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Abstract
Cu, Ni-doped ZnO materials were prepared through a fast and simple nital-solution method. XRD and SEM studies confirmed 
the obtention of the hexagonal brucite structure of ZnO with hexagonal truncated-pyramid morphology. A slight decrease in 
the cell parameters of ZnO:Cu and ZnO:Ni was observed due to the incorporation in the crystal lattice of Cu2+ and Ni2+. The 
absorption spectra of ZnO was red shifted in the doped samples. The formation of oxygen vacancies was confirmed through 
Raman and XPS spectroscopy, and it was found that the metal doping increased the oxygen vacancies in ZnO, being ZnO:Ni 
the sample that exhibited the higher density of oxygen vacancies. The photocatalytic activity of the samples was evaluated in 
the H2 production and the reduction of CO2 under UV light. ZnO:Cu and ZnO:Ni samples showed enhanced activity com-
pared to pure ZnO in both photoreduction reactions. ZnO:Ni exhibited the highest photocatalytic activity (224 μmol g−1 h−1 
H2, 29 μmol g−1 h−1 CH3OH), adjudicated to the major oxygen vacancies observed in this sample, which improved the charge 
separation and reduced the recombination of the photogenerated electron–hole pairs.

1  Introduction

The improvement and design of new technologies for the 
production of clean and renewable fuels and environmental 
protection is a central topic of research in these days [1]. 
Photocatalysis is a promising alternative with the capacity 
to solve environmental problems such as waste water [2], 
soil [3], air pollution [4], and to produce solar fuels includ-
ing hydrogen and low carbon-based fuels, which can be 

employed in fuel cells for the generation of electricity or to 
storage energy in the form of chemical bonds [5]. This easy 
and green technology offers multiple advantages, such as 
operating at room conditions and using abundant resources, 
including H2O, CO2, solar light and a photocatalyst without 
a negative impact in the environment. The photocatalyst can 
be reusable and has the capacity of: (i) promoting the elimi-
nation of dyes, antibiotics, pesticides, heavy metals, and 
other inorganic and organic hazardous compounds and (ii) 
convert the H2O and CO2 molecules into solar-based fuels 
such as H2, CO, CH4, CH3OH, HCOOH, and HCHO [6].

Due to its outstanding and versatile optoelectronic prop-
erties, ZnO has been studied extensively in the literature [7]. 
ZnO shows a wide band gap (~ 3 eV) with direct transition 
[8], n-type conductivity [9], large exciton binding energy 
(60 meV) [10], strong oxidation ability [11], it is non-toxic, 
stable, abundant and can be easily prepared at low cost by 
a variety of methods, allowing a fine control of the micro-
structure, physicochemical and photocatalytic properties 
[12]. Also, the high surface reactivity of ZnO promotes the 
formation of defects originated from the oxygen non-stoichi-
ometry [13]. The applications of ZnO include photocataly-
sis, photoelectrochemical cells, sensors, electrical devices, 
solar cells, diodes, supercapacitors, drug delivery, etc. [14].

