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ABSTRACT

Water pollution caused by the discharge of hazardous organic pollutants from

the food, textile, leather and paper industries is becoming a task for sustainable

development. Photocatalysis is considered to be an effective method for

removing organic contaminants from dye wastewater. The photocatalytic

activity of ZnO-based catalyst based on its ability to generate electron–hole pairs

upon photoillumination is limited due to its wide bandgap. In this study, novel

GO/Gd/ZnO composites with varying percentages (0.3–1%) of Gd were fabri-

cated via a hydrothermal approach and their photocatalytic degradation pro-

cesses and performance of indigo carmine (IC) dye were investigated under

light irradiation. The chemical composition and morphological features of the

prepared GO/Gd/ZnO composites were characterized by X-ray diffraction,

scanning electron microscopy, transmission electron microscope, energy-dis-

persive spectroscopy, Brunauer–Emmett–Teller, Raman and Fourier–transform

infrared spectroscopy. GO/Gd/ZnO composites show much higher photocat-

alytic performance with complete IC dye degradation within 30 min of irradi-

ation than bulk ZnO and GO/ZnO composite. Moreover, the optimal

performance was revealed by the GO/Gd/ZnO (0.6% Gd) composite (nearly

96% degradation of IC dye). Using density functional theory, we explore the

potential drop across the interface, electronic and structural properties of GO/

ZnO and GO/Gd/ZnO composites. The photodegradation rate of IC dye by

GO/Gd/ZnO (0.6% Gd) composite was 7.65 and 2.94-fold higher than those of
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bulk ZnO and GO/ZnO composite. The capture experiments revealeḋ O2
- and

ȮH as the main active radicals during the photodegradation process. The the-

oretical and experimental findings obtained in this study indicate that GO/Gd/

ZnO photocatalyst has great potential application for eliminating environmental

pollutants.

Introduction

The continuing growth of urbanization and indus-

trialization produces huge volumes of wastewater

containing organic pollutants, such as microbial

pathogens, heavy metals, toxic organics, phenolic

compounds, dyes, insecticides and pesticides.

Among them, synthetic dyes have widespread use in

several industries, including pharmaceuticals, food,

leather, paper printing, cosmetics and textile [1, 2],

where dyes are produced on a large scale. Effluents of

refractory organic dyes containing benzene rings

released into wastewater cause environmental pol-

lution and severe health hazards to human beings [3].

Most synthetic dyes, even at very low levels, are

harmful to human health, aquatic, and microorgan-

ism’s life, as they are mutagenic and carcinogenic

[4, 5]. Conventional techniques, such as anaerobic

biological treatment, ozonization, ultrafiltration,

membrane technology, chemical oxidation, adsorp-

tion, ion exchange, precipitation, reverse osmosis and

electrochemical treatment used to treat industrial

wastewater [6], have limitation, such as high oper-

ating cost, energy consumption and production of

toxic by-products [7]. Hence, there is a need to

develop economically and sustainably practicable

technology to treat, recycle, and reuse wastewater

containing environmentally benign, time-saving,

clean and inexpensive dyes.

Much research has recently been devoted to

developing an up-and-coming technique for the

treatment of industrial wastes and organic pollutants

through advanced oxidation processes (AOP) under

simulated light irradiation [8]. Among these AOPs,

heterogeneous semiconductor photocatalysts like tin

oxide (SnO2), titanium dioxide (TiO2) and zinc oxide

(ZnO) considered as a non-hazardous, stable, cheap,

chemically and biologically inert, green, promising

and convenient technology in water/wastewater

treatment can effectively degrade organic pollutants

into mineral acids, H2O and CO2 without producing

secondary pollutants [9]. Among the different semi-

conductors, ZnO is a promising material for the

photodegradation of organic dyes due to its easy

tunability of the surface structure, high electron

mobility (205–1000 cm2 V-1 s-1), straightforward

tailoring of the nanostructures, large excitation

binding energy (60 meV) and non-toxicity [10].

However, ZnO has a limitation in several industrial

applications because of its large bandgap gap

(3.37 eV), which comprises only 4% of the total solar

spectrum and the fast recombination rate of charge

carriers [11]. A significant number of effective possi-

ble solutions, such as doping with non-metal and

metal impurities, incorporating metal ions, con-

structing a heterojunction, creating different nanos-

tructures and using dye sensitizers have been

developed to enhance the visible light response of

bulk ZnO [12].

Heterojunction construction of two or more semi-

conductors can form an electric field to accelerate the

separation of photogenerated charge carriers on the

ZnO surface [13, 14], thereby improving the photo-

catalytic performance [15]. To accomplish this, ZnO

was coupled with carbon materials like graphene

oxide (GO), graphene, carbon nanotubes and gra-

phitic carbon nitride [16, 17]. Due to the specific

surface area, chemical durability and higher con-

ductivity, GO is suitable for ZnO to enhance its

photoactivity [18, 19]. GO possesses an apparent

bandgap due to its functionalization with large oxy-

gen-containing groups. This allows it to couple with

several semiconductors via covalent and/or ionic

bonds to form a composite [20]. These oxygen-con-

taining functional groups serve as binding sites to

positively charged ions to be adsorbed on its surface.

