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A B S T R A C T   

Crystalline zinc oxide (ZnO) nanoparticles (NP) have been used for the evaluation of the effect of manganese 
doping on the photocatalytic performance towards the degradation of pharmaceutical products and for the 
preparation of photoactive composite materials based on fibres and ZnO. 

The presence of manganese effected on the particles size, as obtained by TEM analysis, and the impact on the 
crystallographic and optical properties was shown by XRD and DRS analysis. The multiple oxidation state of the 
doping manganese and its impact on the oxygen vacancies of the material, together with possibility of intro
ducing energy levels in the forbidden zone and changes in the bandgap energy could contribute to improve the 
catalyst properties. However, and contrasting with some reported works, no advantage using the doped particles 
was observed on the photocatalytic response under UV or visible light irradiation. 

Later, the ZnO NP were immobilised by in situ hydrothermal approach on carbon and glass fibres and the 
composites show good nanoparticles coverage on the SEM images and the EDS, FTIR and DRS data are consistent 
with the presence of NP on the surfaces. Those composites have been successfully used for the degradation of the 
Diclofenac (DCF) and Carbamazepine (CMZ) pollutants. The complexity of the photodegradation under UV and 
visible light, due to the production of absorbing degradation products, was unveiled by UV–vis spectroscopy and 
HPLC analysis, and showed that distinct products may be detected during degradation, depending on the radi
ation used. The photostability of ZnO nanoparticles and the CF/ZnO composite maintaining 83 % of its initial 
efficiency after three cycles of reuse highlight the method’s success in supporting nanoparticles on substrates and 
demonstrates promising applicability in fields such as environmental remediation.   

1. Introduction 

The water shortage and environmental pollution is a major issue 
across the globe and has significant impact in our health and daily life. 
Therefore, the development of effective approaches for pollutants 
removal from wastewater is of major concern. Technologies based on 
adsorption and advanced oxidation processes (AOP), such as photo 
(electro)catalysis, have been intensively exploited to this purpose [1,2]. 
The use of photoactive catalysts has shown important advances and 
promising results. The photocatalysts may include metal oxides [3–6], 
chalcogenides [7,8], oxyhalides [5,9,10] and other [11,12], and many 
allow the degradation, by photo-assisted oxidation processes, of con
taminants such as dyes and pharmaceutical products within minutes 
using small amount of catalyst. 

Among the most investigated semiconductor catalysts are titanium 
dioxide (TiO2) and zinc oxide (ZnO), which have been used namely in 
biomedical, (photo)catalytic, UV shielding and photovoltaic applica
tions [1,2]. ZnO is a direct semiconductor with bandgap energy of ca. 
3.37 eV and has been proposed as an alternative to TiO2 photocatalyst 
due to its higher absorption efficiency [4,13,14]. The ZnO’s hexagonal 
wurtzite phase is the most stable and it can be obtained by mild hydro
thermal conditions [4,15]. One of the ZnO’s main drawback for photo
catalytic applications is its low charge separation efficiency and photo- 
corrosion. To overcome such problem, several approaches have been 
reported in the literature, including metal and non-metal doping and the 
production of composite materials. Qamar et al. [5] reported the doping 
of ZnO with transition metals (Fe, Co, Ni, Mn and Cr). The presence of 
the metal introduces energy levels in the forbidden zone decreasing the 
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electron/hole (e-/h+) recombination and improving the antibacterial 
and photocatalytic activity under sunlight. Manganese is a good candi
date for doping since it can lower bandgap energy and add intermediate 
bands in the forbidden zone, facilitating multi-band optical absorption 
[16]. Moreover, Mn-doping can also increase the oxygen vacancies 
concentration [17,18], promote multiple charge transfer pathways due 
to its multi-oxidation states, and create the opportunity to ally photo
catalysis to (photo)Fenton-like processes in nanomaterials, as it has been 
described for Mn-CeO2 [19], Mn-TiO2 [20] and Mn-Titanates [16,21]. It 
has also been reported that doping with non-metals, such as N, C or S, 
may prevent the recombination of the e-/h+ pairs by acting as electron 
scavengers [6,13]. Another successful approach used to improve the 
ZnO properties, namely its activity under visible light, is the preparation 
of ZnO hybrid materials. Examples are those hybrids with MnO, BiOCl 
and TiO2 [10,14,22–24]. The visible light active photocatalysts are 
highly desirable since those are more easily activated and can be used 
under less energetic, widely available and inexpensive radiation sources. 

