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Abstract

We are releasing a well-designed nanostructured composite, consisting of titanium dioxide
(TiO3) and cobalt (Co) imidazole (Im) complex functionalized graphene oxide (FGO). Co-Im
complex was attached on the GO by covalence bonding of Im with graphene functional
groups. Films were characterized by XRD, XPS, TEM, UV-Vis, FTIR and Raman
spectroscopy in order to subsequently prove the evidence of hybridization GO with Co-Im
complex. Band gap calculated for the TiO; thin film was 3.10 eV, 2.96 for TiO,/GO and
2.776 for TiO»/FGO. Experimental results confirmed high-percentage deterioration of NO,
(51%) and CO (46%). The photodegradation experiments revealed significant photocatalytic
character of TiO,, physical adsorption of GO, and the affinity of cobalt to complex formation
with pollutant gases. The TiO,/FGO composite modifies air-pollutant degradation by nearly

three times more than the bare TiO; thin film.
1. Introduction

Currently, human beings have a severe problem called air pollution, particularly contributing
to asthmatic diseases, children and old people who live in populated cities. Gases such as
NO, (NO, NO,) and CO are toxic and have many dreadful impacts on public health such as
cancers.'”

National Ambient Air Quality Standards (NAAQS) have limited maximum indoor level of
carbon monoxide 35 ppm and for Nitrogen dioxide 100 ppb (in 1-hour).*” Scientists offered

and used different techniques for the removal of NO, and CO. Selective catalytic reduction
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(SCR) has been proposed with high amount of NO elimination; however, the procedure is
cost-effective and requires elevated temperatures.®

NO, and CO are difficult to oxidize and remove; consequently, it is essential to implement
new and economical methods for their destruction. Photocatalysis could be one alternative,
because they have low price and efficiency, the energy source (both solar and artificial) is
light, catalysts are not toxic (semiconductors such as TiO;), and the decomposition products
are harmless (CO, and H,0)."" Fujishima and Honda explored the photocatalytic nature of
TiO,,'? which is preferable to other semiconductor oxides because of its chemical stability,
low cost and lack of toxicity."*'* Detailed mechanisms of TiO, photochemical reactions are
well documented.""”

Successful synthesis of TiO, photocatalyst is essential for achieving the best photocatalytic
activity. We have selected film instead of powder form, because of its superior properties like
optical transparency, further mechanical stability; durability and adhesion on the surface.
Additionally, thin film can be easily separated and assembled for regeneration or replacement
purposes.lg'23

TiO, thin films could be arranged by numerous methods, such as sol—gel,24’25 hydrothermal,26
anodizing Ti foil,”” chemical vapor deposition,”® metal-organic chemical vapor deposition,”
pulsed laser deposi‘[ion3 0 and RF magnetron sputtering,3 ! with diverse crystalline structure
that greatly relies on the preparation method. Among them, RF magnetron sputtering is one
of the easiest to industrialize.”> This technique is suitable for optical coatings, owing to its
high density, high adhesion, hardness and uniformity.”

TiO, in anatase form demonstrates photocatalytic activity only after UV light irradiation
(A<384 nm).**** Practical composites may be created to overcome large band gap of TiO,
(3.2 eV). Li et al. proved that combining carbon nanotubes (CNTs) with TiO; could assist in
the separation of electron—hole charges.’® Choy et al. reported TiO»/clay composite with
excellent photocatalytic activity.>” TiO, composited with zeolite templated carbon (TiOp—
ZTC) successfully adsorbed organic molecules according to its high surface area.” TiO,
composited with mesoporous silicate MCM-41 exhibited good photocatalytic activity for
oxidizing phenol.” Hybrid SiO,-TiO, material has been synthesized and characterized as a
composite with tunable surface area (500-1170 m’ g_l); 40 however, in our case, we needed a
composite with the ability of surface functionalization to handle both photocatalytic activity
and complex formation with pollutants. Graphene oxide (GO) is our choice to make
composite due to its high surface area, non-toxicity and functionability. GO is analogue to

benzene and polycyclic aromatic hydrocarbons, consisting of sp” and sp’ carbon atoms.*' ™
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GO as an absorbent, owing to its large theoretical surface area (2630 ng_l), is very

fascinating. As a result, GO is potentially applicable in the environmental remediation as an

effective sorbent for pollutants. Recently, GO has been used to remove MB,* fluoride,***

2031 arsenic™ and other heavy metals from aqueous solutions, with high

53,54

21r0m21‘[ics,47'49 dyes,
adsorption amounts and fast adsorption rates.
GO is capable for functionalization through its alcohol, epoxide, carboxyl and ketone groups,

