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Abstract: An eco-friendly CuBO2-based photocatalyst has been doped by a lanthanide for the 

first time. Gd3+ and Gd3+/Bi3+-doped CuBO2 are synthesized by the hydrothermal method to 

study their magnetic properties. Then they are analyzed by XRD, UV-Vis, SEM, and VSM. 

The maximum amount of doping is x = 0 − 1.5% in Cu1–3xGd3xBO2 and 

Cu1–3xBi3x/2Gd3x/2BO2 formulas as they are analyzed in XRD. For concentrations higher than x 

= 2%, the additional peak indicates that doping is incomplete. The XRD pattern of CuBO2 

confirms that its crystal structure is a hexagonal one with the R3 m̅ space group. According to 

UV-Vis analysis, the bandgap energies are 2.711, 2.753, and 2.765 for CuBO2 and doped 

systems. Additionally, the morphology of particle sizes is confirmed according to SEM 

images. Meanwhile, the magnetic properties of synthesized material are studied by VSM, and 

the doped compound exhibited higher magnetic properties than CuBO2, which is associated 

with the exchange interaction of electron and d spins in Gd3+ and Bi3+. The study aims to 

provide insights into the magnetic properties of lanthanide-doped CuBO2-based 

photocatalysts, potentially paving the way for developing improved magnetic materials for 

various applications. 
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1. Introduction 

One of the most intriguing issues for materializing oxide-based electronics is 
researching and expanding p-type wide-bandgap oxide materials. In order to achieve 
technologies such as electronics that are invisible and utilize wide bandgaps, p-type 
transparent conducting oxides (TCOs) are considered as key factors due to their 
appropriate electrical and optical features [1]. 

In the last decades, CuBO2 has been known as the newest material among 
Copper delafossites, which can be as a hopeful electrical conductivity and splendid 
transparency at room temperature. However, few studies have been conducted on 
this important and valuable material [2–4]. This material with high photocatalytic 
activity was introduced as a p-type material of the environment-friendly TCO group 
by Chattopadhyay’s research group [1]. 

Copper metaborate belongs to the group of oxide copper compounds and has 
various magnetic features [5]. Hence, Roessli et al. have reported that temperature 
changes affect the magnetic phase of such material and the phase changes from the 
paramagnetic to the commensurate weak ferromagnetic by decreasing temperature at 
10 ≤ T ≤ 21 K under zero magnetic field [6]. 

There are other various types of these compounds, i.e., CuB2O4, Cu3B2O6, 
Cu2[BO(OH)2](OH)3, Cu3B6O12·H2O and Cu3B6O12 each of which is utilized in the 
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optical devices and electrodes according to their magnetic and electrical properties, 
respectively [7]. 

Chattopadhyay et al. studied the photocatalytic performance of this delafossite 
material for the first time with a standard photocatalytic set-up that showed the 
photocatalytic efficiency increased with decreasing particle size. The efficient 
photocatalytic performance made this novel p-type wide bandgap semiconductor an 
indeed multifunctional material [1]. 

In another study, Mero et al. studied the optical features of copper metaborate 
by spectroscopic ellipsometry and Raman scattering spectroscopy. The results 
illustrated that temperature reduction caused an unusual redshift to appear in the 
bandgap. In addition, upon cooling at 21 K—that is, the canted antiferromagnetic 
ordering temperature—the irregularities were observed in the bandgap, peak energy, 
and normalized intensity of charge transfer bands [8]. 

Scanlon et al. have utilized GGA corrected for on-site Coulomb interactions 
(GGA + U) and a hybrid density functional (HSE06) for investigating and computing 
the geometry and electronic structure of CuBO2. The analysis of band extrema shows 
that boron (B) does not contribute to the state that controls conductivity. Also, good 
p-type conductivity was forecast. It is noticeable that the smaller Cu-Cu distance in 
such material in comparison with any other delafossites caused this increasing 
conductivity [4]. 

Other studies have investigated changes in the magnetic and optical properties 
of doped copper metaborate by Ni2+ and Mn2+ [9–11]. Doping is a common method 
used to intentionally introduce impurities (other cations) into the structure of 
semiconductors, thereby changing their electrical, optical, and magnetic properties, 
and improving their bandgap properties [12–14]. Hence, Khanh et al. demonstrated 
that electric polarization can be created and controlled in doped copper metaborate 
by Ni2+ under a magnetic field by investigating the magnetoelectric effect in the 
Ni/copper metaborate system [9]. 

On the other hand, lanthanides have recently gained attention due to their 
magnetic, optical, and electrical properties [15–19]. 