On the other hand, an important disadvantage of ZnO 
involves a low quantum efficiency which originates a high 
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recombination rate, a short lifetime of the charge carriers, 
and low photon to electron conversion efficiency [15]. Multi-
ple strategies have been employed to avoid this problem and 
to improve the electronic and optical properties of ZnO, in 
order to achieve an efficient separation and transport of the 
charge carriers. These strategies include the control of par-
ticle size [16], morphology [17], porosity [18], crystallinity 
[19], crystal facets [20], the formation of heterostructures 
[21], sensitizing with organic materials [22], doping with 
cations or anions [23], introducing intrinsic defects [24], 
among others. Doping is a strategy of particular importance 
due to it can improve the separation of the photogenerated 
charges, increase the surface area and conductivity, and 
reduce the band gap [24]. Doping with metal transition cati-
ons such as Fe, Cu, Ni, Co, and Mn induces the creation of 
energy levels in the electronic band structure that reduce the 
recombination of carriers and the band gap energy, causing 
a red shift in the absorption spectra [25]. The presence of 
defects on ZnO has been discussed in recent studies, due to 
they have a significant impact on the optical and electrical 
properties. Particularly, oxygen vacancies enhance the vis-
ible light absorption and reduce the recombination, acting as 
electron traps [26]. Inducing oxygen vacancies defects in the 
crystalline structure of ZnO through several methods of syn-
thesis is a promising strategy to inhibit the charge recombi-
nation process, tune the electrical, optical and physicochemi-
cal properties of the material and improve the photocatalytic 
efficiency, though there are still many challenges on finding 
synthesis methods with the capacity to produce photocata-
lysts with appropriate properties at higher scale. Nital-solu-
tion is an innovative, simple, fast, and low-cost method that 
allows high yield and low temperature (180 °C) obtention 
of metal oxides with interesting physicochemical proper-
ties such as high crystallinity, controlled morphology and 
the formation of oxygen vacancies. This method involves 
several stages: (i) a condensation reaction of CH3OH and 
HNO3 to form an ethyl nitrate, (ii) the addition of zinc ace-
tate to the ethyl nitrate solution at 70 °C to generate a zinc 
intermediate, and (iii) the combustion reaction at 180 °C to 
produce ZnO [27]. So far, this synthesis method has not been 
employed for the preparation of ZnO doped with transition 
metals. In this work, it is proposed the synthesis of Cu, Ni-
doped ZnO by the nital-solution method in order to promote 
oxygen vacancies formation. The photocatalytic activity of 
the materials was investigated in H2O and CO2 reduction to 
produce H2 and CH3OH, respectively. The influence of the 
dopant and oxygen vacancies on the physicochemical prop-
erties and the photocatalytic activity was also investigated. 
For the best of our knowledge, we report for the first time 
the use of nital-solution as a simple and low-temperature 
method, for the synthesis of Cu, Ni-doped ZnO exhibiting 
oxygen vacancies and enhanced photocatalytic activity for 
H2 and CH3OH production compared to recent reports.

2 � Experimental procedure

2.1 � Synthesis of Cu,Ni‑doped ZnO

The experimental procedure employed for the synthesis of 
ZnO by the nital-solution method was proposed in previ-
ous work [27]. The method involves the preparation of 
a solution of ethanol (96%) and HNO3 in a 10:1 volume 
ratio in a round-bottom three necked flask, adapted with a 
conventional thermometer, a reflux system, and magnetic 
stirrer. The solution was heated at 70 °C, and the precursor 
of zinc (Zn(CH3COO)2·2H2O) was added. In the case of 
the doped materials, a 2% in weight of the doping cations 
was incorporated in the reaction media, using as precur-
sors Cu(NO3)2·3H2O and Ni(NO3)2·6H2O, obtained from 
Sigma Aldrich with 99.99% of purity. The solution with 
the precursors was stirred and heated at 180 °C. At this 
temperature, the organic precursor overcomes the com-
bustion reaction and form the pure ZnO and Cu,Ni-doped 
ZnO materials.

2.2 � Characterization

The crystalline phases of all materials were characterized 
by X-ray diffraction (XRD) using a Bruker D8 Advance 
diffractometer with CuKα radiation (λ = 1.5406 Å) oper-
ating at 40 kV and 40 mA, from 10° to 70° (2θ angle) 
with a step of 0.01133° and a counting time of 0.3 s per 
step. Crystallite size was estimated from the XRD patterns 
using the Scherrer equation. Morphology and particle size 
were determined by Scanning Electron Microscopy (SEM) 
using a JEOL 6490 LV microscope coupled with Energy 
Dispersive X-ray Spectroscopy (EDS). A Thermo scien-
tific XRD Raman microscope was employed to measure 
the Raman spectra of ZnO samples. All spectra were taken 
in the backscattering configuration at room temperature. 
XPS spectra were measured in an XPS-Auger Perkin 
Elmer PHY 560 spectrometer, with a monochromatic Al 
Kα (hv = 1486.7 eV) X-ray source. Specific surface area 
(SBET) was obtained by N2 physisorption at 77 K with 
a Belsorp II mini (Bel Japan), degassing the samples at 
150 °C for 4 h before the analysis. Optical properties were 
analyzed from 200 to 800 nm using a UV–Vis NIR spec-
trophotometer (Cary 5000) coupled with an integration 
sphere for diffuse reflectance measurements. The band gap 
energy (Eg) was calculated through the Kubelka–Munk 
function considering a direct transition for ZnO. Photolu-
minescence analysis was performed at room temperature 
in a fluorescence spectrophotometer (Cary Eclipse) inte-
grated with a Xenon flash lamp. The samples were excited 
at 325 nm, using a scanning speed of 600 nm/min, and 
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an excitation width and emission slit of 5 nm. The FTIR 
spectra of the ZnO-based samples after the photocatalytic 
CO2 reduction tests were measured in a range of 1800 to 
800 cm−1 on an FT-IR Nicolet iS50 equipment.