55-57

properly. Chemically modified graphenes (CMGs) have been achieved by adding

functional groups to GO.”*® Prior to our research, only a few cases of research employing

645 Punctionalization of GO with cobalt has

semimetals or metals were released on CMGs.
been used for various applications like unusual catalytic effect,”® enhanced photocatalytic H,
production®” and ameliorated electrochemical performances.”® Furthermore, in particular,
cobalt has attracted extensive attention because of its outstanding properties like being earth-
abundant metal,” interfacial hole transfer promotion, and consequently band gap

reduction,”®”!

and above all, Co(II) ions being excellent metal centers in complex formation
with NO, and CO.” Interactions between cobalt and gases such as CO and NO lead to
complex formation, and thereby gaseous pollutants are eliminated.” > An effective approach
is to fabricate transition metal compounds for complex formation with NO and CO ligands on
the GO surface.

As a matter of fact, this paper deals with the synthesis of a composite photocatalyst in the
form of a thin film, consisting of TiO, synthesized by RF magnetron sputtering on a quartz

surface with uniform thickness; subsequently, functionalized GO with cobalt imidazole

complex is deposited on the TiO, surface with the purpose of air purification.

2. Experimental

2.1. Synthesis
2.1.1. Preparation of the TiO; Thin Film

The TiO; thin film was prepared using the RF magnetron sputtering method with a Ti target
(Grade: 99.99%, diameter: 100 mm, thickness: 5 mm) as the source material, Ar (99.995%)
was the sputtering gas and O, (99.995%) was the reactive gas. Unheated substrates were
performed for deposition. RF generator operated at the frequency of 13.56 MHz and 200 W.
Turbo pump was utilized for vacuuming stainless-steel chamber with the pressure less than

2.7x 107 Pa. Mixed gases of Ar and O, purged to the vacuum chamber with the pressure
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ratio of 9:1 while the total pressure was 1.1 Pa. Before the deposition, the chamber was kept
in the pre-sputtering period for 20 min for the purpose of removing contaminants and

stabilizing the deposition parameters.

Quartz substrates were ultrasonically washed with acetone, ethanol and deionized water, each
for 15 min. After the substrates were cleaned, they were placed on a sample holder facing the
target at a fixed distance of 50 mm in a vacuum chamber. TiO, film with a thickness of 900
nm was deposited onto each quartz substrate. In our experiment, the deposition rate was 2.5—
5.8 nm/min and the deposition time was approximately 160 min. The deposited films were

annealed at 550°C for 1 h in air.

2.1.2. Preparation of GO

The adjusted Hummers method was employed to oxidize graphite.”® H,SO4 (50 mL) was
added into a 500 mL flask containing graphite (2 g) and NaNO; (1 g) at 0°C in an ice bath.
KMnOy, (6 g) was added to the above mixture, slowly (over 1 h) to prevent the temperature
increasing. The suspension was stirred continuously for 2 h, diluted with 350 mL of
deionized water, and left for 2 days before H,O, (30%) was added in order to reduce any
residual manganese dioxide and permanganate and to soluble manganese sulfate. This
mixture was filtered with a glass filter, followed by washing with dilute HCI (10% vol). GO

was dried under vacuum at ambient temperature.
2.1.3. Acylation of GO

GO was acylated with thionyl chloride (SOCL) to introduce acyl chloride groups on the
surface. Acyl-chloride-modified GO was prepared by reacting GO (0.2 g) with SOCI, (85
mL) and dimethylformamide (DMF; 4 mL) at 70°C for 24 h inside a dry Ar glove box to
activate the carboxylic units by forming the corresponding acyl chlorides. The reaction took
place between the C=O in carboxyl and chloride ions (Eq. 1). Anhydrous tetrahydrofuran
(THF) was used to remove excess oxalyl chloride from the remaining acyl-chloride-
functionalized GO (GO-COCI), and then the product was washed with anhydrous toluene for
three times. The resulting solid material was centrifuged and dried at room temperature under

vacuum.

