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A B S T R A C T   

Cu2O@CuxFeyO4 nanohybrids (NHs) have been electrosynthesized by a simple and environmentally safe method 
to be used as catalysts for tetracycline degradation. NHs shown an average diameter of 14(5) nm and exhibit high 
crystallinity with spherical morphology. XPS results demonstrate a cuprite-enriched surface; meanwhile, the 
inner layer is composed by a nonstoichiometric copper spinel structure. The degradation has been monitored by 
UV–Visible spectroscopy, TOC analysis, and HPLC. The electrochemical characterization demonstrates the syn-
ergetic effect of Fe3+/Fe2+ and Cu2+/Cu+ coupling to enhance the activation of persulfate. This effect results in a 
greater degradation efficiency of NHs than other catalysts, namely, CuxOy, Fe3O4, and a mixture of both and 
Cu2O. 

It has been found that a previous adsorption stage before degradation does not improve the elimination of the 
pollutant and its length in time, with a TOC reduction of 72.6 % in 2 h. Conversely, conducting the oxidative 
process in a direct step resulted in a more rapid and efficient process, 82.3 % of reduction in 1 h. Through this 
method, the catalyst reutilization resulting in a decrease of 50 % in TOC degradation from the third use, while 
the TCY concentration degraded remains almost constant. This reduced catalytic activity with use might be a 
consequence of 1) the absence of the single Cu-oxide layer due to the leaching of mainly Cu ions but also Fe ions 
during the degradation tests, and, 2) the passivation of the outermost layer, mainly covered by C–O species and 
OH groups, which hinders access to active catalyst sites.   

1. Introduction 

Tetracyclines (TCs) are a group of widely used antibiotics, including 
tetracycline (TCY), chlorotetracycline (CTC) and oxytetracycline (OTC). 
These compounds are used as treatment for bacterial infectious diseases 
in humans and animals, and as alimentary supplements to improve 
livestock growth [1,2]. TCs degradation is very challenging for human 
and animal metabolisms, which causes the excretion through urine and 
feces of around 70 % of the TCs administrated. After their excretion, TCs 
end up in soils and wastewater, causing their contamination [2]. 

Wastewater treatment plants get rid of a small amount of the anti-
biotics in wastewater, and another significant part is released into the 
medium [2]. Several studies have been conducted to determine the 
impact of TCs on the environment, showing their toxicity for some 
aquatic species [3,4]. Moreover, the presence of TCs in wastewater 
promotes the increase of antibiotic-resistant genes in some 

microorganisms, which can be a significant problem for human health 
when these microorganisms are present in drinking or irrigation water 
[2,5–7]. Thus, it is necessary to find new efficient methods to remove 
TCs compounds from the soils and wastewater. 

Advanced oxidation processes (AOPs) are an excellent way to 
degrade and mineralize organic pollutants in wastewater, due to its 
unique advantages including ease of operation, high degradation effi-
ciency and benign process. AOPs are based on the in-situ generation of 
radicals that oxidize the organic compounds causing their trans-
formation into smaller molecules and even CO2 and H2O [8,9]. The most 
common radicals used in these processes are hydroxyl radicals (•OH), 
produced through the activation of hydrogen peroxide (H2O2), and 
sulphate radicals (SO4

•− ), which can be generated by oxidants like per-
sulfate (S2O8

2− ). In the last years, sulphate radicals drew a lot of attention 
because they have a higher redox potential (E0(SO4

•− /SO4
2− ) =

2.60–3.10 V vs NHE) than the hydroxyl ones (E0(•OH/OH− ) =
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1.90–2.70 V vs NHE) [10]. Also, persulfate is more stable than hydrogen 
peroxide and can be transported for a longer time before being activate 
for the pollutants degradation [11]. Homogenous, or heterogeneous 
catalysts are the most studied method for persulfate activation. 
Furthermore, heterogeneous AOPs sometimes are combined with other 
sources of energy to improve antibiotics removal from wastewater such 
as ultrasounds, electricity [12] or UV [13–16]. The use of a mixture of 
persulfate anions and homogeneous ferrous cations in acidic media has 
been studied in AOPs [17,18]. Nevertheless, some problems arise: (i) the 
catalyst cannot easily be recovered after its use, and (ii) the processes 
require very low pH (~3) that has to be neutralize after process gener-
ating iron residues. Hence, new investigations are focused on the 
development of heterogeneous catalysts, which can be recovered and 
used several times [17]. Many researchers have focused their attention 
on bimetallic and trimetallic catalyst [19,20], being the formation of 
SO4

•− via transition-metal catalysis the main oxidizing specie [21,22]. 
Minxian et al. has reported the tetracycline degradation mechanism 
with a catalyst obtained from Fe sludge doped with Cu ions. They re-
ported the benefits of the synergic redox couple Cu2+/Cu+ (E◦ = 0.17 V) 
and Fe3+/Fe2+ (E◦ = 0.77 V) in the persulfate activation [23]. The 
possible degradation mechanism in a bimetallic catalyst consists of Fe 
and Cu transition metal was proposed as follow: Fe3+ react with per-
sulfate to form Fe2+ and S2O8

•− radicals, the Fe2+ activate persulfate ions 
to form active sulphate radicals (Eqs. 1–2), the same reaction also take 
place with Cu2+ and Cu+ species (Eqs. 3–4). In addition, the standard 
reduction potentials of Fe and Cu species creates a conductive atmo-
sphere for the reduction of Fe3+ to Fe2+ and Cu+ to Cu2+ (Eq. 5) [24]. 
Moreover, OH• is generated but has a minor contribution in the degra-
dation process (Eq. 6). Finally, the degradation mechanism showed that 
TCY could be partially or totally removed because of SO4

•− and OH• (Eq. 
7). 