2.3 � Photocatalytic activity

The photocatalytic experiments were performed separately 
in Batch Pyrex reactors at room temperature. For these 
experiments, 0.1 g of the material was suspended in 200 mL 
of deionized water. In the case of CO2 photoreduction, CO2 
was injected in the reactor for 5 min, and the system was 
closed and pressurized at 2 psi and 20 °C. The reactors were 
irradiated with a UV lamp of 254 nm and 4400 µW/cm2. 
After 3 h of reaction, the gas and the liquid phase were ana-
lyzed by gas chromatography using a Trace Ultra Thermo 
Scientific equipment with a TCD and FID detector for H2 
and CH3OH quantification, respectively.

3 � Results and discussion

3.1 � X‑ray diffraction

XRD patterns of the as-prepared materials are presented 
in Fig. 1. As can be observed in this figure, all the reflec-
tions correspond to the hexagonal brucite structure of ZnO, 
according to the JCPDS 36-1451 card. The samples exhib-
ited well defined, sharp and intense reflections, due to their 
high crystallinity.

The crystallite size of the samples was calculated through 
the Scherrer equation; obtaining values in the range of 93 to 
115 nm (Table 1). It was found that in the Cu and Ni-doped 
ZnO samples, the crystallite size tended to lower values, 
suggesting the incorporation of the cations in the brucite 
structure [28].

In ZnO:Cu sample, a peak of low intensity that could be 
associated to the presence of Cu2O (JCPDS card 05-0667) 
was observed, while in ZnO:Ni sample, no additional reflec-
tions were identified. This could be attributed, probably, to 
higher crystallinity of the CuO phase in comparison to NiO, 
which was not detected.

The cell parameters (a, c) of the samples were estimated 
from the XRD patterns, and they are presented in Table 1. 
According to the results, after the doping of ZnO with Ni 
and Cu the cell parameters exhibited a slight reduction, 
which can be associated with the introduction of the tran-
sition metal ions in the ZnO structure, due to the smaller 
ionic radii of Cu2+ and Ni2+ in comparison to Zn2+: Zn2+ 
(74 pm) > Cu2+ (71 pm) > Ni2+ (69 pm) [29].

From these data, the c/a ratio in the hexagonal structure 
of ZnO was calculated, and the results are shown in Fig. 2. 
ZnO:Ni showed the lowest c/a ratio, which is related to a 

higher contribution of the (002) plane in the brucite struc-
ture. In the literature, a higher proportion of this plane in 
ZnO has been associated with an improvement in the elec-
trical conductivity, optical properties, and the presence of 
oxygen vacancies [30].

3.2 � Raman spectroscopy

Raman spectroscopy was used to study local structural 
changes in the brucite structure. These results are shown in 
Fig. 3a. In the Raman spectra, a typical ZnO spectrum was 
observed, composed mainly of four peaks [31]. The first 
peak (99 cm−1) (E2 low) is dominated by vibrations of the 
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Fig. 1   XRD patterns of ZnO-modified samples obtained by the nital-
solution method

Table 1   Cell parameters from the ZnO-based materials prepared by 
the nital-solution method

Sample Crystallite size (nm) a (Å) c (Å)