SOCI, + RCO,H — RC(O)CI + SO, + HCI (1)
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2.1.4. Modification of GO with Imidazole

Acyl-chloride-functionalized GO (0.2 g) was re-dispersed in DMF (40 mL) in dry Ar-filled
glove box and dry conditions with excess imidazole (1 g) and refluxed at 70°C for 72 h.
Imidazole (CsH4N») is a weak base with two N atoms, which was chemically deposited onto
the resulting acylated GO through an acid-base reaction. The resulting brown—gray solid was
separated by filtration. The product was washed with methylene chloride (4 x 20 mL) and

dried under vacuum (See Supplementary Information Figure S1).
2.1.5. Functionalized GO with Cobalt Complex

GO functionalized with cobalt was obtained from the reaction of imidazole-functionalized
GO with CoCl,6H,0 (0.1 mmol, 2.379 g) in methanol (50 mL). The mixture was refluxed for
1 h and then reserved for a few days at atmospheric temperature; pink cobalt-complex
crystals emerged. A cobalt tetrakis imidazole chloride complex [Co(Im)4]Cl, was obtained

(See Supplementary Information Figure S2).
2.1.6. Deposition of Functionalized GO on TiO;

Functionalized GO (FGO) was suspended in ethylene glycol (1mg/mL). Then, the solution
was subjected to ultrasonication with a probe-type sonicator for 2 h in order to obtain a
uniform aqueous solution. The FGO suspension was spin-coated at 2000 rpm for 30 s with a
HOLMARC Spin coater-model: HO-TH-05 on TiO,-sputtered quartz to achieve a 30+2 nm
FGO film thickness.”’” (See Supplementary Information Figure S3).

2.2. Reagents

Graphite (powder, <45 um, >99.99%, Sigma-Aldrich), potassium permanganate (KMnOy,
158.03 g/mol, extra pure; Merck), sulfuric acid (H,SO4 95%, extra pure, Merck), hydrogen
peroxide (H,O, 30%, Merck), sodium nitrate (NaNO;, 84.99 g/mol, >99.0%, Merck)
imidazole (C3H4N,, 68.08 g/mol >99%, Sigma-Aldrich) cobalt chloride (CoCl,6H,0,
237.90 g/mol >98%), methanol (CH4O 32.04 g/mol, Merck) THF (C4HgO 72.11 g/mol,
Merck), thionyl chloride (SOCIl, , 99.5% , 118.97 g/mol, Sigma-Aldrich), and dilute
hydrochloric acid (HCI 37% Merck diluted in H,O) were used in this work.

2.3. Instrumentation
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Crystal structure of TiO, thin film was characterized by X-ray diffraction with Cu radiation
(X’Pert Pro MPD, PANalytical). Accelerating voltage and applied current were 40 kV and 40
mA, respectively and an incident angle of 1°C was used in the region of 20=20-80°.” Field-
emission scanning electron microscopy (FESEM) (Tescan Mira2) was applied to understand
the morphology of the products. Before FESEM measurements, the sample surface was
covered with a thin gold film to prevent charge build up. X-ray photoelectron spectroscopy
(XPS) was performed on an X-ray photoelectron spectrometer (ESCALAB 250; VG
Scientifics) with an Al Ka irradiation source (1486.7 eV) performed at 15 kV and 10 mA. A
hemispherical energy analyzer (Specs EA 10 Plus) performing in vacuum better than 10~ Pa
was used to determine the core-level binding energies of photoelectrons emitted from the
surface. All of the peaks were deconvoluted using the SDP software program (version 4.1)
with 80% Gaussian—20% Lorentzian peak fitting. All binding energy (BE) values were
calibrated by fixing the C (1s) core level with a BE of 285.0 eV. Fourier-transform infrared
(FTIR) spectra were documented by Bruker tensor 27 and Raman spectra of the samples were
scripted by Horiba JobinYvon at A=532 nm with a laser power of 1.7 mW, a 100x objective
lens, an 0.9 NA. The Brunauer—-Emmett-Teller (BET) specific surface areas of the samples
were measured with BEL Belsorp-Mini IT 475.” Adsorption—desorption isotherms of N, were
measured at 77K. The BET surface area was calculated in the relative pressure range of
P/Py=0.05-0.2 and the pore size dimensions were calculated using the Barett—Joyner—
Halenda (BJH) model.®® Samples were degassed for 12 h at 110°C and 10° Torr.
Transmission electron microscopy (TEM) images were collected with Philips EM 208
microscope at 100 kV. The diffuse reflection spectroscopy (DRS) and absorbance of the films
were recorded using Avantes Avaspec-2048-TEC spectrometer in the wavelength range of
200-900 nm. The optical band gap, Eg, can be related to the absorption coefficient, «
[0=2.303 log (T/d)], d is the thickness and T is the transmission, using the Tauc expression
and can be obtained by extrapolating the linear portion of (a/v) as a function of the photon

energy ().}
2.4. Photocatalytic Measurements

Photocatalytic activity data was collected by the degradation of CO and NO, at the ppm level
in a batch-flow reactor at room temperature. TiO, thin film photocatalyst plates were placed
in the air-tight photoreactor vessel and their positions were fixed in order to have a constant
UV intensity of 3.0 mW/cm?. The thin-film photocatalysts contribute to the apparent surface

area of 50 cm”. The vessel was placed under a UV reactor, equipped with an 8 W UV lamp

6
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(OSRAM, Italy). One small ventilator was attached near the lamp to avoid temperature
changing. The assembled system was regularly checked for leaks by means of immersing the
system to the water or by applying a leak-test solution at every connection. (See

Supplementary Information Figure S4).

