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Photocatalytic activity of zinc oxide — graphene oxide composites

Recently, the use of various dyes in the cellulose, textile, plastics and rubber industries has resulted in severe
toxic and dye contamination of wastewater. These toxic dyes are not biodegradable and have a detrimental ef-
fect on the environment, blocking sunlight and reducing photosynthesis. Consequently, there is an urgent
need to develop a low-cost effective technology for purifying wastewater from harmful organic pollutants. In
this context, photocatalysis is an advanced, environmentally friendly oxidation process for wastewater treat-
ment. Recent studies have shown that the use of semiconductor photocatalytically active materials with a
wide band gap is an effective method for the decomposition of organic pollutants in aqueous solutions. In this
work, a low-cost technology for the synthesis of composite semiconductor zinc oxide / graphene oxide (ZnO /
GO) materials by chemical deposition from an aqueous solution has been developed. The morphology, struc-
tural and photoluminescent properties of the synthesized ZnO/GO samples with different graphene oxide
concentration have been studied. The research of the photocatalytic activity of synthesized zinc oxide —
graphene oxide composite materials is carried out by observing an aqueous solution of rhodamine B dye deg-
radation under ultraviolet illumination.

Keywords: chemical deposition, zinc oxide, graphene oxide, composites, optical and structural properties,
photocatalytic activity, rhodamine B.

Introduction

In recent years, as a result of environmental changes associated with the ineffective use of water re-
sources, the problem of purifying wastewater from industrial and agricultural waste has become urgent [1,
2]. Numerous waste dyes used in various industries, such as the production of cosmetics, textiles, and food
end up in water bodies in the form of wastewater [3—5]. Due to that, emerged the urgent task to develop ef-
fective and economical methods for eliminating organic pollution [6, 7]. Various types of biological, physi-
cal, and chemical methods, such as chemical precipitation, separation, coagulation, removal, adsorption of
activated carbon, chlorination and ozonation, are used for industrial wastewater treatment [8—10]. Chemical
methods of chlorination and ozonation are slow processes and as consequence, they are not economically
feasible; therefore, the use of these approaches is limited [11]. Traditional filtration methods do not have
high efficiency and cause only phase changes in pollutants. In recent decades, photocatalytic decomposition
processes have been actively considered successors to the previous methods, since they can significantly ac-
celerate the degradation of organic pollutants [12—14]. Photocatalysis is a reaction in which light is used to
activate a substance that changes the rate of a chemical reaction. Under the illumination of semiconductor,
photocatalyst electrons move to the conduction band, a hole appears in the valence band, thus an electron-
hole pair is generated. The generated electron-hole pairs cause a complex series of secondary reactions with
dye molecules, which leads to the complete degradation of dye contaminants adsorbed on the semiconductor
surface [15].

Zinc oxide (ZnO) is one of the most studied photocatalytically active materials due to its low toxicity,
wide band gap (3.37 eV), long-term stability, high photostability, and high efficiency [16, 17]. Usually, ox-
ide semiconductors have relatively low charge mobility and a high degree of electron-hole recombination,
which reduces the efficiency of the photocatalytic reaction and prevents their widespread use as practical
photocatalysts [18].

The photocatalytic characteristics of ZnO can be improved by synthesizing composites based on it in
combination with other components, such as noble metals [19], carbon materials [20, 21], and by doping
[22]. In particular, nanocomposites with graphene and graphene oxide (GO) have attracted the attention of
researchers in recent years. ZnO is a good electron donor with high optical activity and stability. Moreover,
graphene is a good electron acceptor with high conductivity. Thus, the hybrid system can act conjointly by
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increasing the migration efficiency of photo-generated electrons and decreasing recombination. H.Fan et al.
synthesized a series of composites of graphene and ZnO by a simple hydrothermal method [23]. The effect
of the graphene inclusion in ZnO structure on the photocatalytic degradation of an aqueous dye solution was
noted in the article [24]. In most of these works, ZnO / graphene oxide composites were synthesized either at
a higher temperature or with complex equipment and a complex reaction procedure with the participation of
intermediate products of the growth of zinc oxide particles on reduced graphene oxide sheets is required.

In this regard, the task of improving photocatalytic characteristics by the efficient, low-cost synthesis
methods of composite materials based on ZnO is urgent.