ZnO 115 3.2532 5.2109
ZnO:Ni 93 3.2503 5.1992
ZnO:Cu 102 3.2532 5.2110
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Zn-sublattice, while the second peak (437 cm−1) (E2 high) 
corresponds to oxygen atoms. The peaks appearing around 
330 and 380 cm−1 are related to the second order and A1 
(TO) mode in ZnO, respectively. In particular, the E2 high 
signal has been associated with oxygen vacancies [32, 33]. 
The area of each signal was modified after the incorpora-
tion of Ni2+ and Cu2+ to ZnO. The Raman shift of E2 low 
and high modes of each sample was analyzed to study the 
influence of the doping cations. As can be seen in Fig. 3b, 
the frequency of both E2 signals shifts to lower values after 
the incorporation of Cu and Ni and this effect is higher in 
the ZnO:Ni sample, suggesting a higher amount of oxygen 
vacancies in this sample.

3.2.1 � Mechanism of formation of oxygen vacancy 
formation in ZnO

The incorporation of Cu2+ and Ni2+ metal transition ions in 
ZnO crystal lattice promotes the formation of oxygen vacan-
cies through the distortion of the crystalline structure origi-
nated by the difference in the ionic radius of Zn2+ in compar-
ison to Cu2+ and Ni2+. It is suggested that the introduction of 
metal transition ions reduce the formation energy of oxygen 
vacancies in ZnO. A mechanism of charge compensation is 
involved, where the holes formed by the metal doping are 
occupied by the electrons liberated by the oxygen vacancies 
for maintaining the charge neutrality. In addition, the genera-
tion of oxygen vacancies in the ZnO structure can be related 
to the highly exothermic nature of the synthesis employed. 
In this method, a high amount of gaseous by-products is 
liberated in an extremely short period of time, which could 
release the oxygen from the reaction media. These condi-
tions also can promote the oxygen diffusion from the lattice, 
leaving oxygen vacant sites in the ZnO structure.

3.3 � Scanning electron microscopy

Figure 4 shows the SEM micrographs of the ZnO sam-
ples. The morphology of pure ZnO resulted in hexagonal 
truncated-pyramids of size around 5 µm (Fig. 4a). Cu,Ni-
doped ZnO samples (Fig. 4d, g) showed no significant 
change in the morphology. It is worth mentioning that a 
slight decrease in the particle size was observed in the 
modified samples, probably, due to the incorporation of 
the transition metal ions. To corroborate the presence of 
Cu and Ni, elemental mappings and EDS analysis of the 
samples were performed, and they are shown in Fig. 4b–i. 
According to these results, Ni and Cu were identified 
in the doped samples, exhibiting a good dispersion and 

Fig. 2   Ratio c/a of pure ZnO and Cu,Ni-doped ZnO samples
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confirming the efficiency of the nital-solution method 
for the modification of ZnO with transition metals. The 
results of the quantitative analysis by EDS of the sam-
ples are included in Tables S1, S2 and S3 in Supporting 
Information, showing an atomic content of Ni of 0.21% 
in the ZnO-Ni sample, while the sample ZnO-Cu sam-
ple exhibited a 0.38% atomic weight of Cu. Meanwhile, 
the Zn atomic content in the pure ZnO sample is higher 
(50.00%) in comparison to the ZnO-Ni sample (49.79%) 
and ZnO-Cu (49.62%).

3.4 � N2 physisorption

The profile of N2 isotherms of all samples are shown 
in Fig. 5, and they correspond to type-III according to 
the IUPAC classification [34]. This type of profile cor-
responds with non-porous materials and denotes the low 
energy of adsorption. From these data, the BET surface 
areas of the samples were obtained, and they are shown 
in Table 2. In a general way, no significant changes in the 
surface area after the incorporation of the transition metal 
cations in ZnO were observed. The surface area of all the 
samples was lower than 8 m2 g−1.