The use of powdered photocatalysts poses some challenges, mostly to 
their recovery and multi-cycle use, and possible inadvertent release to 
the environment. Therefore, several approaches have been used to 
immobilise the nanocatalysts on surfaces, such as dip-coating, solvent- 
casting, spray coating or in situ modification through the impregnation 
of reactants followed by the synthesis step [9,25–28]. The substrates can 
include textiles and fibres (base for the development of self/cleaning 
fabrics), glass, polymers (e.g. polydimethylsiloxane - PDMS), metal and 
many other. The in situ one-pot synthesis approach has the advantage of 
allowing the growth of the nanocatalysts directly on the substrate sur
face, enhancing the stability and favouring the interaction at the 
nanoparticles/substrate interface. Franco et al. [29] reported that 
although immobilised ZnO and Cd-doped ZnO nanoparticles on glass 
show lower efficiency (75 %) for the degradation of methylene blue dye 
(MB) as compared with powder samples, it has the advantage of easy 
recovery of the catalyst. Kim et al. [30] showed that ZnO immobilised on 
a polymeric polyurethane membrane assisted by a polydopamine layer 
enables the efficient removal of MB. Also, ZnO immobilised on natural 
fibres and BiOCl and TiO2 on cotton fibres enabled the repeatedly 
removal of Congo Red and Naphthol Blue Black dyes, respectively, from 
aqueous solutions [31,32]. 

In this work, the preparation and the structural, morphological, 
optical and photocatalytic characterisation of pristine and Mn-doped 
ZnO nanoparticles is reported. The changes due to Mn addition are 
investigated to assess the ability of these nanoparticles to efficiently use 
visible light, with special focus on photocatalytic applications. Pursuing 
our interest in composite materials, the best catalyst immobilised on 
fibres (carbon and glass) are characterised and the photocatalytic per
formance assessed towards the degradation of pharmaceutical products, 
Diclofenac and Carbamazepine, envisaging the application under visible 
light irradiation. 

2. Experimental details 

2.1. Reagents and materials 

All reagents were of analytical grade and used as received. Distilled 
water was used for solutions preparation. Glass (GF) and carbon (CF) 
fibres were purchased from Quimer – Produtos Químicos, Lda 
(Portugal), previously washed with propan-2-ol for 30 min and dried in 
the oven at 55 ◦C. 

2.2. Nanoparticles synthesis 

The crystalline ZnO nanoparticles synthesis was performed accord
ing to the procedure published elsewhere [4]. Briefly, 2 mmol of zinc 
acetate, Zn(CH3CO2)2⋅2H2O, were dissolved in 30 mL of ethanol and 
2.05 mmol of sodium hydroxide, NaOH, were dissolved in another 30 
mL of ethanol. The NaOH solution was added dropwise to the zinc 

solution at room temperature under stirring. At the end, the stirring was 
maintained for additional 30 min. The solution was transferred to an 
autoclave and heated in the oven for 24 h at 160 ◦C. Later, the resulting 
nanoparticles in suspension were washed twice with water and once 
with ethanol, and collected by centrifugation. The solid was dried in the 
oven and stored. 

The Mn-doped ZnO nanoparticles were prepared by the same 
method, by adding the desired amount of manganese, as manganese 
acetate (Mn(CH3CO2)2⋅4H2O), to the synthesis solution, according to the 
procedure reported in the literature [1]. In this case, the nominal 
amount of Mn used was 1 and 3 % (0.02 and 0.06 mmol, respectively). 
The Mn-doped nanoparticles, Mn(1%)ZnO and Mn(3%)ZnO, were 
washed, collected, dried and stored. 

Titanium dioxide, TiO2, nanoparticles were used only for comparison 
purposes and have been prepared according to a 2-step method 
described in the literature [31]. An amorphous precursor was prepared 
by precipitation reaction, by adding, dropwise and under stirring, 
ammonium hydroxide (NH4OH) solution to the titanium trichloride 
(TiCl3) solution in hydrochloric acid (HCl). After washing and collecting 
the precursor by filtration, it was added to an autoclave with distilled 
water and heated at 200 ◦C for 6 h. The crystalline TiO2 nanoparticles 
were washed trice with distilled water, collected, dried and stored. 

2.3. Fibres modification with nanoparticles 

The fibres modification with pristine and Mn-doped ZnO nano
particles was performed in situ as described above for the particle’s 
synthesis, in the presence of 1.5 g of fibres (CF or GF) per batch of 
synthesis. 

