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A B S T R A C T

A simple and facile method for multiscale, in-plane patterning of graphene oxide and

reduced graphene oxide (GO–rGO) was developed by region-specific reduction of graphene

oxide (GO) under a mild irradiation. The UV-induced reduction of graphene oxide was mon-

itored by various spectroscopic techniques, including optical absorption, X-ray photoelec-

tron spectroscopy (XPS), Raman, and X-ray diffraction (XRD), while the resultant GO–rGO

patterned film morphology was studied on optical microscope, scanning electron micro-

scope (SEM), and atomic force microscope (AFM). Flexible symmetric and in-plane superca-

pacitors were fabricated from the GO–rGO patterned polyethylene terephthalate (PET)

electrodes to show capacitances up to 141.2 F/g.

� 2015 Published by Elsevier Ltd.
1. Introduction

Graphene, an atomic thick sheet of two dimensional sp2 carbon

structure, has received considerable attention due to its unique

structure and extraordinary properties, such as large specific

surface area, good optoelectronic characteristics, and high

mechanical strength [1–3]. Thus, graphene holds great poten-

tials for various applications in devices for energy conversion

and storage [4,5], including supercapacitors [6], solar cells [7],

batteries [8], and fuel cells [9]. Various methods, such as chem-

ical vapor deposition (CVD), mechanical exfoliation, ball

milling, and reduction of graphene oxide (GO) into reduced gra-

phene oxide (rGO), have been devised for graphene preparation

[1,4–6]. Among them, the chemical exfoliation of graphite to

produce graphene oxide, followed by reduction, remains the
most promising method to obtain graphene materials because

of its low cost, high yield, and good solution processability [1].

For certain device applications, large-scale patterning of

graphene is highly desirable [10,11]. It is still a big challenge

to pattern graphene [11], though some rGO patterns have

been obtained by lithographically patterning/reducing GO

films [11,12]. However, the lithographic patterning involves

multiple procedures and is time-consuming. Inkjet printing

[13,14] and layer-by-layer assembling [15] have also been

developed for micropatterning GO for device applications.

Of particular interest, direct laser writing/reducing of GO

films [16–19] has been demonstrated to be a powerful

approach to micropatterns with rGO regions interposed into

the GO matrix without the needs to etch the undesirable GO

parts, attractive for fabricating all carbon devices.
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Nevertheless, the strong laser used often causes structure

damages to the graphene oxide film while the laser equip-

ment is expensive and not easy to operate. To develop simple

and facile method for large-scale patterning of rGO films

without structural damage, UV light can be used as alterna-

tive optical source to make large-scale GO–rGO patterns.

Indeed, UV light has been used to reduce GO in aqueous solu-

tions [20,21]. Compared with a laser beam, UV light is much

milder and much easier to operate.

In this study, a series of multiscale (lm to cm) GO–rGO pat-

terns were prepared via region-specific UV-induced mild

reduction of GO films. The resultant large-scale GO–rGO pat-

terns were used to construct flexible two-electrode, solid-

state symmetric supercapacitors and in-plane supercapaci-

tors with good performance.

2. Experimental

2.1. Preparation of GO and UV induced GO–rGO patterns

GO was synthesized via a modified Hummers method accord-

ing to procedures published elsewhere [22]. To prepare the

GO–rGO patterns, 3 ml of 0.4 mol/L GO solution was filtrated
Fig. 1 – (A) Schematic representation of the route to the GO–rGO

pattern with aligned rGO ribbons. (b) An enlarged view of the blac

made from the GO–rGO pattern. (d) A series patterns of GO–rGO. (e

Case Western Reserve University made from the GO–rGO pattern

used as photomasks for (c and f). (A color version of this figure
through a PVDF filter membrane with a pore size of 0.22 lm.

