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This article discusses the morphology and thermomechanical properties of graphene oxide (GO) paper sheets and
GO paper composites reinforced with carbon fibers. GO paper was fabricated using GO paste obtained by the
condensation of GO aqueous solution synthesized using the Hummers’ method. Carbon fibers were implemented
to improve the mechanical properties of the pristine GO paper. All the investigated papers were subjected to
thermal treatment to check thermo-related morphological and mechanical properties. The results presented in
this study allowed for the deeper insight into morphological, structural, and mechanical volume and surface-
related properties of pristine GO and GO-based composite materials reinforced with carbon fibers. We showed
that there are two important factors that should be taken into consideration for the design and fabrication of GO-
based papers. These factors were the concentration of the reinforcing agent and the thermal reduction of the
papers. Both factors have influenced the final properties of the resulting GO-based papers. For the first time, it
was revealed how the addition of the reinforcing material affects the GO paper thermal expansion coefficient.

has recently become a very popular material [3-8]. Graphene is an
allotropic form of carbon consisting of a honeycomb network of carbon

1. Introduction

Carbon materials are widely used in many fields of science and have
already been commercialized and implemented in different industries. It
is possible because of their unique properties, including electrical and
thermal conductivity, low density, and good mechanical properties. In
addition, carbon can be produced in different forms, such as fibers, mats,
flakes, and tubes. In recent years, scientists have been trying to use thin
film or paper-like materials for energy storage devices [1,2] or water
storage systems. Such materials are also used to strengthen polymer
composites and make them lighter at the same time. They are also
desirable because of their low cost in relation to the resulting properties
of newly created composite materials.

Apart from carbon in the form of carbon fibers (CFs), flake graphene
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atoms and is described by its high electrical conductivity and excellent
Young’s modulus and tensile strength [9,10].

This work focuses on one of graphene’s derivatives, which is gra-
phene oxide (GO), formed into paper sheets [11]. GO paper was first
received by a group of scientists from Northwestern University (USA) in
2007 from a water suspension of GO [12]. Notably, it is also possible to
obtain such graphene-based material from a reduced graphene oxide
(rGO) suspension [13]. Such material has unique physical, chemical,
mechanical, and optical properties, making it a very promising candi-
date for countless applications in biomedicine, automotive, aviation,
sensors, military, etc. [14-18]. Interestingly, an addition of only a few
percent of carbon nanotubes to the rGO suspension significantly
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increased electrochemical properties of the resulting material [19,20].
The most frequent attempts were aimed to produce graphene paper
using two approaches: vacuum filtration and casting into molds fol-
lowed by solvent evaporation. Both methods have limitations, mainly
regarding the size of the produced paper, resulting from the size of
membranes used in the vacuum filtration technique (usually a few
centimeters in diameter), or size of casting of molds [12]. In one of the
newest publications, Yao et al. [21] proposed an innovative technique to
transform graphene paper into a 3D graphene foam. It was achieved by
soaking the graphite paper sheets in liquid nitrogen. The authors suc-
cessfully implemented this material as a cathode for efficient chromium
reduction present in wastewater. Dai et al. [22] have designed a system
of vertically aligned graphene monoliths (VAGMs). To fabricate such
monoliths, the authors first had to produce a graphene paper with a
diameter of 28 cm, which is of similar size as used in our studies (Fig. 1).
The authors implemented a vacuum filtration of graphene/ethanol
dispersion through a custom-made porous polytetrafluoroethylene
(PTFE) membrane, followed by a cold pressing and subsequent thermal
treatment. Such VAGM-based material was then tested as a cooling
electronic system. The authors concluded that such material can be used
for electronic thermal management.

In 2013, an innovative method of obtaining large-format graphene
paper was developed and patented ("Method of preparing graphene
paper" EP2842910B1) in the Lukasiewicz Research Network — Institute
of Microelectronics and Photonics [23]. Most of the previous methods
described in the literature did not allow to produce large-area paper
sheets. The developed method enables fabrication of large-area paper
sheets (with lateral size of ca. 30 x 10 cm) (Fig. 1) and scaling up the
whole process to obtain even bigger paper sheets.