2.4. Characterization of materials 

The X-ray powder diffraction (XRD) analysis of powder and fibre 
samples was carried out in a Philips X-ray diffractometer (PW 1730 and 
automatic data acquisition APD Philips v3.6B), with Cu Kα radiation (λ 
= 0.15406 nm) and at 40 kV/30 mA. The diffraction patterns were 
collected in the range of 2θ = 20–80 ◦ with a 0.02 ◦ step size and 100 s 
per step acquisition time. The UV–vis analysis of liquid samples was 
performed in a Shimadzu UV-2600PC spectrophotometer, between 200 
and 600 nm, using 1 cm path quartz cuvettes; the diffuse reflectance 
spectroscopy (DRS) spectra of nanoparticles and modified fibres were 
obtained using the same equipment with an ISR 2600plus integration 
sphere. The spectra were recorded between 200 and 1400 nm, using 
barium sulphate powder as reference standard. Transmission electron 
microscopy (TEM) analysis and selected area electron diffraction (SAED) 
were performed using a JEOL 200CX microscope operating at 200 kV 
with the powder samples supported on copper grids. Scanning electron 
microscopy (SEM) analysis was obtained using a Thermo Scientific 
Phenom PROX G6 microscope with EDS analysis, using a combination of 
secondary and backscattered electrons and operating at 15–20 kV. 
Fourier Transform Infra-Red Spectroscopy (FTIR) analysis was per
formed in a Nicolet 6700 spectrophotometer from Thermo Electron 
Corporation between 400 and 4000 cm− 1 using KBr pellets for powder 
samples. The specific surface area was measured by the Brunauer- 
Emmett-Teller (B.E.T.) method, in the same conditions as previously 
reported [9,31]. Atomic absorption spectroscopy analysis (AAS) was 
performed in an Analytik Jena spectrophotometer, model novAA 350, 
using an acetylene/air mixture. The samples were previously digested in 
HNO3 and filtrated for fibres removal. 

2.5. Photocatalytic degradation of pollutants 

The photocatalysis experiments were conducted using: (i) UV and 
visible light using a Hanovia medium pressure mercury-vapor lamp 
(450 W) in a 250 mL refrigerated quartz photoreactor [9,31], from here 
on referred to as UV, and (ii) visible light using an Oriel 300 W Xenon 

I.V. Ferreira et al.                                                                                                                                                                                                                               



Journal of Photochemistry & Photobiology, A: Chemistry 453 (2024) 115653

3

lamp in a borosilicate glass reactor (acting as an UV filter) positioned at 
ca. 30 cm from the sample [31], from here on denoted as Vis. The 
catalyst sample, 20 mg of powder NP catalyst (250 mg if using fibre-NP 
sample), was suspended in 150 mL of the pollutant solution (DCF or 
CMZ, 10 ppm) and stirred in dark conditions for 30 min to allow the 
adsorption/desorption equilibrium. After this time, prior to irradiation, 
an aliquot of solution was collected to evaluate the adsorption of the 
pollutant on the catalyst surface and used as t = 0 for the photocatalytic 
degradation. During irradiation, aliquots of the suspensions were 
collected at regular intervals, centrifuged and first analysed by UV–vis 
spectroscopy. Reutilisation cycles of ZnO and CF/ZnO were performed 
in CMZ solution for 1 and 3.5 h runs, respectively, after which time the 
absorption peaks of CMZ still allows its detection by UV–vis 
spectroscopy. 

High-performance liquid chromatography was performed with a 
diode array system, HPLC-DAD, from Agilent Technologies, Germany, 
with detection at 278 nm. The data acquisition and instrument control 
used the software LC3D ChemStation (version Ver.A.10.02.1757; Agi
lent Technologies, Germany). The chromatographic separation was 
achieved in a column Kinetex C18 (150 x 4.6 mm, 2.6 µm particle size; 
Phenomenex, EUA) at 20 ◦C. The sample (20 μL) was eluted with a so
lution 55:45 (DCF) and 30:70 (CMZ) acetonitrile/2.5 % acetic acid 
aqueous solution, with a flow of 0.6 mL/min. 

3. Results and discussion 

3.1. Structural, optical and morphological characterisation of the 
nanoparticles 

Crystalline ZnO and Mn-doped ZnO NP (1 and 3 % of manganese 
nominal content) have been successfully obtained as illustrated in 
Fig. 1a. The XRD pattern shows sharp and narrow diffraction peaks for 
all the samples, corresponding to the hexagonal wurtzite structure of ZnO 
(ICCD PDF file 36-1451). A small shift was observed in the 2θ values of 
the diffraction peak at 36.253 ◦ (Fig. 1b) for the Mn-doped samples, and 
the values are included in Table 1. A shift towards lower 2θ values in the 
Mn(1 %) sample has been assigned to the presence of larger Mn2+ ions 
(0.66 Å) in the ZnO structure, as compared with Zn2+ (0.60 Å). Whereas 
the shift towards higher values, for 3 % Mn nominal content in Mn- 
doped ZnO, has been ascribed to the content of smaller Mn3+ ions 
(0.58 Å) [15]. In fact, Lu et al. [15] reported that Mn2+/Mn3+ species 
coexists in ZnO and that as the Mn-doping increases from 1 to 5 %, a 
concomitant increase of Mn3+ is observed, as compared with Mn2+. 
Apart from other implications, such as creating intermediate bands in 
the forbidden zone and affect the bandgap energy, depending on the 
oxidation state of the Mn, it can have impact in the oxygen vacancies of 
the material [17,18]. 

