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a b s t r a c t 

In this work, novel 4-pyridynyl-oxadiazole tetrasubstituted zinc and cobalt phthalocyanine compounds 

were synthesized and characterized by UV-vis, Fluorescence spectroscopy, and SEM. Then these com- 

pounds were mixed with reduced graphene oxide. As a result of the interaction of these newly syn- 

thesized phthalocyanines with reduced graphene oxide (rGO), rGO/ZnPc and rGO/CoPc hybrids were ob- 

tained. The measurement results confirm that the prepared non-covalent rGO/ZnPc and rGO/CoPc hybrid 

structures are formed by strong π–π interaction. A comparative study of the sensor response of rGO and 

non-covalently functionalized with zinc and cobalt phthalocyanines (rGO/ZnPc, and rGO/CoPc) hybrids to 

five different volatile organic compound vapors, ammonia, acetone, ethanol, methanol and butanol is car- 

ried out. The response of the sensors increases with respect to ammonia concentrations ranging from 30 

to 210 ppm. The response time for 120 ppm ammonia vapor were approximately 250s, 230s and 190s 

for rGO, rGO/ZnPc, and rGO/CoPc based sensors, respectively. Also, we have conducted selectivity exper- 

iments with the aformentioned vapors, thus, studies have indicated that functionalization of rGO with 

ZnPc results in a 43-fold improvement in sensor response towards ammonia vapors. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

Phthalocyanines (Pc) are macrocyclic compounds incorporated 

ith porphyrin ring connected with isoindole groups, with two 

yrrolic hydrogen atoms in a non-substituted form (H 2 Pc) with 

elocalized 18 π-electrons and a two-dimensional geometry. Sub- 

titution of these pyrrolic hydrogen atoms with metal atoms gives 

ise to coordination compound metallophthalocyanines (MPcs). Ph- 

halocyanines receive a considerable attention due to their excit- 

ng properties allowing using in a variety of applications in elec- 

ronics, sensors, semiconductors, catalysis, and photovoltaics. Ph- 

halocyanines demonstrate many different properties according to 

ifferent metals attached on the center of the molecule and also 

ccording to substituents attached to organic core structure [1] . 

Pcs are also intensively studied by researchers due to its wide 

ange of applications. MPcs with highly electronic delocalization 

et them use in semiconductor materials. Also, with planar con- 

ugated skeleton, MPcs exhibit highly thermal and chemical sta- 
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ility. On the other hand, it is known that aromatic oxadiazole- 

ased compounds, which facilitate electron injection and transport, 

ave high electron affinities. Oxadiazoles and its derivatives, which 

elong to the class of heterocyclic compounds, have a strong ten- 

ency to sensing in the sensor applications [2] . It is expected that 

he new molecules to be obtained by the combination of these two 

roups of compounds, which are very active in sensor applications, 

ill also show effective properties. MPcs also provide an incorpo- 

ation with graphene by π- π interactions (non-covalent) or cova- 

ent modification [3] . 

Graphene is also, with its two-dimensional monolayer and sp 

2 - 

ybridized structure, the most promising material to be used in 

any applications efficiently. However, obtaining a pure graphene 

s not very easy. Graphene is obtained from graphite by Hummers 

ethod [4] . But after this method the obtained is not graphene, its 

xidized state: graphene oxide (GO). Unlike graphene, GO does not 

ave excellent properties like electrical, optical and thermal con- 

uctivity. However, incorporation of molecules on graphene oxide 

s quite easy since there are functional groups such as hydroxy, 

arboxy, epoxy to attach molecules. After attaching molecules, un- 

eacted functional groups can be reduced in different ways by 

hermal, chemical or physically. This excellent property makes 

https://doi.org/10.1016/j.molstruc.2022.134076
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2022.134076&domain=pdf
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raphene oxide very popular since (i) easy tunability of chemical 

roperties (ii) anchoring different substrates to tune the chemical 

roperty [5] . On the other hand, studies on the preparation of thin- 

lm gas sensors using novel nanomaterials with advanced func- 

ionality for the detection of VOC gases have attracted great inter- 

st in the literature [5–8] . 

Functional modification of graphene with metallophthalocya- 

ine is a very promising way to enhance the properties of the π- π
tacked hybrid structure. Different metallophthalocyanine with dif- 

erent metals may demonstrate interesting properties in gas sens- 

ng applications [9] . Guo et al. reported a highly sensitive ammonia 

ensor by using cobalt phthalocyanine with different phenoxyl sub- 

tituents stacked with rGO able to sense in ppb levels. They found 

ut that carboxyl groups on the phenoxyl substituents give rise 

o NH 3 adsorption [8] . Zhou et al., on the other hand, proposed 

opper phthalocyanines anchored to the surface of rGO demon- 

trating ammonia gas sensing with different concentrations (400 

pb to 3200 ppm) [5] . Wang also studied on the sensing perfor- 

ance of NH 3 by using CoPc with different amino substituents tai- 

ored on the surface of rGO [10] . This hybrid structure was also 

ested with a series of volatile organic compounds (VOC) and NOx. 

