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The Zn;_,Cu,O (0 < x < 0.1) solid solutions and Zn,_,Cu,O:
CuO composite materials have been synthesized by a precur sor
technology using Zn;_,Cu,(HCOO),-2H,0 (0 < x < 0.2)
mixed formates as precursors, and their structural, optical
and photocatalytic characteristics have been ascertained.

Nanodispersed zinc oxide (ZnO) has been extensively studied in
connection with its practical applications in solar cells, photo-
detectors, field emission cathodes, ferromagnetic materials and
photocatalysts for the deep oxidation of toxic organic substances.
However, aconsiderable rate of electron-hole recombination and
photoactivity predominately in the ultraviolet range with a low
quantum yield substantially constrain the application of ZnO
as a photocatalyst. The photoactivity of such materials can be
increased and displaced into the visible spectrum region by
doping, changing the accessible surface size and morphology of
aggregates and enhancing the degree of intrinsic defectiveness.®
In our opinion, a precursor technology based on the thermolysis
of zinc complexes with organic ligands is the most promising
method for the synthesis of this material, which makesit possible
to control both the microstructural characteristics of ZnO and
the degree of its intrinsic defectiveness. The advantage of this
method is that any compounds capable of transforming into oxides
on heating can be used as precursors. Earlier, the solid solutions
Zn,_,Cu,O with tubular particle morphology have been synthesized
employing this technology from mixed formate glycolates of
the general formula Zn,_,Cu,(HCOO)(OCH,CH,0),,,; these
solid solutions exhibited a high photocatalytic activity in the
oxidation of hydroquinone in visible light.57 Copper as an
aloying addition is an effective acceptor impurity influencing the
electronic band structure and intrinsic defectiveness of Zn0.89
Since the catalytic activity of CuO in the oxidation of organic
substances is well known,° it is interesting to obtain a catalyst
based on the solid solution Zn,;_,Cu,O with a copper oxide
modified surface. The use of nanostructured hybrid shells in such
photoel ectrochemical systems provides additional possibility to
affect the electron and hole dynamics and the bandgap width of
aZnO matrix.

In this work, in order to produce Zn;_,Cu,O solid solutions
and nanodispersed Zn;_,Cu,O: CuO composite materials with an
extended optica range of catalytic activity, we have developed a
method in which the mixed formate Zn,_,Cu,(HCOO),-2H,0
was used as a precursor. This compound is a product of iso-
morphous substitution of copper for a part of zinc in the structure
of Zn(HCOO),-2H,0.

© 2017 Mendeleev Communications. Published by ELSEVIER B.V.
on behalf of the N. D. Zelinsky Institute of Organic Chemistry of the
Russian Academy of Sciences.

The formate Zn,_,Cu,(HCOO),-2H,0 was produced under
solvothermal conditions by the reaction

(1=X)ZnO + x/2(CUOH),CO, + 2HCOOH + (1—x/2) H,0 =
= Zn,_Cu,(HCOO),-2H,0 + x/2CO, 1 (50—60°C)

According to the XPS, IR spectroscopic and scanning electron
microscopic data, the mixed formate Zn,_,Cu,(HCOO),-2H,0
(0<x < 0.2) isanindividua compound crystallizing aslight blue
scaly crystals with an average particle size of 50 nm in the region
of existence of solid solutions between the Zn(HCOO),-2H,0—
Cu(HCOO),-2H,0 system components. The X-ray phase andysis
of the products of Zn, _,Cu,(HCOO),-2H,0 thermolysisin air at
450°C revealed that the monophase solid solutions Zn,_,Cu,O
with awurtzite structure are formed at 0 < x < 0.1. Along with
the basic phase Zn, _,Cu,O, the samples with x > 0.1 contain the
diffraction lines of a CuO impurity phase.