The decrease in intensity and widening of the diffraction peaks with 
doping suggests the decrease in the nanometric particle size, confirmed 
by TEM analysis, Fig. 1b-d, in agreement to the variation previously 
reported [4,38]. This may arise from the distortions in the crystal owing 
to the incorporation of Mn ions in the crystalline structure constraining 
the particles growth, as suggested in literature [15,33]. In fact, it has 
been reported, for Mn-doped ZnO nanoparticles prepared by several 
methods, including solvothermal method used in this study, that the 
doping occurs with incorporation of Mn atoms in the crystalline struc
ture of ZnO, replacing Zn atoms [15,18,34]. The amount of doping ion is 
expected to be within the solubility limit and no peaks assigned to any 
MnxOy crystalline phase were detected in this work in the XRD pattern of 
the doped ZnO NP [35]. 

To further confirm this, a sample with a large excess of Mn (30%) was 
prepared, Mn(30%)ZnO. Here, the detection of diffraction peaks at 2θ 
values about 29.4, 33.1, 59.0, 60.9 and 65.2 ◦ (ESI, Figure S2) can be 
ascribed to the ZnMn2O4 spinel (JCPDS 24–1133) [35–37]. These were 
not detected on the Mn-doped samples prepared in this work. 

The TEM images in Fig. 2 show the presence of spherical and 

ellipsoid ZnO NP with average size of 21 ± 5 nm. As the manganese 
nominal content increases, the NP size decreases, Table 1, and for the 
Mn(3%)ZnO sample, small 12 ± 2 nm spherical particles are observed. 
Their crystallinity was further confirmed by SAED analysis (Insets in 
Fig. 2 (a-c)). 

The optical characterization of the prepared powder samples was 
performed by diffuse reflectance spectroscopy. The Kubelka-Munk 
function, FKM, is correlated to the reflectance (R) according to equa
tion (1) and is proportional to the absorption coefficient. In Fig. 3 are the 
FKM absorption spectra of the samples. The bandgap energy, Eg, for the 
prepared samples, included in Table 1, were obtained from the Tauc 
plots for direct transitions (ESI, Figure S3), by plotting fKM vs energy, hν, 
according to equation (2) [7,31]. 

35 36 37

Mn(3%)ZnO

ZnO

2 / o

C
ou

nt
s

(a
.u

.)

Mn(1%)ZnO
(b)

20 30 40 50 60 70 80
*

*** *
***

*

*

*
Mn(3%)ZnO

Mn(1%)ZnO

ZnO

C
ou

nt
s

(a
.u

.)

2 / o

ZnO file 36-1451

*
(a)

Fig. 1. (a) Full XRD powder diffraction patterns of pristine and Mn-doped ZnO 
NP (1 and 3 % of manganese) and (b) detail of diffraction peak at 36.25 ◦. 

Table 1 
Characterisation parameters of the pristine and Mn-doped ZnO particles, XRD 
peak shift, TEM particle size, B.E.T. surface area and bandgap energy, Eg.  

Sample 2θ shift / o 

(@ 36.253 ◦) 
Particle size 
/ nm 

Surface Area 
/ m2/g 

Eg / eV 

ZnO – 21 ± 5  26.2  3.28 
Mn(1%)ZnO − 0.117 17 ± 3  23.8  3.30 
Mn(3%)ZnO − 0.061 12 ± 2  19.0  3.29  
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FKM =
(1 − R)2

2R
(1)  

fKM = (FKMhν)2 (2)  

Although the DRS spectra of the Mn-doped ZnO NP (Fig. 3) suggests the 
change in the nanoparticle’s absorption upon doping, the bandgap en
ergy of the semiconductor does not change for the doping level used in 
this work, Table 1. In fact, variation could be expected due to several 

factors. First, a decrease in the particles size could result in an increase of 
Eg due to quantum confinement. Second, the formation of new energy 
levels between the valence and the conduction bands upon doping of 
semiconductor NP, resulting in the decrease of e-/h+ recombination. In 
fact, contrasting results have been reported, namely by Wang et al. [22] 
who observed a small red shift (-0.05 eV) for 5 % Mn doping on ZnO 
prepared by electrospinning, whereas Toufic et al. [38] and Lu et al. [15] 
observed a bandgap increase (blue shift) for pure ZnO and Mn(6% & 5%) 
ZnO, respectively, in samples prepared by hydrothermal method. Also, 
in Mn-doped ZnO films prepared by laser deposition [39] the Eg 
decreased for 1 % Mn and increased from thereafter up to 10 % of 
doping. In this case, only an absorption extended to a wide range of 
wavelength above the absorption edge was observed. This has been 
assigned to the charge–transfer transition between donor and/or 
acceptor ionization levels of Mn ions and the band continuum, rather 
than to discrete forbidden d-d transitions [40]. 