he performance of the hybrid structure was found to be excel- 

ent due to the presence of amino groups with strong electron- 

onor effect. Also, Li et al. demonstrated the effect of different 

etal centers of Pc with rGO. The best performance on the re- 

ponse time was found to be with nickel substituted Pc and best 

ecovery time with rGO/CuPc among copper, nickel and lead. It 

s declared that these rGO/MPc hybrid structures had a weak re- 

ponse to CO 2 , CO, CH 4 and H 2 [11] . Yu et al. performed gas sens-

ng experiments with 1,8,15,22-tetra-(4-tert-butylphenoxyl) metal- 

ophthalocyanine (TBPOMPc, M:Cu, Ni, Pb) together with rGO to- 

ards ammonia, CO, NO 2 and H 2 and exposed a strong selectivity 

o ammonia [12] . Another rGO/MPc sensor structures was studied 

ith Kumar et al. His research group, on the other hand, conducted 

l 2 detection in ppb levels. rGO/CuPc nanoflower hybrid structures 

tacked by non-covalent π- π interactions demonstrated a great se- 

ectivity towards Cl 2 compared to other NO 2 , NO and NH 3 [13] . The

ensing mechanism was displayed with electrochemical impedance 

pectroscopy (EIS). All the studies mentioned performed a better 

erformance with hybrid structures of rGO/MPc compared with 

GO. It is obvious that MPcs display active sites for adsorption of 

as molecules and also rGO presents high surface area. 

As a 2D carbon-based material, reduced graphene oxide has be- 

ome a focus of attention especially in gas sensing applications due 

o its high surface-to-volume ratio, tunable electrical and optical 

roperties. Although reduced graphene oxide-based sensors show 

ensitivity to different gases such as H 2 S, NH 3 , Cl 2 , NO, their se-

ectivity, sensitivity and recovery to original baseline still remain 

 challenge [13–16] . More recently, it was shown that functional 

odification of rGO surface is an effective way to overcome the is- 

ues of poor selectivity, slow response and recovery times in rGO 

ased sensors [ [17] , [18] ]. Metallophthalocyanines (MPcs) have been 

dentified as promising sensing element in chemiresistive based 

ensors for the detection of various gases [ [19] , [20] ], due to their

- conjugated skeleton, tunability of electrical and gas sensing 

roperties by manipulation of the central metal ion and by sub- 

titution of functional groups. In addition, another advantage of 

Pcs is their high tendency with carbon-based materials such as 

educed graphene oxide, since the presence of active substituent 

roups in the structure of MPcs enhances through covalent or non- 

ovalent interactions with carbon-based materials. 

VOC sensors are of interest in many fields, from medicine to the 

reparation of advanced technological materials. For example, hu- 

an breath contains, in addition to oxygen, nitrogen, carbon diox- 

de and water vapor, different types and concentrations of volatile 

rganic compounds in the presence of certain diseases [21–24] . In 
2 
his way, it is possible to provide non-invasive, painless and capa- 

le of rapid response, low-cost and easily reproducible medical di- 

gnosis with breath analysis [25–28] . The development of a sensor 

hat can analyze the chemical composition of human breath will 

e an alternative and innovative initiative, especially for the early 

etection of ailments in lung, kidney, stomach or in other body 

arts [ [21] , [22] , [29] ]. In recent years, the development of such de-

ices that can be used practically has also aroused great interest. 

or instance, kidney failure is a clinically silent disease that does 

ot manifest itself until the advanced stage. Early diagnosis of this 

isease, which causes irreversible loss of kidney function, can only 

e characterized by an increase in ammonia concentration of sev- 

ral hundred ppb in breath analysis [21] . 

Based on the above consideration, we synthesized novel 4- 

yridynyl-oxadiazole tetrasubstituted zinc and cobalt phthalocya- 

ine compounds and prepared hybrids as a result of the interac- 

ion of these compounds with rGO. Then, we conducted gas sens- 

ng studies with MPcs by non-covalently furnished on rGO. Ac- 

ording to our knowledge, rGO/ZnPc and rGO/CoPc hybrid mate- 

ials are novel on gas sensing applications especially on NH 3 and 

olatile organic compound such as acetone, ethanol, methanol, and 

utanol. 

. Experimental 

.1. General 

All solvents used in synthesis reactions carried out under ni- 

rogen atmosphere were dried by molecular sieves or suitable 

ethods [30] . The oxadiazole derivative substituted phthalonitrile 

erivative as starting material was synthesized according to the lit- 

rature [31] . rGO/ZnPc and rGO/CoPc hybrid solutions were pre- 

ared in a sonicator. Sonics VCX-750 Vibra Cell was used for the 

onication process. The absorption and fluorescence spectra were 

ecorded by a Shimadzu UV-1800 spectrophotometer and Agilent 

ary Eclipse G9800A Fluorescence Spectrometer, respectively. FT- 

R analysis was conducted by Bruker Tensor II FT-IR spectropho- 

ometer. FT-IR spectra were measured by preparing a KBr pellet. 

EM images were examined with a TESCAN® MIRA3 XMU (Brno, 

zechia) brand scanning electron microscope. Electrothermal 9100 

igital melting point apparatus was used to determine the melting 

oint. 