The resulting GO film on PVDF filter membrane was transferred

to a transparent polyethylene terephthalate (PET) substrate,

and then peeledoff the PVDF membrane by spray some acetone

on the back side of the PVDF film. The GO film on PET substrate

was then covered by a quartz photomask with a desired pattern

structure. The photo-masked sample was then put under a UV

lamp (Blak-Ray longwave Ultraviolet Lamp, Model B-100AP,

115 V, 60 Hz, 2.5A) for irradiation for various irradiation dura-

tions from 1 h to 24 h. Finally, the GO–rGO pattern was obtained

upon removing the photomask. Transparent plastic (e.g., PET)

films with pre-printed patterns (e.g., university logos) can also

be used as photomasks.

2.2. Fabrication of flexible solid-state symmetric
supercapacitors

Preparation of the UV reduced graphene oxide (UV-rGO) elec-

trode: a thin layer of Au was first sputter-coated on a PET film,

and then the Au-PET film was cut into 1 cm · 2 cm slides as

the current collector. Thereafter, 1 ml of GO solution

(0.4 mol/L) was drop coated on the Au-PET slide and dried

overnight at room temperature (20 �C). The resultant GO film
pattern. (B) Photographs of GO–rGO patterns: (a) GO–rGO

k box in image (a). (c) A logo of Wenzhou Medical University

) An enlarged view of the black box in image (d). (f) A logo of

. PET films with pre-printed respective university logos were

can be viewed online.)



Fig. 2 – (a and b) Photographs of GO–rGO patterns on the

transparent and flexible PET substrates. (c) An AFM image of

GO, (d) a SEM image of the GO–rGO pattern, (e) XRD of GO and

UV-rGO films. (f) Raman spectra of GO and UV-rGO. (A color

version of this figure can be viewed online.)
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on Au-PET slide was exposed to the UV irradiation for 24 h to

produce the UV-rGO electrode.

Fabrication of the symmetric supercapacitors: the H3PO4/

PVA gel electrolyte was prepared by mixing an aqueous solu-

tion of PVA (1 g PVA in 10 ml H2O) with concentrated H3PO4

(0.8 g), which was then spin-coated on the UV-rGO electrode
Fig. 3 – (A) Photographs and (B) transmittance curves of the GO

durations: (b) 1 h, (c) 6 h, (d) 12 h, and (e) 24 h. (A color version o
and kept in fume hood to vaporize water for 2 h. Then, two

such UV-rGO electrodes were pressed together with a

H3PO4/PVA electrolyte layer being sandwiched between them

to make the all-solid-state symmetric supercapacitor.

2.3. Fabrication of flexible solid-state in-plane
supercapacitors

The PET-supported GO film was exposed to the UV irradiation

through a photomask with an interdigited pattern for 24 h.

After removal of the photomask, the GO–rGO patterns were

evident. The H3PO4/PVA gel electrolyte was then spin-coated

on the in-plane patterned GO–rGO film and dried at room

temperature. Two edge-sides of the GO–rGO patterned film

was sputter-coated with Au as the current collectors.

2.4. Characterization

X-ray photoelectron spectroscopic (XPS) measurements were

carried out on a PHI 5000 VersaProbe. Raman spectra were col-

lected using a Raman spectrometer (Renishaw) with a 514 nm

laser. X-ray diffraction (XRD) was measured on a Miniflex II

Desktop X-ray diffractometer. UV–vis transmittance was

measured on a Jasco V-670 spectrophotometer. Atomic force

microscopic imaging was done on an Agilent Technologies

5500 Scanning Probe Microscope. Scanning electron micro-

scopic (SEM) images were taken on JEOL JSM-6510LV SEM.

The Cyclic voltammograms (CVs) were measured on a com-

puter-controlled potentiostat (CHI 760C, CH Instrument, USA).

3. Results and discussion

Fig. 1A schematically shows the route to GO–rGO patterns. To

start with, a GO film was solution coated on a substrate, which

can be either soft (e.g., a PET film) or hard one (e.g., Si, glass

plates). Prior to exposure to the UV light, a photo mask with a

desired pattern structure was placed on the GO film. The gra-

phene oxide within the exposed regions was then reduced into

rGO under the UV irradiation [16,22]. Finally, the GO–rGO pat-

tern was obtained after the removal of the photo mask.