Fe3+ + S2O2−
8 →Fe2+ + S2O•−

8 (1)  

Fe2+ + S2O2−
8 →Fe3+ + SO2−

4 + SO•−
4 (2)  

Cu2+ +S2O2−
8 →Cu+ +S2O•−

8 (3)  

Cu+ +S2O2−
8 →Cu2+ +SO•−

4 +SO2−
4 (4)  

Fe3+ +Cu+→Fe2+ +Cu2+ (5)  

SO•−
4 +H2O→OH• + SO2−

4 +H+ (6)  

OH• + SO•−
4 +TCY→Intermediate+H2O+CO2 (7) 

More recent studies about TCY degradation by heterogeneous AOPs 
using Cu and Fe as the main catalyst components are presented in 
Table 1. In some of these works, ferrites nanoparticles are supported by 
other materials to improve the degradation efficiency. 

In the light of all we have mentioned, the present study was focused 
on the one-step electrochemical synthesis and characterization of NHs 
constituted by Cu2O@CuxFeyO4 nanoparticles, and their application as 
catalysts in TCY degradation via persulphate activation. Moreover, the 
proposed green methodology for the NHs synthesis can be scaled up 
easily, as has been already demonstrated by previous research in 
magnetite, producing about 1 g of catalyst hourly [30]. The catalytic 
activity of the catalyst will be compared with different catalyst consti-
tuted by only iron (Fe3O4), only copper (Cu2O) and a mixture of both. In 
addition, the competing relationship of the adsorption/degradation 
processes on the final catalytic efficiency is demonstrated. Finally, the 
catalyst reusability is also proposed. 

2. Experimental part 

2.1. Catalysts synthesis 

The synthesis of Cu2O@CuxFeyO4 nanohybrids (NHs) was performed 
following a similar protocol published by our group for the electrosyn-
thesis of cobalt ferrite nanoparticles [31]. Briefly, two foils of iron and 
copper of 2 cm2 each, were used as anode electrodes, and a cylindrical 
cathode of iron was placed around those electrodes whose area was 120 
cm2. The use of a larger cathode surface placed around anode electrodes 
ensure a homogeneous current distribution. Current densities of 50 mA/ 
cm2 were applied to iron and copper foils to promote the oxidation and 
release of copper and iron cations through the solution. At the same 
time, in the cathode, the water reduction takes place and generates 
hydroxyl species, which produces a basic pH in the solution. At this pH, 
the generation of copper and iron oxides is favoured. 0.04 M of NaCl 
aqueous solution was used as a supporting electrolyte. The synthesis 
temperature was controlled by a thermostat bath at 25 ◦C. The solution 
was magnetically stirred at 1100 rpm during 30 min of reaction. A 
scheme of the reactor is provided in Fig. 1. In the first stages of the 
electrochemical synthesis, the solution turns black, remaining un-
changed until the end of the reaction period. Afterward, the NHs were 
separated from the electrolyte solution with a magnet and washed three 
times with distilled water, following the sequence, sonication for 5 min, 
and magnetic decantation until the supernatant was clear. The washed 
NHs were dried under vacuum at room temperature. 

To compare the degradation efficiency of the nanohybrids, magnetite 
nanoparticles were synthesized following the electrochemical method in 

Table 1 
Recent studies of TCY degradation with catalyst consist of Fe and Cu elements.a  

Catalyst Reaction time (min) Catalyst dose (g/L) Oxidant (mM) TCY (ppm) pH T (◦C) TCY rem (%) TOC removal (%) Ref 

AC@Fe3O4  180  0.4 PS 40  10  3  25 99.8 50.7 [17] 
Fe3O4  120  0.24 H2O2 20  60  7.4  25 98 – [25] 
Fe3O4-Cs  120  0.5 H2O2 10  48.09  3.0  25 96.2 68.3 [26] 
Cu/CuFe2O4  120  0.3 PS 7.8  50  3.5  25 75 60 [27] 
CuO@C-550  60  0.2 PMS 1.0  20  6  28 ≈100 (HPLC) 75.3 [28] 
Cu2O@CuxFeyO4  60  1 PS 0.5  100  6  25 98.1 82.3 This work  

Process assisted by ultrasounds 
Fe3O4  60  1.0 H2O2 150  100  3.7  22 93.6 31.8 [13]  

Process assisted by electricity 
Fe3O4  60  0.2 PS 2.0  25  4.5  25 86.53 – [15]  

Process assisted by ultraviolet light 
Fe3O4  120  0.3 H2O2 10  50  7.0  25 97.5 56.5 [29]  

a PS is persulphate, H2O2 is hydrogen peroxide, HPLC is high performance liquid chromatography, PMS is peroxymonosulphate, TOC removal, is total organic 
content removal. 
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a mixture of 20:80 methanol:water previously reported by our group 
[32]. In this case, only a foil of iron acts as the anode, while the cathode 
is parallel to the anode electrode. With this methodology, we were able 
to synthesize magnetite nanoparticles (NPs) with similar size to those of 
NHs. 

At the same time, the electrochemical methodology was used to 
synthetized copper oxide catalyst (CuxOy), following the same protocol 
described for NHs synthesis, but using a single copper electrode as 
anode. 