GO-based composites have been increasingly

explored in applications, such as CO2 reduction,

organic pollutant degradation and H2 generation

[21–23]. Moreover, doping of ZnO with rare earth

(RE) ions has been used as a strategy to improve its

intrinsic photocatalytic performance [24, 25]. Doping

is a suitable method that yields remarkable
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morphological, catalytic, electrical and optical prop-

erties [26–28]. The higher activity is because of the

electron transition in 4f layer of RE [29], which

reduces the bandgap and improves the separation of

charge carriers [30]. Lanthanide-doped inorganic

materials can transform low energy photons into

higher energy photons via a multiphoton absorption

process [31] and have been extensively used in

medical imaging and drug delivery fields, biosens-

ing, multicolour displays and solar cells [32].

Over the past few years, the fabrication of hierar-

chical nanostructures has been an area of interest as it

provides several advantages, such as light-harvesting

and enhanced photocatalytic activity [33]. Herein,

using the hydrothermal method, GO/Gd/ZnO com-

posites were prepared using GO, hydrated gadolin-

ium nitrate, and ZnO as the starting materials. To the

best of our knowledge, this is the first time the pho-

toactivity of GO/Gd/ZnO composites against indigo

carmine (IC) dye under visible light illumination was

investigated. Gd3? ions could be used as a sensitizer

due to their high visible light absorption. The light

absorption properties, morphology and crystal

structure of the as-fabricated catalysts were charac-

terized. Moreover, we have systematically investi-

gated the potential drop across the interface,

electronic and structural properties of GO/ZnO and

GO/Gd/ZnO composites using density functional

theory (DFT) simulations. The dynamic stability and

van der Waals (vdWs) force between layers were

verified by calculating the electron localization func-

tion and phonon dispersion. To investigate interfacial

charge transfer, the Löwdin charge population anal-

ysis and charge density difference were carried out.

Our findings offer theoretical insights into the

experimental synthesized GO/ZnO and GO/Gd/

ZnO composites.

Experimental details

Preparation of photocatalysts

All chemical reagents and solvents were bought from

Sigma-Aldrich and used as received without further

purification. Deionized water was used to prepare all

aqueous solutions for the photocatalytic experiments.

GO was fabricated from natural graphite using

modified Hummer’s method [34], which was also

used in our previous studies [35–38]. 0.04 g GO

sheets were dispersed in 100 ml water for around

30 min. Then, About 10 g of hydrated zinc nitrate

[Zn(NO3)2.6H2O] and various masses of hydrated

gadolinium nitrate [Gd(NO3)3.6H2O] was added in a

well-dispersed GO aqueous solution at room tem-

perature with vigorous magnetic stirring to form a

homogeneous solution. To the resulting mixture, 3 M

NaOH solution was slowly added into the as-ob-

tained solution until reaching pH 10 and was then

hydrothermally treated to 130 �C for 12 h. The white

precipitate was collected and washed several times

with DI and anhydrous ethanol. The washed pre-

cipitate was then sonicated in an ultrasonic bath for

5 h at 50 �C. The above preparation steps of GO/Gd/

ZnO then follow to prepare ZnO and GO/ZnO

without the addition of Gd(NO3)3.6H2O and both

Gd(NO3)3.6H2O and GO, respectively.

Photocatalytic experiments

The performance of the as-prepared composites

towards the photodegradation of aqueous solution of

IC dye under simulated solar light was evaluated by

adding 100 mg of the prepared photocatalysts into

100 mL of IC dye solution (20 mg L-1) and magnet-

ically stirred for 1 h in the dark to establish adsorp-

tion–desorption equilibrium before irradiation.

During the photodegradation of IC dye, aliquots of

5 mL were taken out from the solution every 30 min

using a disposal syringe containing a filtered mem-

brane of 4 lm for 210 min. The IC dye concentrations

were obtained by monitoring the absorbance at

610 nm using a Full-Spectrum Solar Simulator

(Newport, Model: 9600). The light source was 150 W

Xe arc lamp and the illumination intensity of the light

source was 100 mW cm-2. The distance between the

dye liquid level and the light source was 33 mm. The

temperature was maintained at 25 �C using circulat-

ing water. The degradation efficiency was defined by

the C/C0, where C is the concentration at degradation

time t and C0 is the initial concentration of IC at t = 0.

The same reaction conditions were used to recycle

and reuse the photocatalysts for five cycles.