Simultaneously, it should be underlined that the thermal properties
of as-synthesized GO flakes are well established and described in the
scientific literature [24,25]. At the same time, we want to point out that
after the elimination of oxygen-based functional groups (after the
reduction), the thermal properties of rGO flakes are going to be better
than GO flakes [26]. Having in mind that the GO paper fabricated in this
study is composed in a straightforward manner from GO flakes (without
any thermal/chemical/light treatment), we hypothesize that it is char-
acterized by similar properties as pristine GO flakes.

In this work, we present the results of morphological and thermal-
related examination of GO paper and GO paper composite reinforced
with two concentrations of CFs: 0.3% and 3% w/w. Furthermore, we
examined the in situ dynamical mechanical properties as a function of
temperature. It was reported that an increment of vacancy defects pre-
sent in the structure of the material was followed by the alteration of the
number of functional groups. This was further translated to mean that
the regulation of thermal conductivity of GO can be carried out by
tuning of functional groups’ concentration. Contrary to the literature
reports [10,27,28], GO paper made of GO flakes has low mechanical
strength. For this reason, an attempt to produce GO paper composite
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Fig. 1. Image of GO paper fabricated in this study. (A colour version of this
figure can be viewed online.)
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with the addition of CF was made. Such fibers are commonly used as a
reinforcing material, similar to polymeric fibers [29,30]. The CF consists
almost exclusively of expanded carbon structures chemically similar to
graphite, which makes them nonflammable and resistant to chemicals.

The novelty of the presented work is combined with several aspects.
First, in this article, we described an efficient and feasible technique for
the production of large-scale GO paper. Moreover, we showed that based
on the pristine GO paper, it is also possible to fabricate the composite
material with bolstered mechanical properties. Finally, we have pre-
sented a multitechnique approach for the detailed description of
morphology and thermomechanical properties of the resulting material,
including in situ examination of this material’s feature.

Taken together, all the results presented in this article can be
implemented by other scientific teams and companies looking for
attractive, mechanically stable, and functional materials with the ability
of effective heat absorption.

2. Materials and methods
2.1. Synthesis of GO

GO flakes and GO papers (G-Flake®) have been fabricated at the
Lukasiewicz Research Network - Institute of Microelectronics and
Photonics. The first stage for the production of GO paper was the syn-
thesis of GO flakes. The modified Hummers’ method was used for this
purpose [27,31]. In brief, graphite flakes with diameter ranging from
120 to 150 pm (Asbury Carbons, USA) were placed in a reactor
(Radleys-Reactor-ReadyTM Great Britain) containing a concentrated
mixture of sulfuric acid (H2SO4, Chempur, Poland). Subsequently, po-
tassium permanganate (KMnO,4, Chempur, Poland) and potassium ni-
trate (KNO3 Chempur, Poland) were added to the mixture. The oxidation
process was performed for several hours and eventually stopped by the
addition of deionized water and hydrogen peroxide (30% H2Os,
Chempur, Poland). To achieve homogeneous dispersion of GO flakes in
water, the purification and exfoliation processes were also performed.
The concentration of the resulting aqueous suspensions of GO was ca. 4
g/1 and the average flake size was ca. 11 pm.

2.2. GO paper preparation

GO suspension obtained in Section 2.1 was later concentrated to ca.
15 g/1 to produce GO paper sheets. For this purpose, a centrifuge
(Thermo Lynx 4000, Osteorode, Germany) set to 10,000 rpm operated
for 1 h. The subsequent concentrated solution was further concentrated
at 40 °C using a magnetic stirrer for about 170 h. The GO paper was
obtained according to the procedure of the patent entitled "Method of
preparing graphene paper' EP2842910B1 method developed at the
Lukasiewicz Research Network - Institute of Microelectronics and
Photonics [23] (Fig. 2). The aforementioned method involved spreading
concentrated GO suspension between two flexible porous substrates.