Analytical-grade gases were acquired from a compressed-gas stainless-steel cylinder at a
concentration of 1 ppm NO, and 50 ppm CO (N; balance, STG gas) with traceable National
Institute of Standards and Technology and National Association of Testing Authorities
standards. Gas regulators were supplied from Messer. The initial concentration of NO, was
diluted to about 1 ppm and CO to 50 ppm by the air stream. The relative humidity of the flow
was measured and controlled at 40%, using a water-filled Drechsel bottle. The flow rate was
fixed at 200 mL/min by a mass-flow controller. After fulfilling adsorption—desorption
equilibrium the lamp was turned on. The concentrations of NO, and CO were measured by a
Modular gas analyzer (GMS800 gas analyzer, SICK), which monitors NO, and CO with a

sampling rate of 0.7 L/min.**™*

3. Result and Discussion

3.1. Characterization
3.1.1. XRD Measurements

Fig. 1a illustrates the XRD patterns of the TiO, film deposited on quartz; XRD peaks are
shown at 25.3°, 37.8°, and 48.6°, which confirm the anatase phase planes at (101), (004), and
(200) for the nanostructured TiO; thin film, respectively. The maximum background signal at

about 20° is due to the amorphous phase of quartz substrate.

In previous reports by other scientists, it was shown that the electronic and optical properties
of the anatase phase enable it to be chosen as a photocatalyst rather than the rutile or brokite

phase, which is favorable for our research strategy.*>™

Fig. 1b demonstrates XRD patterns of GO and FGO; in the XRD pattern of GO, a big peak
could be seen (26=10.6°; d-spacing: 7.62 A), according to the (001) diffraction peak of GO.
8789 The large interlayer spacing (7.62 A) of GO corresponds to the oxygen functional groups
of GO such as carboxyl, hydroxyl and epoxy. The broad peak that appeared at approximately

42.5° corresponds to (101) plane of graphitic framework remains at the GO structure.”®”!

7
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In the XRD pattern of FGO (Fig. 1b), the main peak could be recognized at 26=23.79°. This
gives an interlayer spacing of approximately 3.7 A which is less small than the 7.62 A for
GO. Additionally, it has a broad shoulder at 26=18.5°, which was presumably induced by the
bimodal or multimodal character of the interlayer spacing of FGO powder. The XRD pattern
of FGO shows a broad peak centered at 20=16.81° (d-spacing: 5.27 A), which is lower than
d- spacing of GO (7.62 A) due to functionalization.

Diffraction peaks attributed to cobalt and imidazole had a high impact on the GO surface,
which is detectable by XRD and proves the functionalization of GO. In comparison, Yu et al.
reported XRD results assuming the incorporation of AuNPs in GO instead of chemical
bonding.”> As well as the study on Ag-doped GO, Kim et al. observed that XRD shows no
diffraction peak for silver content, indicating the dispersion of Ag in GO.”* In our research on
covalent bonding of cobalt, the diffraction peak at 26=10.6°, diminished in intensity, most
probably because carboxylic functional groups on the surface of GO were removed after

functionalization.

Fig. 1a,b

3.1.2. FESEM and TEM Images

The FESEM image of the TiO, thin film (Fig. 2a) shows particle-size uniformity with small
grain size (D=19.72 nm). The morphology of the particles is dense, resulting in increasing

mechanical strength. The surface coating is uniform without cracks.

In the FESEM image of GO in Fig. 2b, layered structure can be observed, which consists of
ultrathin and homogeneous graphene sheets. °* Corresponding films are gently folded with

ordered accumulation.

The morphology of FGO was characterized using FESEM (Fig. 2c). The FGO is porous,
fluffy and irregular, layered with folded wrinkled. The FGO is rather exfoliated than GO and

the outer layers are considerably delaminated. *°

TEM image of nano-sized FGO is similar to GO with high surface area which is crucial for
the catalytic purpose (Fig. 2d).”® FGO is transparent sheet with folding edges. These wrinkles

on graphene sheets are due to attachment of functional groups on both side of carbon grid.