Identification of reactive species

The reactive oxidative species involved in the pho-

tocatalytic IC dye degradation was investigated by

trapping experiment using benzoquinone (BQ), iso-

propanol (IPA) and ammonium oxalate (AO) as
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scavengers of superoxide radicals (̇O2
-), hydroxyl

radicals (̇OH) and holes (h?). The trapping experi-

ment was very similar to the photodegradation

experiment, but a suitable amount of quenchers was

added before the addition of photocatalyst in the dye

solution. The generation of reactive oxygen species

was obtained by adding 10 mL of active species

scavenger (5 mmol) to IC dye solution containing

GO/Gd/ZnO (0.6% Gd) composite.

Characterization

X-ray diffractometer (Philip’s X-ray diffraction) was

used to study the X-ray diffraction (XRD) patterns of

the as-fabricated photocatalysts at 30 mA and 40 kV

with Cu Ka radiation (k = 0.15406). Infrared spectra

were recorded on the PerkinElmer Fourier-transform

infrared spectroscopy (FTIR) (Spectrum 100) in the

wavelength range of 400–4000 cm-1 and the Raman

spectra on PerkinElmer Raman microscope (Raman

Micro 200). The optical property was recorded using

Shimadzu UV-2540 (Japan) UV–visible diffuse

reflectance spectroscopy. The specific surface area

was assessed using the Brunauer–Emmett–Teller

(BET) measurement. Transmission electron micro-

scopy (TEM) and scanning electron microscopy

(SEM) images were obtained on JEOL JEM-2100F and

TESCAN (Vega 3 XMU) microscope at an accelerat-

ing voltage of 200 and 15 kV, respectively. The ele-

mental composition of the composites was obtained

by energy-dispersive X-ray spectroscopy (EDX)

attached to SEM.

Computational method

All simulations were performed using the plane-

wave DFT within the Quantum Espresso package

(version 6.4.1) [39, 40] and norm-conserving Van-

derbilt pseudopotentials [41]. The generalized gradi-

ent approximation developed by Perdew–Burke–

Ernzerhof [42] was employed to describe the electron

exchange–correlation potentials and the DFT-D3

method of Grimme was used to describe the vdWs

interactions between the layers [43]. The kinetic

energy cut-off for the plane-wave expansion was set

to 40 Ry (charge density of 340 Ry) and the k-point

grid of 8 9 8 9 1 was used for the Brillouin zone

sampling using the Monkhorst–Pack mesh [44]. All

the structures were fully relaxed until the energy and

force were converged to 10–5 Ry and 10–3 Ry Bohr-1,

respectively, under the Broyden–Fletcher–Goldfarb–

Shanno algorithm [45]. The vacuum region of about

20 Å in the z-direction was used to separate the

interactions between neighbouring slabs. The phonon

dispersion calculation was carried out using the

density functional perturbation theory [46]. All the

optimized structures were visualized using VESTA

[47].

To confirm the structural stability, we further cal-

culate the interface adhesion energy (Eads) as follows:

Eads ¼ EGO=ZnO � EZnO � EGO

� �
=S ð1Þ

Eads ¼ EGO=Gd=ZnO � EGd=ZnO � EGO � lGd þ lZn
� �

=S;

ð2Þ

where EGO=ZnO, EZnO, EGd=ZnO, EGO and EGO=Gd=ZnO are

the total energies of the GO/ZnO, ZnO, Gd/ZnO, GO

and GO/Gd/ZnO composites, respectively. lGd and

lZn represent the chemical potentials of the Gd

dopant and host Zn, respectively. S stands for the

contact area of the composites. The charge density

difference (Dq) on the isosurface was used to

demonstrate the charge transferred between the

components in the composite, as follows:

Dq ¼ qGO=ZnO � qZnO � qGO; ð3Þ

Dq ¼ qGO=Gd=ZnO � qGd=ZnO � qGO; ð4Þ

where qGO=ZnO, qZnO, qGO, qGO=Gd=ZnO and qGd=ZnO are

the total charge density of the GO/ ZnO, ZnO, GO,

GO/Gd/ZnO and Gd/ZnO, respectively.

Results and discussion

FTIR analysis

FTIR analysis was also used to fully monitor the

functional groups and available bonds of the as-pre-

pared catalysts. FTIR spectra of GO, ZnO, GO/ZnO

and GO/Gd/ZnO samples were further analysed

(Fig. 1a).

The absorption band at 1079, 1381, 1634 and

1716 cm-1 was assigned to the m(C–O) stretching

vibrations mode, O–H deformation of C–OH group,

in-plane vibration from (C=C) bonds and stretching

vibrations of –COOH group, respectively [34, 48]. The

peak at 494, from 1388 to 1626 and the 3466 cm-1 was

related to bending vibration of Zn–O bonding,

organic impurities from zinc precursors and the

adsorption of surface hydroxyl groups. However,
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after immobilizing the Gd/ZnO and GO nanosheets

in the composite framework, no characteristic peaks

appeared, implying that Gd/ZnO and GO have the

Zn–O vibration. Moreover, the FTIR spectra of GO/

Gd/ZnO (with variable concentrations of Gd),

exhibiting bands associated with ZnO and GO, con-

firmed the successful fabrication of the composite.