2.2. Catalyst characterization 

The morphology of the NHs were evaluated by High Resolution 
Transmission Electron Microscopy (HRTEM) using a Tecnai F30 (FEI) 
electron microscope operated at 300 kV. Also, a JEOL-2000 FXII (TEM) 
electron microscope operating at 120 keV was used to routinary visu-
alize the morphology of the catalysts and obtain the size distribution. 
The leaching of copper and iron in the reusability runs from the cata-
lysts, and the metal content in the fresh and four times used NHs, were 
determined with a Plasma Emission Spectrometer ICP-OES Perkin Elmer 
mod. Optima 2100 DV. Catalyst phase identification was examined by X- 
ray diffraction (XRD). The diffractograms were collected on Bruker D8 
powder diffractometer equipped with a primary monochromator and an 
ultrafast Lynxeye XE-T multichannel detector with Cu Kα1 radiation. 
PANalytical X’Pert HighScore software [33] was used for data analyses 
and Full Proof Suit package [34] was used to quantify the percentage of 
the catalyst crystalline phases. 

X-ray photoelectron spectroscopy (XPS) has been used to charac-
terize the elemental composition and the oxidation states of Cu and Fe 
on the surface of the NHs samples. XPS experiments were performed 
using an X-ray source of Al-Kα (1486.6 eV) [35]. The spectra were 
analyzed with the CasaXPS program (Casa Software Ltd., Cheshire, UK) 
using a Shirley method for background subtraction and data processing 
for quantitative XPS analysis. Spectra are displayed after subtracting the 
contribution of the Al-Kα satellite emission; in some cases, the spectra 
were normalized to the maximum intensity to highlight line shape dif-
ferences, which provides direct valuable insight regarding the oxidation 
states. 

2.3. Electrochemical tests 

The electrochemical characterization of the active species on the NHs 
surface was performed in a conventional electrochemical cell. Glassy 
carbon electrodes (GC) of Area = 0.196 cm2were used as working 
electrodes. The electrode was pre-cleaned through polishing with 
alumina powder (0.3 and 0.05 μm consecutively), and then washed with 

Milli-Q water. To modify the electrode surfaces, a catalytic inks were 
prepared dispersing 1 mg of the catalyst and 4 mg of carbon Vulcan XC- 
72R in 5 mL of isopropanol:water (1:4 v/v) and 20 μL of Nafion, under 
sonication for 30 min. The electrodes were modified by spin coating 
dropping 20 μL of the catalytic ink on the GC surface. The electro-
chemical analyses were performed using an Autolab 302 N potentiostat 
and a Pine Rotation Rate Control Unit. Graphite rod and Ag/AgCl 
electrode were used as counter and reference electrode, respectively. 
The potential values have been referred to reversible hydrogen electrode 
(RHE) using the relation: E(RHE) = E(Ag/AgCl) + 0.199 + 0.059 pH. 
Electrochemical characterization was performed by cyclic voltammetry 
at pH 6, in N2-saturated solutions. The electrocatalytic tests were per-
formed with a rotating electrode at 1600 rpm at pH 6 in N2 saturated 
solutions and in presence of 0.5 mM of sodium persulphate (SPS). 

2.4. Adsorption and advanced oxidation process (AOPs) 

Adsorption process, the adsorption evaluation process was per-
formed for 2 h under mechanical agitation (680 rpm), in a thermostatic 
bath at 25 ◦C. In a typical experiment, 1.0 g/L of NHs was dispersed in a 
TCY aqueous solution (25 mL) at pH 6 of 100 ppm. Two conventional 
kinetic models, pseudo-first-order (qt = qe(1 − ek1t)) and pseudo-second- 
order (qt = qe

2k2t/1 + qtk2t), were applied to investigate the adsorption 
kinetic further. Advance oxidation process (one step protocol), the 
experimental conditions were the same as described for adsorption 
process, but for this experiment, 0.5 mM of SPS was added to the TCY 
solution before adding the catalyst. The performance of the different 
catalyst on the degradation reaction of TCY were studied with this 
protocol. The reusability of the NHs was evaluated by performing four 
cycling runs. After the completion of the reaction, the separated NHs 
were washed with distilled water and dried for the subsequent cycle test. 
Advance oxidation process (two steps protocol), a mixture of the two 
previous protocols were conducted. At the same adsorption conditions, 
the catalyst was in contact with the pollutant for 1 h to ensure a steady 
state equilibrium. Afterward, 0.5 mM of SPS was added into the above 
mixing solution and immediately the degradation begins, and last 1 h. 

Pollutant elimination quantification, at the given time, sample ali-
quots (1.0 mL) were withdrawn from the test and centrifuged for 2 min 
at 12,000 rpm. Those samples were analyzed by monitoring the absor-
bance at λmax = 357 nm in UV–Vis spectra with a Perkin Elmer UV Vis 
Lambda 365 spectrophotometer. The quantification of the total organic 
content (TOC) left in solution with time last 1 h, was analyzed with a 
TOC-5000A model Shimadzu analyzer, considering the average of at 
least three measurements with an accuracy of ±5 %. The evolution of 
tetracycline concentration was also analyzed by ultra-high performance 
liquid chromatography (UHPLC/MSMS) (EVOQ-ELITE) using an Ace 
Excel 2 column (100 mm length, 3 mm diameter) as stationary phase. 
Analyses were performed using a mixture of H2OmQ + 0.5 % formic acid 
and methanol + 0.05 % formic acid as mobile phase with a proportion 
98/2 % (v/v). 

3. Results and discussion 

3.1. Nanohybrids characterization 

TEM image of NHs shown in Fig. 2a presents nanoparticles with 
quasi spherical morphology with a mean diameter of 14(5) nm. The 
synthetized NHs presents high crystallinity reflected in the clearly 
visible crystallographic planes observed in the high-resolution TEM 
image, Fig. 2b. 