8
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Fig.2a,b,c,d

3.1.3. Nitrogen Adsorption—Desorption isotherm

Fig. 3 illustrates the nitrogen adsorption—desorption isotherm of FGO at 77K and saturated
vapor pressure (Py) of 89.785 kPa. Keeping the temperature constant and varying the external
gas pressure, by recording the amount adsorbed at each pressure, the adsorption isotherm can
be obtained. Pore condensation happens at a gas pressure P lower than the bulk saturated
vapor pressure Py. The isotherm of N, adsorption—desorption at 77 K is a typical of type IV
with a hysteresis loop, which indicates the existence of uniform pore distributions. The
isotherm is sharp, and the hysteresis loop at P/Py>0.87 can be observed; therefore the catalyst
is principally mesoporous, according to IUPAC classification on pores (2—-50 nm). Specific
surface area calculated from the BET method is 205.8 m’ gfl, average pore radius and
average pore volume calculated by BJH method are 3.09 nm and 0.501 cm’/g. The surface
area of FGO (ca. 206 mz/g) is lower than that of GO (ca. 487m?/ g). Despite the fact that, FGO
has mostly sustaining its layered structure, functionalization likewise takes place at the edges
of the GO particles. Therefore, parts of the basal planes near the edges snap together, owing
to m—m interactions, which narrows the interlayer distance and Specific surface area decreases.
The specific surface area is one of the necessary tools to individualize graphene-based

materials as absorbents and catalysts.97

Fig. 3

3.1.4. XPS Analysis

X-ray photoelectron spectroscopy (XPS) is a practical instrument to detect the functional
groups and elemental compositions. Fig. 4a demonstrates full range XPS survey of FGO. The
N1s peak of FGO at 399 eV (15.5%) reveals the imidazole existence and Co2p at 779 eV
(1.1%) represents cobalt presence. Successful functionalization of GO with cobalt imidazole

complex was confirmed by XPS. The peak related to oxygen functional groups in the spectra

9
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O1s (532 eV) of FGO is minor (9.5%); however, the spectrum still displays a small peak in
that region, indicating a higher removal degree of oxygen-containing functional groups. The
peak area calculation of C and O from the XPS survey scan in Fig. 4a reveals that the ratio of

C to O atoms increased from 2.7 in GO to 7.12 in FGO, according to functionalization.

Fig. 4b shows high resolution XPS spectrum of Cls after functionalization. The noticeable,
but small peak at around 288.5 eV is attributed to a small portion of carboxyl groups (1.1% of
total C) in the FGO due to functionalization. The appearance of a new peak at 285.8 eV (C-

N) further confirms the presence of imidazole nitrogen in the graphene sheets.

N 1s high-resolution spectra of FGO sample is shown in Fig. 4c. The deconvoluted N 1s
spectrum shows three types of N atom. One at 401.0 eV correspond to N-Co, second peak at
399.8 eV stands for N-C, and the peak at 398.7 eV belongs to N=C which further confirms

the chemical bonding between GO surface imidazole with Co.

Fig. 4a,b, c

3.1.5. Raman Spectroscopy

Raman spectroscopy is a helpful instrument to characterize GOES. GO frequently engages
two main aspects: a D peak at 1349 cm™' and a G peak at around 1597 cm ', originating
from the first-order scattering of the E2g phonon of sp*-hybridized C atoms and a breathing
mode of k-point photons with Alg symmetry, appropriately.” In the Raman spectrum of
FGO (Fig. 5), D and G bands shifted to 1353 and 1604 cm™ after GO functionalization,
correspondingly. Thus, it could be deduced that the functionalization induced certain
decrease in the size of in-plane sp2 domains, increase edge planes, as well as expanding

disorder in the prepared FGO.

Fig. 5
3.1.6. FTIR Spectroscopy

10
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The FT-IR spectrum of GO in Fig. 6 indicates a broad peak at 3409 cm™ in the high
frequency area together with a sharp peak at 1630 cm ', corresponding to the stretching and
bending vibration of water OH molecules adsorbed on GO, respectively. The peak at 846
cm™ is attributed to the stretching vibration of C=0 in carboxylic acid and carbonyl groups
present at the edges of GO. Finally, the absorption peaks at 1223 and 1051 ¢cm ™' correspond
to the stretching vibration of C-O in carboxylic acids and C—OH bending of alcohol groups,
respectively. The presence of these oxygen-containing groups reveals that the starting

material (graphite) has been oxidized successfully.