The absorption band did not shift toward higher

frequencies in the composites. This implied that the

interactions between the Gd/ZnO and GO nanosh-

eets increased to some degree. The GO spectra

showing a broader band around 3435 cm-1 related to

O–H stretching vibrations of the moisture absorbed

on the samples [49]. The peak around 1732 and

1614 cm-1 was ascribed to carbonyl CO and C=O

stretching, respectively, while the peaks at 1055 and

1420 cm-1 correspond to C–O epoxy group and car-

boxyl OH stretching at the edges of GO, respectively.

The absorption bands at 1511 cm-1 confirmed that

GO band was merged with the ZnO band in GO/

Gd/ZnO composites. This indicates that GO has

successfully modified znO.

Structure analysis

The phase composition and crystal structure of the

as-synthesized samples were investigated using XRD

analysis (Fig. 1b). XRD pattern of bulk ZnO and as-

prepared GO/Gd/ZnO composites showed diffrac-

tion peaks at 31.81�, 34.47�, 35.98�, 47.59�, 57.52�,

63.18�, 66.39�, 68.01� and 69.10�, which was indexed

to the (100), (002), (101), (102), (110), (103), (200), (112)

and (201) planes. The observed diffraction peaks

were well indexed to ZnO wurtzite structure [JCPDS

No. 36–1451, space group: P63mc (186)] [50]. GO

showed a diffraction peak at 2h = 10.85� with a

0.77 nm interlayer distance, which corresponds to the

(002) diffraction plane. This was similar to earlier

studies [51–53]. The GO diffraction peak significantly

larger than that found in the XRD pattern of pure

graphite (2h = 26�) confirms the successful fabrica-

tion of GO. This could be rationalized by the presence

of oxygenated functional groups on the carbon sheets

of GO. Moreover, no diffraction peaks for GO could

be observed in the GO/Gd/ZnO composites (with

variable concentrations of Gd), which was due to the

low amount and relatively low diffraction intensity of

GO [54].

Raman spectroscopy technique was employed to

offer knowledge on the chemical and structural

properties including crystallinity and defects in the

catalyst. The Raman spectra at 209, 331, 388, 437, and

571 cm-1 were indexed to typical active modes of

ZnO [21] (Fig. 2).

The bands at 571 and 437 cm-1 were related to the

A1(LO) and E2H vibrational modes of hexagonal

wurtzite phase of ZnO, respectively [55]. The E2H

mode was attributed to oxygen deficiency defect and

the A1 (LO) mode was attributed to zinc-free carriers

and the number of defects [21]. The bands at 388, 331
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and 209 cm-1 were related to the E1 (TO), 3E2H-E2L

and 2E2L modes, respectively [21]. The Raman spec-

tra of the composites and GO show two vibrational

modes at 1599 cm-1 (G band) and 1366 cm-1 (D

band), see Fig. 2b. The G-band is commonly related

to the sp2 carbon E2g-phonon, while the D-band is the

A1g symmetry breathing mode of k-point phonons.

The G-band provides details on the degree of

graphitization, while the D-band suggests graphene

disorder resulting from vacancy-related and grain

boundary defects. The ratio of disordered (D) and

graphitic (G) peaks determines the extent of surface

defects. Raman spectroscopy facilitates the quantifi-

cation of the carbonaceous phases by fitting the

Raman spectra [56–58]. The D-band to G-band peak

intensity ratio (ID/IG) is a measure of the defect

accumulation in graphene sheets based on various

degrees of reduction, and a smaller intensity of ID/IG
ratio can be consigned to fewer sp3 defects/disorders

and better average size (or less amount) of the in-

plane graphitic crystallite sp2 domains [59]. The ID/

IG ratio of GO/Gd/ZnO (0.3% Gd), GO/Gd/ZnO

(0.6% Gd) and GO/Gd/ZnO (1.0% Gd) was 1.05, 1.04

and 1.02, respectively. The ID/IG values of the com-

posites higher than that of GO signifying the forma-

tion of more sp3 defects in carbon [60]. The increased

sp3 defects were due to the strong interaction

between the interface of Gd/ZnO and GO.

TEM and SEM analysis

The TEM image of ZnO shows a spherical shape and

possess regular/uniform size with an average crys-

tallite size of 30 nm (Fig. 3a).

