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A Novel Femtosecond Laser-Assisted Method for the
Synthesis of Reduced Graphene Oxide Gels and Thin Films

with Tunable Properties

Khaled H. Ibrahim, Mehrdad Irannejad,* Mojtaba Hajialamdari, Ali Ramadhan,

Kevin P. Musselman, Joseph Sanderson, and Mustafa Yavuz

Graphene and its functionalized derivatives are unique and multifaceted
novel materials with a wide range of applications in chemistry, healthcare,
and optoelectronic engineering. 3D graphene materials exhibit several
advantages over 2D (monolayer) graphene for a variety of devices applica-
tions. Here a novel and effective room temperature technique is introduced
to convert an aqueous graphene oxide solution into a reduced graphene oxide
gel with tunable physical and chemical properties comparable to a monolayer
graphene sheet, without the need for any additives or chemical agents. The
femtogel is synthesized by exposing an ultrahigh concentration graphene

such as bioengineering, micro- and nano-
electronics, chemical engineering, and
materials engineering.l!l These gels have
been extensively used as a soft material in
many applications including drug delivery,
tissue engineering, sensor engineering,
and actuator device development.”) Gra-
phene-oxide-gel-based materials provide
several advantages over conventional gra-
phene oxide sheets such as a large surface
area, as well as high electrical and thermal

oxide solution with single-layer flakes to high intensity femtosecond laser
pulses. The femtosecond laser beam is focused on the airfaqueous solution
interface to enhance the vaporization of functional groups and water, ena-
bling femtogel formation. By controlling the pulsed laser intensity, beam focal
parameters, and pulse duration, it is possible to produce several milliliters of
femtogel in as little as 8 min. Through initial optimization of the irradiation
parameters, a thin film is produced from a femtogel that demonstrates a sur-
face roughness less than 6 nm, and more than 95% reduction in OH absorb-
ance, as compared to a thin film produced from the unexposed graphene

oxide solution.

1. Introduction

Graphene oxide hydrogel and gel are two derivatives of graphene
oxide that have attracted general interest due to their immense
potential for application in a wide range of engineering fields
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conductivities.!

To meet the large demand for graphene
oxide gels, the main challenge is to effec-
tively convert a solution of aqueous gra-
phene oxide into a soft graphene oxide
hydrogel, sol-gel, or gel with tunable
properties. The self-assembly method is
the main fabrication technique used for
producing 3D graphene oxide gels from a
2D aqueous graphene oxide solution.[*3!
In this conventional method, the gelation
of the graphene oxide sheets is achieved
by introducing appropriate molecular
interactions, including electrostatic inter-
actions, 7-7 stacking, and hydrogen bonding.*¢ Notably, the
introduction of a chemical agent such as polymer is an essen-
tial requirement of this technique to produce a graphene oxide
gel from an aqueous graphene oxide solution.l'”? The chemical
agent acts as a physical cross-linker between the graphene oxide
sheets. The physical and electrical properties can be altered by
using different types of cross-linkers such as nickel foam,!®!
pluronic copolymer,”l ferrocene,l® DNA,["3] poly(vinyl alcohol)
(PVA), as well as divalent and trivalent metals such as Ca’*,
Mg?*, Cu?*, and Ce**."] The cross-linking agents are dispersed
in the graphene oxide solution and result is an increase in the
amount of suspended graphene oxide sheets in the solution.!'*
Nonionic surfactants (e.g., P-123 and Brij 700['7)) are also used
as modifiers in the conversion of a graphene oxide solution into
a graphene oxide hydrogel or gel.

Recently, Compton and co-workers!*! reported 3D graphene
oxide hydrogel formation using ultrasonification without any
additives. It was reported that ultrasonification of precursor gra-
phene oxide sheets reduces the 2D graphene oxide sheet dimen-
sions by breaking them into smaller units that lack carboxyl
functional groups as a stabilizer in water. The broken graphene
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oxide sheets stack with each other through n-stacking and elec-
trostatic forces. Using this method, a graphene oxide hydrogel
was formed in 30 min. Unfortunately, the hydrogel had more
than 96% water and only 4% carbon content, resulting in poor
electrical properties unsuitable for electronic-based devices
such as N/MEMS, sensors, and actuators. Compton and co-
workers improved the mechanical and electrical properties of
the fabricated hydrogel by extending the sonification process up
to 120 min, but the carbon contents was still less than 10%.

Furthermore, graphene oxide hydrogels and graphene
oxide gels fabricated using self-assembly and ultrasonification
methods contain porous structures™ that increase the resis-
tivity of thin films formed using these materials and hence
limit their applications.

The intrinsic properties of a graphene oxide gel can be
improved by engineering the hydroxyl and carboxyl functional
groups during the fabrication process. This possibility has led
to increasing interest in graphene oxide gels without porous
structures. Thus, it is crucial to reduce the graphene oxide solu-
tion during its conversion to a gel to enhance the electrical and
thermal conductivity of the resulting material.

In this paper, we report for the first time, a novel and effec-
tive method for the conversion of an aqueous graphene oxide
solution into a reduced graphene oxide gel that is capable of
producing thin and dense films. The gels are formed using
femtosecond laser irradiation (“femtogels”) without any addi-
tives or chemical agents and can display more than 95%
reduction in OH concentration (as compared to the graphene
oxide solution). In this novel technique, the femtosecond laser
beam is focused on the air/aqueous solution interface and the
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femtogel (reduced graphene oxide gel), is formed in as little as
8 min at room temperature. Furthermore, by varying the irra-
diation conditions (laser pulse energy, focal length, irradiation
time, etc.) we demonstrate that it is possible to tune the chem-
ical and physical properties of the fabricated femtogel.

