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ABSTRACT The photochemical-reduction methods exhibit many interesting applications in metal and metal
oxide nanoparticles with promising properties such as easy-to-handle, easy-to-inkjet and cost-effective.
Using the soluble graphene oxide (GO) as a precursor, graphene production can be achieved via pho-
tochemical reduction, paving the way for manufacturing graphene products in controllable microscopic
patterns. In this work, I used a photochemical method to obtain reduced graphene oxide (rGO), assisted
by strong reducing α-aminoalkyl (α-A*) radicals generated by photoinitiator Irgacure-907. The extent
of oxygen reduction can be continually controlled by manipulating light dosage and characterized by
quantitative measurements of structure, morphology, chemical composition and electrical conductivity.
The high quality of obtained rGO makes this photochemical-reduction based technology ideal for inkjet
printing microstructures of graphene, thus achieving desirable conductivity, other physical and chemical
properties associated.

INDEX TERMS Photochemical reduction, graphene nano sheet, photoinitiator, light.

I. INTRODUCTION
Graphene is a one-atom-thick two-dimensional (2-D) sheet
consisting of sp2-hybridized carbon atoms arranged in
a honeycomb-like lattice. Graphene possesses a super-large
surface area (2630 m2g−1 for the theoretical value of fully
exfoliated pristine graphene) [1], high thermal conductiv-
ity [2], strong mechanical strength [3], and superior electric
conductivity [4]. The material properties of graphene have
drawn broad attention in recent years, and it has been
broadly applied in electronic devices [5], solar energy stor-
age and conversion [6], [7], sensors [8], catalysis [9],
biomedical materials [10], [11], and 3D printing materi-
als [12]–[15]. Currently, graphene is often obtained through
three pathways, micromechanical exfoliation [16], chemi-
cal vapor deposition (CVD) [17] and chemical reduction
of GO [18]. The most widely used method is chemical
reduction because it allows for mass production [19]. The
chemical reduction relies on highly active but hazardous
reductants, like hydrazine and hydrazine derivatives [20] or
sodium borohydride [21] which may produce undesirable by-
products. Although the chemical reduction is effective and
is easily realized in the laboratory, industrial manufacturers

would not be satisfied with the toxic reduction processes
applied in chemical reduction. Inkjet printing provided an
alternative way of making high-quality graphene and cor-
responding nanomaterials with minimal toxic reagents and
by-products.
Graphene, like many other carbon-based materials, repels

water, a property often known as being hydrophobic. Since
graphene can be hardly dissolved in most solvents, auxil-
iary solvent like dimethylformamide (DMF) and N-methyl
pyrrolidone (NMP) is often added to improve the solu-
bility of graphene suspension when employed in inkjet
printing [22]. On the contrary, graphene oxides (GOs)
have better solubility owning to the oxygen-containing
groups (OCGs) and have been used as effective source
material to produce graphene through reduction. The dis-
advantage of OCGs is that they make GO insulating and
restrict its applications in fabricating electronic devices. To
take both advantages of GO and rGO, some researchers
put forward a method that used GO ink as a 3D print-
ing precursor and then applied reduction treatment to get
the designed structure of conductive rGO [23], [24]. Though
this is a viable strategy in principle and several approaches
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have been established around this idea, there are several
drawbacks. Liquid exfoliation requires an extended period
of time or high intensity of ultrasonic vibration for the rGO
suspension, which is known to reduce the size of exfoli-
ated graphene and could decrease the electrical conductivity.
High-temperature thermal reduction treatment is only lim-
ited heat resistant substrates. Hydrazine vapor reduction has
to employ toxic vapor, making it restricted to be used in
an open environment. A user-friendly and widely applicable
GO reduction method is in great desire.
Recently, GO reduction based on light irradiation

was demonstrated. The photochemical reduction method
employed photosensitizers which released free radicals under
light exposure. The free radicals are strong reducing agents
and have shown great promise in synthesizing tunable and
green products of metal (Au, Ag, Pt), metal oxide (Co3O4,
SnO2, Fe2O3), or biomaterials to bionics. The photochemical
efficiency mainly depends on the photon energy (electro-
magnetic frequency) and less prone to the total illumination
power. Compared with chemical methods, the photochemical
reduction offers some unique advantages including spatial
and temporal control, economical effectiveness, and green
synthetic routes. These properties make it feasible to develop
a sustainable and scale-up synthesis of graphene or in situ
preparation of graphene-metal/metal oxide nanocomposites,
which results in extensive scientific reports [25]–[28]. It is
worth noting that if photocatalyst was not used, it required
very long irradiation time even up to 48 hours [27]. In 2015,
Tu et al. used a scanning probe to measure the electrical
properties of vacuum-ultraviolet (VUV) rGO with an irradi-
ation time reduced to 64 mins [25]. In 2017, Mangadlao et.al
used tetrahydrofuran as solution and I-2959 as photoinitia-
tor, and produced rGO-nanoparticle hybrid in 30min [26].
In 2019, Karin et al. added argon gas to keep the aqueous
solution free of reaction during UV radiation with an irradi-
ation time of 3 hours [28]. However, requirements of long
operating time, vacuum environment and inert gas protec-
tion are only suitable for laboratory conditions but practical
production.
In this work, 2-methyl-1-[4-(methylthio) phenyl]-