The metal analysis obtained by ICP in the NHs reveals an important 
amount of copper with a total Fe/Cu molar ratio of 2.66. XRD pattern of 
fresh NHs sample depicted in Fig. 3, presents broad reflexions correlated 
with particles in the nanosized regimen. The analysis of the obtained 
pattern reveals two structures, attributed to cubic spinel (MFe2O4, with 
M = Cu, Fe) and cuprite (Cu2O) structures with space group Fd-3m:227 

30 min
Fe Cu

i = 50 (mA/cm2 )

Cathode
(Fe)

Anodes

Electrolyte: 40 mM NaCl
Magnetic stirring: 1100 rpm

25 ºC

Fig. 1. Scheme of the electrochemical synthesis of NHs.  
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and Pn-3m:224, respectively. The lattice parameter analysis of the cubic 
spinel is 8.383(1) Å. This value is in the range of other cooper ferrites, 
8.424–8.3715 Å, synthesized by coprecipitation method followed by 
calcination at different temperatures [36,37], and higher than the lattice 
parameters reported for electrosynthetized iron ferrite nanoparticles 
described in bibliography with similar particle sizes (8.370–8.374 Å) 
[32], which is associated to the bigger Cu2+ atomic radius when 
compared to Fe2+ one. 

It is worth to mention that in nanosized regime maghemite 
(ϒ-Fe2O3), magnetite (Fe3O4), copper ferrite (CuFe2O4) and copper- 
doped iron oxide have cubic spinel structures at room temperature 
[36,38] with similar lattice parameters, which makes it difficult to 
ensure the NHs composition. Seeking to clarify this point, detailed XPS 
analysis is further performed in the fresh NHs, to get some insight on the 
iron and copper oxidation states. 

The overall atomic concentration (% at.) surface composition of the 

NHs sample was summarized in Table S1. The Cu/Fe ratio obtained for 
the 3p and 2p levels reports values corresponding to a higher Cu content 
than that calculated from the ICP analysis, which determines the 
composition of the whole NHs molar ratio. In addition, the Cu/Fe ratio 
for the 2p level also provides a significantly higher and very distinct 
value than that obtained for the 3p state. 2p peaks provide surface 
sensitivity since their emission comes mostly from the outermost layers 
of the NHs. On the contrary, low binding energy signals from 3p levels 
with higher kinetic energy are emitted from deeper regions, which 
significantly enhances the contribution from the NHs as a whole, with 
minor influence from the outer surface layers. These results indicate the 
enrichment of copper atoms on the surface of the NHs. A detailed line 
shape analysis of XPS spectra is required to obtain information on the 
oxidation state of copper. Fig. 3b compares the normalized Cu 2p3/2 
spectra corresponding to NHs with the representative signal from com-
mercial Cu2O. The first thing to be noticed in the commercial reference 

Fig. 2. a) TEM images of fresh NHs electrochemically synthetized; inset histogram analysis of the nanoparticles size. b) HRTEM image of a few dispersed NHs.  

Fig. 3. a) XRD Rietveld analysis of pattern NHs. Phase: 1 — (227), Bragg R-factor: 2.56, Rf-factor = 1.42. Phase: 2 — Cu2O (224) Bragg R-factor: 3.21, Rf-factor = 3.43. 
σ2 = 0.981. (Bragg positions are depicted in green for spinel structure and black for Cu2O). b) XPS spectra of the Cu 2p corresponding to NHs and commercial Cu2O 
samples. XPS spectra were normalized to maximum peak intensity. Emission from Cu1+ and Cu2+ oxidation states and line shape differences are tagged. c) XPS 
spectra of the Cu 2p3/2 corresponding to NHs together with fit resulted from the addition of chemically shifted and satellite components ascribed to different 
oxidation states. Data points are represented as open symbols, and Shirley background and components as dotted and solid lines, respectively. Cu1+ (black), Cu2+: 
CuO (blue) and Cu(OH)2 (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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sample is the absence of satellite emission at binding energy in the range 
from 940 to 945 (Cu 2p3/2) and 960 to 965 eV (Cu 2p1/2) respectively, 
whose are known to be characteristic of the CuO phase [39,40]. In 
contrast, there is a relative shift towards lower binding energy of ca. 1.3 
eV in the peak position of the Cu2O commercial sample with respect to 
NHs one. This peak appears at the binding energy position of the 
shoulder seen on the right side of the Cu 2p3/2 emission for the NHs 
sample and can be inferred to Cu1+ oxidation state. 

Peak fitting of the Cu 2p3/2 spectra (Fig. 3c) was done by using the 
deconvolution of the component obtained from the fit of the Cu2O 
reference [39,40] and several mixed Gaussian/Lorentzian symmetric 
functions for Cu2+ oxidation state and satellites components, using as 
parameters the binding energy shifts reported in [39]. The first result is 
that copper is fully oxidized, mostly as CuO, but XPS also allows dis-
tinguishing some contribution from Cu2O and Cu(OH)2. 

Let us turn our attention to the Fe region (Fig. S1). The described 
analysis (see discussion in SI) suggests that Fe3+ mostly forms the Fe 
oxide signal in the NHs samples, even though the presence of Fe2+

species cannot be discarded, in good agreement with the formation of 
Cu-doped iron ferrite nanoparticles. Based on these results, the Rietveld 
analysis of the fresh NHs present a core with an 88.3 % of Cu0.34Fe2.66O4 
(where a partial substitution of the Fe2+ sites by Cu2+ takes place) and 
the outer layers of the catalysts with 11.7 % of Cu2O, which perfectly 
agrees with the Fe/Cu molar ratio obtained by ICP. 