The FTIR spectrum of FGO represents a stretching vibration of the N—H group at 2945 and
3474 cm™, depending on whether the N—H stretching is strong or broad, confirming the
presence of hydrogen bonding. (Fig. 6) The stretching vibration of the C=N group of the
imidazole ring is present at 1535 cm™. The peaks at 1433 and 1488 cm™ represent the
stretching vibrations of C=C and N=N groups, respectively, whereas the peaks at 1252 and
1325 cm™ belongs to the stretching vibration of C-N=N-C and C=N-N=C. The strong band
at 1065 cm™ and medium band at 1094 cm™ are assigned to the C—N stretching vibrations.
Peaks at 853 and 937 cm™ correspond to the vibration of C—-N=N—C and C-N of imidazole,
whereas peaks at 612, 664, and 752 cm™ prove the complex formation between the cobalt and

nitrogen atoms of imidazole.

Fig. 6

3.2. Optical Properties

3.2.1 UV/Vis Spectra and Band-Gap Determination

UV/Vis spectroscopy is a helpful technique for understanding photocatalyst structure. Fig. 7
displays the UV/Vis spectra of bare TiO,, GO/TiO,, and FGO/TiO, composites.

All of the samples expose sharp transition in the UV region, which could ascribed as the

peculiar band-gap absorption of TiO,, concluding that electrons transit from the valence band

11
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to the conduction band (O, — Tizq). In comparison to TiO, (400 nm), a redshift to higher
wavelengths for GO/TiO; (421 nm) and FGO/Ti0O, (447 nm) composites could be inspected,
proving the narrowness of band gap with the addition of GO and FGO. The approximated
band gap for TiO,, GO/TiO; and FGO/TiO, were 3.10, 2.96 and 2.77 eV, respectively. This
issue supports redshift detecting in the absorption of composites, as compared to uncombined
TiO,. Bare TiO, exhibits no absorption above its absorption edge (400 nm), however
introducing GO and FGO result in a continuous absorption band at 421-447 nm, which is in
agreement with the gray—black color of the sample. Optimized absorption intensity of light
for composites can lead to an enhancement in photocatalytic activity.”'® In the case of FGO,
the reduction of band-gap energy is referred to GO carboxylic groups substitution with

imidazole bonded to the cobalt.

Fig. 7
3.3. Photocatalytic Activity towards the Removal of NO, and CO from Air

3.3.1. Photocatalyst Pre-treatment
Prior to degradation experiments, photocatalyst was illuminated by UV irradiation in
presence of purified air stream (5 mL/min) in order to convert any adsorbed carbonaceous

impurities, known as the carbon burn-off period.

3.3.2. Photocatalytic Activity Measurements

A setup in batch-mode adsorption experiments were performed to check out the
photocatalytic degradation of NO, and CO. The experiments were tested on three different
photocatalysts, such as bare TiO; thin film, TiO,/GO and TiO,/FGO composites.

Figs. 8a and 8b display the composite photocatalysts performance for NO, and CO
degradation (C/Cy%) under UV-light irradiation. The initial concentration of CO used in this
study was 50 ppm. The conversion percentage of CO as a function of residence time using
the bare TiO, thin-film photocatalyst was calculated and is shown in Fig. 8a. Only 10%
degradation of CO was found for a residence time of 120 min using the TiO, thin-film
photocatalyst. CO degradation was 27% for TiO,/GO composite and 46% for the TiO»/FGO.

It has probably occurred because the absorbed amount of gas on the TiO; thin film was rather

12
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low. NO, degradation ability of the TiO, thin film was 16%, whereas it was 31% for
Ti0,/GO and 51% for TiO/FGO. Adding GO to the composite improves NO, removal,
though adding FGO is more effective for the same residence time. It could be seen that the
existence of FGO noticeably increased the NO, removal, because the FGO could accelerate
NO adsorption, trapping VB holes and CB electrons along with complex formation with

pollutant gases.

Fig. 8a, b

In the case of NO, mixed with CO, NO, degradation on TiO; thin film has not been changed,
whereas for TiO,/GO and TiO,/FGO, it has increased by 5% and 7% consequently in the
same residence time. This is probably related to GO presence. GO on one hand increases CO
adsorption and photodegradation, following by elevated production of hydroxyl radicals. In
the other hand, GO helps the electron—hole pair separation. In the case of TiO»/FGO the
impact of CO is more obvious than TiO,/GO, because of more sites in cobalt structure for
complex formation with pollutant gases.'*"'**

CO degradation in the presence of NO, has not increased. It may be due to the small initial
concentration of NO, rather than CO, hence the surface saturation does not take place and
there is no competition or deactivation effect between pollutant gases.lo3