3.5 � UV–Vis spectroscopy

The optical properties of the ZnO-based samples were 
studied by UV–Vis diffuse reflectance spectroscopy. The 
optical absorption, the Tauc plots and the band gap val-
ues of the samples calculated are shown in Fig. 6a–b and 

Fig. 4   SEM images, elemental mapping and EDS analysis of (a–c) ZnO, (d–f) ZnO:Ni, and (g–i) ZnO:Cu samples
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Table 2. The band gap energy (Eg) was calculated from the 
Tauc plots, considering a direct transition for ZnO samples. 
The spectra of bare ZnO shows a characteristic absorption 
at around 400 nm. This absorption is assigned to the elec-
tron transition from the valence to the conduction band in 
ZnO (O2p → Zn3d) [35, 36]. The absorption onset of ZnO 
(400 nm) is shifted to longer wavelengths in the samples 
doped with Cu (443 nm) and Ni (496 nm), reducing the 
band gap from 3.1 eV in bare ZnO to 2.8 eV in ZnO:Cu and 
2.5 eV in ZnO:Ni. The red shift in the absorption edge and 
the reduction in the band gap induces visible-light absorp-
tion in the doped samples, and it is originated from the 
incorporation of Ni and Cu in the ZnO lattice and the for-
mation of band impurity levels [1, 37]. The optical spectra 
evidence the induced visible-light absorption in doped-ZnO 
samples, while bare ZnO only exhibits absorption in the UV 
range. This indicates a higher ability of doped-ZnO samples 
to harvest the solar spectrum and produce a higher number 
of photogenerated charges.

3.6 � Photoluminescence spectroscopy

Room temperature photoluminescence spectra of ZnO pure 
and modified with Ni and Cu are showed in Fig. 7. The spec-
tra of the samples exhibit a small peak centered at 420 nm. 
This UV emission is attributed to the near band-edge 

transition from the conduction band to the valence band of 
ZnO and is related with the electron concentration [37, 38]. 
The UV-emission peak of the samples modified with Cu 
and Ni shows a slight redshift, associated to the sp–d inter-
actions between the electrons in the band and the localized 
d electrons of Ni and Cu ions substituting Zn in the crystal 
lattice, originating a reduction of the band gap [39]. A green 
emission centered at 485 nm is adjudicated to the oxygen 
vacancies present in ZnO [40], and it is generated from the 
electron transference of Zn interstitial atoms to the neighbor 
oxygen vacancies [41]. An additional emission band around 
467 nm is observed in Cu and Ni doped-ZnO samples, and 
this suggests the presence of other defect related states. As 
can be appreciated in Fig. 7, the green emission increases in 
doped-ZnO compared to bare ZnO, which could be related to 

Table 2   Optical and textural properties of the Cu,Ni-doped ZnO sam-
ples

Samples SBET (m2 g−1) Band gap (eV)

ZnO < 8 3.1
ZnO:Cu 2.8
ZnO:Ni 2.5
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an increase in the oxygen vacancies in the modified samples 
for the substitution of Zn by Cu and Ni ions. It is reported 
that the presence of oxygen vacancies improves the elec-
tron–hole separation and reduces the charge recombination 
by capturing the electrons, resulting in increased efficiency 
of the redox processes [42].

3.7 � X‑ray photoelectron spectroscopy

The chemical states of Cu and Ni present in ZnO samples 
are analyzed according to the results of XPS measurements. 
Figure 8 shows the survey spectrum of ZnO pure and modi-
fied with Cu and Ni, where it is possible to observe the Zn 
2p, O 1s, C 1s and Zn Auger peaks in the three samples, 
while in the samples modified with Cu and Ni, small peaks 
corresponding to Cu 2p and Ni 2p are observed.

Figure 9a, b shows the Zn 2p and O 1s spectra of pure 
ZnO. The Zn 2p spectrum exhibits two peaks at 1021 eV 
and 1044 eV, attributed to Zn 2p3/2 and Zn 2p1/2, corrobo-
rating the presence of Zn2+ [43]. The O 1s spectrum was 
deconvoluted into two peaks at 530 eV (OI) and 531.5 eV 
(OII), assigned to the O in ZnO and O in defective ZnOx 
[44], evidencing the existence of oxygen vacancies in ZnO 
prepared by nital solution method. The O 1s spectrum of 
the samples ZnO-Cu and ZnO-Ni are showed in Fig. 9d ,f, 

respectively. The peak at around 530 eV (OI) is related to 
the O in ZnNiO and ZnCuO crystals, while the peak at 531.5 
(OII) is associated with oxygen deficiencies in the samples. 
This component (OII) in ZnO-Ni sample increases in com-
parison with ZnO-Cu and ZnO, suggesting a higher amount 
of oxygen vacancies in ZnO-Ni sample.