.2. Synthesis of ZnPc 

Oxadiazole substituted phthalonitrile (100.0 mg, 0.34 mmol) 

nd Zn(OAc) 2 .2H 2 O (18.7 mg, 0.085 mmol) were mixed in DMF 

3 mL) under nitrogen gas at room temperature. This mixture 

as heated at 185 °C for 24 h in the presence of 1,8-diaza- 

icyclo[5.4.0]undec-7-ene (DBU). After the reaction was completed, 

he mixture was cooled; the organic phase was precipitated with 

eOH and filtered. The crude product was washed with water, 

eOH, and then dried. Then the green solid was washed with ace- 

one using the soxhlet apparatus and dried in vacuum. The purified 

reen compound was soluble in THF, DMF and DMSO. Yield 38% 

40.0 mg). Mp: > 300 °C. 1 H-NMR (400 MHz, DMSO-d 6 ) δ = 8.9-8.1 

br, 12H, Pc Ar-H); 8.0-7.6 (br, 16H, pyridyl Ar-H). UV-vis (DMSO) 

max /nm 687, 632, 357. IR (KBr pellet) υ (cm 

−1 ) 3062, 1642, 1601, 

486, 1441, 1098, 1075, 763, 700. Anal. Calc. for C 60 H 28 N 20 O 4 S 4 Zn:

 54.28; H 2.13; N 21.10; S 9.66%, found: C 54.43; H 2.26; N 21.41;

 9.52%. MALDI-TOF MS m/z: 1288 [M + H] + . 

.3. Synthesis of CoPc 

Oxadiazole substituted phthalonitrile (100.0 mg, 0.34 mmol) 

nd Co(OAc) .4H O (21.2 mg, 0.085 mmol) were mixed in DMF 
2 2 
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Scheme 1. The synthesis of ZnPc and CoPc. 
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3 mL) under nitrogen gas at room temperature. This mixture was 

eated at 185 °C for 20 h in the presence of DBU. After the reac-

ion was completed, the mixture was cooled and the product was 

urified using the purification method applied for compound 1 . 

he purified green compound was soluble in THF, DMF and DMSO. 

ield 36% (38.0 mg). Mp: > 300 °C. UV-vis (DMSO) λmax /nm 679, 

18, 340. IR (KBr pellet) υ (cm 

−1 ) 3060, 1646, 1601, 1487, 1446, 

098, 1074, 764, 745. Anal. Calc. for C 60 H 28 N 20 O 4 S 4 Co: C 56.29; H

.20; N 21.88; S 10.02%, found: C 56.43; H 2.29; N 21.95; S 10.17%.

ALDI-TOF MS m/z: 1281 [M + H] + . 

.4. Synthesis of rGO/ZnPc and rGO/CoPc hybrids 

rGO solutions (0.0 0 0 05 μg/mL; 0.0 0 05 μg/mL; 0.0 05 μg/mL;

.05 μg/mL; 0.5 μg/mL; 0.7 μg/mL; 1 μg/mL) were prepared by 

onication in DMSO. The solution of 5 μg/mL of ZnPc or CoPc in 

MSO (5 mL) was added to different concentrations of rGO solu- 

ions (5 mL), respectively. The prepared solutions were sonicated 

or 25 min. 

.5. Surface analysis 

Solvent of rGO/MPc hybrids prepared by sonication in solution 

hase at 1 μg/mL / 5 μg/mL ratios was removed in the evaporator. 

he images of the obtained rGO/MPc hybrids were taken in powder 

orm by scanning electron microscopy. 

.6. Sensing experiments 

In gas sensing experiments, gold interdigital electrode struc- 

ure consisting of 25 finger pairs with a finger spacing of 50 μ

nd finger width of 50 μ was used as transducer. As described in 

ur previous studies [32] , an entire description of the gas sens- 

ng set-up is shown in Fig. 1 . To prepare thin film of sensing lay-

rs, as prepared rGO/MPc hybrids were dispersed by ultrasonica- 

ion in tetrahydrofuran (THF) for 3 h, and then 100 μl of dispersion 

as spin coated on the inderdigated gold electrodes. After the spin 

oating at 2500 rpm, thin film of the rGO/MPc hybrids were heat 

reated at 90 °C for 3 h in a vacuum oven to ensure that no sol-

ent was left in the films. A systematic study has been performed 

o optimize the sensing film thickness. For this purpose, films were 

repared at speeds varying between 10 0 0 and 40 0 0 rpm, and the

aximum sensor response was obtained with films prepared at 

500 rpm. Therefore, 2500 rpm was used as the spin speed for 

ll films. The dependence of the final film thickness on the inverse 

quare root of the spin speed is the most common reported experi- 

ental relationship between these two quantities [33] . Taking into 

ccount this relationship between film thickness and spin speed, 

he thickness of the sensing layer formed at 2500 rpm were esti- 

ated as 210 nm. 