The surface area of the nanoparticles was measured by nitrogen 
adsorption isotherms through the B.E.T. method, which values are 
included in Table 1. Although the particle size decreases with the Mn 
content, the specific surface area also seems to decrease. A more detailed 
analysis of the nitrogen adsorption isotherms recorded for the surface 
area measurement (ESI, Figure S4) suggest the absence of pores in the 
prepared NP and although the external surface area did not increase as 
the particles size decreases, the total volume within the finely divided 
powder in the smaller Mn-doped particles is higher than that of bigger 
undoped ZnO (8 and 6 mm3/g, respectively, at maximum pressure). 
Therefore, the decrease of the surface area with doping may be attrib
uted to the high degree of particles aggregation [41]. 

By FTIR analysis (ESI, Figure S5) and according to literature [42–44], 
it was possible to identify, for the powder NP, a broad absorption band 
centred at 3500 cm− 1 corresponding to the stretching vibration of the O- 
H of H2O (1); at 2924 (strong absorption band) and at 2852 cm− 1 

stretching bands of C-H bond (2); the bands at ca. 2347–2372 cm− 1 

correspond to CO2 from air (3). Stretching vibration bands of C-H at 
1373 and 1437 cm− 1 (4); between 835 and 1080 cm− 1 are the angular 
bending bands of carbonate and the stretching band of C-O assigned to 
the zinc acetate (5). The band at about 1219 cm− 1 may be assigned to 
the symmetric deformation of the O-H bond. In the range between 704 
and 607 cm− 1 are observed strong stretching bands in the ZnO NP (6) 
and at wavenumber below 580 cm− 1 is the characteristic band of the 
stretching vibration of the Zn-O bond (7). A more detailed analysis 
showed that a small shoulder at 457 cm− 1, characteristic of the 
stretching of ZnO, shifts towards higher frequency with increasing Mn 
content in the crystalline structure, to 486 and 490 cm− 1 for samples Mn 
(1%)ZnO and Mn(3%)ZnO, respectively, in agreement with the 

Fig. 2. TEM images of (a) pristine ZnO NP and (b, c) doped with 1 and 3 % of 
manganese. Inset: SAED images of the corresponding samples. 
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Fig. 3. FKM absorption spectra of pure and Mn-doped ZnO samples.  
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literature [45]. 

3.2. Photocatalytic characterisation of nanoparticles 

In this work, the two model pollutants, Diclofenac and Carbamaze
pine, have been used for the study of the photocatalytic activity of ZnO 
and Mn-ZnO crystalline nanocatalysts under visible light (Vis), and for 
its performance when immobilised in situ on fibres. 

The nanocatalysts have been preliminarily tested under UV radiation 
for initial screening. In Fig. 4 are represented the time profiles for the 
CMZ degradation under visible radiation using pristine and Mn-doped 
samples. The best performance was achieved for pure ZnO NP. No ad
vantages have been found in doping the ZnO NP with manganese on the 
photocatalytic degradation of either CMZ under visible light, as illus
trated in Fig. 4, or DCF under UV–visible or visible light irradiation (ESI, 
Figure S6). The better photocatalytic response of ZnO may have the 
contribution of the higher surface area of those particles, Table 1, and 
therefore, it was selected for further studies. 

The typical UV–vis spectra for DCF and CMZ aqueous solutions 
during degradation under UV radiation are illustrated in ESI, Figure S7. 
DCF is an anionic molecule with pKa of 4.2 [46] displaying an absorption 
band at about 276 nm. In the presence of the pristine ZnO catalyst, under 
UV radiation, DCF undergoes degradation (ESI, Figure S7a). The com
plex specta obtained during irradiation, displays absorption bands 
namely at about 202, 216, 240, 279 and 288 nm, reflects the formation 
of absorbing degradation products. Comparable results are obtained for 
the degradation products under UV and Vis radiation (ESI, Figure S8). It 
has been reported in literature that such products can include pyrocat
echol, 2-aminophenol, 2,6-dichloroaniline and 2,6-dichlorophenol 
which show several absorption bands between 200 and 290 nm [46]. 