In this study, gadolinium has been selected as a lanthanide with magnetic 
properties [20,21], and the changes in the magnetic properties of doped copper 
metaborate by Gd3+ and Gd3+/Bi3+ are compared. Notably, this is the first time a 
lanthanide has been doped into the copper metaborate structure in order to improve 
its magnetic properties. 

2. Materials and methods 

Copper acetate (99.99%), borax (99.0%), and bismuth nitrate pentahydrate 
(99.99%) purchased from Sigma-Aldrich, and sodium hydroxide (99.0%) and 
gadolinium oxide (99.9%) purchased from Merck, were used in the synthesis 
method. The purity of used materials is 99%. Also, XRD (Siemens D500), SEM 
(TESCAN MIRA3-FEG), UV-Vis (Sinco 4100), and VSM 7400 Lake Shore (VSM) 
are used for analyzing synthesized nanostructures. 

2.1. Synthesis of Cu1–3xGd3xBO2 
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Gadolinium oxide was dissolved in the minimum amount of nitric acid 
according to Table 1 with a determined molar ratio to use its nitrate in the reaction. 
Then copper acetate and 0.04 molar borax solutions are prepared in a separate beaker 
and added into the gadolinium-nitrate solution, and stirred for 30 min at 25 ℃. Next, 
0.2 molars of NaOH are added to the main solution and stirred for 2 min at the same 
temperature. The mixture will be entered into the autoclave and heated for 10 hours 
at 180 ℃. The last step is cooling, filtering, washing with deionized water, and 
drying the obtained powder at room temperature [1,22,23]. 

Table 1. The ratio of used materials for the synthesis of Cu1–3xGd3xBO2. 

Sample Nitric acid (M) Borax (mol) Gadolinium oxide (mol) Copper acetate (mol) x (%) 

A 

0.2 0.0008 

0.0062 0.003341 0.005 

B 0.0124 0.003324 0.01 

C 0.0186 0.003307 0.015 

D 0.0248 0.003290 0.02 

2.2. Synthesis of Cu1–3xGd3x/2Bi3x/2BO2 

Gd3+/Bi3+ doped-CuBO2 catalyst was synthesized by the same method in 2.1. 
The difference is that the ratio of used materials is according to Table 2. 

Table 2. The ratio of used materials for the synthesis of Cu1–3xGd3x/2Bi3x/2BO2. 

Sample Nitric acid (M) Borax (mol) Bismuth nitrate (mol) Gadolinium oxide (mol) Copper acetate (mol) x (%) 

A 

0.2 0.0008 

0.000017 0.0062 0.003324 0.01 

B 0.0000255 0.0093 0.003307 0.015 

C 0.000034 0.0124 0.003290 0.02 

3. Results and discussion 

3.1. XRD Pattern 

According to the JCPDS card (No. 28–1256), the synthesized CuBO2 organizes 
a hexagonal structure with an R3 m̅ space group [24,25]. XRD patterns in Figure 
1a,b,c show there is no additional peak to behold in x = 1.5%. It can be concluded 
that Gd3+ is solvable in the Cu1–3xGd3xBO2 system up to x = 1.5%, while when x 
goes to 2%, there will be three additional peaks at 2θ = 28.15, 36.45, and 52.22. This 
could be related to oxidized non-doped gadolinium in the process of synthesis. 
Figure 1d indicates that incomplete doping is in accordance with gadolinium oxide 
peaks in the JCPDS card (No. 42–1465). 
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Figure 1. XRD patterns of Cu1–3xGd3xBO2 (a) x = 0.5%; (b) x = 1%; (c) x = 1.5%; 
and (d) x = 2%. 

 

Figure 2. XRD spectra of (a) Cu1–3xGd3x/2Bi3x/2BO2 (x = 1%); (b) 
Cu1–3xGd3x/2Bi3x/2BO2 (x = 1.5%); (c) Cu1–3xGd3x/2Bi3x/2BO2 (x = 2%). 

Based on XRD spectra in Figure 2a and 2b, it can be concluded that Bi3+ and 
Gd3+ are soluble in Cu1–3xGd3x/2Bi3x/2BO2 system at the same concentration (x = 
1.5%). Figure 2c illustrates that when x increases to 2%, there will be an additional 
peak at 2θ = 42.89, which shows incomplete doping. 

3.2. UV-Vis analysis 

The purpose of carrying out UV-Vis analysis is to calculate the bandgap and 
investigate electron transfer. Figure 3 illustrates the UV-Vis spectra of CuBO2, 
showing that absorption intensity has been increased by doping and a small shift has 
been observed in the wavelengths. 
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Indeed, electron transfer in copper metaborate is related to ligand-to-metal 
charge transfer [LMCT]. The absorption band is near 457 nm. This could be related 
to the electron transfer from the oxygen 2p orbital to the copper 4s orbital [LMCT]. 