Experimental

Composite materials based on zinc oxide and graphene oxide were synthesized by low-temperature
chemical deposition from an aqueous solution. For the synthesis of ZnO / GO composites, we used ready
graphene oxide obtained by the Hammers method [25]. Graphene oxide was dissolved in distilled water for
half an hour using an ultrasonic bath. In a separate glass, zinc acetate dihydrate ((CH;COO),Znx2H,0, Sig-
ma-Aldrich) was dissolved in distilled water. Then both solutions were mixed on a magnetic stirrer. Then, to
form zinc oxide nanoparticles, an aqueous solution of sodium hydroxide (NaOH, Sigma-Aldrich) was added
dropwise to a glass beaker with an aqueous solution of zinc acetate and graphene oxide. Then the entire solu-
tion was thoroughly mixed on a magnetic stirrer for another 15 minutes. The whole process of synthesis of
Zn0O composites - GO was carried out at room temperature.

The NaOH concentration was 0.7M with a zinc acetate concentration of S0mM. The graphene oxide
concentration was varied from 0.01 to 0.7 mm wt% (samples: ZGP 2 — 0.01 wt% GO, ZGP 4 — 0.025 wt%,
ZGP 5 — 0,14 wt% GO, ZGP 7 — 0,7 wt%). The resulting precipitate was washed with distilled water, sepa-
rated by centrifugation, and then dried in an oven at 125 °C for 12 hours. The formation of zinc oxide in this
process can be described by the following chemical reactions [26]:

Zn(CH;C0O0),-2H,0 + 2NaOH — Zn(OH),+2CH;COONa +2H,0, (1)
Zn(OH), (gel) + 2H,0 = Zn** + 20H" + 2H,0 = [Zn(OH)4]%, )
[Zn(OH)4]* < ZnO,” +2H,0, 3)

Zn0,” +2H,0 <Zn0O + 20H . 4)

Results and Discussion

The results of electron microscopy studies carried out on a Quanta 200i 3D scanning electron micro-
scope (FEI Company) with a directly heated tungsten cathode showed that the ZnO / GO composites synthe-
sized by this growth technique are two-dimensional structures in the form of 2D thin petals about 30 nm
thick (Figure 1). It was noted that an increase in the concentration of GO in the growth solution of ZnO / GO
leads to the decrease in the thickness of ZnO petals. As a result, the 2D structures become thinner, the
amount of the flocculent structure increases. It allows increasing their working specific surface to equal
weight.
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Figure 1. Morphology of ZnO / GO samples: a — ZGP 2 — 0.01 wt% GO, b — ZGP 4 — 0.025 wt% GO,
c—ZGP 5-0,14 wt% GO, d —ZGP 7 - 0.7 wt% GO.

The structural properties of the synthesized ZnO / GO samples were studied by X-ray diffraction analy-
sis. X-ray diffractometry measurements were performed under the same conditions for all synthesized sam-
ples. Figures 2, 3 show diffractograms of the samples ZGP 2 and ZGP 7 with the lowest and highest concen-
tration of graphene oxide, respectively, in considered series of ZnO / GO samples.
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Figure 2. X-ray diffraction of ZGP 2 sample
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Figure 3. X-ray diffraction of ZGP 7 sample
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All ZnO / GO samples exhibit the hexagonal structure of zinc oxide wurtzite (JCPDS card # 01-080-
3004). The diffractogram of the ZGP 7 sample with the highest GO concentration contains (001) reflex, cor-
responding to GO sheets.

Changes in the structural properties of ZnO / GO composites depending on the concentration of
graphene oxide in the growth solution were also studied using Raman spectroscopy (Figure 4).
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Figure 4. Raman spectra of ZnO / GO samples: ZGP 2 — 0.01 wt% GO,
ZGP 4 - 0.025 wt% GO, ZGP 5 - 0,14 wt% GO, ZGP 7 — 0.7 wt% GO.

Raman spectra allow one to take into account conjugated and double carbon-carbon bonds, which leads
to high-intensity peaks in the Raman spectrum. A typical GO Raman spectrum is characterized by a G band
at a displacement of the 1605 cm™, which corresponds to the E», phonon of sp” carbon atoms, and a D band
at 1353 cm™', which corresponds to the breathing mode of point phonons with A, symmetry.

The Raman spectra of synthesized ZnO / GO composites show that the D peaks for these samples ap-
pear at 1370 cm™. G peaks at 1600 cm™ characterize lattice distortions. A shift in the D band indicates a
change that can occur due to certain defects, such as vacancies, grain boundaries [27] and amorphous forms
of carbon [28]. The intensity ratio Ip/Ig was 0.9 / 1. The study [29] demonstrated that an increase in the Ip/Ig
ratio of graphene oxide indicates an increase in the number of defects in the structure. The lowest ratio Ip/Ig
= (.85 was observed for ZGP 7 sample, which indicates the quality of this sample.