Figure 9c, e shows the Cu 2p and Ni 2p spectra of the 
samples ZnO-Cu and ZnO-Ni. In the high-resolution Cu 2p 
spectra, shown in Fig. 9c, the peaks corresponding to the 
core levels of Cu 2p1/2 and Cu 2p3/2 are observed at 952.5 eV 
and 932.5 eV. Two satellite peaks at 943 eV and 960 eV 
indicate the presence of Cu2+ in CuO [45]. The other two 
smaller peaks, observed at 932 eV and 951.5 eV reveal the 
presence of a small amount of Cu2O [46].

Figure 9e shows Ni 2p spectra. In this figure, we observe 
the Ni 2p3/2 (855 eV) and Ni 2p1/2 (872.5 eV) peaks and the 
satellite structures around 861 eV and 880 eV, respectively. 
These satellites are characteristic for nickel oxides and indi-
cate that nickel exists in an oxygen environment in the sam-
ple [47]. The binding energy of Ni 2p3/2 (855 eV) is similar 
to the reported for NiO [48]. No peaks corresponding to Ni0 
or Ni3+ species were detected.

According to the results of the XPS analysis: (i) the ZnO 
samples prepared by nital solution method exhibit oxygen 
vacancies, and the concentration is higher in ZnO-Ni sam-
ple, (ii) no Cu or Ni species in metallic form is observed 
in the samples, (iii) in the case of ZnO:Ni, only Ni2+ is 
detected, while (iv) in the case of ZnO:Cu, Cu2+ and Cu+ 
(in a small proportion) are detected; this suggests the exist-
ence of Cu2+, Cu+ and Ni2+.

The authors propose that the major difference in the 
ionic raddi of Ni2+ (69 pm) in comparison to Zn2+ (74 pm) 
causes a higher lattice strain which induces the formation of 
a higher number of oxygen vacancies. The ionic raddi dif-
ference between Cu2+ (71 pm) and Zn2+ (74 pm) is smaller, 
causing a lower amount of oxygen vacancies.

3.8 � Photocatalytic activity

3.8.1 � H2 production

The hydrogen evolution experiments were conducted for 
3 h under UV light irradiation to evaluate the photocata-
lytic performance of the as-prepared samples. As it is dis-
played in Fig. 10, ZnO:Ni (224 μmol g−1 h−1) and ZnO:Cu 
(206 μmol g−1 h−1) showed more than 1.6 times H2 pro-
duction than pure ZnO (126 μmol g−1 h−1) under the same 
experimental conditions. This reveals that the physical and 
chemical properties of the doped-samples promoted an 
increase in the activity by means of the oxygen vacancies 
and a longer lifetime of the charge carriers. ZnO:Ni sample 
exhibited the highest photocatalytic activity for hydrogen 
evolution, which was attributed to the higher amount of 

1200 1000 800 600 400 200 0

C
u 

2p
1

Zn
 4

s

Zn
 2

p1
Zn

 2
p3

O
 K

LL Zn
 L

M
M

O
 1

s
Zn

 L
M

M
Zn

 L
M

M

C
 1

s

Zn
 3

s
Zn

 3
p3

Zn
 3

d

ZnO:Ni

ZnO:Cu

Binding energy (eV)

ZnO

N
i 2

p1
C

u 
2p

3

In
te

ns
ity

 (a
.u

.)

N
i 2

p3

Fig. 8   Survey XPS spectra of the ZnO, ZnO-Cu and ZnO-Ni samples



18513Journal of Materials Science: Materials in Electronics (2019) 30:18506–18518	

1 3

oxygen vacancies in this sample, compared to ZnO:Cu and 
ZnO, as it was discussed in the Raman and XPS sections. 
This production is higher than previous reports of ZnO [49, 
50], and it is a significant production in a system using pure 
water reaction media without the use of sacrificial agents.