The TEM image of GO in Fig. 3b showed irregular

and wrinkle characteristics. The TEM image (Fig. 3c)

of GO/Gd/ZnO composites revealed that ZnO was

packed compactly in the curled surface of GO sheets

showing the successful formation of GO/Gd/ZnO

composites. The EDX spectrum and mapping analy-

sis revealed the occurrence of Zn, O, C and Gd atoms

in the composites (Fig. 3f, g).

UV–Vis DRS analysis

UV–Vis diffuse reflectance spectra were used to

assess the absorption properties of the as-fabricated

catalyst. As given in Fig. 4a, bulk ZnO shows no

absorption in the visible light region (400–700 nm).

The DRS-UV visible spectrum showed that the

absorption wavelength of GO/ZnO composite was

shifted to a slightly higher region when compared to

bulk ZnO. This was because of the intimate contact

between ZnO and GO, where the existence of GO

reduced the reflectivity of the GO/ZnO composite to

light. Moreover, the introduction of Gd improved the

visible light absorption than that of bulk ZnO and

GO/ZnO composite. The redshift of the absorption of

GO/Gd/ZnO composites was mostly due to the

loading of Gd ions in the ZnO crystal structure.

The disparity between the valence band and the

conduction band gives the band gap energy (Eg) by

which the as-prepared catalysts electronic structure is

defined. The generation by as-prepared catalysts of

reactive oxygen species, such as •O2
- and •OH, has

been connected to the Eg and the redox potential of

various reactive species. In general, the bandgap

energy of semiconductor plays a vital influence on its

photocatalytic performance. Therefore, we have

assessed the optical band gap energy of photocata-

lysts from the following equation:

ahmð Þ1=n¼ A hm� Eg

� �
; ð5Þ

1000 1200 1400 1600 1800

In
te

ns
ity

 (a
.u

)

Raman shift (cm-1)
200 300 400 500 600 700 800 900 1000

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1 )

 ZnO(a) (b)
 GO
 GO/ZnO
GO/Z1
GO/Z2
GO/Z3

Figure 2 FTIR spectra of

a ZnO and b GO, GO/ZnO

and GO/Gd/ZnO composites.
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represent GO/Gd/ZnO (0.3%

Gd), GO/Gd/ZnO (0.6% Gd)

and GO/Gd/ZnO (1.0% Gd),

respectively.
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where a, hm and A are the absorption coefficient,

photon energy and the proportionality constant,

respectively [61]. The Eg energies of the as-prepared

catalysts were calculated by measuring the x-axis

intercept of an extrapolated tangential line from the

linear regime of the curve. As shown in Fig. 4b, the Eg

energies were estimated as 3.23, 3.18, 2.87, 2.79 and

2.94 eV for ZnO, GO/ZnO, GO/Gd/ZnO (0.3% Gd),

GO/Gd/ZnO (0.6% Gd) and GO/Gd/ZnO (1.0%

Gd), respectively. It could be seen that the addition of

different amounts of Gd affects the Eg for GO/Gd/

ZnO composites significantly than that of pure of

ZnO. With the increase of Gd concentration, there

was an increase in the Eg, which was in accordance

with DRS. From the as-obtained results, it could be

seen that the Eg value of GO/Gd/ZnO (0.6% Gd)

decreases obviously as compared to that of GO/Gd/

ZnO (0.3% Gd) and GO/Gd/ZnO (1.0% Gd) com-

posites. This indicates that the GO/Gd/ZnO (0.6%

Gd) composite could show higher photocatalytic

activity. This result indicated that Gd in GO/Gd/

ZnO served as an electron acceptor, allowing the

photoexcited electrons in ZnO to be transferred to

GO via p electrons, which narrow the Eg [62]. Such a

similar bandgap narrowing phenomenon has also

been observed for other materials [27, 53, 63, 64],

which is reflected by the optical property measure-

ments of GO/Gd/ZnO composites, using the DRS.

The photoluminescence (PL) spectrum was

employed to study the migration, separation and

recombination behaviour of photogenerated charge

carriers of the as-prepared samples. We observed

similar peak positions with different intensities for

the as-synthesized samples, as given in Fig. 4c. The

addition of GO to ZnO led to fluorescence quenching,

which reduces the recombination rate of charge car-

riers. The lower emission intensity observed for GO/

Gd/ZnO composites revealed reduced recombina-

tion of charge carriers, where a suitable amount of

Gd3? ions loading could inhibit the recombination
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Figure 3 TEM images of a ZnO, b GO, c GO/Gd/ZnO composites; SEM images of d ZnO e GO/Gd/ZnO composites; f EDS of GO/Gd/

ZnO composites and g elemental mapping of GO/Gd/ZnO composites for Zn, O, C and Gd.
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rate of charge carriers. Thus, in GO/Gd/ZnO com-

posite, GO acted as an electrical pathway for the

photogenerated electrons in ZnO, while Gd3? ion

could serve as an electron acceptor during the

degradation process [37, 65]. Generally, a lower PL

intensity resulted in a lower recombination rate of

charge carriers and higher photoactivity [66]. Hence,

GO/Gd/ZnO (0.6% Gd) with the lower PL intensity

demonstrate that it had the highest electron transfer

rate and its photoactivity could be higher than that of

other composites.