Next, substrates with applied GO suspension were squeezed between
two rollers. Finally, substrates were left to dry for about 24 h at room
temperature (RT). After drying, the substrates were removed, leaving
ready GO paper sheets.

2.3. Modification of GO paper with CFs

CFs were implemented to strengthen the mechanical properties of
GO paper in elevated temperatures related to the actual operating
conditions of the GO paper. The fibers (about 5 pm in diameter) were
mechanically separated from commercially available mats (Composite
Technologies, Poland). The modification of GO paper was carried out by
the addition of 0.3% and 3% w/w of CFs to the GO paste. A noncontact
mixer (FlackTek, SpeedMixer, USA) was used as a mixing device to
prepare composite GO papers. Mixing took place at RT for 5 min at the
speed of 3000 rpm.
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Fig. 2. Schematic illustration of GO paper fabrication. Composed with BioRender [32]. (A colour version of this figure can be viewed online.)

This protocol enabled the preparation of three types of samples,
designed as GO_p (pristine GO paper), GO + 0.3%CF (GO composite
paper with addition of 0.3% w/w of CF), and GO + 3% CF (GO com-
posite paper with addition of 3% w/w of CF). The amount of CF used in
this study was chosen based on the authors’ experience with carbon-
based composites.

2.4. Thermal treatment of the GO papers

To simulate actual operating conditions of the paper — precisely
recreated using thermogravimetry (TG), differential scanning calorim-
etry (DSC) (Section 2.9), and dynamic mechanical analysis (DMA)
(Section 2.10) — some population of the fabricated samples was addi-
tionally subjected to thermal treatment (3 h) at 200 °C using the uni-
versal oven Memmert UF 55.

2.5. Atomic force microscopy: surface visualization and roughness
analysis

Surface visualization of pristine and composite GO-based papers was
conducted using the ICON (Bruker) atomic force microscope (AFM)
connected to the Nanoscope V controller. GO papers were fixed directly
on the table of the microscope. High-resolution topographical and
phase-contrast images were registered using a sharp silicon AC200TS
scanning probe (Olympus). To ensure stable experimental conditions,
the apparatus was closed in a chamber provided by the microscope’s
manufacturer. Auto-tune procedure was implemented to evaluate the
drive frequency of the scanning probe (ca. 146 kHz). Topographical data
were registered using tapping-mode (TM) in air with ambient conditions
(temperature of ca. 19 °C and relative air humidity of 28%). Roughness
analysis was performed based on the registered topographical maps. For
this purpose, a freeware software (Gwyddion, ver. 2.56) was imple-
mented. The same experimental setup was used for the estimation of the
thickness of G-Flake® GO flakes.

2.6. AFM: stiffness analysis

Analysis of the local (micro- and nanoscaled) alteration of mechan-
ical properties (stiffness) of the surface of tested films was estimated
using ICON (Bruker) AFM. The microscope was operating in Quantita-
tive NanoMechanics (QNM) mode. Prior to mechanical data acquisition,
experimental setup was calibrated using calibration standards (of known
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stiffness) provided by the producer of the microscope. We used the
AC200TS scanning probe (Olympus) characterized by spring constant of
ca. 24 N/m. Recorded stiffness maps were used for further qualitative
and quantitative analyses of surface-related mechanical properties. It is
worth mentioning that each pixel on the stiffness map is related to the
so-called force—distance (FD) curve, from which a material’s surface
stiffness can be extracted. Raw FD curves were fit to the Derja-
guin—-Muller-Toporov (DMT) contact mechanic model. The analysis was
performed using the Nanoscope Analysis (ver. 1.90) software provided
by the microscope’s producer.

2.6.1. Scanning electron microscopy: GO flakes, GO paper, and GO paper
composite

Auriga (Zeiss) scanning electron microscope (SEM) with a detector
(0.5 kV) was used for GO flakes visualization and size estimation. The
GO sample was applied from an aqueous solution on a silicon plate
(previously immersed in the Piranha solution and dried with compressed
air). Then, it was dried at 40 °C for 24 h.