As shown in Fig. 1B, we have prepared a series of GO–rGO

patterns with various geometrical structures and different
film (a) before and after the UV irradiation for different

f this figure can be viewed online.)



Fig. 4 – (A) The survey and (B) high resolution C1s XPS

spectra of (a) GO and UV-rGO at different UV-irradiation

times: (b) 1 h, (c) 6 h, (d) 12 h, and (e) 24 h. (A color version of

this figure can be viewed online.)

Table 1 – Element contents of the UV reduced graphene with
different UV irradiation times.

UV irradiation times (h) C (at.%) O (at.%)

0 65.0 35.0
1 72.1 27.9
6 75.1 24.9

12 77.9 22.1
24 80.0 20.0
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resolutions. These rGO–GO patterns can be easily identified

even on an optical microscope due to the big contrast in opti-

cal transparency between the rGO and GO areas; the UV-re-

duced graphene oxide regions became much darker than

the GO region. Uniformly micropatterned thin rGO lines with

a resolution up to about 10 lm were evident in Fig. 1B(e),

while laser-jet printed patterns on transparent plastic (e.g.,

PET) films could be used as photo masks, as exemplified by

Fig. 1B(c and f).

The use of PET films as the support for GO coating allows

for the preparation of transparent and flexible GO–rGO pat-

terned films for potential flexible device applications, as

demonstrated in Fig. 2a and b.

To investigate the microstructure and morphology of these

GO–rGO micropatterns, we performed AFM and SEM imaging.

As seen in Fig. 2c, the thickness of GO is about 1 nm. In

Fig. 2d, the white area corresponds to rGO while the gray area

represents GO with uniform morphologies in respective

regions and an intimate interface. The reduction of GO film

by the UV irradiation is confirmed by X-ray diffraction (XRD)

and Raman spectroscopic measurements carried out with a

non-patterned GO film before and after the UV irradiation

under the same condition without using a photo mask. As

shown in Fig. 2e, the GO film shows a diffraction profile with

a peak at 2h = 11.2� corresponding to an interlayer distance of

0.79 nm in consistent with reported data [23,24]. The UV-re-

duced rGO shows a broad XRD peak at about 2h = 25� corre-

sponding to the interlayer distance of about 0.40 nm, which

is in a good agreement with the graphene interlayer distance

[23]. These results indicate the occurrence of GO reduction by

the UV irradiation and p–p stacking of the reduced graphene

oxide. The reduction of GO film by the UV irradiation was also

confirmed by Raman spectra given in Fig. 2f, which shows the

ID/IG peak intensity ratios of about 0.837 and 0.937 for GO and

rGO, respectively, indicating a reduction in the average size of

sp2 domains with edge defects caused by the reduction of

some C@C bonds in GO [24].

The kinetic process of the UV irradiation reduction of GO

was monitored by the optical transmittance and XPS mea-

surements at different UV-irradiation times from 1 to 24 h.

As can be seen in Fig. 3A, the samples were put on a paper

with parallel lines as the background, the GO films became

darker with increasing the irradiation time. The correspond-

ing transmittance spectra over the visible wavelengths are

shown in Fig. 3B, which also shows that the GO film become

less transparent after UV irradiation, and that transmittance

over the entire visible region decreased with increasing the

UV-irradiation time. After UV irradiation, the resulted UV-re-

duced graphene oxide also became electrically conducting

with a resistance of 47 KX/cm for the rGO film obtained by

UV irradiation for 24 h.