DFT calculations were used to evaluate the elec-

tronic and structural properties of GO/ZnO and GO/

Gd/ZnO composites. Both ZnO and GO sheets are

known to be dynamically stable, which could be

verified by calculating their phonon dispersion

curves. The phonon spectrum in Fig. 5 shows that the

absence of imaginary frequencies in the entire Bril-

louin zone of ZnO and GO sheets indicates the

dynamic stability of GO/ZnO and GO/Gd/ZnO

composites.

To minimize the lattice mismatch between the

stacking layers, the composites were built using

4 9 4 supercells of ZnO (Gd–ZnO) and 5 9 5 super-

cells of GO sheets. The small lattice mismatch

(5.36%,) in the GO/ZnO and GO/Gd/ZnO compos-

ites was within the acceptable range of forming vdW

composites. The interface adhesion energies of GO/

ZnO and GO/Gd/ZnO composites were -0.376 and

-0.366 meV Å-2, respectively, indicating weak vdW

interactions in the composites. The interface binding
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Figure 4 a UV–Vis diffuse

reflectance spectra, b plots of

(ahv)2 versus photon energy

(hm) and c PL spectra of the as-

prepared catalysts.

Figure 5 Phonon dispersion

plots of a ZnO b GO sheets.
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energies were all negative, signifying that both com-

posites were stable (Fig. 6).

Besides the dynamical stability, the thermal sta-

bility of the composites was studied by evaluating the

total energy fluctuation using the ab initio molecular

dynamics (AIMD) simulations at 300 K. As shown in

Fig. 7, the total energy oscillates with small fluctua-

tions around a small range, which reveals the thermal

stability of the composites at room temperature.

The interface binding energy, phonon and AIMD

simulations confirm the structural stability of the

composites. Therefore, it was reliably evident that

both composites exhibited structural and

thermodynamic stability, which confirmed successful

fabrication.

To investigate the binding mechanism between

ZnO (Gd/ZnO) and GO sheets, the electron local-

ization functions (ELFs) were evaluated to confirm

the existence of weak vdW forces. As shown in Fig. 8,

no substantial charge accumulation at the interface

indicates vdW interaction between the two

components.

We have explored the charge transfer at the inter-

face of the composite by calculating the charge den-

sity difference. The results are given in Fig. 9.

Figure 6 Side views of the

optimized structures of a GO/

ZnO and b GO/Gd/ZnO

composites.

Figure 7 a Total energy (Ha)

and b temperature (K) versus

time (ps) for GO/ZnO and GO/

Gd/ZnO composites.
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The blue (yellow) distribution represents charge

depletion (accumulation). The electrons transfer to

the GO sheets from ZnO (Gd–ZnO) and accumulate

on the ZnO (Gd–ZnO) surface, while holes accumu-

late on the ZnO (Gd–ZnO) surface. This shows that

composites formation results in charge transfer from

the ZnO (Gd–ZnO) to GO sheets. Moreover, the

Löwdin charge population analysis [67] was

employed to evaluate the number of electrons trans-

ferred at the composite interface. We found that the

number of electrons transferred from ZnO (Gd–ZnO)

to GO sheets was 0.1301 (0.0425) |e|. Moreover, as

shown in Fig. 10c and d, there was a potential drop of

9.94 (9.05) eV between the ZnO (Gd–ZnO) and GO

sheets, suggesting the formation of a built-in electric

field.

The reduced work function value of the composites

than ZnO signifies the transfer of charge that took

place at the interface.

Photocatalytic performance evaluation

The as-prepared photocatalysts efficiency was asses-

sed towards the degradation of environmental haz-

ardous IC dye under simulated light illumination.

The time-dependent UV–Vis spectra of IC dye during

the UV light irradiation are shown in Fig. 11a. The IC

dye maximum absorption peaks reduced gradually

and disappeared completely under UV light illumi-

nation using GO/Gd/ZnO (0.6% Gd) photocatalyst.

Figure 8 Electron localization

functions of a GO/ZnO and

b GO/Gd/ZnO composites.

Figure 9 The charge density

difference of a GO/ZnO and

b GO/Gd/ZnO composites.

The isosurface value is set to

0.0003 e Å-3, where the loss

and gain of electrons are

represented by the blue and

yellow areas, respectively.
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The photodegradation capacity of the as-prepared

photocatalysts was assessed by evaluating the

degradation of IC dye under UV light (Fig. 11b).