In accordance with the scanning electron microscopy (SEM)
data (JSM-6390 LA, JEOL), the Zn;_,Cu,(HCOO),-2H,0
thermolysis products are quasi-one-dimensional polycrystals
ready to longitudinal intergrowth (Figure 1). At high magnifica-
tions, it is seen that the surface of the aggregates hasahierarchical
structure of smaller crystallites. The introduction of Cu into the
zinc formate sample forwards a transition to linear structures.
Theinitiad zinc formateis an unstuctured polycrystalline substance.
We observed a tendency to elongate the fibers in aggregates as
the concentration of copper in the samples increased. Reflected
electron imaging (BSE mode) reveals a monochrome distribution
of X-ray contrast, which istypical of the structure of composites

Figure 1 The SEM image of the morphology of particles of Zn,;_,Cu,O,
where xis(a) 0.05 and (b) 0.2.
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Figure 2 EPR spectraof (a) Zng ¢sCugsO and (b) Zng gCug .0 samples.

in which CuO is distributed on the Zn,_,Cu,O nucleus as a
uniform surface layer. The data of energy-dispersive X-ray (EDX)
analysis, elemental analysis by atomic absorption spectrometry
(Perkin-Elmer) in acetylene—air flame and inductively coupled
plasma atomic emission spectrometry (JY-48) showed that the
composition of the samples Zn, gCuy,0 corresponded to that
conventionally ascribed to this compound.

The X-band EPR spectra (CMS-8400, ADANY) of the solid
solutions Zn,_,Cu,O (x = 0.05, 0.1), measured at room tem-
perature, exhibit two narrow symmetrical lines with g-factors of
2.00 (AHp, =5 Gs) and 1.96 (AH,,, = 8 Gs) (Figure 2). According
to the literature data, the line with the g-factor close to the spin
value in wurtzite belongs to single-charged oxygen vacancies
V31112 The high-field signa with g = 1.96 is attributed to
electrons on shallow donor levels; as a rule, it is due to the
presence of impurities such asiron in the structure.’® The relative
intensity of this signal decreased with the concentration of copper
in the samples, probably, due to the reduction of the occupancy
of impurity levels as a result of electron capture by Cu?* ions
and the transition of copper into a monovalent state. In addition
to the above signals, the spectra of the samples also exhibited a
broad asymmetrical signal (AH,,, ~ 100 Gs) with an absorption
maximum corresponding to a g-factor of 2.06, which is ascribed
to the Cu?* ions (electron configuration d°) in the tetrahedral
positions of wurtzite. The asymmetrical shape of the lines caused
by the distribution of spectroscopic parametersisindicative of a
disorder in the local environment of copper in the samples of
Zn,_,Cu,0 (x=0.05,0.1).1*

The spectrum of the ZnygCuy,0O sample containing CuO
is different from the spectra of the solid solutions. First, thereis
no line with g = 1.96 in the spectrum of ZnygCuy,0O. Second,
along with the lines from oxygen vacancies V& and Cu?* ions,
broad (AHp, = 150 Gs) low-intensity lines at 2660 and 3775 Gs
are observed in this spectrum. These signals are the fine structure

lines of Fe3" ions (electron configuration d%) located in the
diamagnetic matrix of ZnO.12 In this case, the uncontrollable
iron impurity was introduced into the sample during synthesis.
Since all of the samples were produced under the same condi-
tions, the signal with g = 1.96 in the spectra of Zn;_,Cu,O
(x =0.05, 0.1) is likely due to the presence of iron forming the
impurity levels in the region of shallow donors. The absence of
this signal, on the one hand, and the appearance of the Fe3* fine
structure lines in the spectrum of the ZnygCuy,0 composite,
on the other hand, are indicative of the effect of CuO on the
electronic structure of wurtzite, and they suggest the occurrence
of contact phenomena between the ZnO matrix and the copper
oxide layer covering this matrix. This result shows that the
sample of the general composition Zn, gCug,,0 is a nucleus-
shell type composite material rather than a mechanical mixture
of Zn,_,Cu,O and CuO phases.