3.2. Catalytic evaluation 

3.2.1. The degradation performance of TCY 
Before the AOPs experiment of Tetracycline, the adsorption of the as- 

prepared NHs to the target compound was conducted. The TCY is an 
amphoteric molecule symbolized as TCYH2 with multiple ionizable 
functional groups at different pHs. TCYH3

+ is the predominant specie at 
pH < 3.3, TCYH2 specie is predominant in the range 3.3 < pH < 7.7, 
while anionic TCYH− is predominant specie for pHs at 7.7 < pH < 9.7, 
and finally, TCY2− is stable at pH > 9.7 [41,42]. Two conventional ki-
netic models, pseudo-first order and pseudo-second order, were applied 
to investigate the adsorption kinetic further. The kinetics parameters 
obtained from the two models are listed in Table S2 and the fitting graph 
is depicted in Fig. S2. The R2 value (>0.96) of the fit according to the 
pseudo-second-order rate model was higher than the obtained from the 
pseudo-first-order rate model (R2 = 0.921). In addition, the values of qe, 

cal derived from the pseudo-second-order rate model fit was closer to the 
qe,exp values. Accordingly, the pseudo-second-order kinetic model better 
represents the adsorption of TCY onto NHs [43]. The adsorption removal 
efficiency obtained following the decrease in the maximum on the 
visible spectrum (Fig. 4a) is about 60 % with a qe,cal value of 66 mg/g, in 
agreement with the 59 % removal after 1 h determined by TOC and with 

the 43.7 ppm of antibiotic left in the supernatant, measured by HPLC for 
the same experiment, Fig. 4a and b. The NHs Point of Zero Charge (PZC) 
is around pH 7, Fig. S3. So, the surface of the catalyst was negatively 
charged at working pH, and the dominant TCY species is TCYH2, hence, 
the poor electrostatic repulsion experienced at this pH results in the high 
adsorption capacity observed. In addition, the interaction of Cu2+ with 
oxygen atoms of TCY molecules enhance the adsorption efficiency of the 
pollutant [44]. In another experiment, the pollutant and the catalyst 
were mixed up to reach the adsorption equilibrium, afterwards, the 
AOPs started with adding 0.5 mM of SPS and lasted 1 h, Fig. 4a and b. 
First, is worthy to mention that without catalysts, only SPS cannot 
degrade Tetracycline, although persulphate anion (S2O8

2− ) has a high 
oxidation potential (E0 = 2.01 eV), its kinetically slow in reacting with 
many organic compounds [45]. However, when the catalyst is involved 
in the reaction, a very fast catalytic degradation of TCY is observed in 
the early instants of the reaction, caused by the chemical activation of 
the persulfate anion to generate the intermediate sulfate free radical 
oxidant (SO4•− , E0 = 2.6 V) [46]. We have also compared the degra-
dation efficiency obtained with no previous adsorption stage against the 
experiment conducted in separate stages, first adsorption and later 
degradation. The TOC removal and TCY left in solution of those exper-
iments are represented in Fig. 4b. Targeted pollutant left in solution after 
only degradation and adsorption + degradation processes is very 
similar, with values of 1.95 and 1.0 ppm, respectively. A good elimi-
nation performance of TCY is important, but even more crucial is the 
mineralization percentage measured by TOC, since it measures not only 
the amount of degraded TCY, but also the by-products of the oxidation 
reaction. In this sense, the TOC mineralization efficiency is slightly 
lower in the two steps protocol (72.6 %) than in the direct degradation 
reaction (82.3 %). This variation in the TOC obtained can be explained 
with the high adsorption capacity of Cu2+ to bind with the TCY, which 
limits the further degradation process by hiding the catalyst’s active 
sites in the two steps experiment. Similar results were observed for the 
degradation of TCY with a porous Fe3O4 catalyst embedded in chitosan 
as the pollutant concentration increased [26] and with CuO particles 
encapsulated in a carbon framework [28]. 

In other words, the adsorption process is kinetically uncompetitive 
with the degradation process, since, once the one step oxidation starts, 
the decolorization/degradation happens within the first minutes, 
lowering the C/Co of the pollutant ratio from 1 to nearly 0.2, repre-
senting an 80 % decrease in the targeted pollutant content within the 
first few minutes. Furthermore, in the two-step method, the larger 
experiment time could compromise the reusability of the catalyst in 
further cycles by the possible leaching of Fe and Cu cations. We can 
conclude that the one-step protocol is time-saving and conducted to 
greater degradation doses. 

Fig. 4. a) UV–Vis spectral changes for TCY degradation with NHs in one step (adsorption or AOPs) and two steps experiment (adsorption + AOPs). b) Target TCY 
concentration left measured by HPLC and TOC removal percentage for 1 h of experience. Unless otherwise stated, the reaction conditions are based on: [TCY] = 100 
ppm, [catalyst] = 1.0 g/L, T = 25 ◦C, [SPS] = 0.5 mM and pH = 6. 
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3.2.2. Electrochemical catalytic evaluation of NHs vs Fe3O4 
As we have already explained, the NHs composition is 88.3 % of Cu- 

doped ferrite and 11.7 % of cuprite. To assess the role of the Fe3+/Fe2+

and Cu2+/Cu+ on the NHs composition and for comparison purposes we 
have performed the AOPs with Fe3O4 and NHs under the same experi-
mental conditions. The decolourisation test and the TOC removal shown 
a great difference between those, reaching with the NHs a complete 
decolourisation in the first 10 min, while the Fe3O4 remain around 0.8 
throughout the course of the experiment, Fig. 5. Besides, the TOC 
removal values were 82 and 8 % for NHs and Fe3O4, respectively. 