The visualization of the surface of GO paper and the composite paper
with addition of CFs was performed using Phenom ProX (FEI) with the
backscattered electron mode and 10 kV acceleration voltage. A 0.25 cm?
square sample was cut from each GO paper. The sample was then
mounted on a SEM pin table. Because the material was dried earlier,
there was no need for additional drying. The paper itself does not need
coating with a conductive agent, and thus this step was omitted.

2.7. Elemental analysis

Elemental analysis was performed using combustion analyzers:
CHN628 and OH836 (Leco). The CHN628 analyzer was used for the
detection of carbon, whereas the OH836 analyzer was used for the
estimation of oxygen in a helium atmosphere. Prior to examination,
apparatuses were calibrated with reference samples delivered by the
analyzers’ producer — in case of CHN628 analyzer, two calibration
samples with a strictly defined content of specified elements were used,
namely EDTA (composed of 41.09 + 0.23% carbon) and BBOT (con-
taining 72.42 £ 0.48% carbon). A second analyzer was calibrated with
two standards: silicon dioxide and iron (III) oxide, both with a strictly
defined compartment of oxygen: 53.05 + 0.5% in case of silicon dioxide
and 30.02 + 0.4% for iron (III) oxide, respectively. As experimental
protocol requires small masses of samples, 0.005 g and 0.01 g micro-
balance (Sartorius Quintix) was used to determine the weight of the
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samples. The examination temperature was set to 950 °C.

2.8. Thermal analysis (DSC/TG)

Thermal analysis (STA) involved the simultaneous use of two
research techniques: TG and DSC. It was possible because the conditions
during the measurements were identical for the TG and DSC signals. The
use of this method increases work efficiency. The thermal decomposi-
tion behavior of the samples was analyzed using scanning calorimetry
(DSC/TG) (STA 449 F5 Jupiter NETZSCH Company) to determine the
decomposition temperature and weight loss during reduction. Mea-
surement was performed in air with a heating rate of 1 °C/min.

2.9. Mechanical properties (DMA)

The tensile properties of the GO papers were determined using Q800
(TA Instruments, USA).

DMA instrument equipped with tension clamps. All static tests aim-
ing to identify the tensile modulus, the ultimate tensile (UTC strength,
UTS), and the strain at fracture were performed in the controlled-force
mode with a preload of 0.01 N, and the force was applied with a force
ramp rate of 2 N/min [33,34]. The tensile modulus was calculated in the
initial quasi-linear range of the obtained stress—strain curves (up to 0.1%
of strain). To identify the viscoelastic properties’ evolution during heat
treatment of the GO paper, the temperature sweep test was carried out
with a sample displacement amplitude of §299Cancthpetingnatantd iGnda (T
The whole test \\ 7 composed of two thermomechanical cycles. Each of the
specimens was heated up to the temperature of 250 °C. Once it was
achieved, the specimen was cooled at RT. The cooling stage parameters
were not recorded. Obtained data were used to calculate the storage
modulus E’, the loss modulus E”, as well as the coefficient of thermal
expansion (CTE) of the paper-like GO sheets. All the specimens were
preloaded to 0.01 N. The CTE was calculated according to the following
formula (Eq. (1)):

(I(T) — 10(T0))/10(T0)

TEC=
AT

@

where 1(T) and 19(Ty) are the lengths of sample at temperatures T and T.

Number of sheets of a
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3. Results and discussion

Prior to the examination of the GO papers, we characterized the
synthesized GO flakes (G-Flake®). A detailed description of the syn-
thesized material and its stability was described in one of our previous
articles [8]. Here, we report only some selected yet vital parameters of
the obtained 2D carbon material.

SEM examination was implemented to visualize the as-synthesized
GO flakes and measure their average size (Fig. 3), which was esti-
mated at 11.84 + 4.06 pm. The size of the flakes is much smaller than
the size of graphitic precursor — this was related to a multistep synthesis
and purification protocol. Notably, using different protocols, it is
possible to obtain GO flakes characterized by bigger lateral sizes from
the same precursor. The CFs introduced to the GO sheets were described
by the diameter of ca. 5 pm (Fig. 4).