On the other hand, CMZ is a neutral molecule with pKa of 13.9 [47]; 
it is used as an anticonvulsant drug. Its photodegradation under UV 
radiation, using the ZnO nanoparticles as catalyst, are shown in ESI, 
Figure S7b. The comparison between the time profiles obtained from the 
UV–vis (at λ = 285 nm) and HPLC data, depicted in Fig. 5 for UV and for 
Vis light irradiation, show that the CMZ is faster degraded than sug
gested by a simple UV–vis analysis. The % of removal detected was 100 
and 81 % by UV–vis and HPLC analysis, respectively, under UV irradi
ation and 49 and 29 % under Vis irradiation at t = 20 min. That is due to 
the formation of degradation products that also absorb in the UV and 
visible range, interfering with the quantification. Therefore, the CMZ 
concentration values obtained by UV–vis spectroscopy are 

overestimated. CMZ degradation products have been reported in the 
literature as including hydroxy and keto derivatives, epoxidation, dea
midation and heterocycle-ring opening products and lower molecular 
weight molecules [12,48,49]. 

A more detailed analysis of the HPLC data obtained for the photo
catalytic removal of CMZ with ZnO NP under UV and under Vis radiation 
(retention time of CMZ, tR = 10.90 min), shows that most of the 
degradation products occur independent on the radiation used (ESI, 
Figure S9). However, the speed of formation and/or degradation of such 
products depends on the radiation energy and therefore some of them 
are only detected under Vis radiation (in some cases in a large extent) 
such as those at tR = 2.51, 2.90, 4.56, 5.15, 5.24 and 5.86 min, whereas 
other products are only detected under UV radiation (tR = 2.69, 3.22, 
3.41, 3.72, 4.05, 4.39 and 4.73 min). These results suggest, as expected, 
that degradation under lower energy radiation is slower and allows the 
accumulation of species and its detection by HPLC. 

Under visible light, the catalyst retains the full capacity for CMZ 
degradation, since for the ZnO NPs, no activity loss due to surface 
blocking or photo-corrosion was observed over 5 reutilisation cycles 
(ESI, Figure S10). The CMZ degradation ratio still reaches 83 % of the 
initial 63 %, after 5 cycles, indicating the good reusability and high 
stability of ZnO nanoparticles. Also, XRD analysis, detailed in ESI, 
Figure S11, shows that ZnO sample remains stable and with unchanged 
crystalline structure before and after photocatalysis, after which no new 
phases or degradation was observed. 

The performance of pristine ZnO NP was contrasted with that of 
crystalline 12 nm TiO2 anatase NP (ESI, Figure S12). ZnO has shown a 
better performance than a synthesised TiO2 nanoparticles sample 
(anatase phase) for the degradation of DCF and CMZ, and a complete 
removal of the pollutants and absorbing degradation products is 
observed in Fig. 6 after 30–45 min of irradiation with UV light. This 
effect cannot be regarded as a surface area effect since TiO2 has a 3-fold 
higher area than ZnO (75.0 and 26.2 m2/g, respectively), neither from 
the band gap energy which is similar for both materials (3.26 and 3.24 
eV, respectively), Table 1. Also, considering the similar valence band 
energy of TiO2 and ZnO reported in the literature [24], it should not be 
the case. The better photocatalytic performance of ZnO as compared 
with TiO2 has been ascribed to the higher mobility of ZnO’s electrons, 
which enhances the electron transfer, imparting high quantum effi
ciency [13]. 

Due to the excellent performance of pure ZnO towards the photo
catalytic degradation of the pollutants, the study proceeded with those 
particles immobilised on fibres. The carbon and glass fibres were chosen 
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Fig. 4. Time profiles for the degradation of CMZ (10 ppm; 150 mL) with 
pristine and manganese doped ZnO NP under visible light irradiation and 
comparison with photolysis. 
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due to their stability, ease of manipulation and availability. 

3.3. Characterisation of Fibre/ZnO composites 

The SEM images in Fig. 7 and Fig. 8 confirm the successful in situ 
immobilisation of the ZnO NP on the glass and carbon fibres, respec
tively, as a layer of material can be clearly distinguished on the surface 
as compared with the clean fibre. Also, the qualitative elemental anal
ysis by EDS along the line scan in Fig. 7(c,d) (spectra in the inset), shows 
the change in Zn and Si content (for GF) and C (for CF) in Fig. 8(c,d), as 
the scan moves from a scratched or less covered surface (exposed sub
strate) to highly ZnO coated areas. These results show a uniform and 
stable coating of ZnO on both substrates. 

The diffuse reflectance spectra of GF/ZnO samples, shown in Fig. 9, 
corroborates the presence of ZnO nanoparticles on the GF surface with a 
steep reflectance drop at 385 nm and a shoulder between 320 and 370 
nm not observed in the GF spectrum. Due to the black colour of the 
carbon fibres and their high absorbance in the whole UV and visible 

range it was not possible to detect the presence of the NP on CF by DRS 
analysis. 