Chuensab and Watcharenwong reported the photocatalytic activity of WO; films. The
removal efficiency of CO was 45% by UV light and 31% by visible light; both cases are
lower than our results.'” Toma et al. reported 35% NO and around 20% NO, decomposition
under the optimum experiment conditions,'”> which are minor than our achievement. 23%
NOy and 34% CO removal by ZnO photocatalyst has been proposed by E. Kowsari and B.
Bazri.'® In another study, the maximum conversion efficiency of NO; to harmless products
was 33%.'"7 According to the results presented by Gomez et al., TiO, supported on a zeolitic
composite material had acceptable degradation results; however, the formation of
organophosphorous intermediates lowered the photocatalytic reaction.'®

In case of bare TiO,, band gap energy is 3.10 eV and when photocatalyst is irradiated with
appropriate photon energy, the electrons (e cg ) and holes (h yp") are generated in conduction
and valence band, these two high energy pieces start oxidizing pollutants. Electrons react

with O, and superoxide radicals (O,") accomplish, respectively. Holes combine with water

13
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vapor and produce hydroxyl radicals (OH). Hydroxyl radicals attack CO and NO, resulting
oxidation of pollutants (Egs. 2-8).

CO is a poison gas, and its oxidation to CO, is the only feasible way for its destruction. The
mechanism of CO photocatalytic oxidation is simple. Previous theoretical calculations and
experiments suggested that O, adsorbs at the oxygen vacancy on the surface, which could be
responsible for the oxidation of CO.'"”

When using TiO, thin film, we should pay attention to the crystal structure by preventing the
electron hole recombination and adsorbing pollutants at the photocatalyst surface.

The high performance of the selected catalyst can be explained by combining TiO, with GO,
as excited electrons of TiO, could move from the conduction band (CB) to graphene.''® The
barrier formed at the network termed Schottky barrier separates the electron—hole pairs, thus
overcoming charge recombination. The close contact between TiO, and GO favors the
transfer of photogenerated electrons from TiO, to GO, leading to an adequate charge anti-

recombination and raising the photocatalytic performance (Egs. 9-11).

TiO, + hv — TiO, (e cg_ +hvs') ()
h VB+ OHags — OH’ (3)
Oy+ecg — O “4)
OH" +CO +0, — CO, + H,0 (5)
20H" + NO— H,0+NO, (6)
3NO,+2 OH" — H,0+NO+ NOy’ (7)
0, + NO, — NO5° (8)
Graphene/TiO, + hv —Graphene (e cg )/TiO; (hvs') 9)
Co-Im+ hv — Co-Im* (excited state) (10)
Co-Im* — Co-Im" + Graphene (e cg") (11)

In FGO photocatalyst composite, the existence of Co-Im attachment on GO surface is crucial
for preventing electron hole recombination, considering that Co-Im transfers electrons to the
GO conducting band, thus the charge separation is achieved.

Zhang et al. first demonstrated the appreciated photocatalytic activity of graphene-based

114
1., who

semiconductor composites,''' followed by Ng,''? Shen et al.,'" and Zhou et a
performed one-step hydrothermal method to supply graphene—TiO, hybrid materials. They

presented the composite enhanced photocatalytic activity towards organic degradation
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Page 14 of 31



Page 15 of 31

RSC Advances

compared to bare TiO,. Fan et al., synthesized P25-graphene composites, which illustrated
significant photocatalytic performance compared to pure P25.'"

To the best of our knowledge, this is the first study on the use of graphene functionalization
with an imidazole cobalt complex-GO/TiO, composite on the photocatalytic degradation of

CO and NO.,.

The TiO»/FGO nanocomposite exhibits a new photocatalytic mechanism, in which cobalt acts
as complexing metal and pollutant gases act as coordinating agents, according to the reaction
equations (Egs. 12-16).

This photocatalytic mechanism is specifically unusual compared to previous researches on
GO-semiconductor photocatalysts, where GO is declared to behave as an electron scavenger
to catch and then transport the photogenerated electrons from the semiconductor. (See

Supplementary Information Figure S5)

Hard Soft Acid Base (HSAB) theory confirms that soft Lewis bases bind to soft Lewis acids,
preferably and vice versa. Considering Co>" as a borderline Lewis acid and carbon monoxide
(CO) as a soft Lewis base, the reaction takes place. CO (Lewis base) donates a pair of

electrons to Co (Lewis acid) in order to form a coordination complex. He

Nitric oxide is different from CO, in mechanism, because of the existence of one odd electron
in an anti-bonding orbital. NO can miss one electron and become isoelectronic (NO") like
CO. hence, cobalt complex formation with nitrosyl takes place by transmitting electrons to
cobalt and forming covalence bond, respectively. Besides, NO is a strong © acceptor and can

overlap with filled d orbitals in Co with its empty antibonding orbitals.'”