AFM examination was done to check the thickness of individual
flakes. We have established that most of the flakes examined were
characterized by a thickness of ca. 1.26 + 0.14 nm, revealing almost
complete exfoliation of the material.

SEM technique was also used to register cross-sectional images of the
GO paper sheets in the initial state as well as paper sheets that under-
went thermal treatment (1 h at 200 °C) (Fig. 5). It can be observed that

Fig. 4. SEM images depicting (A) carbon fibers introduced into GO paper and
(B) cross-section of an individual carbon fiber. (A colour version of this figure
can be viewed online.)
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Fig. 3. Morphological analysis of synthesized GO flakes. (A) Representative SEM image of GO flakes after exfoliation and purification. (B) Histogram showing the
diameter of GO flakes. (C) Representative AFM topographical map of GO flakes along with the (D) thickness of the selected GO flake. (A colour version of this figure

can be viewed online.)
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Fig. 5. SEM images of GO paper in the initial state: (A) GO_p; (B) GO + 0.3% CF; (C) GO + 3% CF; (D) GO_p 200 °C; (E) GO + 0.3% CF 200 °C; (F) GO + 3% CF

200 °C. (A colour version of this figure can be viewed online.)

regardless of its composition GO paper in the initial state was made of
multiple individual sheets superimposed on each other.

The thickness of the GO paper (established based on Fig. 5) was ca.
49.39 + 7.19 pm. Individual sheets were separated from each other with
air pockets; thus, the cross-sectional architecture of the GO paper
resembled a layered sandwich-like structure. Interestingly, the thickness
of the pristine GO paper increased after the addition of CF. We observed
a fiber-dependent relation: the higher the amount of CF, the thicker the
paper: 102.96 + 3.45 pm (GO + 0.3% CF) and 248.38 + 14.51 pm (GO
+ 3% CF). In case of a graphene oxide paper (Fig. 5A) with no additives
and with 0.3% additives (Fig. 5B), the structure appears uniform.
However, the addition of 3% (Fig. 5C) of CF caused a clear delamination,
which, in contrast, did not cause permanent decomposition of the
composite paper. We want to underline that the composite paper sheets
were mechanically stable and flexible. The mechanical properties of the
materials were additionally checked and are described later. Presumably
this phenomenon was related to bigger air pockets present in the paper’s
structure. Bigger air pockets resulted straightforwardly from CF addition
as they were located between individual paper sheets. We were not able
to obtain appropriate adhesion of GO sheets to the fibrous matrix.
Further efforts are needed to functionalize GO sheets of CF to ensure
better materials’ cohesion. GO papers annealed at 200 °C preserved the
aforementioned fiber-dependent trend regarding the materials’ thick-
ness. However, the thickness of each material subjected to thermal
treatment was higher in relation to its nonannealed alter ego: 175.95 +
12.68 pm (GO_p), 225.50 + 10.95 pm (GO + 0.3% CF), 384.13 + 10.35
pm (GO + 3% CF).

An elemental analysis of pristine GO paper and GO paper composites
with CF was carried out to analyze the materials’ chemical composition,
particularly toward the carbon and oxygen content, as these are the most
important elements defining graphene-based material per se (Table 1). In
addition, carbon-to-oxygen ratio is a universal indicator of GO
reduction.

By comparing the data gathered in Table 1, it can be concluded that
materials deprived of thermal treatment were described with a similar
chemical composition with respect to CF additives. Composite papers

Table 1

Results of the combustion elemental analysis of GO flakes and GO papers.
Material Carbon % Oxygen %
GO flakes (G-flake) 40.5 £ 0.4 549 £ 0.6
GO_p 43.1 £0.3 52.2 + 0.6
GO + 0.3% CF 43.3 £0.4 51.6 £ 0.5
GO + 3% CF 48.0 £ 0.4 45.2 £ 0.5
GO_p annealed at 200 C 55.3 +£ 0.6 45.4 + 0.2
GO + 0.3%CF annealed at 200 C 56.7 +£ 0.4 45.5 £ 0.3
GO + 3%CF annealed at 200 C 66.2 £ 0.5 36.0 £ 0.3
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were characterized by a higher carbon content in relation to GO_p,
particularly in the case of GO + 3% CF. Annealing at 200 °C resulted in
the reduction of GO papers, which was reflected in the carbon-to-oxygen
ratio. Once again, the highest amount of carbon was registered for GO +
3% CF annealed at 200 °C.