In order to test the sensing performance of the films towards 

ve different volatile organic compounds (NH , acetone, ethanol, 
3 

3 
ethanol, and butanol), the sensors were placed in a stainless- 

teel chamber with a volume of 5 × 10 −4 L. The ammonia vapours 

ere generated from the cooled bubblers (saturation vapor pres- 

ures were calculated using Antoine equation [34] with dry nitro- 

en as carrier gas and passed through stainless steel tubing in a 

ater bath to adjust the gas temperature. The gas streams were di- 

uted with dry nitrogen to adjust the desired ammonia concentra- 

ion with computer driven MFCs. A typical sensing test cycle com- 

osed of three sequential steps. First, the sensors were exposed to 

arrier gas (in our case, 99.9% pure dry nitrogen) at a flow rate 

f 100 sccm for 4 h to obtain a baseline. Later, the sensors were 

xposed to a well-defined concentration of target molecules for 

 min., which was obtained by bubbling of carrier gas through 

ltra-pure liquid phase of the target molecules using computer 

riven mass flow controllers (Alicat Scientific, Inc.) (see Fig. 1 ). Fi- 

ally, the sensor was recovered in the carrier gas ambient for an- 

ther 5 min. During the sensing experiments, the total gas flow 

ate was set as 100 sccm in all measurements in order to elimi- 

ate the flow rate and therefore the pressure effect. 

. Results and discussion 

.1. Synthesis and characterization 

The synthesis of novel tetra-substituted zinc and cobalt ph- 

halocyanines were undergone by 4-pyridynyl-oxadiazole substi- 

uted phthalonitrile with zinc acetate and cobalt(II) acetate in sto- 

hiometric amounts in DMF medium by using DBU as a base at 

85 °C ( Scheme 1 ). The yields were found to be 38% and 36% for

nPc and CoPc, respectively, based on the amount of phthalonitrile 

sed. The characterization of the ZnPc was realized by NMR with 

he characteristic aromatic peaks of phenyl and pyridinyl groups 

.9-8.1 and at 8.0-7.6 ppm, respectively. However, we could not 

ave any meaningful NMR data from CoPc, since the para-magnetic 

ature of the compound precluded the peak separation [35] . 

In the FT-IR spectrum of the phthalonitrile derivative, the band 

f the -C 

≡N observed at 2241 cm 

−1 [31] and then, disappeared 

n ZnPc and CoPc. This confirms that the tetramerization reaction 

as taken place and the starting material has totally been con- 

umed. In the spectrum of both compounds were observed 1646- 

601 cm 

−1 for the stretching vibration of C = C, 1487–1441 cm 

−1 for 

he stretching vibrations of C = N, 1098-1074 cm 

−1 for the stretch- 

ng vibrations of N-N and also 763–700 cm 

−1 for the stretching 

ibrations of C-S-C [ [31] , [36–39] ]. 

In UV-Vis spectra of both macromolecules ZnPc and CoPc the 

haracteristic Q-bands which showing the metal complexation of 

hthalocyanine was observed at 687 and 679 nm for Zn and Co 

hthalocyanine, respectively. Thus, we confirmed that we are suc- 

essful on metallation of phthalocyanines [40] . Also, B-bands were 

ppeared at 357 and 340 nm for ZnPc and CoPc, respectively. The 

lemental analysis results of the compounds are in good agreement 

ith the calculated results of the molecules. 
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Scheme 2. The preparation of rGO/ZnPc and rGO/CoPc hybrids. 

Fig. 1. Gas sensing experimental set-up. 
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After successful synthesis of ZnPc and CoPc, a sonication pro- 

ess was applied to anchor these macromolecules on the surface 

f rGO through π–π interaction ( Scheme 2 ). Various concentra- 

ions were prepared in DMSO to provide the adequate interaction 

etween the macromolecules and rGO and also to prevent the ag- 

regation of ZnPc and CoPc on the surface of rGO. The absorption 

pectra of rGO/ZnPc and rGO/CoPc hybrids were depicted in Fig. 2 . 

ccording to rGO/ZnPc spectra, increasing amount of rGO shifts the 

eak intensity from 687 nm (no rGO added) to 721 nm (rGO con- 

entration 1 μg/mL). This shift accounts to π–π interaction illus- 

rating the flattening of the curves by the increasing amount of 

GO [41] . After the formation of rGO/ZnPc and rGO/CoPc hybrid 

tructures, a redshift of 34 nm and 29 nm were respectively ob- 

erved in UV-Vis spectra. It was observed that the redshift ob- 

erved with the formation of the rGO/ZnPc hybrid was higher than 

hat of the rGO/CoPc hybrid. 