Graphene, a two-dimensional planar monolayer of carbon, whose atoms are connected in a honeycomb
lattice structure, possesses such electronic properties as a zero band gap and high conductivity, which in
combination with photocatalytically active ZnO should help to reduce the recombination of photogenerated
electron-hole pairs and lead to an increase in the efficiency of photoconversion. Thus, graphene oxide in
ZnO / GO composites acts as a fast electron transfer channel. In addition, the presence of oxygen-containing
functional groups of graphene oxide makes it an excellent support material for anchoring metal oxide parti-
cles during synthesis. Figure 5 illustrates a diagram of a possible illustration of the degradation process of the
RhB dye under the influence of ultraviolet radiation in the presence of ZnO / GO samples.

CO: +HO0

Figure 5. Possible charge transfer circuit in the ZnO / GO samples
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Under the influence of UV radiation, electrons e move from the upper levels of the valence band (VB)
of semiconductor materials to the conduction band (CB). These photogenerated electrons are absorbed by
oxygen O,, resulting in the superoxide anion O,. At the same time, as a result of protonation, HOO- radicals
are obtained. Holes h', located in the valence band, move to the surface of ZnO and GO, and interact with
either water (H,O) or OH’, which leads to the production of such active hydroxyl substances as OHe, which,
together with HOO- radicals, decompose the dye into components. Thus, the process of photogeneration of e’
-h" electron-hole pairs on the surface of ZnO / GO composites with a large specific surface area leads to deg-
radation of the rhodamine B (RhB) dye.

To study the photocatalytic activity of the synthesized ZnO / GO composites, we used an aqueous solu-
tion of rhodamine B, containing 8 ml of the dye dissolved in 500 ml of distilled water on a magnetic stirrer
for 30 minutes. Then, 9 mg of the obtained ZnO / GO composites were added to 112.5 ml of the solution,
followed by thorough mixing. The measurement of photocatalytic degradation was carried out in a glass re-
actor. The source of UV illumination was a mercury lamp (LIH Germany, power 14 W), which was located
inside the reactor with the solution.

The photocatalytic activity of the synthesized ZnO / GO composites was evaluated by observing the
change in the optical density spectra of the RhB dye solution in the presence of ZnO / GO samples exposed
to UV radiation for 150 minutes. The solution was sampled every 30 minutes (Figure 6).
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Figure 6. Photo of the RhB solution in the presence of the ZGP 7 sample subjected to UV illumination

Figure 7 represents optical density spectra during the degradation of an aqueous solution of a dye in the pres-
ence of ZnO / GO composites under ultraviolet illumination. The results showed that the maximum value of
the absorption intensity for the initial dye solution with ZnO / GO composites is at 555 nm. It is noted that,
with an increase in the UV exposure time, the absorption intensity of rhodamine B in the presence of ZnO /
GO samples decreases, which indicates a decrease in the concentration of RhB in the solution.
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Figure 7. Optical density spectra of an aqueous solution of RhB in the presence of samples:
a—ZGP2,b—-ZGP4,c-ZGP5,d-ZGP 7.

To compare the photocatalytic activity of ZnO / GO powders with different GO concentration in the

growth solution under degradation of an aqueous dye solution, kinetic curves were presented in Figure 8.
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Figure 8. Kinetic curves of RhB degradation in the presence of ZnO / GO composites with different concentrations of
GO: ZGP 2 - 0.01 wt% GO, ZGP 4 - 0.025 wt% GO, ZGP 5 — 0.14 wt% GO, ZGP 7 - 0.7 wt% GO.

It was noted that an increase in the concentration of GO in the growth solution makes it possible to ob-
tain more photocatalytically active composites ZnO-GO because an increase in the GO concentration in the
growth solution provides an increase in the specific surface area of the composites. Moreover, this increase
promotes a decrease in the recombination of photogenerated electrons, which leads to an increase in active
HOOe radicals in solution under UV radiation and accelerates the decomposition of the organic dye.