AFM working in TM was used to register topographical maps
(Fig. 6D-F) of three samples, namely GO_p, GO + 0.3% CF, and GO + 3%
CF in the initial state (deprived of thermal treatment). The obtained
results were used for qualitative and quantitative analyses of the surface
of tested materials. Regardless of the type of the tested material, topo-
graphical images revealed material-specific information. It was possible
to spot additional wrinkles at the surface, which were presumably
related to the addition of CF. This assumption was reflected in the
average roughness of the surface of GO papers, which increased after
incorporation of the fibers. Ra parameter registered for pristine GO was
42.38 nm + 5.44 nm, whereas for composite papers, the average
roughness was 88.09 nm + 28.44 nm (GO + 0.3% CF) and 144.56 nm +
58.44 nm (GO + 3% CF). High standard deviation of the presented re-
sults (in case of composite papers) is also related to the presence of CF
near the surface of the GO sheets. To further investigate the composition
of the GO papers, we decided to take advantage of TM capabilities to
acquire AFM phase-contrast images. Phase-contrast imaging is a
powerful tool for the visualization of the internal structure of materials,
which can be helpful in the analysis of chemical composition and
surface-related properties of the material, including inter alia surface
stiffness, adhesion forces, its deformation, or chemical composition [35,
36]. It is particularly useful for the recognition of different phases
(materials) in composites. In terms of this study, we implemented this
mode to visualize CF located near the surface of the GO sheets. We were
able to detect a biphasic composition of the composite materials. Bright
areas corresponded to the CF location, whereas dark regions (Fig. 6 B—
C) are related to the GO-based matrix. Interestingly, irrespective of CF
concentration, the fibers were chaotically distributed within the GO
matrix. No privileged direction of their distribution was registered. As
expected, the pristine GO paper was characterized by homogeneous
structure, and no additional phase was registered (Fig. 6 A).

The same experiment was repeated after annealing of the samples at
200 °C for 3 h. By doing this, we wanted to simulate the conditions of
thermal treatment applied to GO papers during the thermomechanical
examination. With this approach, we were able to detect subtle micro-
and nanoscaled alterations of the surface of the tested samples (Figs. 7
and 8). It was interesting to note that after the aforementioned thermal
treatment the surface of the three types of tested materials changed in
relation to the initial state. A similar trend regarding average roughness
was registered, but still composite papers were characterized by higher
roughness (84.12 nm + 22.44 nm in case of GO + 0.3% CF and 91.31 nm
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Fig. 6. AFM phase images (A-C) and corresponding topographical images (D-F) of GO_p (A, D), GO + 0.3% CF (B, E), and GO + 3% CF (C, F). Materials tested in the
initial state were deprived of thermal treatment. (A colour version of this figure can be viewed online.)
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Fig. 7. AFM phase images (A-C) and corresponding topographical images (D-F) of GO_p (A, D), GO + 0.3% CF (B, E), and GO + 3% CF (C, F). Material tested after

thermal treatment. (A colour version of this figure can be viewed online.)