2-morpholinopropanone-1 (Irgacure-907) was used as
a photoinitiator. It has been approved that I-907 has more
advantages of reducing transition metals than I-2959 since
I-907 has stronger reduction ability of ketyl radicals [28].
The photochemical reaction belongs to the photochemical
Norrish Type-I reaction, characterized by employing
α-cleavage to form strong reducing radicals. As illustrated
in Fig. 1, upon photoexcitation by UV light (Panasonic
Aicure UP50), the Irgacure-907 generates α-aminoalkyl
radicals (α-A*),which presents strong chemical reduction
and donates electrons to the oxygen-containing groups
in the GO with similar reaction process explained by
Wee et al. [29]. Various complementary methods, which
included X-ray photoelectron spectroscopy (XPS), atomic
force microscopy (AFM), Fourier transform infrared
spectroscopy (FTIR), Raman spectroscopy and electron

FIGURE 1. The mechanism for generation of α-A* free radicals by
photosensitizer Irgacure-907 and photochemical reduction of GO.

microscopy, electrical conductivity measurement was used
to characterize the morphological properties, chemical
composition and electrical conductivity of rGO.

II. MATERIAL AND METHOD
1. Synthesis of Graphene Oxide (GO): The GO sheets were
prepared using a modified Hummers method from graphite
flakes [30]. Graphite powder (5.0 g) was put into a solu-
tion of concentrated H2SO4 (115.0 mL) and NaNO3 (2.5 g).
KMnO4 (15.0 g) was slowly added to the reaction mix-
ture under stirring and the temperature of the mixture was
kept to be below 2 ◦C by cooling. Then, the mixture was
stirred at 35 ◦C for 2 h, and then diluted with DI water
(250.0 mL). The addition of water was carried out in an
ice bath to keep the temperature below 50 ◦C. After adding
all of the 250.0 mL DI water, the mixture was stirred for
2 h, and then additional 700.0 mL DI water was added.
Shortly after the dilution with 700 mL DI water, 5 mL of
30 % H2O2 was added to the mixture, and the color of
mixture changed into brilliant yellow along with bubbling.
The mixture was filtered and washed with 1:10 HCl aqueous
solution (1.0 L) to remove metal ions followed by DI water
to remove the acid. The resulting solid was dried in a vac-
uum oven (DZF-6050, Shanghai Boxun Ind. & Comm. Co.,
Ltd., China) and diluted to make a graphite oxide (1.0 mg
mL−1). The achieved graphite oxide was sonicated under the
ambient condition for 30 min (JY92-IIDN, Ningbo Scientz
Biotechnology Co., Ltd., China). Graphene oxide (GO) dis-
persion was carried out after sonicated and was stable for
a long time.
2. Photochemical Reduction of GO: To prepare for the typ-

ical photochemical reduction of GO precursor, 3.75 mL of
dry acetonitrile was slowly added to 5.0 mL GO aqueous dis-
persion (1.0 mg mL−1). After mixing with a magnetic stirrer
bar for 10 minutes, 1.25 mL Irgacure-907 (100 mmol L−1)
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FIGURE 2. UV-VIS light extinction spectra of the GO solution in the
presence of Irgacure-907 with respect to various UVA-irradiation periods.
The inserted figure shows the photographs of the color change of the
dispersions.

was uniformly dispersed in the mixed solution in a quartz
tube and then irradiated with UV light for pre-designed
periods varying in the range of 0-45 minutes. The induced
photochemical reduction was further evidenced by measuring
light extinction in the full visible wavelength range.
The color of GO solution gradually changed from light

brown to dark brown and finally black, with respect to
increased UV-irradiation time (Fig. 2). The change of color
suggested that the photochemical reduction of GO took
place with the release of reducing free radicals (α-A*)
from the photochemical process. The temporal restoration
of the aromatic π -bond network within the carbon structure
is responsible for the insolubility of rGO [31]. Following the
photochemical reduction, the rGO solution acquired was cen-
trifugated and washed using dry acetonitrile for three times
to remove the remaining Irgacure-907. All chemicals used in
the experiment were in analytical-grade. Irgacure-907 was
obtained from Shanghai Hound-Chase Fine Chemical Co.
Ltd. China and the other reagents were purchased from
Tianjin Benchmark Chemical Reagent Co. Ltd., China.
3. Atomic Force Microscopy (AFM) Observation: Atomic

force microscopic (AFM) images were taken out using
a Nanoscope Multimode SPM (Digital Instruments) with an
AS-12 scanner operated in tapping mode in conjunction with
a V-shaped tapping tip. The images were taken at a scan rate
of 1.0 Hz. The AFM images were analyzed using NT-MDT
Image Analysis software.
4. X-ray Photoelectron Spectrometer (XPS) Analysis:

Determination of the chemical composition of the GO and
rGO was made by using an X-ray photoelectron spectrometer
(XPS; PH1-5700 ESCA system, U.S.) equipped with a hemi-
spherical analyzer and an aluminum anode (monochromatic
Al Kα 1486.6 eV) as source (at 12-14 kV and 10-20 mA).
The system was operated under a retarding model with
a binding energy of 20-980 eV. The peaks were calibrated
with reference to C1s (284.6 eV).

5. UV-vis, FT-IR, and Raman Spectroscopy: Absorption
was evaluated with extinction measurements using
a UV-2550 UV-vis spectrometer (Shimazu, Japan) for the
aqueous suspension of GO or rGO. The FT-IR spectra were
obtained on a Fourier Transform Infrared spectrometer
(Spectrum ONE B, PerkinElmer, U.S.). The dried GO or rGO
were ground down into powder for FT-IR measurements.
To study the defect formation, Raman spectra (Renishaw
2000 Confocal Raman Microprobe, U.K.) were recorded in
the range of 1000-2000 cm−1 excited with an argon ion laser
(514 nm).
6. Electron Microscopy Imaging: Transmission electron

microscopy (TEM, F-30ST, Tecnai, FEI, U.S.) and scan-
ning electron microscopy (SEM, Quanta 200FEG FEI, U.S.)
imaging were performed to evaluate the sample quality. Prior
to imaging, the GO and rGO samples were sonicated and sus-
pended in ethanol solution. They were then drop-casting onto
carbon-coated copper grids and then dried by evaporation at
room temperature.
7. Electrical Conductivity Measurements: The powders

samples were first compressed under the pressure of
12 MPa into round shape disks (d=13 mm) at room tempera-
ture by a commercial powder compressing machine (FW-4A,
Tianjin TianGuang Optical Instruments Co., Ltd.). The elec-
trical conductivity of the compressed samples was measured
using the digital four-probe unit (ST2253, Suzhou Jingge
Electronic Co., Ltd), counting disk thickness. For each sam-
ple type (GO, rGO, graphene), three samples were used with
five conductivity measurements on each sample. The direc-
tion of lines of four touchpoints is evenly distributed as 0◦,
72◦, 144◦, 216◦, and 288◦. The average results from all
readings within the same group were used for assessing the
level of electrical conductivity.

III. RESULTS AND DISCUSSION
Following the procedure of photochemical reduction, the
resultant rGO solution was washed and dried for AFM
imaging. For comparison, AFM was also performed on the
single-layer GO sheet by exfoliation (Fig. 3a), which read
approximate 1.2 nm in typical vertical thickness, consistent
with the data reported in the literature [32]. After the pho-
tochemical reduction, the typical thickness of a single rGO
sheet was reduced to 0.9 nm (Fig. 3b), significantly thin-
ner than that of the GO sheet. From the 3D AFM images
of mica-immobilized single-layer GO sheet and photochem-
ically reduced GO (Fig. 4), it can be easily found that the
thickness of photochemically reduced GO sheet was much
less than the original sample. The decrease of rGO thickness
observed in AFM further proved the removal of functional
groups by strong reducing α-aminoalkyl radicals. Though
the theoretical thickness of a single-layered graphene sheet
is 0.34nm [32], rGO is often bigger in thickness (0.4-1.7nm)
due to the presence of remaining oxygen-containing func-
tional groups [33], [34]. The morphology of rGO after
45-min VA exposure was further characterized by scan-
ning electron microscopy (Fig. 5a) and transmission electron
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FIGURE 3. AFM images of mica-immobilized (a) single-layer GO sheet
and (b) photochemically reduced GO (45-min UV exposure).

FIGURE 4. 3D AFM images of mica-immobilized (a) single-layer GO sheet
and (b) photochemically reduced GO (45-min reduction).

microscopy (Fig. 5b) showing folded and wrinkled rGO
sheets in a large area, and three to five layers at the edge
of rGO sheets.
XPS was performed to quantify GO reduction and

recorded the gradual reduction evolution of carbon atoms
during photochemical reduction (Fig. 6 a-d). Four types
of carbon with different chemical states were identified
for GO, including the characteristic peaks at 284.6 eV
(graphite, C-C), 286.6 eV (C-O), 287.8 eV (C = O) and
289.1 eV (O-C = O) respectively. For rGO with 45-min
light exposure, the content of -C-O, -C = O, O = C-O
groups decreased 59.1 %, 86.7 %, and 91.3 %, and the
content of C-C and C = C groups increased 54.0%, demon-
strating the effective photochemical reduction of GO. The

FIGURE 5. (a) SEM and (b) TEM image of the photochemically reduced GO
with a UV exposure time of 45 minutes.