3.8.2 � Methanol production

The results of the photocatalytic CO2 reduction 
for methanol production are shown in Fig.  10. The 

ZnO-based samples exhibited selectivity for CH3OH 
production, showing the following tendency: ZnO:Ni 
(29 μmol g−1 h−1) > ZnO:Cu (19 μmol g−1 h−1) > ZnO 
(5 μmol g−1 h−1). An increase of 5.8 times the activity 
of pure ZnO was observed in the Ni-doped ZnO sam-
ple. The CH3OH generation exhibited the highest value 
using ZnO:Ni sample as the photocatalyst. This could 
be attributed to the highest CO2 adsorption on the sur-
face of ZnO:Ni. As it was discussed in the XPS section, 
the Cu,Ni-doped ZnO samples revealed the presence of 
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copper and nickel oxides on the surface of the material, 
which modifies the CO2 adsorption capacity of ZnO. It is 
reported that the surface modification with metal oxides 
is beneficial for CO2 adsorption, being this effect more 
favorable in surfaces modified with NiO in comparison to 
other oxides such as CuO, Mn3O4, and CeO2 [51].

The higher adsorption of CO2 in the ZnO:Ni was cor-
roborated by FTIR analysis of the samples after the pho-
tocatalytic reaction (Supplementary Fig. S1). A charac-
teristic band at 1340 cm−1 is attributed to the symmetric 
stretching of bent CO2

− monodentate species [52]. The 
intensity of this band is higher in ZnO:Ni sample. Other 
bands at 1410 cm−1, attributed to non-coordinated CO3 
[53], and at 950 and 875 cm−1, related to O=C=O bonds 
were also identified in the materials [54].

Another factor that can influence positively the CO2 
adsorption in the samples is the presence of oxygen 
vacancies. These vacancies are related to a higher propor-
tion of polar planes with high surface energy in the ZnO 
structure. The CO2 adsorption can be improved due to 
the stabilization of the surface energy on the polar faces 
of ZnO. This effect is accentuated in ZnO:Ni due to the 
highest amount of oxygen vacancies. According to previ-
ous reports, the adsorption of CO2 on ZnO faces with a 
high contribution of oxygen vacancies takes place by the 
interaction of p orbitals of CO2 with the ZnO valence 
band state [55]. Moreover, the highest reaction yield for 
methanol obtained herein is higher than the reported in 
previous works over ZnO pure and modified with other 
materials such as Cu, Bi2O3, and graphene [49, 56].

3.8.3 � Photocatalytic mechanism

According to the characterization results, photocatalytic 
mechanisms are proposed for the processes of CO2 reduc-
tion (Fig. 11a) and H2 evolution (Fig. 11b). These mecha-
nisms can be described in a general way as follows: first, the 
irradiation of the semiconductor with UV light conduces to 
the generation of electron and holes. The oxygen vacancies 
act as electron acceptors, and the intermediate energy lev-
els introduced by the Cu and Ni doping enhance the sepa-
ration of the charges and delay the recombination process 
[58]. Also, the oxygen vacancies improve the H2O and CO2 
adsorption in the photocatalysts, enhancing the interaction 
of electrons in the conduction band and holes in the valence 
band with the adsorbed molecules in the surface of the pho-
tocatalyst to perform the redox reactions, leading to the for-
mation of H2 and CH3OH.