2. Results and Discussion

2.1. Femtogel Formation

An ultrahigh concentration aqueous graphene oxide solution
with single-layer flakes ranging in size from 0.5 to 5 pm was
irradiated by pulses from a high intensity femtosecond laser
(pulse energy of 250 pJ, pulse duration of 100 fs and focal
length of 5 cm). When the laser beam was focused inside
the graphene oxide solution, as illustrated in Figure 1a, a vis-
ible white filament a few millimeters in length was observed,
as shown in the inset of Figure la. The nature of the fila-
ment formation was reported previously.?%2??l The filamenta-
tion affects the irradiation process by first, clamping the peak
intensity on the order of 4 x 103 W cm2, depending on the
nonlinear refractive index of the medium. Second, an exten-
sion of the interaction volume occurs, by up to three orders of
magnitude compared to that expected from the Rayleigh range
and focal spot size of a standard geometric focus. Focusing the
laser beam at the air/graphene oxide solution interface instead,
(Figure 1b) avoided the filamentation and supercontinuum gen-
eration in the graphene oxide solution, replacing it with a bright
spot. Self-focusing in air is still possible in this setup, but this

Vapour
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Figure 1. Schematic diagram of vial containing graphene oxide solution showing a) laser focused within the solution, supercontinuum generation
effect (white filament) due to self-focusing, and reduced graphene oxide (rGO) formation, b) laser focused at surface and reduced graphene oxide gel
(femtogel) formation. The inset shows the vaporization effect from the surface and femtogel formation. c) Acquired femtogel after laser irradiation.
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only increases the intensity at the air/liquid interface. Taking
into account only geometric considerations, it is estimated that
a spot size of 10 pm can be generated?°-??] at the air/graphene
oxide solution interface for a laser pulse with energy of 250 pJ
and duration of 100 fs, which results in a peak intensity on the
order of 4 x 10'> W cm™ and an electric field magnitude on the
order of 10° Vm™.

Focusing the laser beam inside the graphene oxide solu-
tion (as in Figure 1a) to produce an effective pulse intensity
of 4 X 10'* W cm™ yielded a reduced graphene oxide solution
with a volume comparable to that of the initial solution, in a
similar manner as reported previously.?3%’] The stability of the
water content throughout the laser exposure can be assigned to
covalent bond formation between the H* ions in the exposed
solution and free OH radicals from the reduced graphene oxide
sheets, which result in the formation of H,O and H,0, mol-
ecules. By focusing the laser beam at the graphene oxide solu-
tion/air interface (as in Figure 1b), which increased the pulse
intensity to 4 x 10" W cm™2, more than 50% of the water con-
tent of the 5 mL of graphene oxide solution was vaporized due
to nonthermal surface ablation and explosive ablation at the
surface over a 7 h period. This resulted in the formation of a
high viscosity femtogel instead of a reduced graphene oxide
aqueous solution as shown in Figure 1c.

The formation of the femtogel can be understood by con-
sidering the chemical properties of graphene oxide sheets
and their dispersion mechanism in solution. It is known that
graphene oxide sheets are hydrophilic at the edges.”) Hence,
they are dispersed in the water through covalent bonds
between the carboxyl functional groups at the edges and the
in-plane carbonyl and hydroxyl functional groups in the gra-
phene oxide sheets,?228 as illustrated in Figure 2a. The short-
duration femtosecond laser pulses are expected to result in
coulomb explosion in the aqueous graphene oxide solution
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and fracturing of the graphene oxide sheets, as shown in
Figure 2b. As for Campton’s sonication method, the resulting
sheet fragments are expected to have very small dimensions,
which do not contain the carboxyl functional groups.'”! It is
therefore expected that when the laser is focused at the sur-
face of the solution, the carboxyl functional groups, the in-
plane hydroxyl groups and the water in the aqueous graphene
oxide solution are removed in the form of vapor. This results
in the observed reduction in solution volume and the presence
of more sp? rather than sp? hybridized molecules, with 25%
and 33% S-orbital character respectively.?®2% The reduction in
hydrogen covalent bonds, combined with weak repulsion elec-
trostatic forces between the reduced graphene oxide sheets,
is expected to result in stacking of the sheets through van
der Waals forces and -7 stacking forces!'¥ (Figure 2c), pro-
ducing the observed graphene femtogel.’% Thus, an aqueous
graphene oxide solution can be converted into a femtogel by
removing the carboxyl and hydroxyl functional groups, the in-
plane hydroxyl groups and water content from the surface of
the solution.

By using femtosecond laser pulses with a pulse energy of
2 mJ, pulse duration of 35 fs and focal length of 5 cm, the pulse
intensity and induced electric field were increased to approxi-
mately 8 X 10'® W cm™ and 8 x 10'' V m™}, respectively. This
resulted in a reduction in the irradiation time required to con-
vert 5 mL of the aqueous graphene oxide solution into a fem-
togel from 7 h to 58 min. In addition to increasing the pulse
intensity, increasing the focal length from 5 to 10 cm and
reducing the treated solution volume from 5 to 1.5 mL further
reduced the irradiation time required to produce the femtogel
to only 8 min. These gel formation times are summarized
Table 1.