Before irradiation to light, the IC dye absorption

performance of the as-fabricated photocatalysts was

performed in dark condition for 1 h. We observed

that there was no dye adsorption in the dark condi-

tion. Moreover, the degradation performance of the

Figure 10 Calculated

electrostatic potentials along

the z-direction of a ZnO,

b GO, c GO/ZnO and d GO/

Gd/ZnO composites.
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Figure 11 a Change in

absorbance with time under

UV light illumination using

GO/Gd/ZnO (0.6% Gd)

composite,

b photodegradation

efficiencies of IC dye in

presence of different

photocatalysts under UV light

illumination, c kinetics of IC

dye photodegradation [ln(C0/

Ct)] versus irradiation time and

d effects of different

scavengers on IC dye

photocatalytic degradation

using GO/Gd/ZnO (0.6% Gd)

composite under UV light

irradiation.
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GO/ZnO photocatalysts was much better than that of

bulk ZnO photocatalysts because of the electrostatic

attraction of the surface functional groups, unique

pore structure and large specific surface area of GO

sheets. We observed that GO/Gd/ZnO photocata-

lysts showed higher degradation capability than bulk

ZnO and GO/ZnO. The efficiency of pure ZnO, GO/

ZnO, GO/Gd/ZnO (0.3% Gd) and GO/Gd/ZnO

(1.0% Gd) for the photocatalytic degradation of IC

dye was about 53, 69, 85 and 75%, respectively, after

210 min of light illumination. However, the pho-

todegradation efficiency of GO/Gd/ZnO (0.6% Gd)

photocatalysts was about 96% within 30 min of light

irradiation, which was because of the lower bandgap

energy, increased visible light absorption ability and

synergistic effect between the GO and Gd/ZnO,

indicating enhanced separation and transfer of pho-

toexcited charge carriers. Hence, we also proved that

the 0.6% Gd was the optimum concentration for the

degradation of IC dye and GO/Gd/ZnO (0.6% Gd)

composite was the ideal material for removing an

organic pollutant from wastewater.

Moreover, the removal of IC dye by as-prepared

photocatalysts with light irradiation was fitted to the

pseudo-first-order kinetic model:

ln C=C0ð Þ ¼ �kt; ð6Þ

where C0 and C (mg L-1) are the concentrations of IC

dye initially and after time (t) of exposure to light,

respectively, and k is degradation rate constant. A

plot of ln C/C0 against reaction time t yields a

straight line whose slope gives reaction rate constant.

As revealed in Fig. 11c, the observed kinetics plots

confirmed that the IC dye photocatalytic degradation

follows a pseudo-first-order reaction. Obviously,

GO/Gd/ZnO (0.6% Gd) (0.01713 min-1) composite

showed the largest degradation rate constant over all

the materials, which was about 7.65, 2.94, 1.59 and

2.36 times higher than bulk ZnO (0.00224 min-1),

GO/ZnO (0.00583 min-1), GO/Gd/ZnO (0.3% Gd)

(0.01079 min-1) and GO/Gd/ZnO (1.0% Gd)

(0.00727 min-1), respectively. This suggests that the

introduction of GO on Gd/ZnO assists the separation

and transfer of electron–hole pairs, thereby enhanc-

ing the photocatalytic performance and degradation

efficiency of IC dye.

Detection of reactive oxidative species
(ROS)

To understand the influence of reactive species dur-

ing the photodegradation process, the effects of free

radical capture were investigated to analyse the role

of h?, •O2
- and •OH in the IC dye photocatalytic

degradation using GO/Gd/ZnO (0.6% Gd) photo-

catalysts. In the present work, BQ, IPA and AO were

used as the quenchers for the ˙O2
-, ˙OH and h?,

respectively. The results show in Fig. 11d indicate

that the addition of BQ and IPA suppressed the

photodegradation of IC dye using GO/Gd/ZnO

(0.6% Gd) photocatalysts. The degradation rate of IC

dye indicates that ˙OH and˙ O2
- radicals were both

responsible for ROS during the photodegradation

process. Moreover, the degradation of IC dye was

slightly decreased when added into AO scavengers.

This indicates that h? also significantly influences the

degradation of IC dye in the presence of GO/Gd/

ZnO (0.6% Gd) composite.

BET analysis

Generally, photocatalyst performance relied on the

recombination of photogenerated charge carriers,

BET specific surface area, and mean pore diameter

[68]. N2 adsorption–desorption measurements were

explored to evaluate the specific surface area and the

pore size distribution of the as-fabricated samples.

The isothermal curves of N2 adsorption–desorption

in Fig. 12 showed a type IV curve with H2 hysteresis

loops, which reflect typical mesoporous materials.
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Figure 12 Nitrogen adsorption–desorption isotherms of the as-

fabricated samples.
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For comparison, the BET surface area, mean pore

size and total pore volume of the as-fabricated sam-

ples are listed in Table 1. The BET specific area of

GO/Gd/ZnO (0.6% Gd) composite was higher than

the other samples. Hence, the enhanced photocat-

alytic performance of GO/Gd/ZnO (0.6% Gd) com-

posite than that of pure ZnO and other composites

could be attributed to the increased BET specific area.