Fluorescence spectra of rGO/ZnPc and rGO/CoPc hybrids were il- 

ustrated in Fig. 3 A and 3 B, respectively. Solutions in different con- 

entrations of rGO (0.005 μg/mL; 0.05 μg/mL; 0.5 μg/mL; 1 μg/mL) 

ere added separately to the solution of MPc (5 μg/mL), and then 

onication process was applied. The changes in emission spectra of 

GO/MPc hybrid derivatives prepared at varying concentration ra- 

ios of rGO were investigated. The emission intensity gradually de- 

reased by increasing rGO concentration in both hybrid structures 

nd the emission peak shifted to the lower wavelength. This effect 

ndicates the effective energy transfer from phthalocyanine to rGO. 

o change was observed in the emission peak with rGO concen- 
4 
ration above 1 μg/mL. After observation of the fluorescence spec- 

ra, it is obvious that the optimum ZnPc and CoPc concentrations 

re 5 μg/mL and the rGO is 1 μg/mL. This ratio is the maximum 

nteraction amount of rGO and MPc compound. Characterization 

rocesses and sensing properties were performed for rGO/MPc hy- 

rids prepared at these ratios. In addition, we have investigated the 

onication effect on the formation of the rGO/ZnPc and rGO/CoPc 

ybrid systems using the fluorescence spectra. After the sonication 

ime experiments, the formation was obtained in 25 min in both 

GO/phthalocyanine hybrid structure. 

Fig. 4 shows the scanning electron microscopy (SEM) of the 

GO/CoPc (A, B) and rGO/ZnPc (C, D) in different magnitudes. SEM 

mages show an interconnected porous structure. That is an irreg- 

lar mesh pattern formation of CoPc and ZnPc were observed by 

nchoring on the surface of rGO like a human bone structure [42] . 

hile ZnPc was densely and extensively distributed on the surface 

f rGO, a partial distribution was observed in CoPc. 

We also measured the size of the pores observed in the im- 

ges of the hybrids in SEM from approximately 100 points and 

ive the results below with their standard deviations. rGO/CoPc hy- 

rid structure has a wide range of distribution of produced pores 

hat decreases the total surface area while also deteriorating the 

ore distribution. The analyzed pore distribution was found to be 

bout 2.87 ± 1.67 μm which stands in a high deviation level. There 

ere even 7.75 μm (max) pores as well as 0.85 μm (min) pore 

izes. The connectivity was low and the specific area therefore 

hould be lower. rGO/ZnPc hybrid was found to be much lower 
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Fig. 2. Absorption spectra of ( A ) ZnPc (5 μg/mL) (—) and rGO/ZnPc hybrid (1 μg/mL / 5 μg/mL) ( –) ( B ) CoPc (5 μg/mL) (—) and rGO/CoPc hybrid (1 μg/mL / 5 μg/mL) ( –) in 

DMSO. 

Fig. 3. ( A ) Fluorescence spectra of DMSO solution of ZnPc (5 μg/mL) against different concentrations of rGO. [rGO concentrations: 0.005 μg/mL; 0.05 μg/mL; 0.5 μg/mL; 

1 μg/mL]. ( B ) Fluorescence spectra of rGO/CoPc hybrid in DMSO with different sonication times (CoPc-5 μg/mL; GO-0.05 μg/mL). [Sonication time (from up to down): 20, 25, 

30 min]. (Exctitation wavelength: 700 nm). 
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T

han rGO/CoPc as 1.34 ± 0.86 μm pore size distribution. The max- 

mum pore size was 5.53 μm while the minimum pore size was 

.49 μm. Table 1 shows the pore size distribution of both produced 

GO/MPcs. 

As illustrated in Fig. 5 , the rGO/ZnPc has much lower mean pore 

ize than rGO/CoPc which may be attributed to the better π- π
tacking bonds as well as higher surface area. As the surface area 
5 
nd interaction between materials increase, the charge carrier ca- 

acity and mobility is predicted to be higher. Since the total area 

f pores are increased for smaller pores then it may be concluded 

hat the density is increased in total volume and interaction be- 

ween the connected finer grains, the charge carrying capacity is 

lso increased due to higher amount of materials in unit volume. 

he coarser the pores, the lower the density, as a result, the charge 
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Fig. 4. The scanning electron microscopy images of ( A-B ) rGO/CoPc (1 μg/mL / 5 μg/mL) and ( C, D ) rGO/ZnPc (1 μg/mL / 5 μg/mL) with different magnitudes. 

Fig. 5. Pore size distribution plot observed in SEM images of rGO/CoPc (blue line) and rGO/ZnPc hybrids (red line). 

Table 1 

Pore sizes and standard deviations from SEM images of hybrids. 

Hybrid Structure Minimum value (μm) Maximum value (μm) Mean value Standard deviations 

rGO/CoPc 0.85 7.75 2.87 1.67 

rGO/ZnPc 0.49 5.53 1.34 0.86 

6 
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Fig. 6. FT-IR spectra of rGO, ZnPc, rGO/ZnPc (1 μg/mL / 5 μg/mL). 
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arrier density is also decreased. This may also be attributed to the 

ontact area increase and possible increase in mean free path of 

lectrons to conduct better. 