Importantly, it was found that the physical and chemical
properties of the acquired femtogel, as well as its surface

©

Figure 2. Schematic diagram of the femtogel formation. a) Graphene oxide sheets in solution with carboxyl functional groups at the edges and in-plane
carbonyl and hydroxyl functional groups. b) The femtosecond laser beam strikes the graphene oxide sheets producing smaller fragments with pristine
edges free from carboxyl and hydroxyl groups. c) Functional groups and water are ejected from the surface of the solution as vapor, and stacking and
aggregation of the reduced graphene oxide sheet fragments occurs, resulting in femtogel formation.
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Table 1. Laser parameters, irradiation times, and solution volumes used for reduced gra-

Figure 3a shows the spectra of thin films
phene oxide (rGO) and femtogel formation.

made using a reduced graphene oxide solu-
tion and femtogel (both synthesized with
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Sample Pulse energy Pulse duration Focal length Exposure time Volume a pulse energy of 250 P’]’ pulse duration of
(il (Fs] fem] (mt] 100 fs, focal length of 5 c¢m, and irradiation

rGO 0.250 100 5 7h 5 time of 7 h), as well as a film made using the
0.250 100 s 7h s unexposed graphene f)x1de .solutlon. It can

) be observed that the intensity of the broad

Graphene femtogel 2 3 > 38 min > OH~ absorbance is 36% smaller for the film
2 35 5 20 min 1.5 produced using the reduced graphene oxide

2 35 10 8 min 15 solution (red curve) than the film produced

morphology when deposited as a thin film, can be controlled
by varying the laser pulse energy, pulse duration, beam focal
length, and by varying the irradiation time, allowing the
resulting gel to be engineering for different applications.

2.2. Fourier Transform Infrared Spectroscopy

Freestanding thin films were produced from the femtogels and
graphene oxide solutions as detailed in Section S1 of the Sup-
porting Information. The FTIR absorbance spectra in Figure 3
demonstrate the ability to control the concentration of hydroxyl
and carboxyl groups in films produced from the femtogel by
varying the pulse intensity, focal length, and more extensively
by varying the irradiation time.

unexposed graphene oxide 8
c

reduced graphene oxide £ 0.06

femtogel(7 hour irradiation, 250uJ,100fs 5cm)§

0.04
0.02.

using the unexposed graphene oxide solu-
tion (black curve). The OH~ absorption
peak width of the reduced graphene oxide was also reduced by
221 cm™! as a result of the 7 h laser treatment. This could be
due to changes in the chemical nature of the hydroxyl groups
and a reduction in the amount of OH™ in the fabricated reduced
graphene oxide film. As can be seen from this figure, the OH~
absorbance intensity of the femtogel film (green curve) was sig-
nificantly reduced compared to the other films (i.e., more than
95% lower than the film made from unexposed graphene oxide
solution). The removal of hydroxyl groups is consistent with the
gel formation mechanism proposed in Section 2.1. However,
it is important to note that while some of these oxygen and
OH" radicals are ejected from the solution in water vapor form
(Supporting Movie 2, Supporting Information), the Raman and
X-ray photoelectron spectroscopy (XPS) results presented in the
following section indicate that other liberated oxygen results
in the formation of C—O bonds. The vibra-
\ tion frequency of the asymmetrical stretching
O=C=0 mode was recorded in the range of
2330 to 2362 cm™! and is assigned to back-
ground CO, contamination.!

(a) 0-6 /)-003900 3600 3300 3000 2;00 24q0 2100 Flgure 3b Shows the hydroxyl absorbance
88} M’m erem’) for films produced from femtogels formed
T P'_l . . . .
o ) in 58 min and 7 h using 5 mL of solution.
Q 4000 3750 3500 3250 3000 2750 250Q 2250 2000 . jiccussed in detail in Section S2 of the
g femtogel(7 hour irradiation, 250u.J,100fs,5cm) Supporting Information, the absorbance for
8 femtogel(58 minutes irradiation, 2mJ,35fs,5¢cm) the 7 h femtogel was 35x smaller than that
n of the femtogel formed in 58 min, demon-
204 3
(b) < 8%3 //_\ strating that the OH content can be tuned via
P the gel formation time/laser pulse energy. As
4000 3750 3500 3250 3000 2750 2500 2250 2000 ,5ieq previously, the femtogel can be formed
femtogel(20 minutes irradiation, 2mJ,35fs,5¢cm) \ in less than 58 min by reducing the initial
0.10 femtogel(8 minutes irradiation, 2mJ,35fs,10cm) graphene oxide solution volume from 5 to
. Background 1.5 mL and increasing the laser focal length
() 88(5) 0=C=0 (summarized in Table 1). The FTIR spectra
4000 3750 3500 3250 3000 2750 2500 2250 2000 of the femtogel formed in 20 min with a focal