The FTIR characteristic absorption bands supports the SEM results 
and confirm the presence of ZnO on CF. Thus, on CF/ZnO (ESI, 
Figure S13a) the absorption bands at about 3600–3850 cm− 1, 2900 
cm− 1, 1700 cm− 1, 1518 cm− 1 and 676 cm− 1 have been assigned to O-H 
stretching vibrations of adsorbed hydroxyl groups and H2O (1), C-H 
stretching of –CH2 and –CH3 (2), C=O of carbonyl or ketone groups (3), 
C=C carbon backbone (4) and C-H bending (5), respectively [50], 
whereas on GF/ZnO (ESI, Figure S13b), absorption bands at 3500 cm− 1, 
2924 and 2852 cm− 1, 1830 cm− 1, 1450 cm− 1, 1260 cm− 1 and 960–1020 
cm− 1 have been assigned to stretching vibrations of O-H from H2O and 
Si-OH (1), to C-H (2) and C=O (3), bands characteristic of oxides (4), Si- 
C (5) and Si-O-Si (6), respectively [51,52]. Upon modification with ZnO, 
on CF/ZnO the occurrence of the intense absorption band centred at 524 
cm− 1 (6) can be assigned to the presence of ZnO on the fibre surface 
according to the previously discussed for ZnO NP [38,44]. On the other 
hand, it was not detected any feature ascribable to the presence of the 
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Fig. 6. UV–vis spectra for the degradation of (a) DCF at t = 30 min and (b) CMZ at t = 45 min, by ZnO and TiO2 NP under UV radiation and comparison with 
photolysis; DCF and CMZ initial concentration: 10 ppm. 

Fig. 7. SEM images of (a) GF, (b) GF/ZnO and (c) scratched area with line scan (blue arrow) and EDS spectra (Inset) and (d) plot of the atomic concentration of zinc 
(Zn) and silicon (Si), along the line scan. (* in EDS spectra denotes other substrate and/or conductive coating elements). 
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ZnO on GF (ESI, Figure S13b), probably due to the lower amount of NP 
immobilised. 

Regarding the amount of ZnO NP immobilised on the fibres surface 
by the one pot in situ methodology used in this study, the AAS analysis 
allowed the quantification of ZnO on the CF/ZnO and GF/ZnO com
posites. On CF, a higher amount (18 mg/g) of ZnO NP was immobilised 
than on GF (15 mg/g), which may result from the more favourable 
interaction between ZnO and the carbon surface groups than with those 
of glass. This will have impact on the photocatalytic performance of the 
composite materials due to the distinct amount of catalyst available for 
the degradation of pollutants (4.5 and 3.8 mg in CF/ZnO and GF/ZnO, 
respectively), as compared with the 20.0 mg used as powder. This will 
be discussed in the next section. 

3.4. Photocatalytic response of composite materials 

Once immobilised on fibres by in situ methodologies, the composite 
CF/ZnO exhibits good photocatalytic response. In fact, DCF was suc
cessfully removed within 75 min under UV radiation, Fig. 10(a). 
Although the GF/ZnO shows lower photocatalytic response, it also al
lows the degradation of DCF and its degradation products in a higher 
extent than that of photolysis, Fig. 10(a). This behaviour may arise from 
(i) distinct amount of catalyst NP immobilised on CF and GF (4.5 and 
3.8 mg) and (ii) beneficial effect of the combination of ZnO NP with the 
carbon material [3]. In fact, the coupling between carbon materials and 
ZnO has been reported to improve its activity by acting as electron 
scavenger and therefore decrease the e-/h+ recombination. Higher ef
ficiency of carrier transport has been found, for example, in graphene 
oxide/ZnO nanocomposites and N-doped carbon nanotubes/ZnO 
[41,53]. 

Under visible radiation, GF/ZnO sample show a response compara
ble with that of photolysis, as illustrated in Fig. 10(b) for t = 90 min 
whereas CF/ZnO displayed a slightly better response. 

In the case of DCF degradation, CF/ZnO was the best photocatalyst 
and the best response was obtained under UV light, for a short time. 

A similarly behaviour was obtained for the CMZ photocatalytic 
degradation. The CF/ZnO composite exhibits the best response with the 
100 % of CMZ successfully removed within 45 min under UV radiation, 
Fig. 11(a). GF/ZnO sample show an improvement of the photocatalytic 
activity of only ca. 6 % as compared with photolysis, Fig. 11(b). As 
mentioned above, this reflects not only the beneficial effect of the 
combination of carbon materials with the catalyst, but also the higher 
amount of catalyst immobilised on the CF/ZnO sample. Also important 
is the degradation efficiency of such composite as compared with pris
tine ZnO catalyst. Although distinct amount of catalyst is present in the 
photocatalytic assay (4.5 and 20.0 mg of ZnO for CF/ZnO and ZnO, 
respectively), both enable the complete removal of CMZ under UV ra
diation in a short period of irradiation time (60 min). That behaviour 
was also confirmed under visible radiation, Fig. 12. 