For ZnO / GO samples with different GO concentrations, photoluminescence spectra were investigated
(Figure 9). Data on the photoluminescent properties of photocatalytically active zinc oxide were published in
a paper [30]. The PL spectra of all the samples consisted of a narrow (~0.25 eV) NBE at ~380 nm, and broad
deep-level emission (DLE) in the range from 450 to 750 nm with a maximum of around 555 nm. It is sug-
gested that the origin of the violet emission at A ~ 420 nm (2.96 eV) is due to the transitions from the con-
duction band (CB) to the holes localized at the defect level associated with zinc vacancy (VZn) [31].
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Figure 9. Photoluminescence of ZnO / GO samples with different GO concentration:
ZGP 2 - 0.01 wt% GO, ZGP 4 - 0.025 wt% GO, ZGP 5 — 0.14 wt% GO, ZGP 7 — 0.7 wt% GO.

As can be seen from Figure 9, the highest DLE photoluminescence is observed for the ZGP 7 sample,
which contains the largest amount of graphene oxide in the growth solution (0.7 wt % GO). It is noted that a
decrease in the GO concentration leads to a decrease in the DLE photoluminescence.

Conclusions

Low-cost synthesis of ZnO / GO nanocomposites by chemical deposition from the solution was devel-
oped. The photocatalytic activity, morphology, structural and photoluminescent properties of the synthesized
samples were studied. The results of electron microscopy studies have shown that the obtained composites
consist of 2D petals about 30 nm thick. At the same time, an increase in the concentration of GO in the
growth solution of ZnO / GO does not significantly change their morphology. A study of the structural prop-
erties of the synthesized ZnO / GO composites showed that the Raman spectra contain D peaks at displace-
ment of the 1370 cm™, and G peaks at 1600 cm™. The intensity ratio ID / IG was 0.9 / 1. The smallest ratio
ID / IG = 0.85 for the ZGP 7 sample, which contains the largest amount of graphene oxide in the growth so-
lution (0.7 wt% GO), indicates the quality of this sample. It is noted that the highest DLE photoluminescence
is observed for the ZGP 7 sample. In addition, an increase in the GO concentration leads to an increase in
DLE photoluminescence. When studying the photocatalytic activity of the obtained samples regarding the
decomposition of the dye rhodamine B (RhB), it was noted that an increase in the concentration of GO in the
growth solution makes it possible to obtain more photocatalytically active composites ZnO-GO.
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MpIpbiin okcugi-rpagen oOKCuai KOMIO3UTTEPAIH
(oTokaTanuTUKANBIK OeJICeHAUTITI

CoHFBI Ke3lepl LEJUTI0N03a, TOKbIMA, IUIacTMAacca XOHE PEe3CHKE OHEpKaciOiHAae op Typii OOsFBIITapAbI
KOJIIaHy aFbIHABI CYJTapAbIH YIBI 3aTTapMeH JKoHE OOSFBINITapMEH KaTThl JIacTaHyblHA oKenmdi. bynm yier
OOSFBIIITAP KYH COyIIeCiH Oerer, (JOTOCHHTE3 i a3aiiThIN, KOpIIaraH opTara 3usHBI acep eTeni. COHNBIKTaH
aFblHJBl CyJIApABl 3USHABl OpPTaHWKAIBIK JIaCTAyIIbl 3aTTapAaH Ta3apTyAblH a3 IIBIFBIHABI  THIMI
TEXHOJIOTHSICHIH Te3 apaja a3ipiey KakeT. OCBI TYprbIna (OTOKATaIN3 aFbIH/IBI CyJIap/Abl Ta3apTyFa apHAIFaH
JKETUIIPIIreH, SKOJIOTUSIIBIK Ta3a TOTBIFY Iporeci 60bin Tadbbuiaabl. COHFBI 3epTTEyep KOpCceTKeHACH, KeH
HIeKTey aifMarbl Oap KapTbUlail ©TKI3TiITI (OTOKATATUTUKANBIK OeJICeHAl MaTepHailapAbl KOJJaHy CYJbl
epiTiHALIepeTi OpraHUKAJIBIK JacTayllbl 3aTTapAblH BIABIPAYBIHBIH THIMIL omici Oonbim TaObputagsl. Ocbl
MaKagaa KOMIO3UIMSJIBIK JKapThUIall ©TKI3Till MaTepHaiiapAbl CyJIbl €piTiHIINEH XUMHSUIBIK TYHIBIPY
apKpUTBl MBIPBII  Okcumi/rpaden oxcuain (ZnO/GO) cuHTesmeyaiH ap3aH ofmici a3ipienreH. Ipaden
OKCHIIHIH op TYpii KOHHIeHTpamwscsl Oap cuHTe3genreH ZnO/GO  yirinepiHiH MOpQOIOTHACH,
KYPBUIBIMIBIK JKoHE (DOTONIOMHMHECIEHTTIK Kacuerrepi 3eprrenngi. CHHTE3NENreH KOMITO3HIHMSIIBIK
MaTepHaIIapIbH (OTOKATAIMTHKAIBIK OSJICEHAUTITH 3epTTey YJIBTPaKYITiH CayleleHy Ke3inae ponaMu b
OOSIFBIIBIHBIH CYJIBI €PITIHIICIHIH BIABIPAYBIH OaKpUIay apKbLIbI XKY3ere aChIPBUIIBL.