Wavenumber/cm™

Figure 3. Freestanding thin film FTIR absorbance spectra. a) Comparison of a (—) graphene
oxide thin film, (—) reduced graphene oxide film, and (—) femtogel film (the reduced graphene
oxide solution and femtogel were irradiated 7 h using a pulse energy of 250 pJ, pulse duration
of 100 fs, focal length of 5 cm, and solution volume of 5 mL). b) Comparison of films made
from femtogels formed in (—) 7 h using a 0.250 m| pulse energy, pulse duraation of 100 fs and
(—) 58 min using a pulse energy of 2 m) and pulse energy of 35 fs (focal length of 5 cm and
solution volume of 5 mL for both). c) Comparison of films made from femtogels formed in (—)
20 min using a focal length of 5 cm and (—) 8 min using a focal length of 10 cm (pulse energy
of 2 mJ, pulse duration of 35 fs, and solution volume of 1.5 mL for both). All FTIR spectra were
recorded using a 1” freestanding thin film. All details and conditions are summarized in Table 1.
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length of 5 cm and the femtogel formed in
8 min with a focal length of 10 cm (both with
pulse energies of 2 m], pulse durations of
35 fs, and graphene oxide solution volumes
of 1.5 mlL) are shown in Figure 3c. The
amount of OH™ absorbance in the graphene
femtogel formed in 8 min was 36 times lower
than that formed in 20 min, demonstrating
that in addition to the gel formation time, the
focal length of the laser irradiation can also
be used to control the OH™ content. These

Adv. Mater. Interfaces 2016, 1500864
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functional groups and dispersed water molecules alter the
hexagonal structure of the carbon basal plane and, therefore,
the intrinsic physical and electrical properties of the graphene
oxide and reduced graphene oxide sheets.3?*3 The struc-
tural alteration of the carbon basal plane could be confirmed
by UV/vis spectroscopy in the future. The high concentration
graphene oxide solution and femtogels produced in this work
had high optical densities that prevented absorption measure-
ment. The demonstrated ability to control the OH™ content of
the femtogels therefore allows their optimization for different
applications.

2.3. Raman Spectroscopy

The main recorded features in the Raman spectra of the thin
films deposited on silicon substrates from unexposed gra-
phene oxide solution, reduced graphene oxide solution, and
the femtogels were the D band (at =1350 cm™) and G band
(at =1595 cm™!) as shown in Figure 4a,b and summarized in
Table 2. The appearance of the D band is attributed to scattering
effects between the defects sites and phonons that result in the
sp? breathing mode within the basal plane of the graphene
oxide sheets, while the appearance of the G band was attrib-
uted to the planar configuration of sp?-bonded carbon.*¥ Two
weaker peaks were also recorded at wavenumbers of 2699 and
2930 cm™! that were attributed to the 2D and D+G bands,!'4l
respectively.

INTERFACES

www.advmatinterfaces.de

The quality of the femtogel films was generally assessed by
calculating the Ip/I ratio also known as the defect ratio.[333

The defect ratio of the unexposed graphene oxide film,
reduced graphene oxide film and films made from the femto-
gels were calculated and summarized in Table 2 and are shown
in Figure 4c. Figure 4a compares the Raman spectra of unex-
posed graphene oxide, reduced graphene oxide, and femtogel
(7 h formation time) films. Increasing the number of disloca-
tions and defect sites in the aromatic planes through laser
irradiation has previously been shown to result in an increase
in the defect ratio.l’*37] It was found here that the defect ratio
increased from 0.86 in the unexposed graphene oxide thin
film to 0.96 in the thin film made from the femtogel formed in
7 h, as shown in in the lower portion of Figure 4c. An increase
in the number of defect sites and dislocation sites with laser
irradiation was confirmed by XPS analysis (Section S3 of Sup-
porting Information) where it was found that the intensity of
the signal corresponding to C—O bonds was significantly larger
(relative to the C—C bond signal) in the thin films made from
the femtogels than in a thin film deposited from the unexposed
graphene oxide solution.?’!

With increasing defect ratio, it is expected that the sp?
domains become smaller and more distorted, until they break
up and produce more sp® domains.’® Replacing the dislo-
cated carbon atom in the basal plane with an oxygen atom pro-
vides a linkage with neighboring graphene sheets through the
C—0—C bonds, likely resulting in cluster formation and aggre-
gation of graphene flakes. Thus while the defect ratio can be

(a) (b) —— femtogel formed in 58 minutes
1.0 1.0 D —— femtogel formed in 20 minutes
—— femtogel formed in 8 minutes
—— uexposed graphene oxide > |
%' 0.8+ ——reduced graphene oxide ‘B 0.8
S —— femtogel formed in 7 hour H
£ 0.6 < 06
g §
S 0.4 T 0.4
g 0.4 £
5 )
z
Z 021 0.2
0.0- -
900 1200 1500 1800 2100 2400 2700 3000 900 1200 1500 1800 2100 2400 2700 3000
Wavenumber/cm™ Wavenumber (cm”)
(c) fomtogel fomt emtog
1.00 in 58' min in 'mln in B'mln 1.35
0.98
41.30
0.96
41.25
© 0.94 ()
S g.924 <]
=092 {1203
0.90 ®
] 41.15
0.88 /
0.86 u 1110
G'O rG'O 7 ho'urs
femtogel
Sample

didvd 1Ind

Figure 4. The recorded Raman spectra of thin films formed from a) unexposed graphene oxide, reduced graphene oxide, and femtogel synthesized
in 7 h (pulse energy of 250 pJ, pulse duration of 100 fs, focal length of 5 cm, and solution volume of 5 mL); and b) femtogels formed using a pulse
energy of 2 m| and pulse duration of 35 fs in 58 min (focal length of 5 cm and solution volume of 5 mL), 20 min (focal length of 5 cm and solution
volume of 1.5 mL), and 8 min (focal length of 10 cm and solution volume of 1.5 mL). c) The calculated defect ratios of the films shown in a) and
b). The Raman spectra were recorded using an excitation wavelength of 632.8 nm and a power of 4.5 mW cm=2. All Raman spectra were normalized
based on the recorded intensity of the unexposed graphene oxide. All spectra were recorded from 1 cm X 1 cm samples.
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(- Table 2. The recorded D, G, and 2D band positions, relative intensities, defect ratios (Ip/Ig) and I,p/l ratios of thin films formed from the unexposed

E graphene oxide (GO) solution, reduced graphene oxide (rGO) solution irradiated for 7 h, and femtogels formed in the range of 8 min to 7 h.