Stability and recyclability

Generally, the removal rate of total organic carbon

(TOC) reflects the degree of mineralization of IC dye

during the photocatalytic reaction. Apart from

degradation, the mineralization of IC dye was

ascertained using TOC analysis, as shown in Fig. 13a.

The TOC removal concentration decreased steadily

as the reaction time increases. At 180 min of irradia-

tion of IC dye, much of the TOC was mineralized,

suggesting the optimum reduction at 92%. This

indicates the fragmentation of IC dye structure to

form intermediates by reactive oxygen species,

thereby enhancing mineralization during visible light

irradiation. These intermediates would mineralize to

form CO2 and H2O molecules.

The GO/Gd/ZnO photocatalyst reusability is a

parameter of vital importance from the industrial

perspective. After each photocatalytic cycle, the GO/

Gd/ZnO was recovered from the reaction mixture by

centrifugation, washed for each cycle and dried

before starting the next cycle. The GO/Gd/ZnO

recyclability was tested up to fifth cycle of IC dye

degradation. Recycling experiments were performed

in order to study the photostability of GO/Gd/ZnO

photocatalyst under sunlight (Fig. 13b). We observed

a slight steady reduction in the photocatalytic

degradation efficiency with increasing runs, where

the degradation of IC dye by GO/Gd/ZnO (0.6% Gd)

composite remained above 80% even at the fifth

cycle. This shows that even after the fifth cycle, GO/

Gd/ZnO maintains good photoactivity for IC dye

degradation. Moreover, it was observed that GO/

Gd/ZnO did not show much loss of activity even

after the fifth degradation cycle, suggesting that the

catalyst was not photo-corroded during the reaction

[69]. The minor weakening of the photocatalytic

activity may be due to the partial occupancy of the

active sites by the carbon deposits produced during

the photodegradation of IC dyes on the catalyst sur-

face [70].

Table 1 BET specific surface area, pore volume and size of the as-fabricated samples

Samples BET surface area (m2 g-1) Mean pore size (nm) Total pore volume (cm3 g-1)

Pure ZnO 12.40 22.38 0.04

GO/ZnO 22.84 20.26 0.05

GO/Gd/ZnO (0.3% Gd) 64.54 37.35 0.16

GO/Gd/ZnO (0.6% Gd) 79.35 46.63 0.24

GO/Gd/ZnO (1.0% Gd) 63.57 33.47 0.14
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(b)(a)Figure 13 a Mineralization of

GO/Gd/ZnO (0.6% Gd)

photocatalyst with time and

b the recycling capacity of

GO/Gd/ZnO (0.6% Gd) in the

degradation of IC dye during

five continuous runs under

UV-light irradiation.
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Conclusions

In summary, a novel GO/Gd/ZnO composite was

fabricated successfully by a hydrothermal method

and structurally characterize. The effect of Gd addi-

tion on GO/ZnO was assessed towards the degra-

dation of IC dye under light illumination. All the

photocatalytic experimental results show that the

composites have high photocatalytic performance

than that of bulk ZnO and GO/ZnO composite

towards IC dye degradation, particularly, GO/Gd/

ZnO (0.6% Gd), which could reach 96% complete

degradation of IC dye in only 30 min. The results

reveal that Gd ion could act as a bridge between GO

and ZnO to enhance the separation of charge carriers

and improve the photocatalytic removal rate of IC

dye. Using the vdW-corrected DFT calculations, we

have studied the structural, interfacial and electronic

properties of GO/ZnO and GO/Gd/ZnO compos-

ites. The composites were confirmed to be stable by

calculating its interfacial binding energy, vibrational

phonon dispersion and AIMD simulations at 300 K.

The interlayer vdWs contact was verified by calcu-

lating the electron localization functions. Moreover,

we found from Löwdin charge population analysis

that 0.1301 (0.0425) |e| electrons transfer from ZnO

(Gd–ZnO) to GO sheets at the interface, forming a

built-in electric field pointing from ZnO (Gd–ZnO) to

GO sheets with a potential drop (DV) of 9.94 (9.05) eV

between the ZnO (Gd-ZnO) and GO sheets. The

active species study reveals that �O2
- and �OH radi-

cals have a significant influence during the pho-

todegradation process. Besides, the GO/Gd/ZnO

composite was stable and could be easily recycled,

which prove the reusability and reproducibility for

photocatalytic pollutant degradation. This work

offers new insights into preparing GO/Gd/ZnO

catalysts with improve optical absorbance, photolu-

minescence quenching effect and increases surface

area and is regarded as a suitable candidate for

organic pollutants degradation in wastewater and

other environmental remediation applications.
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