[Co(Im);]Cly+ 2NO— [Co(Im)s(NO),]Cl, (12)
[Co(Im)s]Cly+ 2CO—> [Co(Im)4(CO),]Cl, (13)
[Co(Im)4(NO),]Clr+ Or— [Co(Im)4(NO2),]JCL,  (NO — NO,) (14)
[Co(Im)4(NO,),]Cl; +O; — [Co(Im)4(NO3);] (NO, — NO3) (15)
[Co(Im)s(CO)]CL+ O [Co(Im)s(COICL  (CO — COy) (16)

XPS analysis of Co after the photocatalytic reaction confirms that Co addition can greatly
enhance the chemisorptions of NO, and CO species; at the same time, graphene can
cooperate with holes, by inhibiting the recombination of photogenerated electrons and holes

which lead to a photocatalytic reaction improvement.

15
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In the case of FGO, the XPS data of Quantitative surface atomic percentage analyses of Co2p
after photocatalytic reactions of CO, shows concentrations of 25% Co—C—O and 8% Co—C—
(O)2 which reveals the oxidation of CO, at the cobalt surface. After the photocatalytic
oxidation of NO, , XPS results represent Co-N-O as 27%, Co—-N—(0)2 as 7% and Co—N-
(0)3 as 3% owing to Co—NO; species forming (Table 1).

Table 1

Two photocatalytic reactions are considered for air pollutants removal. The first one concerns
photocatalyst activity of TiO, for removal of NO, and CO, whereas the other is the cobalt
forms complex with CO and NO followed by the oxidation of NO to NO, and NOjs as well as
CO to CO,. Both are applicable to treat dilute concentrations of CO and NO.

The roles of GO in this case are, first, to adsorb NO, and CO, second, to store the species in
its surface and third, to separate electrons and holes. Adding FGO to bare TiO, , significantly
increases the NO, and CO elimination. NO, and CO removal per unit of FGO/ TiO,

composite is approximately three times greater than the pure TiO, thin film.

4. Conclusion

In summary, a GO-based TiO, composite photocatalyst was developed. The anatase TiO; thin
film was deposited on quartz substrates using RF magnetron sputtering method. FGO was
composed with cobalt imidazole binding on the surface carboxylic groups of GO. The
activity of the FGO/TiO, composite was tested by the photocatalytic degradation of NO, and
CO underneath UV irradiation. The TiO»/FGO composite displayed high-performance
photocatalytic activity as 51% for NO, and 46% for CO, which is higher than that one
achieved by GO/TiO; and TiO, thin-film. Incorporating FGO into the composite led to the
decrease of band-gap and increase sensitivity to visible-light irradiation (A>400 nm), with a
superior functional properties. In addition, the photoinduced electrons can easily voyage
around FGO, continuing with an efficient charge separation and a prolonging charge
recombination time. These improvements, along with the increasing of the reactant adsorbing
at the surface, are the key factors for augmenting the photocatalytic operation. We hope our
findings could be directed to an expandable and cost-effective approach for obtaining

powerful photocatalytic materials.

16
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Captions for Figures

Fig. 1a) XRD pattern of TiO; thin film. b) XRD plots of GO and FGO.

Fig. 2 a) FESEM photograph top surface TiO; thin film. b) FESEM image of GO. ¢) FESEM
image of FGO and d) TEM image of FGO.

Fig. 3 N, adsorption—desorption isotherm of FGO at 77K and Saturated vapor pressure (Py=
89.785 kPa) with the hysteresis loop at P/Py>0.87.

Fig. 4 a) XPS survey spectrum of FGO and b) XPS Cls region spectrum for FGO with the

results of curve fitting ¢) N1s region of FGO with the results of curve fitting

Fig. 5 Raman spectra of FGO.

Fig. 6 FTIR spectra of GO and FGO.

Fig. 7 UV/Vis spectra of the TiO; thin film, TiO,/GO, and TiO,/FGO composites.

Fig. 8 a) Degradation of CO with irradiation time over the samples under UV-light irradiation

and b) Degradation of NO, with irradiation time over the samples under UV-light irradiation.

Table Caption
Table 1. XPS elementary atomic surface ratios of the FGO catalyst before and after the

photocatalytic reactions.
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Sample

Atomic ratios (%)

CoN=C

Co-N-C

Co—Cl

Co-C-O

Co—C—H0)2

Co-N-O

Co—N—0)2

Co—N—0)3

FGO before
photocatalytic

reactions

45

39

26

FGO after
photocatalytic

reactions of CO

30

35

10

25

FGO after
photocatalytic

reactions of NO,

28

33

27
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