E Sample D G 2D In/lg loflg

- Position Intensity Position Intensity Position Intensity

ml [em™] [em™] [em™]

E GO 1352 0.86 1601 1 2699 0.08 0.86 0.09
rGO 1351 0.46 1593 0.52 2700 0.04 0.89 0.09
7 h femtogel 1354 0.36 1595 0.38 2699 0.03 0.96 0.07
58 min femtogel 1333 0.87 1590 0.67 2647 0.05 1.29 0.07
20 min femtogel 1333 0.087 1586 0.070 2651 0.02 1.24 0.09
8 min femtogel 1337 0.25 1603 0.21 2675 0.08 1.17 0.08

1500864 (6 of 10)

used to assess the quality of the material, increasing the defect
ratio appears to be advantageous in that it facilitates the forma-
tion of femtogel.

The Raman spectra of the femtogels formed in the range of 8
to 58 min using a 2 mJ pulse energy are compared in Figure 4b
and the calculated defect ratios are reported in the upper por-
tion of Figure 4c and in Table 2. Since the femtogels are formed
by stacking the reduced graphene oxide sheets, the G band is
shifted toward larger wavenumber (more graphitic structure).
These data emphasize that the defect ratio depends on multiple
irradiation parameters, including irradiation time, focal length,
and pulse energy. The Raman spectroscopy shows that defects
were most prevalent in the femtogel formed in 58 min (defect
ratio of 1.29). When the gel formation time was decreased from
58 min to 20 min by decreasing the solution volume from 5 to
1.5 mL, the defect ratio decreased from 1.29 to 1.24. Further-
more, when the focal length was increased from 5 to 10 cm to
further reduce the femtogel formation time to 8 min, a reduc-
tion in the defect ratio (to 1.17) resulted. This may be attributed
to the larger processing volume due to the larger focal length
producing lower defects such as vacancies, Stone-Wales defects,
and impurities. The femtogel with the lowest observed struc-
tural disorder and defect ratio was that formed in 7 h with a
0.250 m] pulse energy (shown in Figure 4a), with a defect ratio
of 0.96 as detailed in Table 2 and shown in Figure 4c. Thus, it
is clear that significant opportunity exits to control the defect
ratio of the femtogels reported here, by controlling the various
irradiation parameters.

2.4. X-ray Diffraction Analysis

XRD analysis was utilized to study the structural properties
of the stacking layers in the thin films. Figure 5a shows the
XRD data for the thin films produced from the unexposed gra-
phene oxide solution, reduced graphene oxide solution, and
femtogel formed in 7 h. By converting the graphene oxide solu-
tion into a femtogel, the interlayer spacing between each gra-
phene oxide sheet was reduced from 0.75 to 0.72 nm, which
is evident from a shift of 0.5° in the (001) diffraction peak
to larger 26. This reduction in interlayer spacing is plotted
in Figure 5c. Figure 5b shows the XRD data for thin films
produced using femtogels with shorter formation times of
8 to 58 min (achieved using a 2 m] pulse energy instead of

wileyonlinelibrary.com
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0.250 mJ). The existence of the second peak (i.e., (002) peak)
in both Figures 5a,b indicates the presence of amorphous
structure in the as-received graphene oxide solution, which is
still in the reduced graphene oxide and femtogel thin films.
Notably, in contrast to the smaller lattice spacing observed for
the femtogel formed in 7 h, the position of the (001) peak was
observed to shift downwards by approximately 2° (relative to
the unexposed graphene oxide thin film) for the shorter gel
formation times. This corresponds to an increase in the inter-
layer spacing from 0.75 to 0.86 nm for the (001) planes and a
similar increase in spacing from 0.42 to 0.47 nm was observed
for the (002) planes. Thus the femtogels formed in 8 to 58 min
had an interlayer spacing larger than the unexposed graphene
oxide thin film, reduced graphene oxide thin film, and even
graphite.l'239-*l The increased interlayer spacing can be attrib-
uted to carbonyl groups (e.g., C—O bonds and C=0 bonds
with bond length of =0.14 and =0.12 nm, respectively, trapped
between the graphene oxide sheets), and the corresponding
expansion of the basal planes housing these bonds. This is con-
sistent with the relative increase in C—O signals observed by
XPS for the femtogels formed in 8 to 58 min (Section S3, Sup-
porting Information).

The increase in the defect ratios (obtained from Raman
spectra) and the number of dislocation sites of the thin films
made from femtogels enhances the sp® hybridization within
the reduced graphene oxide sheets of the femtogels. It is known
that the carbon atoms in sp? hybridization have a trigonal
planar structure with a bond angle of 120° while carbon atoms
in the sp® hybridization formed a tetrahedral structure with a
larger bond length than the trigonal planar structure*? as sche-
matically shown in Figure 5d. The increase in the number of
sp® hybridizations (e.g., C—O and C=0) in the produced fem-
togels results in an increased interlayer spacing in the femtogel
thin films. All interlayer spacings are summarized in Table 3
and displayed in Figure 5c.