To characterize the superficial active sites contribution in the acti-
vation of SPS in the degradation test, an electrochemical characteriza-
tion was performed by cyclic voltammetry with the NHs and Fe3O4 
nanoparticles (scan rate: 5 m V/s, at pH 6 in N2 saturated solutions). 
Fig. 6a shows the voltammograms recorded for both catalysts. As can be 
observed, the Fe3O4 nanoparticles show an irreversible faradaic process 
(Ea = 0.42 V, Ec = 0.24 V vs. RHE) which corresponds to the Fe3+/Fe2+

redox process of the superficial iron of the nanoparticles [47]. However, 
the voltammogram for the NHs presents an extra reversible process at 
more positive values (Ea = 0.65 V, Ec = 0.58 V vs. RHE) which is 
associated to the Cu2+/Cu+ redox process of the copper atoms present in 
the NHs. In addition, the cathodic peak of the Fe3+/Fe2+ process is 
shifted to more positive values compared with the magnetite nano-
particles (Ec = 0.38 V vs. RHE). This displacement could be associated 
by the presence of cooper in the NHs structure, which can induce an 
electron-withdrawing effect on the iron atoms and consequently shift 
the reduction process to more positive values. To elucidate whether the 
iron or copper in the structure is responsible for the SPS activation, 
electrocatalytic tests were performed by rotating disc electrode (RDE) 
(1600 rpm) in the presence of 0.5 mM of SPS at pH 6. The solution was 
previously de‑oxygenated with N2 to avoid the presence of O2 in the 
solution and hinder the oxygen reduction reaction via 2e− with the 
consequent generation of H2O2, which could interfere in the electro-
catalytic reduction of SPS. Fig. 6b shows the polarization curves recor-
ded. The electrocatalytic activity was evaluated considering the onset 
potential of the SPS reduction (potential when the SPS reduction takes 
place). The electroreduction of SPS for both catalysts presents different 
onset potentials, at 0.57 V and 0.30 V vs. RHE for the NHs and Fe3O4 
NPs, respectively. This fact informs the higher electrocatalytic activity of 
the NHs than the Fe3O4, due to the lower overpotential needed to start 
the electroreduction. Additionally, the onset potential of the electro-
reduction of SPS is related to the redox processes Fe3+/Fe2+or Cu2+/Cu+

determined by cyclic voltammetry for Fe3O4 and NHs, respectively. That 
is, the electroreduction of SPS starts with the presence of Cu+ of the NHs 
or the presence of Fe2+ in the Fe3O4 nanoparticles, in which both sites 
are electrogenerated during the cathodic polarization [48]. 

3.2.3. Catalytic performance of NHs compared to other catalysts 
To further understand the catalytic abilities of the NHs proposed, and 

the role of the Cu2+/Cu+ and Fe3+/Fe2+ redox couples, we have also 
assessed the catalysis efficiency of a commercial cuprite compound 
where only Cu+ is present in the sample. These tests have been per-
formed for three distinct cuprite concentrations, i.e. 0.3, 1.0 g/L and 
0.117 g/L, the final concentration found in the NHs sample. The TOC 
degradation percentages are shown in Fig. 7a. With increasing the 
catalyst concentration, an increment in TOC degradation has been 
observed, achieving 18, 36 and 64 % of mineralization with the dose 
increase, all these values are lower than that obtained by using the NHs 
catalyst (1.0 g/L). Otherwise, the carbon degradation observed using the 
same dose (0.117 g/L) of cuprite that the NHs is supposed to have, is 
about 18 %, far from the value obtained for the nanohybrid (82 %), also 
with the maximum dose of cuprite catalyst (1.0 g/L) the TCY removal is 
lower. This implies that not only the Cu+ ion is involved in the degra-
dation process, but also the contribution of Cu2+, Fe2+, and Fe3+ cations 
are of key importance. 

To provide a more realistic comparison of the TCY degradation ob-
tained with the NHs, we followed a similar experimental method 
described for the NHs synthesis, but a single copper foil was oxidized in 
the electrolyte solution. The CuxOy catalyst obtained were composed of 
quasi-spherical particle aggregates and rod shape morphology, as shown 
in Fig. S4. The Rietveld analysis of the XRD pattern shows four well- 
differentiated phases of Cu2O, CuO, and Cu(OH)2 as well as Cu in a re-
sidual proportion which were not able to be separated in the washing 
processes, Fig. S5. Therefore, the sample we refer to as CuxOy is 
composed of both Cu2+ and Cu+. 

The catalytic activity of CuxOy (1.0 g/L) and NHs (1.0 g/L) catalyst 
was compared with the one obtained with a mixture of CuxOy and spinel 
iron oxide powders in the same NHs proportion provided by Rietveld 
analysis (11.7:88.3), in order to have Cu2+/Cu+ and Fe3+/Fe2+ contri-
butions, Fig. 7b, c. Even if the concentration of TCY left in the solution 
following the degradation is comparable for both NHs and the mixed 
sample catalysts, the total organic removal is notably greater for the 
former catalyst. This demonstrates that there might be a synergistic ef-
fect in the hybrid by the presence of copper ferrite, thereby enhancing 
the relative rates of mass transfer to reactive sites and chemical reaction 
on these. 