Kinm ce30ep: XUMUSIIBIK TYHIBIPY, MBIPBIII OKCHAI, TpadeH OKCHIi, KOMIIO3HTTEp, ONTHUKAJIBIK JKOHE
KYPBUIBIMIIBIK KacHeTTepi, (POTOKaTANUTHKAIBIK OCICCHITIK, poramMuH b.
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doToKaTAIUTHYECKAsI AKTHBHOCTHL KOMIIO3UTOB OKCHIA HHHKaA—O0KCHIA rpa(])eHa

B nocnennee Bpems MCIosIb30BaHUE PA3IUYHBIX KpAacUTENEH B LEJUTIOI03HOM, TEKCTUIBHOM, TJ1aCTMacCOBOM
U Pe3UHOBOM IPOMBIIICHHOCTH NIPUBENO K CUIBHOMY 3arps3HEHHIO CTOYHBIX BOJ TOKCUYHBIMU BELIECTBAMU
U KPacUTEISIMH. DTH TOKCHYHBIE KPACUTEIH HE TTOJIAI0TCs OHOJIOTMYECKOMY Pa3iIoKEHHIO M OKa3bIBAIOT I1a-
ryOHOe BO3/eiiCTBHE Ha OKPYXKAIOIIYIO Cpeay, OJIOKUPYsl CONHEYHBIH CBET U cHIKas (orocunTe3. CienoBa-
TENBHO, CYIIECTBYET OCTpas HEOOXOAUMOCTh B pa3paboTKe Mano3aTpaTHoil 3(h(eKTUBHON TEXHOIOTHH OYH-
CTKH CTOYHBIX BOJ OT BPEIHBIX OPTaHMUYECKHX 3arps3HUTENel. B 5TOM KOHTEKCTe (hOTOKATAU3 SBIISETCA TTe-
PEIOBBIM, SKOJIOTHYECKH 0€30TacHBIM MPOIIECCOM OKHCICHUS IJIsi OYUCTKH CTOYHBIX BojA. HemaBHUe mccie-
JIOBaHHS TMOKA3aJd, YTO MPUMEHEHHE IMOTYMPOBOIHUKOBBIX (POTOKATAIMTUIECKH aKTHBHBIX MAaTEpHANIOB C
HIMPOKOW 3alpeIeHHON 30HOH ABIsIETCA 3P PEKTUBHBIM METOIOM PA3TIOKECHHUS OPTaHUUECKHX 3arps3HUTeNeH
B BOJHBIX pacTBOpax. B Hacrosmei cratbe pazpaboTaHa Majo3aTpaTHas TEXHOJOTHS CHHTE3a KOMITO3HIIH-
OHHBIX TOJTYIPOBOTHUKOBBIX MAaTEPHATIOB OKCHJ IHHKa/OKcu I rpadena (ZnO/GO) METOIOM XHMUYECKOTO
OCaXJeHMsT M3 BOAHOro pactBopa. MccrienoBaHbl Mopdoyorusi, CTpyKTypHbIE U (OTONIOMHUHECIIEHTHBIE
CBOMWCTBA CHHTE3UPOBaHHBIX 00pa3ioB ZnO/GO ¢ pa3nuuHOl KOHIIEHTpanuei okcuna rpadena. Mccnenosa-
HHE (POTOKATAIUTHYECKON aKTMBHOCTH CHHTE3MPOBAHHBIX KOMITO3HIMOHHBIX MaTEpUajioB OKCHJ IMHKa—
oKcHJ TpadeHa MPOBOAMIM ITyTeM HaOIOAEHHS 32 JECTPYKIMEH BOIHOTO pacTBOpa KpacuTels poaamuHa b
MpY YIbTPadUOIETOBOM OCBEIICHHH.

Kniouesvie cnosa: XuMU4ecKoe OCaXkIeHNE, OKCHJ] INHKA, OKCHA TpadeHa, KOMIIO3UTHI, ONTHYECKHE U CTPYK-
TypHBIE CBOHCTBA, (POTOKATAIMTHYECKAs! aKTHBHOCTH, pojaMuH b.
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