Fracture of the graphene oxide sheets and trapping of H,0O
and H,0, molecules, carbonyl bonds and carboxyl bonds
between the sheets in the femtogel network also resulted in a
reduction of the peak intensities recorded in the XRD patterns
compared to that of the unexposed graphene oxide thin film,
as seen in Figure 5a,b. It was found that the peak intensities of
the films formed from the 7 h femtogel and 58 min femtogel
were reduced by 50% and 95%, respectively, as compared to the
unexposed graphene oxide thin film.

Adv. Mater. Interfaces 2016, 1500864
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Figure 5. The recorded XRD patterns of thin films formed from a) unexposed graphene oxide, reduced graphene oxide, and femtogel synthesized in
7 h (pulse energy of 250 pJ, pulse duration of 100 fs, focal length of 5 cm and solution volume of 5 mL); and b) femtogels formed using a pulse energy
of 2 m] and pulse duration of 35 fs in 58 min (focal length of 5 cm and solution volume of 5 mL), 20 min (focal length of 5 cm and solution volume of
1.5 mL), and 8 min (focal length of 10 cm and solution volume of 1.5 mL). c) Calculated interlayer spacing of thin films shown in a) and b). d) Trigonal
planar and tetrahedral structure of carbon atoms in sp? and sp® hybridization of a graphene oxide sheets.

Table 3. The recorded XRD (002) and (001) peak positions, intensities, and interlayer spaces in the thin films formed from graphene oxide (GO),
reduced graphene oxide (rGO), and femtogels formed in the range of 8 min to 7 h.

Sample (001) peak (002) peak Interlayer space [nm]
20 Intensity 26 Intensity (001) peak (002) peak

GO 11.75 1 21.25 0.21 0.75 0.42
rGO 11.75 0.81 21.35 0.21 0.75 0.42

7 h femtogel 12.25 0.49 21.35 0.22 0.72 0.41

58 min femtogel 10.25 0.04 19.05 0.02 0.86 0.47

20 min femtogel 10.45 0.10 19.05 0.02 0.86 0.47

8 min femtogel 10.25 0.08 - - 0.86 -

Adv. Mater. Interfaces 2016, 1500864 © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com (7 of 10) 1500864
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Figure 6. AFM (top row) and SEM (bottom row) images of freestanding films formed from unexposed graphene oxide, reduced graphene oxide, and

the femtogel formed in 7 h. The AFM scanning range was fixed as 50 ym.

2.5. Thin Film Surface Morphologies

The surface morphologies of the thin films fabricated from
unexposed graphene oxide solution, reduced graphene oxide
solution and the 7 h femtogel were studied using SEM and
AFM and are shown in Figure 6. In addition to the size of the
constituent sheets/flakes, it is expected that removal of the
hydroxyl and carboxyl functional groups which decorated the
graphene oxide sheets will strongly affect the film morphology.
Removal of these functional groups should enhance the nonco-
valent m—rm stacking, cation—r interactions, and van der Waals
forces between the sheets!*l due to a reduction in their hydro-
philic properties. Indeed, it is seen in Figure 6¢ and f that the
surface roughness of the deposited films was minimized by
converting the graphene oxide solution to a femtogel over a
7 hour period, which was shown in Figure 3a to result in a dra-
matically reduced OH content. The surface roughnesses of the
unexposed graphene oxide and reduced graphene oxide thin
films were =12 and =25 nm. The roughness of the deposited
thin film from the 7 h femtogel was improved and recorded as
5.6 nm, which indicates that the aggregation and noncovalent
binding of the small graphene oxide flakes indeed took place.
Figure S6 (Supporting Information) clearly shows the stacking
of the reduced graphene oxide gels sheets in the femtogel
film, which is also consistent with the observed reduction in

Table 4. The surface roughness of thin films formed from unexposed
graphene oxide(GO), reduced graphene oxide(rGO), and femtogels
formed in the range of 8 min to 7 h, as measured by AFM.

Sample Roughness Sample Roughness
[nm] [nm]

GO 12.0 58 min femtogel 44.6

rGO 253 20 min femtogel 54.8

7 h femtogel 5.6 8 min femtogel 22.6

wileyonlinelibrary.com
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interlayer spacing for the 7 h femtogel film. Thus by changing
the beam position from inside the graphene oxide solution to
the air/solution surface, femtogels were formed that can pro-
duce smoother film surfaces.

As for the other film properties measured, the surface mor-
phology of the femtogel films was again found to depend on
the gel formation parameters (e.g., laser pulse intensity and
focal length). Table 4 summarizes the measured surface rough-
nesses for all films, and Figures S5 and S6 in the Supporting
Information display corresponding AFM and SEM images.
For example, producing the femtogel in 58 min instead of 7 h
(by increasing the pulse energy from 0.250 to 2 m]) resulted in
less removal of OH™ groups (as shown in Figure 3b) and cor-
respondingly a much rougher film (45 nm instead of 5.6 nm).
In contrast, increasing the focal length used to form a femtogel
from 1.5 mL of solution from 5 to 10 cm, resulted in a faster gel
formation time (8 min. vs. 20 min.), a lower OH content in the
associated film (as shown in Figure 3c), and a smoother film
(23 nm roughness vs. 55 nm).

3. Conclusion

We have introduced a new technique for producing reduced
graphene oxide gels without any chemical agents or additives.
A viscous femtogel is formed by focusing a femtosecond laser
at the surface of an ultrahigh concentration single-layer flake
graphene oxide aqueous solution to remove the hydroxyl and
carboxyl functional groups, as well as water. Reduction of
the graphene oxide and gel formation occur simultaneously,
in time periods as short as a few minutes at room tempera-
ture, and dense, layered thin films can be produced using the
femtogel.