FIGURE 6. C1s XPS spectra of GO by photochemical reduction after
a reaction time of (a) 0 min, (b) 15 min, (c) 30 min, and (d) 45 min. Circles:
experiment data points, red curve: theory fitting; other color curves are
theory for individual chemical groups: black for C-C, green for C-O, orange
for C=O and blue for O-C=O.

time-course reductions of oxygenated functional groups were
summarized in Fig. 7.
FTIR and Raman spectroscopy were used to character-

ize the composition. The FTIR spectra (Fig. 8a) showed
the bands of oxygen-containing groups, such as 3415 cm−1

for O-H, 1730 cm−1 for C = O, 1417 cm−1 for epoxy
C-O, 1055 cm−1 for alkoxy C-O. In particular, the peak
located at 1625 cm−1 was assigned to the contribution
from the skeletal vibrations of the graphitic domain. After
45-min UV irradiation, the carboxylic acid vibration band
(1730 cm−1) almost disappeared, and only a weak signal
of O-H (3415 cm−1) could be detected, indicating the exis-
tence of adsorbed water molecules. Raman spectroscopy is
able to identify the presence of defects on the graphene
carbon network by measuring the D (defects in the curved
graphene sheet, and staging disorder, 1346 cm−1) and G
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FIGURE 7. Contents of the functional groups with respect to the reaction
time during the photochemical reduction of GO by Irgacure-907. The
data were derived from the C1s XPS spectra shown in Fig. 6.

FIGURE 8. (a) FTIR and (b) Raman spectra of GO dispersion before and
after photochemical reduction (UV exposure for 45 min).

(graphitic, sp2 bonded carbon, 1600 cm−1) bands. With the
reduction, the ratio of the peak intensities of D/G increased
to 1.06 for rGO compared with 0.92 for GO prior to the pho-
tochemical reduction (Fig. 8b), which was usually observed
in Raman spectra of hydrazine reduced GO because of the
size of sp2 domain decreased as the rGO sheet was broken
into fragments during photochemical reduction.
All the results above show that the oxygenated groups

were successfully removed from the original GO solu-
tion photochemically. Still, electrical conductivity is counted
most importantly, deciding the competency in inkjet print-
ing. To accurately measure the improvement in conduc-
tivity compared with original GO powders, I followed
a power compression protocol [35] and a four-point probe
(ST2253,Suzhou Jingge Electronic Co., Ltd., China.) method
to measure the electrical conductivity of the compressed
disk.The conductivity of individual flakes is expected to be
significantly lower since there were pockets of air between
the particles in the compressed disk. At room temperature,
the rGO from photochemical reduction had a conductivity of
3 × 103 S/m, which improved by 6 orders from the original
GO. The conductivity of the rGO product is comparable to

graphene composite of high electric conductivity [22], [36],
also it is 1-2 orders higher than infrared (IR) lamp-reduced
graphene [24]. The conductivity of the photochemically
reduced rGO was compared with the commercially avail-
able graphene (Suzhou Tanfeng Graphene Technology Co.,
Ltd., China.). Following the same four touchpoints proto-
col, the acquired few-layer graphene showed a conductivity
of 200 S/m, which is one-fold lower than the rGO from
photochemical reduction.

IV. CONCLUSION
In summary, a photochemical reduction based technol-
ogy to produce rGO nanosheets from GO powder were
developed. The carbonyl and hydroxyl groups presented in
GO have hydrophilic nature and can be uniformly mixed
with the photoinitiator Irgacure-907. When exposing to
UV light, Irgacure-907 in the aqueous mixture generates
the strong reducing α-aminoalkyl (α-A*) radicals which
serve as an electron donor and processes stronger reduc-
ing powers to remove oxygen-containing functional groups
of GO. Quantitative GO reduction by UV light dosage was
demonstrated, either by adjusting illumination time or inten-
sity. Spectroscopic and imaging techniques showed GO was
successfully reduced to rGO. The conductivity of the com-
pressed disc also showed high conductivity, consistent with
graphene nanosheet of high purity.
The one-step synthesis of graphene involving composite

has a good potential to be made into nanomaterial and UV
curable resin for applications in stereolithography appara-
tus (SLA) and computed axial lithography (CAL). Working
with other frontier technologies, the photochemically pro-
duced rGO is an ideal candidate for designing personalized
micro and nanodevices. Examples of such devices include
but not limited to electronic devices, solar energy storage
and conversion, fuel cell electrodes and catalyst carriers.
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