To determine the effect of copper on the absorption of zinc
oxide, we have examined the UV, visible and NIR absorption
spectra of the samples, which were measured in a range of
220-1400 nm (UV-3600 spectrometer, Shimadzu, 4 = 310 nm)
using BaSO, as areference. In the spectra of the solid solutions
Zn;_,Cu,O (x = 0.05, 0.1) and the Zn,gCuq,O composite, the
absorption band edge was not displaced into the long wavelength
region relative to pure ZnO (Figure 3). The bandgap width of the
solid solutions determined by the extrapol ation of an absorption
spectrum straight-line portion represented as («hv)? = f(hv) until
intersection with the abscissa axis is 3.15 €V. The bandgap of
copper oxide obtained by the thermolysis of copper formate
Cu(HCOO0), is1.5eV. The Cu?* cationsin CuO are characterized
by a broad absorption band with a maximum at 600 nm, which
is due to the d—d transition 2T,y - %E;,. Inthe UV range, thereis
an absorption band at 270 nm corresponding to oxygen—copper
charge transfer. The optical absorption spectra of the solid solu-
tions Zn,_,Cu,O (x = 0.05, 0.1) and Zn, gCu, ,O aso contain an
absorption band at 600 nm belonging to the d—d transitions of
Cu?*. In addition, these spectra contain an absorption band at
440-470 nm corresponding to the Cu?*—Cu* transition. The
optical absorption intensity of this band increased with the concen-
tration of copper in the solid solutions pointing to the enhance-
ment of Cu* concentration in the samples. This result correlates
with a reduction of the intensity of the lines from electrons in
the region of small donors in the EPR spectra and confirms the
supposition that copper serves as electron trapping sites.

The photocatalytic activity of the Zn,_,Cu,O samples was
analyzed in the oxidation of hydroquinone upon irradiation of
its agueous solutions at Ay = 253 and 460 nm. Figure 4
demonstrates the dependences of the degree of hydroguinone
transformation into p-benzoguinone on the catalyst composition
upon photoexcitation with visible light for 10 h. Under such
conditions, CuO produced by the thermolysis of Cu(HCOO),-2H,0
did not exhibit any catalytic activity. Thus, the introduction of
small copper amounts (to 5%) into nanodispersed ZnO con-
siderably increasesits catalytic efficiency in oxidation reactions.

Absorbance

1 1 1 J
400 600 800 1000 1200 1400
Alnm

Figure 3 Optical absorption spectra of Zn,_,Cu,O: x is (1) 0, (2) 0.05,
(3) 0.1, (4) 0.2, and (5) 1.
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Figure 4 Degree of hydroquinone conversion in blue light versus the
composition of Zn,_,Cu,O catalyst.

When the concentration of copper in the Zn,_,Cu,O samples
was increased to x < 0.1, the catalyst photoactivity decreased,
on average, by 10%. Reduction in effective photocatalysis with
raising the total copper content was noted in a study of the
oxidation power of ZnO/CuO hybrid nanomaterials.’® This
phenomenon was attributed to the enhanced recombination of
photogenerated electrons and holes when their total amount
increased sharply.

Thus, the use of the mixed formate Zn;_,Cu,(HCOO),-2H,0
(0 < x < 0.2) as a precursor makes it possible to obtain both
the solid solutions Zn;_,Cu,0O (0 < x < 0.1) and the hybrid
materials Zn;_,Cu,O: CuO, which are nucleus-shell composites.
It was found that the efficiency of Zn;_,Cu,O photocatalysts is
determined by the concentration of copper, which serves as an
electron acceptor at its content higher than 10%. This process
and the presence of intrinsic defects formed in the course of
synthesis, which serve as recombination centers, decrease the
photoactivity of the samples.

This work was supported in part by the Federal Agency for
Scientific Organizations of Russia, the Ura Branch of the Russian
Academy of Sciences (project no. 15-6-3-20) and the Russian
Foundation for Basic Rresearch (project no. 15-03-02908-a).
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