Notably, varying the irradiation parameters provides control
over gel formation time and gel properties. It was shown that
the OH content is reduced in the femtogels, and depends on

Adv. Mater. Interfaces 2016, 1500864
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the laser pulse energy and focal length used. The femtogels had
higher defect ratios than the unexposed graphene oxide solu-
tion, where the ratio again varied with the laser focal length, as
well as the solution volume treated. Femtogels with interlayers
spacing both smaller and larger than that of the graphene oxide
solutions were produced, and appeared to correlate with the
removal of functional groups from the graphene oxide sheets.
The removal of functional groups seemed to similarly influ-
ence the morphology of films produced with the femtogels. For
the longest gel formation time of 7 h, a thin film was produced
with a roughness less than 6 nm and more than 95% reduction
in the OH concentration (as compared to films fabricated from
the unexposed graphene oxide solution).

While the ability to control the femtogel properties via the
irradiation parameters has been clearly demonstrated, the
complex interplay of these parameters (solution volume, focal
length, pulse energy, etc.) in determining the properties merits
further study. Further exploration and understanding of this
parameter space will ultimately allow simultaneous optimiza-
tion of relevant properties such as OH content, defect ratio,
film morphology, and gel formation time for a wide variety of
critical applications.

4. Experimental Section

Femtogel Fabrication: 1.5 mL and 5 mL of an ultrahigh concentration
(6.2 mg mL™") single-layer graphene oxide flakes (>80%) solution with
flake size of 0.5 to 5 pm (from Graphene supermarket) was exposed to
femtosecond laser pulses homogenously using a magnetic stirrer. The
femtosecond laser pulses were generated by two different Ti: Sapphire
regenerative amplifiers, both with a central wavelength of 800 nm and
repetition rate of 1 kHz, pulse duration of 100 fs and 35 fs, and pulse
energies of 250 p) and 2 m], respectively. The incident laser beam was
focused with either a 5 cm off axis parabolic mirror or a 10 cm focal
length fused silica plano convex lens. The laser beam was focused a few
millimeters inside the graphene oxide solution to produce the reduced
graphene oxide and at the solution/air interface to fabricate femtogel.
The laser irradiation time was varied from 8 min to 7 h as summarized
in Table 1. The properties of the fabricated femtogel were compared with
the unexposed and reduced graphene oxide solution. In both cases, a
series of freestanding films and deposited thin films on a silicon wafer
were fabricated using the filtration technique (see S1, Supporting
Information) and the spin casting method, respectively.

Characterization: Raman spectroscopy was carried out for each
sample using a Renishaw micro-Raman spectrometer with an excitation
wavelength of 632.8 nm and power density of 45 mW cm™ to avoid
any surface modification/damages during the laser exposure and
measurement. The surface morphologies and microstructure of the
prepared thin films were studied using AFM, (Dimension 3100 Scanning
Probe Microscope) and SEM (SEM-LEO 1530, using the Schottky-
type field emission electron source). The molecular absorption of the
femtogel and unexposed graphene oxide freestanding films were studied
by FTIR spectroscopy (Shimadzu FTIR8400S spectrometer) in the
region of 4000 to 440 cm™'. The X-ray diffraction (XRD) pattern of the
thin films was recorded in the range of 5° to 50° using an XPERT-PRO
diffractometer system with the K,1 wavelength of 1.542 A at 45 kV and
35 mA from an X'Pert Pro-Panalytical.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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S1. Thin film fabrication techniques

The unexposed graphene oxide, reduced graphene ari femtogel freestanding films
were fabricated using the vacuum filtration teclueily A Whatman Anodisc filter membrane
of 0.02 um pore size was mounted on a vacuum sysgng a Buchner funnel and flask
(Figure Sla). 0.5 mL of the graphene oxide solution, redugexphene oxide solution and
femtogel were placed gently on the filter membramensure the water content is vacuumed
through the openings of the filter pores. The membrwas then baked for 6 hours at°’60
inside an oven to evaporate any excess water witlerfiltered film (Figure S1b). Separation
of fabricated films from the membrane filter wasreal out by means of etching using 37%
diluted hydro-chloric acid (Figure S1c). The freesting film was then lifted off from the
etching solution and kept inside the vacuum ovetryoas shown in Figure S1d and was kept
in a vacuum desiccator.

A series of thin films were also fabricated on @strates using the spin casting technique
with a speed of 3000 rpm for 30 seconds, followg@ 20 min post-baked at 9C in order
to remove thermal stress and increase the adhdmtween the film and substrate. The
fabricated thin films, were then slowly cooled dotenroom temperature to minimize the

thermal stress.
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Figure S1. (a) Buchner funnel and flask connected to vacuystesn, (b) filtered film on the
membrane after post baking (c) etched freestarfdmgrom membrane in 37 % diluted HCI,
(d) dried freestanding film in the vacuum oven.
S2. FTIR spectroscopy of femtogel

Figure S2 shows the recorded FTIR transmission spectraeafstanding films fabricated
with unexposed graphene oxide and femtogel formetheé range of 8 minutes to 7 hours.
The dominant features were recorded at 3381, &#40 crit, 1623 crit, 1402cnt-1423 cm
1 1260 cnit, 1075 cnit, 860 cntt and 1570 c which are assigned to the stretching OH,
stretching C=0, C=C, C-OH, C-0O-C, stretching C-Ql @ine bending C-H vibration bonds

respectively?™>
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Figure S2. The recorded transmittance FTIR spectra of freestg films fabricated from—)
unexposed graphene oxide solution) {emtogel formed in 8 minutes;-) femtogel formed

in 20 minutes,) femtogel formed in 58 minutes and)(femtogel formed in 7 hours.