3.2.4. The stability and application in various runs 
The catalyst recycling performance is of importance in real-world 

application. Hence, the catalyst was recovered to perform several runs 
further to investigate the catalytic stability of the NHs in AOPs. Fig. 8a, 
depicts the UV visible color removal of NHs in the four runs explored. A 
greater decrease in the C/Co ratio is observed mainly from the third 
cycle and onwards. The HPLC analysis of TCY removal is shown in 
Fig. 8b, the concentration of degraded TCY was 98.1, 96.6, 95.1 and 
90.9 ppm, in the four sequential runs. In the TOC analysis, we found the 
most significant differences between cycles. The mineralization per-
centage was 82 %, 72 %, 40 % and 15 %, for each of the four cycles, as 

Fig. 5. a) UV–vis spectral changes for TCY discoloration with 1.0 g/L of catalyst and 0.5 mM of SPS at pH 6. b) TOC removal efficiencies obtained for the same 
experiment show in a) at time 1 h. 
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shown in Fig. 8b. The reusability test showed an improved capacity of 
the catalyst to be reused in comparison with the Cu/CuFe2O4 catalyst 
proposed by [27], where at pH 7 in the second run, the efficiency was 
drastically reduced mainly due to the higher Cu leaching during the first 
run at this pH (100 mg/L). However, in the case of CuO particles 
encapsulated in a polyhedral carbon framework, the degradation rate 
diminished between the third and fifth runs, possibly caused by the 
adsorption of by-products on the catalyst active sites or by the leaching 
of copper [28]. 

It is evident, that after the oxidation process some catalyst leaching 
might appear by the consumption of SPS in the solution after each cycle, 
according to the mineralization reduction. 

To further explore this hypothesis, the metal ion leaching after each 
cycle was also explored, Fig. 8c. The copper leaching from the nano-
hybrid structure has been more pronounced than iron loss. This evidence 
might result by the fact that the cuprite phase is non-magnetic and, 
therefore can stabilize eventually in aqueous media owing to their 
nanosized regimen making it impossible to collect them by centrifuga-
tion. Such particles may have subsequently been degraded in the acid 
digestion for ICP analysis; hence, the measured concentration is not 

exclusively of Cu ions in the solution and the Cu content might be 
overestimated. The weight content of Cu present in the NHs structure 
measured by ICP and referred to the total weight of the sample treated, is 
initially 17.8 %, followed by the values of 14.2 %, 10.6 %, 7.8 % and 3.8 
% after successive degradation cycles. It seems evident that the sub-
stantial decrease in Cu concentration occurred throughout several runs 
compromised the catalyst reusability. 

3.3. XPS characterization of the NHs after the degradation tests 

After the degradation test, the surface composition of the NHs sam-
ples was characterized by XPS analysis and compared with the as- 
synthetized NHs. The atomic concentration (% at) after the AOPs, Ads 
+ AOPs and the AOPs 4th run are summarized in Table 2. 

As can be observed, the 3p and 2p intensity ratios are different in the 
as-synthetized NHs, and after the 1 step AOPs and Ads-AOPs tests, 
indicating that the enrichment of copper on the outer layer of the NHs 
remains during the first degradation tests. However, it is also worth 
mentioning that the analysis of the 3p and 2p core levels for the NHs- 
AOPs (4th run) sample provide the same value for both Cu/Fe ratios 

Fig. 6. a) Cyclic voltammetry of Fe3O4 and NHs recorded at 5 mV/s in pH 6 N2 saturated solution. b) Polarization curves of Fe3O4 and NHs recorded at 5 mV/s in pH 
6, 0.5 mM of SPS, N2 saturated solution. 

Fig. 7. a) TOC removal efficiencies obtained with 
commercial Cu2O sample at different concentrations. 
b) UV–vis spectral changes for TCY degradation with 
1.0 g/L of magnetite, 1.0 g/L electrochemical CuxOy, 
1.0 g/L sample of mixed (CuxOy:magnetite) in pro-
portion (0.117:0.883) and 1.0 g/L of NHs. (c) Target 
TCY degradation measured by HPLC for 1 h of 
experiment of mixed and NHs samples. TOC degra-
dation efficiency of different catalyst (magnetite, 
electrochemical CuxOy, mixed magnetite: CuxOy and 
NHs).   
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so that relative total content of copper and iron is kept constant. Then, at 
this stage (4th run), the NHs can be considered as a uniform system 
according to XPS depth sensitivity. In the absence of Cu2O shell, Cu2+ is 
present in the ferrite lattice in agreement with the XRD results for the 
spinel structure (Fig. S6), where a unique phase of Fd-3m:227 spatial 
group is observed. 

As previously mentioned, XPS is particularly sensitive to the species 
present on the surface of the NHs, which is actually where the reaction 
takes place and can be an ideal technique to investigate the deactivation 
of the catalyst in the course of the reaction. The relative change in C, O 
and N content during the AOPs informs about the degradation mecha-
nism. The N signal could be considered as a fingerprint of TCY 

degradation and adsorption on the surface of the NHs, and clearly ap-
pears upon the first step of AOPs and reaches its maximum intensity. 
After the adsorption-AOPs tests, the N signal is reduced due to the partial 
coverage of the NHs surface with high amount of OH groups, which 
produces a certain passivation effect. The last reaction step (4th) also 
shows a reduced N signal which explains the loss of catalytic activity of 
the NHs after the degradation results (Table 2). 