=+ 30.65 nm in case of GO + 3% CF) than in the case of the pristine paper
(34.23 nm + 6.87 nm); however, the differences in Ra parameter be-
tween the annealed samples were much smaller. This phenomenon can
be attributed to the thermal reduction of the material, which was fol-
lowed by the elimination of the oxygen-based functional groups. It is
worth noting that a similar phenomenon was described by Ram-
amoorthy et al. [37], who examined the paper made of pristine GO. The
authors stated that this is a consequence of release of oxygen-related
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functional groups from the surface of GO paper sheets; thus, it is an
indirect proof of GO reduction. Moreover, in the previously summoned
article [37], the authors claimed that the thermally treated paper was
characterized by good electrical conductance, whereas the GO paper
deprived of thermal treatments was described as an insulator. In another
article [38], it was concluded that a GO paper exposed to reduction can
be considered as a material for potential application in supercapacitors
or high-current applications. This assumption was governed by the
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enhanced crystalline structure of rGO paper in relation to pristine GO
paper. Such improvement in the structure of the material was also re-
flected in bolstered Joule heating conductivity. In case of our studies, we
have also confirmed the reduction of the annealed material using com-
bustion elemental analysis.

Of special interest was the fact that data recorded on phase-contrast
maps were altered in comparison with those recorded for the initial
state. CFs, even though visible on both topographical and phase-contrast
maps, were much less pronounced. We were not able to record a
biphasic structure of the composite papers after annealing, which could
be an indirect evidence of GO reduction. It should be underlined that GO
(regardless of its form: powder, water solution, or paper sheets) can be
easily reduced using different approaches, including but not limited to
chemical agents [39], exposition to light [40], or thermal treatment
[41]. Regarding the last of the summoned reducing factors, it was
proven that a temperature of ca. 50° Celsius is enough to trigger GO
reduction [42]. This condition was satisfied in this study. Going back to
the merit, we were not able to detect the biphasic structure as after
reduction GO was transferred into rGO - a reduced version of GO —
which is characterized by a higher amount of carbon in relation to GO.
Hence, CFs covered by reduced rGO paper sheets (characterized by
higher amount of carbon in relation to papers deprived of thermal
treatment) were not recognized as a distinct phase. In order to further
justify this conclusion, an elemental analysis was performed to verify
carbon and oxygen content of all the tested samples (Table 1).

For all samples, changes in the TG curve associated with weight loss
were observed, which corresponded to the peak on the DSC curve
(Fig. 8). On the DSC curve, an exothermic peak is observed for all tested
materials and its maxima are respectively 193 °C for GO_p, at 197 °C for
GO + 0.3% CF, and 198 °C for GO + 3% CF. This peak comes from the
decomposition of GO, which is confirmed by the authors [43]. As the
DSC curve has a downward trend from the beginning, it is difficult to
determine the beginning of this transition, the so-called “onset.” The
highest weight loss was observed for the pristine GO paper, and it
amounts to ca. 22% in the temperature range 150-200 °C, 17% for the
GO + 0.3% CF sample, and 10% for GO + 3% CF. This weight loss
registered with DSC/TG was related to the thermal decomposition of GO
[43]. For the first two samples, that is, GO_p and GO + 0.3% CF, a
significant weight loss was also observed in the temperature range of
50-150 °C, which amounts to 26% and 14%, respectively. This weight
loss may be due to a possible release of moisture and carbon reduction
(combustion).

A comprehensive thermomechanical analysis of the investigated GO
paper sheets was carried out. In Fig. 9, results of the thermomechanical
analysis are presented. The evolution of the storage modulus, the loss
modulus, and the change of the specimen length (Al/lp) is given in the
normalized form to facilitate the comparison of the recorded waveforms.
All the considered quantities were normalized to initial values recorded
at RT (before the first thermomechanical cycle starts). One can see that
all the recorded waveforms were subjected to rapid change above the
temperature of 150 °C. Based on [44], one can ascribe this phenomenon
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to the reduction of GO. In the mentioned work, the reduction of GO was
manifested as an exothermic event in the DSC analysis at 163 °C —
observed only in the first DSC cycle. All the obtained thermomechanical
events corresponded to recorded DSC and TGA curves (Fig. 8), which
can be taken as the confirmation of the GO reduction occurrence. In case
of the recorded DMA profiles, the considered features were no longer
observed in the second thermomechanical cycle either. The obtained
DMA profiles indicated that the decomposition of GO was associated
with a significant decrease of modulus. The recent phenomenon could be
explained by the fact that the GO reduction is usually associated with a
substantial decrease in the mass of the heated sample [43]. It was
revealed that in case of specimens containing 3% CFs the GO decom-
position took place at higher temperature than in the case of the pristine
GO paper or specimens having a 0.3% content of CFs.