From this figure, it is clear that the >sponded C=C (1623 ch) ¥ is still the most
prominent peak in all the spectra and offers thengest absorbance peaks amongst all
carbonic features in the recorded unexposed grapbgide and femtogel spectra. It was
found that the freestanding film fabricated frore femtogel formed in 8 minutes has a larger
amount of the C=C molecular bonds, as was alsoirooed by XPS analysis={gure S3).
This observation could be attributed to the shontediation time compared to the other
femtogels formed in the range of 20 minutes to trsowhich resulted in a smaller amount of
graphene oxide flakes/sheets fractures into smalptgene oxide flakes, such that a larger
amount of C=C molecular bonds are preserved. Tlsorhhnce intensity of the C-OH
molecular bond (1402-1423 ¢h¥® was completely reduced in the femtogel freestandin
films by increasing the irradiation time as showrFigure S2. The bridging oxygen (C-O-C
bond, 1260 cm)!”! becomes more prominent by increasing the irrasfiaime, which can be
attributed to the reaction of an oxygen atom (Wwtlo lone pair electrons) with two carbon
atoms (with single lone pair electrons from C=C d®ibroken during the laser irradiation).

3
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The bending C-H bond (860 ¢mand 1570 cm)!”? was disappeared in all femtogel

freestanding films, as is evident from Figure SRisTcould be due to the dissociation of the
weak C-H bond and hence the formation of water va@soa result of reactions between the

hydrogen ions and free Oldns.

It can be concluded that extending the irradiatiore to 7 hours after femtogel formation
results in more OHgroups removal from the basal plane, as obseryetidbabsence of the

OH, C-H and C-OH bonds from the recorded FTIR spettforange curve) in Figure S2.
S3. X-ray photoluminescence analysis of femtogel films deposited on Si substrates

The XPS spectra of the C1s transition of the unsggagraphene oxide thin film and thin
films fabricated from femtogels formed in the ramde3 minutes to 7 hours are compared in
Figure S3. As can be seen from Figure S3, the wsaggraphene oxide spectra includes a
peak corresponding to the COOH (290.5 &/molecular bond, whereas this peak was not
present for the femtogels formed in the range ofhiButes to 7 hours, consistent with the
removal of OH groups from the femtogels, as observed by FTIRtspscopy. Figure S3
shows that with laser irradiation the intensitytioé C-C peak was decreased relative to the
intensity of the C-O peak, which is attributed torsproduction of sphybridization features
by dissociation of the §fponds as a result laser irradiation and the fraadfi graphene oxide
sheets to smaller sheets/flakes. The increaseseimeicorded intensity of C-O bond is in
agreement with the Raman results discussed inoge2tB. The presence of the oxygen atoms
on the periphery of the graphene sheets helpsimdigregation of the femtogel networks by
means of oxygen bridging and C-O-C bond formatidmctv was confirmed by recording the

C-O bond with larger intensity.
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Figure S3. Recorded XPS spectra of £iransition in the fabricated thin films from

unexposed graphene oxide solution and femtogelddnm the range of 8 minutes to 7 hours.

S4. Surface morphology of femtogel films deposiedhe Si substrate.

Figure 4 shows the AFM images of an unexposed grapheneedkieh film, reduced

graphene oxide thin film, and thin films formed frdemtogels. It was found that the thin
films deposited from femtogels formed in 8 minut28, minutes and 58 minutes possessed
larger surface roughness, indicating an irregylant the stacking of the graphene oxide

sheets relative to the unexposed graphene oxidéamdgel formed in 7 hours.
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Figure S4. AFM images from fabricated thin films of (a) unesed graphene oxide, (b)
reduced graphene oxide, and femtogels formed in8(cpinutes, (d) 20 minutes, (e) 58

minutes, and (f) 7 hours. Insets show scans frdfardnt positions on the same sample.

The SEM images of films fabricated from femtogets eompared ifrigure S5. The SEM
images confirm a smoother surface for the femokgehed in 7 hours. The wrinkled layers
are common features in the thin films fabricatemrfrfemtogels formed in the range of 8
minutes to 7 hours as also evident from FigureT®&. extent of the wrinkles/folding features
was greater for gel formation conditions that reetfewer oxygen functional groups, which
decorate the graphene oxide flakes in the graplosiae solution and femtogels. These
remaining functional groups caused the stackedhgiag oxide flakes to become thicker than
that of the femtogel formed in 7 hours where thggex content was minimized (as shown in
the FTIR spectra) and the film surface was muchathes.

Figure S6 shows the SEM image of an induced crack in the fihhs formed from 7 hour

femtogel. It is clear that these films consisttaicked graphene oxide sheets.
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Figure S5. The SEM images of thin films fabricated from (a)eMposed graphene oxide
solution, and femtogels formed in (b) 8 minutes2@)minutes, (d) 58 minutes and (e) 7 hours

on a Si substrate.
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Figure S6. SEM image of an induced crack in the thin filmriabted from femtogel formed

in 7 hours, which clearly shows the layered stagkihgraphene oxide sheets.
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