It should be mentioned that LMCT is electron transfer from the valence band 
(O2– : 2p) to the conductive band (Cu+: 4s). There is no d-to-d orbital electron 
transfer because d orbitals are occupied in Cu+. This applies to Bi3+ (6p) too. But f 
orbitals (4f) are partially filled in Gd3+; therefore, f-to-f orbital electron transfer can 
occur. Hence, they have shifted to shorter wavelengths. 

In order to calculate bandgap energy, Equation (1) is used, where h is Planck's 
constant, c is the velocity of light, and λ is the wavelength [26]: 

E= hc/λ 
(1) 

E= 1239/ λ (eV) 

The calculated bandgap energies for CuBO2, Cu1–3xGd3xBO2, and 
Cu1–3xGd3x/2Bi3x/2BO2 are 2.711, 2.753, and 2.765 eV, respectively. 

 

Figure 3. UV-Vis spectra of (a) CuBO2 nanopowders; (b) Cu1–3xGd3xBO2 (x = 
1.5%); and (c) Cu1–3xGd3x/2Bi3x/2BO2 (x = 1.5%). 

3.3. Magnetic spectra analysis 

Magnetic measurements of samples were performed by VSM. The results are 
demonstrated in the magnetization curves based on magnetic field strength. Figures 
4a–4c indicates magnetization curves based on the magnetic field in synthesized 
nanopowders for different x at room temperature. As seen, all samples include a 
hysteresis curve, so they have paramagnetic properties. (Hc) and (Ms) of samples are 
seen in graphs. 
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Figure 4. Magnetization curve on the basis of the external magnetic field in room 
temperature of (a) CuBO2 nanopowders; (b) Cu1–3xGdxBO2 (x = 1.5%); and (c) 
Cu1–3xGd3x/2Bi3x/2BO2 (x = 1.5%). 

As can be seen in Figure 4, (Ms) increases as the type of doped element 
changes. This is because of the increase in the replacement magnetic moment in the 
host network [27]. Indeed, in a magnetic network, electrons will be polarized by the 
injection of magnetic ions at a determined level. It is the result of exchange 
interactions in Ruderman-Kittel-Kasuya-Yosida (RKKY). This impurity can have 
paramagnetic properties [28]. Therefore, paramagnetic features in doped 
compositions are obtained by the exchange interaction of electron and d spins in 
Gd3+ and Bi3+. The interaction can cause a regular arrangement of adjacent spins and 
the magnetization of the network. 
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3.4. SEM images 

The purpose of electron microscopy images is the analysis of surface 
morphology, grain size, and distribution. The magnifications of 30000x and 50000x 
for analyzing powders were used (Figure 5). The frequency of particles shows that 
their size is around 60 nm. It should be mentioned that the distribution is high and 
the highest frequency is in the range of 59 nm to 65 nm. 

  

Figure 5. SEM image of (a) Cu1–3xGd3xBO2; and (b) Cu1–3xGd3x/2Bi3x/2BO2. 

4. Conclusion 

This study successfully doped nano CuBO2 with a lanthanide for the first time. 
The XRD pattern of the synthesized samples illustrated that the maximum amount of 
doping is x = 0 − 1.5%. In concentrations higher than x = 2%, additional peaks are 
observed that indicate doping is incomplete. LMCT is electron transfer from the 
valence band (O2–: 2p) to the conductive band (Cu+: 4s). There is no d-to-d orbital 
electron transfer because d orbitals are occupied in Cu+. This applies to Bi3+ (6p) too. 
But f orbitals (4f) are partially filled in Gd3+, so f-to-f orbital electron transfer can be 
carried out. Hence, they have shifted to shorter wavelengths, and the calculated 
bandgap energies for CuBO2, Cu1–3xGd3xBO2, and Cu1–3xGd3x/2Bi3x/2BO2 are 2.711, 
2.753, and 2.765 eV, respectively. Magnetic curves of samples demonstrated that all 
of the samples include hysteresis curves, and (Ms) increases as the type of doped 
element changes. It is because of the increase in the replacement magnetic moment 
in the host network. Therefore, paramagnetic properties in doped compositions are 
obtained by the exchange interaction of electron and d spins in Gd3+ and Bi3+. The 
interaction can cause a regular arrangement of adjacent spins and the magnetization 
of the network. 
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