Fig. 6 compares the FT-IR spectrum of the rGO, ZnPc and 

GO/ZnPc hybrid. In the FT-IR spectrum of rGO, bands of -OH 

tretching, skeletal vibrations of unoxidized graphitic areas, -OH 

eformations of C-OH groups and stretching vibrations of CO 

roups were observed as broad [ [43] , [44] ]. After its interaction 

ith rGO and ZnPc or CoPc, it was observed that the intensity of 

he bands associated with their oxygen functionalities decreased. 

s a result of the formation of rGO/ZnPc and rGO/CoPc hybrid 

tructures, it was observed that the bands showed general shift in 

he FT-IR spectra. It can be thought that this situation occurs as a 

esult of gaining electron density due to electron transfer between 

GO and phthalocyanine [45] . In addition, bands at approximately 

60 0-70 0 cm 

−1 in the FT-IR spectra of hybrid structures show the 

haracteristic fingerprint region of ZnPc and CoPc. This shows the 

ormation of hybrids of rGO and phthalocyanine [45] . 

.2. Gas sensing measurements 

Volatile organic compound sensing capabilities of rGO, 

GO/ZnPc, and rGO/CoPc hybrid-based sensors deposited onto 

he Au interdigal electrodes were carefully investigated by using 

mmonia, acetone, ethanol, methanol, and butanol as the target 

olecules. The rationale behind the selection of these analytes 

s target molecules is that these analytes are indicators of some 

ancer types, especially early diagnosis of lung cancer and kidney 

ailure. As a representative result, the response and recovery 

haracteristics of these sensors to ammonia vapor with various 

oncentration of ammonia between 30 and 210 ppm at room tem- 

erature (27 °C) is depicted in Fig. 7 . As can be clearly seen from

ig. 7 , upon exposure to ammonia molecules, the sensor current 

nitially increases rapidly and over time the rate of increase in the 

ensor current decreases and tends to go to steady state value. 

fter 5 min. exposure to ammonia vapor, purging with carrier 

as leads to an initial fast decrease followed by a slow drift and 

he current reaches its initial value after the ammonia vapor is 

urned off for hybrid sensors. While the sensor current returns to 

ts baseline values within 5 min when the ammonia gas vapor is 

urned off in hybrid-based sensors, the recovery does not occur 
7

n the rGO-based sensor during this time interval. The same type 

f response–recovery characteristics were also obtained for other 

olatile organic compound vapors investigated. The rapid increase 

n sensor current at initial stage of exposure and then the slowing 

ate of increase can be explained as follows; it is believed that the 

agnitude of the sensor response is proportional to the number 

f adsorption sites occupied by target molecules on the sensing 

ayer. The exposure of the sensor surface to carrier gas leads to 

esorption of the adsorbed vapor molecules from the surface, 

ecreasing the acceptor concentration and thus the sensor current. 

This means that the sensor current is dominated by the num- 

er of active adsorption sites onto the sensing layer and the rate 

f charge transfer between target molecules and these sites. In 

he first stage of exposure, due to the presence of large number 

f unoccupied adsorption sites onto the sensing layer, the number 

f adsorbed gas molecules will be very large and accordingly the 

harge transfer rate will be high. On the other hand, the number of 

he unoccupied adsorption sites on the surface of the sensing layer 

s expected to decrease with the exposure time. Thus, a reduction 

n adsorption and charge transfer processes occurs and rate of in- 

rease in sensor current slowdown. 

To fully clarify the mechanism of the adsorption and desorp- 

ion between ammonia and rGO/Pc hybrids, it is important to 

nderstand the interactions between the rGO/Pc surface and the 

dsorbate molecules. Adsorption energies and the charge trans- 

er number of the composite systems were studied experimentally 

nd first-principle calculations by Peng et al. [46] . The gas sen- 

or based on pristine graphene with conductance type was stud- 

ed and time response of conductance measurements showed a 

uickly and largely increased conductivity when the sensor was 

xposed to ammonia gas produced by a bubble system. It was also 

eported that the conductance of the graphene based sensor in- 

reased ∼22.5 % when exposed to 5 ppm ammonia. It was con- 

luded that there is a slight charge transfer from the molecule to 

he graphene surface in the U orientation and an extremely slight 

harge transfer from graphene to NH 3 molecule in the D orienta- 

ion. 

The sensor response is an important characteristic for the appli- 

ation of sensors at room temperature. The variations in the sensor 

esponse with ammonia concentrations between 30 and 210 ppm 

f ammonia vapor was examined and the results are presented in 
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Fig. 7. Room temperature response-recovery characteristics of the sensors towards ammonia vapor. 

Fig. 8. The variations in the sensor response with ammonia concentrations. 
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ig. 8 . Here, the sensor response (R) was defined as, 

 = 

�I 

I 0 

here �I is the change in the sensor current at a certain con- 

entration of the target gas molecules, and I 0 is the current of the 

evice in the carrier gas environment. 

The response of the sensors increases with respect to ammo- 

ia concentrations ranging from 30 to 210 ppm ( Fig. 8 ). The high-

st response has been recorded using rGO/ZnPc coated sensor, 

hile the rGO based sensor showed the lowest response to am- 

onia vapor. The results indicated that enhance the response to 
8 
mmonia due to strong interactions between the rGO/MPc hybrid 

urface and ammonia. The SEM photographs in Fig. 4 show that 

GO/ZnPc has a lower average pore size and higher surface area 

han rGO/CoPc. It can be said that the interaction will increase as 

he surface area increases. Accordingly, the difference in the re- 

ponse of the rGO/MPc introduced based sensors reveals that the 

urface morphologies play a dominant role in the adsorption pro- 

esses. To further investigate the ammonia sensing performance of 

GO, rGO/ZnPc, and rGO/CoPc hybrid sensors, we have recorded the 

esponse-recovery curve of the sensors for a repeated ammonia 

oncentration of 180 ppm for many times. When the sensors are 



E. Yaba ̧s , E. Biçer and A. Altındal Journal of Molecular Structure 1271 (2023) 134076 

Fig. 9. The variation of response time with ammonia concentration for rGO/ZnPc hybrid sensor. 