Thus, the CF/ZnO modified fibres have been carried further for the 
CMZ photodegradation study under visible light irradiation. In Fig. 12 is 
illustrated the time profile for the CF/ZnO and its comparison with those 

Fig. 8. SEM images of (a) CF, (b) CF/ZnO and (c) scratched area with line scan (blue arrow) and EDS spectra (Inset) and (d) plot of the atomic concentration of zinc 
(Zn) and carbon (C), along the line scan. (* in EDS spectra denotes other substrate and/or conductive coating elements). 
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Fig. 9. Diffuse reflectance spectra for the GF/ZnO modified fibres and com
parison with clean GF and pristine ZnO NP. 
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for ZnO NP and photolysis. 
The pristine CF and GF responses (not shown) coincide with that of 

photolysis indicating that the fibres by themselves do not take part in the 

photocatalytic degradation. In the presence of the catalyst, and high
lighting the considerable smaller amount of NP immobilised on the 
surface of the fibres (4.5 mg) than the powder ZnO particles (20.0 mg) 
used in suspension, the composite exhibits promising results since it 
allows the degradation of ca. 50 % of the CMZ within 210 min, which is 
about 50 % of that attainable. The CF/ZnO composite maintains its 
activity with 80 % efficiency up to 3 reutilisation cycles. Although the 
obscuring effect of the black fibres may contribute to the current result, 
the photodegradation achieved is comparable to the performance of 2D 
layered titanium carbide materials under low frequency sonocatalytic 
conditions but requiring lower amount of catalyst and no other speci
alised equipment other than the visible light irradiation [11]. In fact, 
CF/ZnO enable the degradation of twice the expected amount of CMZ 
which may be due to the synergistic effect of combining carbon mate
rials with the catalyst, mentioned above, and to the high photoactive 
surface area exposed during the photocatalytic degradation due to the 
limited aggregation of the nanocatalyst when immobilised on the fibres 
surface. 

4. Conclusions 

Crystalline ZnO nanocatalysts, both pure and doped with 1 % and 3 
% manganese (Mn), were synthesized, showing a trend of decreasing 
particle size with increasing Mn content. The incorporation of Mn into 
ZnO extended its light absorption capabilities into the visible range 
without altering the material’s bandgap energy. This modification did 
not result in an improvement in photocatalytic activity when compared 
to the undoped ZnO. The pristine ZnO nanoparticles (NPs), which 
showed superior efficiency towards the degradation of DCF and CMZ, 
were selected for creating composite materials with fiber substrates. 

The successful modification of the fibers surface was confirmed by 
DRS and FTIR techniques, which identified ZnO-related absorption 
bands on both glass fiber (GF)/ZnO and carbon fiber (CF)/ZnO com
posites. Those results were further corroborated by SEM and EDS ana
lyses, with the ZnO loading on GF and CF quantified by AAS as 15 mg/g 
and 18 mg/g, respectively. 

The best response towards the degradation of the pollutants was 
retrieved by the carbon fibres-based composite due to the concomitant 
effect of the higher amount of nanocatalyst immobilised on CF (than on 
GF) and the synergistic effect of combining the ZnO catalyst with the 
carbon material. 

Under UV light, the CF/ZnO composite showed enhanced efficiency 
in degrading DCF and achieving complete removal of CMZ. Despite a 
lower amount of catalyst used on the composite (4.5 mg) compared to 
the ZnO powder (20.0 mg), the degradation performance for CMZ was 
comparable within 1 h under UV radiation, which can be attributed to 
the stable immobilisation and dispersity of the catalyst on the CF 
surface. 

Remarkably, using only a quarter of the catalyst amount compared to 
the ZnO powder and despite the potential shielding effect of CF, the CF/ 
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Fig. 10. UV–vis spectra for DCF degradation under (a) UV and (b) visible light irradiation using ZnO NP immobilised on CF and GF; comparison with photolysis.  
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Fig. 11. Time profiles for the degradation of CMZ using modified fibres under 
UV light irradiation using carbon fibres: CF/ZnO and glass fibres: GF/ZnO, and 
comparison with ZnO NP suspension and photolysis. 

0 60 120 180
0.0

0.5

1.0
Light On

Photolysis CF

CF/ZnO

C
/C

0

t / min.

-30

CF/ZnO

Dark

Fig. 12. Time profile for the CMZ degradation using CF/ZnO under visible light 
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ZnO composite managed to remove 50 % of CMZ within 3.5 h under the 
more cost-effective visible light, showcasing the composite’s excellent 
photocatalytic capabilities. 
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