At this point, further analysis of the corresponding C 1s and O 1s 
spectra are needed to study the progress of the reaction. Fig. 9, show the 
deconvolution analysis of the C 1s and O 1s spectra for the fresh NHs, 
NHs-AOPs and NHs-AOPs (4th run) samples. C 1s and O 1s fitting results 
are summarized in Table S3. C 1s has been decomposed into several 
components ascribed to the different chemical environment as C–C, 
C–OH/C–O, C––O, and O–C––O ordered from low to high binding 
energy values, respectively, in accordance with their respective energy 
shift values reported [49]. Analogously, O 1s has been fitted with three 
peaks attributed to lattice oxygen (OL) bound to the metal cation in the 
catalyst (Cu, Fe-oxides), adsorbed surface oxygen including mainly ox-
ygen species of hydroxyl groups, and water molecules and car-
bon‑oxygen species adsorbed on the surface. OL component has a strong 
signal for the fresh NHs sample due to the contribution of O bonding in 
the ferrite and cuprite lattices, which is difficult to be resolver individ-
ually. This component decreases in intensity in NHs-AOPs (4th run) due 
to the progressive release of Cu and the simultaneous adsorption of 
hydroxyl groups on the NHs surface, which agrees with the increment 
shown in the C 1s signal of carbon species bonded in the form of 
hydroxyl-carbonyl groups. Equivalent results are obtained for NHs-Ads 
+ AOPs sample (not shown). The similarities of the C 1s and O 1s spectra 
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Fig. 8. (a) UV–vis spectral changes for TCY degradation with NHs cycling runs. (b) Target TCY degradation measured by HPLC (dots) and TOC removal efficiency 
(bars), both at 1 h of experiment after each run. (c) Metal ion leaching (bars) and weight percentage of Cu ions present in NHs measured by ICP after each cycle. 
Unless otherwise stated, the reaction conditions are based on: [TCY] = 100 ppm, [catalyst] = 1.0 g/L, T = 25 ◦C, [SPS] = 0.5 mM, time = 1 h, pH = 6. 

Table 2 
Relative percentage of elemental content obtained by XPS analysis, and Cu/Fe 
atomic ratio determined from 2p and 3p core levels emission, respectively.  

Sample Cu 
(2p/ 
3p) 

Fe 
(2p/ 
3p) 

C O N Cu/Fe 
(2p) 

Cu/Fe 
(3p) 

NHs 6.4/ 
5.7 

4.9/ 
5.8 

55.0/ 
54.9 

33.7/ 
33.6 

–  1.30  0.98 

NHs — 
AOPs 

7.2/ 
6.3 

5.0/ 
6.4 

48.0/ 
47.7 

37.8/ 
37.6 

2.0/ 
2.0  

1.43  0.98 

NHs — Ads 
+ AOPs 

2.4/ 
2.8 

1.8/ 
2.9 

68.1/ 
67.0 

27.1/ 
26.7 

0.6/ 
0.6  

1.33  0.97 

NHs — 
AOPs 
(4th run) 

0.7/ 
1.1 

1.9/ 
3.3 

69.7/ 
68.7 

26.5/ 
26.0 

1.2/ 
1.2  

0.37  0.37  
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(related to the deposition of oxidized carbonaceous species and OH 
groups derived from the adsorption stage and the 4th consecutive reuse 
of the NHs) might suggest a comparable catalytic behavior. However, it 
is important to remark on the very different relative surface content of 
Cu and Fe, which affect the efficiency of the TCY degradation process. In 
the case of NHs-Ads + AOPs reaction sample, NHs are able to preserve 
the high elimination efficiency with C/C0 ratio very similar to that 
observed in NHs-AOPs, although limited by the TCY adsorption step and 
the consequent activation delay. On the contrary, in the case of NHs- 
AOPs (4th run) the reduced catalytic activity might be consequence of 
1) the absence of the single Cu-oxide layer discussed in base of the Cu 
2p/3p sensitive depth conditions and 2) the passivation of the outermost 
layer mainly covered by C–O species and OH groups (as already 
discussed). 

Overall, we infer that the high efficiency of NHs is ascribed not only 
to the existence of Fe and Cu but also to the Cu+ leaching in solution. 
Thus, the probable mechanism of the catalytic performance of tetracy-
cline degradation is proposed in Fig. 10. In parentheses is depicted the 
equation proposed in the introduction which refers each process. The 
persulphate activation by Cu+ and Fe2+ cations present in the catalyst 
surface, to generate SO4

•− , process (2 and 4). Also, the Cu+ in solution 
behaves the process 4. The redox coupling Fe/Cu (process 5). The re-
action of SO4

•− in water to promotes the OH• radicals generation, which 
are less reactive than SO4

•− . Finally, SO4
•− and OH• radicals react in Eq. 7 

to degrade TCY in intermediates and CO2 + H2O. 

4. Conclusions 

It is the first time shown that the electrochemical route can generates 
a catalyst (NHs) consisting of cuprite as a shell and non-stoichiometric 
spinel copper ferrite. This catalyst is able to reduce the concentration 
of tetracycline from the initial concentration, 100 ppm, up to 1 ppm in 
about 10 min reducing the total carbon content to 17.3 % in 1 h, with 
one of the lowest persulfate doses reported. The presence of Cu and Fe 
atoms at the surface provided catalyst with new properties, yielding 
great TCY degradation in one 1 h. In addition, the progressive release of 
Cu atoms from Cu-oxide NHs shell and their dilution into the medium 
has its own contribution. Complementary studies performed with cata-
lyst consisted of a surface composition of Fe3+/Fe2+ (Fe3O4), Cu+

(Cu2O), Cu/Cu+/Cu2+ (CuxOy) and the catalyst mixture of Fe and Cu 
oxidation states (Fe3O4:CuxOy) at the same experimental conditions 
shown poorer degradations yields. The catalyst loss its efficiency from 
3rd cycle and onwards, because of the loss of Cu-shell with the 
consecutive runs and the adsorption of by-products or initial TCY which 
hinders the catalyst active sites, demonstrated by the reduction of the OL 
component and the increment of C 1s signal of carbon species bonded in 
the form of hydroxyl‑carbonyl groups in the XPS analysis. It has also 
been established that it is unnecessary to reach a steady state of 
adsorption before performing the degradation since the TOC removal, in 

this case, is worse than those obtained in a single degradation step, 
which is also time shorten. 
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