Fig. 10. The effect of Pc incorporation on sensing performance of rGO based sensors. 
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xposed to the same concentration of ammonia vapor 7 times, the 

ame current values are observed with a 2% deviation each time in 

he rGO/ZnPc and rGO/CoPc hybrid-based sensors, while this devi- 

tion is 18% in the rGO-based sensor. The same value of the sensor 

urrent on every time exposure for rGO/ZnPc and rGO/CoPc hybrid- 

ased sensors show that the response-recovery curves are highly 

eproducible. 

One of the most important performance parameter for a gas 

ensor is the limit of detection (LOD), which is defined as the low- 

st concentration of an analyte in a sensing element that can be 

onsistently detected with a stated probability [47] . The limit of 

etection (LOD) for rGO/ZnPc hybrid was estimated to be 82 ppb 
9 
t 25 °, according to following equation. 

OD = 

N rms 

S 

here N rms is the standart deviation of the noise and S is the slope 

f linear fitting of response-recovery characteristics. In order to 

ertify the effects of the central metal ion on the LOD, the LOD for 

mmonia vapour of rGO and rGO/CoPc hybrids were also obtained 

nd it was obtained to be 233 ppb and 140 ppb, respectively. 

Another important performance indicator in sensor applications 

s the response time of the sensor. The response time of a sensor 

s defined as the time it takes for the change in sensor current 
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o reach 90% of its maximum value. It should be mentioned here 

hat the smaller value of response time of a sensor indicates its 

apid response characteristic. As a representative result, the varia- 

ion of the response time with ammonia vapor for all sensors in- 

estigated is shown in Fig. 9 . As can be clearly seen from Fig. 9 ,

or all the sensors examined, the response time is an increasing 

unction of the ammonia concentration for low values of ammo- 

ia concentration, while it decreases after a certain value of the 

mmonia concentration, depending on the sensing layer used as 

ensing element. The response time for 120 ppm ammonia vapor 

ere approximately 250 s, 230 s and 190 s for rGO, rGO/ZnPc, and 

GO/CoPc based sensors, respectively. It is well known that the re- 

ponse time in Pc based sensors depend on several factors that 

nclude the chemical nature of Pc, the polymorphic phase of the 

icrocrystallites comprising the film, the film thickness, molecular 

tructure of the analyte molecules, etc. These results may suggest 

hat the response time for MPc incorporated rGO based sensor is 

ontrolled by the central metal ion incorporated into the Pc ring. 

The selectivity is another important characteristic for the appli- 

ation of sensors at room temperature. Therefore, acetone, ethanol, 

ethanol, and butanol sensing performance of the sensors were 

lso investigated and sensor responses for these vapors are shown 

n Fig. 10 . Among the volatile organic compound vapors whose de- 

ection properties were investigated, the rGO/ZnPc based sensor 

xhibited the highest response to all volatile organic compound va- 

ors investigated. Fig. 10 clearly shows that rGO/ZnPc hybrid-based 

ensor has a great potential for the selective detection of ammonia 

apor. 

. Conclusions 

In this study, novel 4-pyridinyl-oxadiazole tetrasubstituted zinc 

nd cobalt phthalocyanine compounds were synthesized as a re- 

ult of the tetramerization reaction of the phthalonitrile derivative 

nd further characterized. rGO/ZnPc and rGO/CoPc hybrids were 

haracterized by UV-Vis, fluorescence spectroscopy and SEM im- 

ges. The measurement results confirm that the prepared non- 

ovalent rGO/ZnPc and rGO/CoPc hybrid structures are formed by 

trong π–π interaction. Based on the preliminary studies dis- 

ussed above, the rGO/ZnPc hybrid sensors displayed superior re- 

ponse. Therefore, the rGO/ZnPc hybrid is promising candidates for 

se as an ammonia sensing layer. Our studies have demonstrated 

hat rGO/ZnPc has 43-fold sensor response to ammonia, also we 

ave found out that rGO/ZnPc has moderate effect on acetone, 

thanol and methanol. It can be said that the rGO/ZnPc hybrid 

ompound has the potential to be used as a breath sensor in the 

edical diagnosis of diseases, especially in the early diagnosis of 

ung cancer and kidney failure. 
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32] S. Ş ahin, S. Altun, A. Altındal, Z. Odaba ̧s , Synthesis of novel azo-bridged ph- 

thalocyanines and their toluene vapour sensing properties, Sens. Actuators B 
206 (2015) 601–608 . 