Fig. 4 shows XPS results of GO before and after the UV irra-

diation. As shown in Fig. 4A and Table 1, C1s (65 at.%) and O1s

(35 at.%) peaks were seen in the XPS survey spectrum for GO

before the UV reduction (Fig. 4A(a)). Upon the UV irradiation,

the oxygen atomic content decreased from 35% for GO to 20%

in the UV-rGO after the UV exposure for 24 h (Fig. 4A(e)). The

corresponding C/O ratio increased from 1.9 to 4, indicating,

once again, the partial reduction of GO. The high-resolution

C1s XPS spectra for GO and UV-rGO at different UV irradiation
durations are shown in Fig. 4B. As can be seen, the C1s peak

can be fitted mainly with four components at 284.5 eV (C@C),

286.5 eV (C–O), 288.1 eV (C@O) and 289.0 eV (COOH), respec-

tively. The UV irradiation caused a graduate decrease in the

C–O peak intensity at 286.5 eV whereas the peak intensities

of C@O (288.1 eV) and COOH (289.0 eV) remained largely

unchanged, indicating that UV irradiation reduced mainly

the C–O groups.

To demonstrate potential applications of the UV-reduced

rGO in supercapacitors, we constructed traditional solid-state

symmetric supercapacitors by sandwiching the H3PO4/PVA

gel electrolyte between two 24-h UV-rGO electrodes (Fig. 5a,

Section 2.2). CV curves of the UV-rGO supercapacitor are given

in Fig. 5b, which shows a very regular rectangle shape charac-

teristic of excellent double layer charge storage. The rectan-

gular CV curve persisted even at the high scan rate of 1 V/s,

indicating a rapid charging and discharging process with a

low series resistance [25]. The charge and discharge (CD)

curves are presented in Fig. 5c, from which the specific

capacitances were calculated using the following equation

[26,27],

Cs ¼ 4� IDt
Um

where I is the applied current, Dt is the discharge time, m is

the total mass of the UV-rGO on both electrodes, and U is



Fig. 5 – (a) A schematic representation of the solid symmetric supercapacitor based on the UV-rGO electrodes. (b) CV curves of

the UV-rGO solid symmetric supercapacitor at the scan speed of 50 mV/s, 100 mV/s, 200 mV/s, 500 mV/s, and 1 V/s. (c) Charge

and discharge curves of the UV-rGO solid symmetric supercapacitor at the current density of 1 A/g, 2 A/g, 4 A/g and 10 A/g. (d)

The specific capacitances calculated from the CD curves in (c) versus the current density. (e) A typical curve for average

specific capacitance versus cycle number. (A color version of this figure can be viewed online.)
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the potential range. It was found that the capacitance of the

UV-rGO capacitor is 141.2 F/g at the charge and discharge cur-

rent density of 1 A/g. Fig. 5d shows the capacitance as a func-

tion of the current density, revealing that the specific

capacitance initially decreased with increasing the current
Fig. 6 – (a) Photograph of a flexible in-plane supercapacitor based

(b) A CV curve of the flexible in-plane supercapacitor. (A color v
density, and then leveled off above ca. 5 A/g. Our capacitor

also showed a high stability over 2000 cycles (Fig. 5e).

We have further constructed in-plane supercapacitors by

UV-induced patterning of GO–rGO with the rGO patterns

interposed in the GO matrix. Fig. 6a shows a photograph of
on the in-plane patterned GO–rGO interdigitated electrodes.

ersion of this figure can be viewed online.)
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the in-plane supercapacitor based on the interdigited GO–rGO

electrodes. A CV curve for the in-plane supercapacitor is

shown in Fig. 6b, which demonstrates that the in-plane

device concept works. Although the performance of the in-

plane GO–rGO supercapacitor is still far from ideal, there is

considerable room for further improvement of its perfor-

mance by optimizing the device structure and materials

quality.

4. Conclusions

We have developed a facile method for large-scale, in-plane

patterning of GO–rGO via a mild UV-induced reduction of

GO by region-specific UV exposure through a photomask.

Various multi-scale GO–rGO patterns with different resolu-

tions have been prepared. The UV-induced GO reduction

was confirmed by XPS and Raman spectroscopic measure-

ments. Optical microscopic and SEM imaging show that the

UV reduction of GO did not cause any damage on the macro-

scopic morphology of the GO film. Using these patterned UV-

rGO electrodes, we have also fabricated flexible symmetric

and in-plane supercapacitors with capacitances up to

141.2 F/g.
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