More particularly, in pure ZnO, the oxygen vacancies 
(VO) are around 0.9 eV below the conduction band-edge, 
providing additional energy states that contribute to delay 
the recombination of electron and holes [49]. However, in 
the absence of a co-catalyst or a doping cation, the recom-
bination occurs, decreasing the photocatalytic activity. In 
ZnO:Ni and ZnO:Cu samples, the metal doping induces 
a higher amount of oxygen vacancies, and the formation 
of metal oxides in the ZnO surface promotes a mechanism 
type-II for charge transfer between ZnO and the metal 
oxides, decreasing the recombination of the photogenerated 
charges effectively. Additionally, the CO2 adsorption is 
favored in the ZnO:Ni sample, enhancing the activation and 

Fig. 10   Methanol (primary 
axis) and hydrogen produc-
tion (secondary axis) of the 
as-prepared samples after 3 h of 
irradiation
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conversion of CO2 molecule to CH3OH. In ZnO:Cu sample, 
Cu2O and CuO are present on the surface of ZnO, favoring 
the electron migration from the conduction band of Cu2O to 
ZnO and CuO, while the holes are transported in the valence 
band in the opposite way.

In the photocatalytic H2 production from pure water, the 
holes oxidize the H2O molecule to produce protons (H+), 
which react with the photogenerated electrons to form H2. In 
the case of the photocatalytic CO2 reduction in H2O media, 
electrons are injected in CO2 molecule to produce radicals 
that react with the H+ from the oxidation of water to form 
CH3OH after a multielectron reduction process.

In summary, it was demonstrated that nital-solution 
method and metal doping promoted the formation of oxy-
gen vacancies in ZnO crystal, acting as trap centers and 
inducing impurity levels in the electronic band structure, 
which reduced the recombination of electron and holes. A 
higher concentration of oxygen vacancies in ZnO:NiO, cor-
roborated by Raman and XPS analysis, and the higher CO2 
adsorption in this sample, conducted to higher photocatalytic 
activity for solar fuels production.

A comparison of the efficiency exhibited by the materi-
als developed in this work with related ZnO photocatalysts 

reported in the literature is shown in Table 3. Though a direct 
comparison is difficult due to the use of different irradiation 
sources and reaction media, the activity of the ZnO-doped 
samples prepared herein by nital-solution method is high and 
competitive, considering that we employed a UV light source 
of low intensity (4400 μW) and no sacrificial agents or noble 
metal co-catalysts were incorporated.

As an advantage of this work, we use a simple and fast nital 
method for the preparation of the photocatalysts. This method 
uses a low-temperature of synthesis and allows adequate con-
trol of the metal doping. In the photocatalytic experiments, 
we don’t use sacrificial agents, in comparison to other works. 
In this way, the cost of the process is reduced. Also, we use 
a lamp of lower intensity, which implies a lower consume of 
energy to perform the process. Moreover, the prepared mate-
rials showed a selective CO2 reduction towards CH3OH pro-
duction, which is an important feature for the development of 
green and alternative fuels.

Fig. 11   Photocatalytic mechanism of a CO2 reduction and b H2 evolution over (i) ZnO, (ii) ZnO:Ni, and (iii) ZnO:Cu samples. VO denotes oxy-
gen vacancies
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4 � Conclusions

ZnO-based materials with oxygen vacancies were success-
fully synthesized by a simple and fast nital-solution method. 
The samples exhibited hexagonal brucite structure with crys-
tallite sizes in the range of 93 to 115 nm. The incorporation 
of Cu and Ni ions in the ZnO lattice conduced to a reduction 
in the cell parameters and the band gap, an increase in the 
oxygen vacancies, a reduction of the recombination, and an 
improvement in the charge separation and the photocatalytic 
activity. The efficiency for H2 and CH3OH production was 
influenced by the type of doping cation and oxygen vacan-
cies. The highest H2 and CH3OH production were obtained 
by ZnO:Ni (224 μmol g−1 h−1 H2, 29 μmol g−1 h−1 CH3OH), 
showing 5.8 and 1.6 times-fold higher performance, respec-
tively, compared to bare ZnO. This enhancement could be 
attributed to the higher amount of oxygen vacancies in this 
sample and the intermediate energy levels by the metal 
doping that delay the recombination of the electron and 
hole pairs. Also, the thermodynamics of the adsorption-
decomposition process over ZnO-Ni sample is more favora-
ble, promoting a higher conversion efficiency. In summary, 

these results highlight the potential application of the nital-
solution method for the preparation of highly crystalline and 
efficient photocatalysts with tunable oxygen vacancies by 
metal doping for the production of solar fuels.
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