33] D.E. Bornside, C.W. Macosko, L.E. Scriven, Spin coating of a 

PMMA/chlorobenzene solution, J. Electrochem. Soc. 138 (1991) 317 . 
34] J. Riddick, A. Bunger, A. Weissberger (Ed.), Organic Solvents in Techniques of 

Chemistry, 2, Wiley/Interscience, New York, 1970 . 
35] E. Yaba ̧s , M. Sülü, S. Saydam, F. Dumluda ̆g, B. Salih, Ö. Bekaro ̆glu, Synthe-

sis, characterization and investigation of electrical and electrochemical prop- 
erties of imidazole substituted phthalocyanines, Inorg. Chim. Acta 365 (2011) 

340–348 . 

36] A. Yazıcı, C. Özkan, M.B. Gezer, A. Altındal, B. Salih, Ö. Bekaro ̆glu, Analysis of
rectifying behavior of novel ball-type binuclearphthalocyanine based devices, 

Inorg. Chim. Acta 404 (2013) 40–48 . 
37] T. Ceyhan, A. Altındal, A.R. Özkaya, B. Salih, Ö. Bekaro ̆glu, Novel ball-type 

four dithioerythritol bridged metallophthalocyanines and their water-solu- 
11 
ble derivatives: Synthesis and characterization, and electrochemical, elec- 
trocatalytic, electrical and gas sensing properties, Dalton Trans. 39 (2010) 

9801–9814 . 
38] G.A. Gauna, J. Marino, M.C.G. Vior, L.P. Roguin, Awruch, Synthesis and compar- 

ative photodynamic properties of two isosteric alkyl substituted zinc(II) ph- 
thalocyanines, Eur. J. Med. Chem. 46 (2011) 5532–5539 . 

39] M.S. Yar, M.W. Akhter, Synthesis and anticonvulsant activity of substituted 
oxadiazole and thiadiazole derivatives, Acta Pol. Pharm. 66 (2009) 393–397 . 

40] T. Nyokong, E. Antunes, Influence of nanoparticle materials on the photophys- 

ical behavior of phthalocyanines, Coord. Chem. Rev. 257 (2013) 2401–2418 . 
[41] X.F. Zhang, X. Shao, π- π-Binding ability of different carbon nano-materi- 

als with aromaticphthalocyanine molecules: comparison between graphene, 
graphene oxide and carbon nanotubes, J. Photochem. Photobiol. A 278 (2014) 

69–74 . 
42] J. Will, L.C. Gerhardt, A.R. Boccaccini, Bioactive glass-based scaffolds f or bone 

tissue engineering, Adv. Biochem. Eng. Biotechnol. 126 (2012) 195–226 . 

43] P. Das, K. Chakraborty, S. Chakrabarty, S. Ghosh, T. Pal, Reduced graphene ox- 
ide - zinc phthalocyanine composites as fascinating material for optoelectronic 

and photocatalytic applications, ChemistrySelect 2 (2017) 3297–3305 . 
44] N. Wu, X. She, D. Yang, X. Wu, F. Su, Y. Chen, Synthesis of network reduced

graphene oxide in polystyrene matrix by a two-step reduction method for su- 
perior conductivity of the composite, J. Mater. Chem. 22 (2012) 17254–17261 . 

45] I.S. Hosu, Q. Wang, A. Vasilescu, S.F. Peteu, V. Raditoiu, S. Railian, V. Zaitsev, 

K. Turcheniuk, Q. Wang, M. Li, R. Boukherroub, S. Szunerits, Cobalt phthalocya- 
nine tetracarboxylic acid modified reduced graphene oxide: a sensitive matrix 

for the electrocatalytic detection of peroxynitrite and hydrogen peroxide, RSC 
Adv. 5 (2015) 1474–1484 . 

46] Z. Zhang, X. Zhang, W. Luo, H. Yang, Y. He, Y. Liu, X. Zhang, G. Peng, Study on
adsorption and desorption of ammonia on graphene, Nanoscale Res. Lett. 10 

(2015) 359 . 

[47] D.A. Armbruster, T. Pry, Limit of blank, limit of detection and limit of quanti- 
tation, Clin. Biochem. Rev. 29 (2008) S49–S52 . 

http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0025
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0026
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0027
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0028
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0029
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0030
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0031
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0032
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0033
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0034
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0035
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0036
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0037
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0038
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0038
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0039
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0040
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0041
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0042
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0043
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0044
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0045
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0046
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0047
http://refhub.elsevier.com/S0022-2860(22)01727-6/sbref0048

	Novel reduced graphene oxide/zinc phthalocyanine and reduced graphene oxide/cobalt phthalocyanine hybrids as high sensitivity room temperature volatile organic compound gas sensors
	1 Introduction
	2 Experimental
	2.1 General
	2.2 Synthesis of ZnPc
	2.3 Synthesis of CoPc
	2.4 Synthesis of rGO/ZnPc and rGO/CoPc hybrids
	2.5 Surface analysis
	2.6 Sensing experiments

	3 Results and discussion
	3.1 Synthesis and characterization
	3.2 Gas sensing measurements

	4 Conclusions
	Declaration of Competing Interest
	CRediT authorship contribution statement
	Acknowledgments
	References


