% and 63.5%. In the third day of testing
the fluorescent experiment degrades 99.9% of paraoxon and with
sunlight it is 97%. The presence of paraoxon in the fourth day is
untraceable.

On the other hand, pure TiO2 and Rh2O3–TiO2 have compara-
ble efficiencies; however, after 6 days of exposure the degradation
reaches only from 11 to 13%. For pure TiO2 and Rh2O3–TiO2 the
fluorescent conditions seem more effective; nonetheless, when
compared to CoO–TiO2 this difference is almost negligible. Under
fluorescent light, the degradation of paraoxon is 11.5 times faster
for CoO–TiO2 than the other catalyst. In the presence of sunlight this
difference increases to 13 and 16 times with respect to Rh2O3–TiO2
and pure TiO2. Therefore, CoO–TiO2 is the most effective photocat-
alytic compound tested herein. For other catalyst compounds the
results are presented in SM 4. The use of CoO–TiO2 degrades the p-
nitrophenol into p-benzoquinone. The presence of p-benzoquinone
is detected after the first day of test. After the fifth day the presence
of p-nitrophenol is untraceable. This degradation is not clear for
pure TiO2 or Rh2O3.

Larger amounts of CoO-TiO2 were also tested. Increasing the
concentration of CoO-TiO2 catalyst to 1.25 mg  of paraoxon/gram we
observe that paraoxon degrades completely in approximately 27 h
under fluorescent light; however, under sunlight the degradation
is only 67%. The degradation activity of CoO-TiO2 under fluorescent
light is 265% with an extra addition of 62.5% of catalyst (from 0.5
to 0.8 g). In other words, 0.8 g of CoO-TiO2 per mg  of paraoxon can
complete the photocatalytic degradation approximately 24 times
faster than pure TiO2 that is equivalent to 2400% improvement.

4. Discussion

The Pt- and Rh-additions to TiO2 are usually reported as effective
dopants to enhance photocatalyst efficiency [45]. This is somehow
explained by the effectiveness of those noble metals to narrow the
bandgap in TiO2 when it is present as a dopant. However, in the
present work we demonstrated that CoO–TiO2 is more efficient
than Rh2O3–TiO2. This higher effectiveness of the CoO-TiO2 is due
to a co-photocatalytic property of CoO [46].

The CoO and Rh2O3 are decorating the TiO2 particles, which
resulted as a side effect of the heat treatment due to a precip-
itation of Co or Rh cations that are forced out of TiO2 due to a
“back-diffusion” mechanism as suggested in our previous publi-
cation [11]. The main advantage of this method is the controlled
precipitation and coarsening of oxide nanoparticles. The heat treat-
ments are designed to precipitate pure CoO avoiding coarsening.
The presence of CoO is identified and confirmed by Raman, UV–vis
(bandgap) and HRTEM. The presence of CoO on TiO2 is clear in the
HRTEM results in Fig. 6. The additions of Co and Rh were used to
engineer nanostructured TiO2 particles decorated with oxide cat-
alyst that resulted in clear enhancements of the photo-catalytic
activity when compared to pure TiO2.

The high activity of CoO–TiO2 under visible light makes it suit-
able for environmental applications. Furthermore, the CoO-TiO2 is
the only catalyst that is able to complete a secondary degradation
from p-nitrophenol into p-benzoquinone [13,42,43]. The second
best photocatalyst is the �-Fe2O3–TiO2 (see SM 4) that reaches 77%
of degradation after 6 days. In comparison, only 11% and 12% of
paraoxon was  degraded in the same time by Rh2O3-TiO2 or TiO2

respectively.

Co is significantly more affordable than Rh or other precious
metals. Other examples in the literature to degrade organics with
TiO2 using light sources in all cases with intense UV component
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Fig. 6. The HRTEM of the CoO-TiO2 showing the “substrate” of TiO2 “decorated” by
a  particle of CoO (doted square). The insets on the right upper corner shows the FFT
of  the dotted square region showing a dual patter further confirming the presence
o
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biodegradation of parathion and its metabolite paraoxon in soil, J. Environ.
Qual. 32 (2003) 2207–2215.

[22] A. Savio, J. Fletcher, F. Robles Hernández, Sonosynthesis of nanostructured
f  both phases (CoO and TiO2).

200–340 nm), elevated temperatures (60–80 ◦C) and light sources
hat are 25 times or more intense [2,47] when compared to the light
ources used herein. It is certainly true that the complete degrada-
ion is faster on other reports (e.g. literature); yet our procedure
s effective in the absence of special light sources. Therefore, our
rocess is environmentally friendly (sunlight, room temperature
nd atmospheric pressure). Our environmentally friendly process
s probably not ready for soil remediation because the soil may
lock the light (except at the surface); yet, it can be considered for
resh water treatment in isolated systems (e.g., photoreactors). It

eans, before the water is returned into rivers, lakes, etc. This is
uggested to avoid health and pollution concerns known in cobalt.
f external lightening is needed our catalyst can easily work with
ity light sources (fluorescent) avoiding intense UV light typically
sed in laboratory set-ups and confined spaces due to its health
estrictions [2,47]. Because our process is effective at room tem-
erature we can realistically say that this is the only possible way
o carried it environmentally.

. Conclusions

In this work it is demonstrated that paraoxon can be effectively
egraded to less toxic substances using CoO–TiO2. Only 0.1 at% of
o is enough to develop the needed photocatalytic effect on TiO2
o make it effective under sunlight. The CoO are particles that pre-
ipitate in situ during heat treatment of Co doped amorphous TiO2.
he CoO exhibits a co-photocatalytic activity that enhances TiO2
rganic degradation. The CoO and Rh2O3 nanoparticles have sizes of

 nm or less that are key to generate the co-catalytic effect. Among
ll the tested photocatalysts the CoO–TiO2 is the most effective and
t is active under environmentally friendly conditions (tempera-
ure, sunlight, pressure, etc.) reaching degradation activies of up
o 16 times that of pure TiO2. It is also proven that p-nitrophenol
s further degraded into p-benzoquinone in a secondary degra-

ation breaking the original molecule into a significantly less
arm one.
nvironmental 182 (2016) 449–455
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