It is worth mentioning that all the investigated materials were
characterized by the negative thermal expansion coefficient. This spe-
cific property of the GO paper was first reported in Ref. [31]. The values
of the thermal expansion coefficient measured in our study were of the
same order of magnitude as those reported in Ref. [43]. The CTE of the
pristine GO paper was significantly greater than that in the case of
composite specimens containing CFs. The latter were characterized by
CTE comparable to those measured for the pristine GO paper during the
second thermomechanical cycle (Fig. 10D). The values of CTE provided
in Fig. 10D were measured within the temperature range preceding the
point ascribed to the GO decomposition.

Static tensile tests aiming to identify the tensile modulus, the UTS,
and the strain at break were carried out. In Fig. 10 (A, B, and C), the
comparison of the tensile test results is presented. One can see that GO +
3% CF samples were the stiffest ones among all the tested samples;
however, after the heat treatment, its tensile modulus, as well as UTS,
was significantly reduced. Hence, based on elemental analysis results
provided in Table 1, it can be concluded that because of the good
thermal conductivity of CF incorporated into the GO paper, the reduc-
tion of the material was related to the presence of CF. Moreover, it was a
CF amount-dependent phenomenon: the higher the concentration of CF,
the more efficient the reduction.

GO + 0.3% CF is the only group characterized by an increase in
modulus as a result of heat treatment. It was revealed that in the case of
GO + 0.3% CF samples the heat treatment had a marginal effect on UTS.
The graph presented in Fig. 10C provides evidence that any addition of
CF significantly reduced the strain at break.

The thermomechanical examination described in this paper aimed to
verify whether or not the GO paper sheet annealing was followed by a
change of bulk mechanical properties and how, if any, did the addition
of CFs affect these properties. At the same time, we decided to investi-
gate the surface-related mechanical properties of pristine and composite
paper sheets using the QNM technique (AFM-based technique). It should
be noted that apart from high-resolution imaging of the surface of
different materials, the AFM technique enables recording and further
quantification of stiffness maps at micro- and nanoscale levels; thus,
with this approach, it is possible to address even subtle surface-related
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Fig. 8. Thermogravimetric analysis of different types of the graphene oxide paper: (a) DSC curves; (b) TG curves. . (A colour version of this figure can be

viewed online.)
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changes of mechanical properties of the tested material [45,46]. In order
to proceed with this experiment, GO paper sheets (pristine and com-
posites) were tested in two conditions: in the initial state (samples
deprived of thermal treatment) and after annealing at 200 °C. To better
understand whether alterations in the mechanical properties of GO pa-
pers should exclusively be related to their volume, a surface stiffness
examination was carried out. We did this because the surface of the
material is known to play a crucial role in thermo-related phenomena
[47,48]. Thus, it is of utmost importance to look at and describe a
surface-related thermomechanical occurrence.

AFM QNM data showed a similar trend in comparison with the bulk
mechanical properties. The addition of CF resulted in a higher stiffness
of the surface of GO composite paper sheets in relation to the pristine GO
paper (Fig. 11). CFs located near the surface of the composite papers
were thus responsible for higher DMT modulus values. An interesting
phenomenon occurred after thermal annealing of all of the samples. In
case of GO_p, we were able to record a bimodal distribution of the DMT
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modulus value (Fig. 11D). The main contribution to this histogram was
similar to the case of GO_p sample in the initial state; however, an
additional peak on the histogram (related to more compliant areas of the
GO_p surface) was registered. This is direct evidence that the GO paper
alone subjected to thermal treatment could lose its integrity and be less
mechanically stable; thus, the addition of a stiffer phase (i.e., CF) could
be of utmost importance to preserve the stability and durability of GO
sheets. Data recorded for composite papers subjected to thermal treat-
ment were free of this additional peak; thus, it was hypothesized that the
presence of CF hindered thermal decomposition of the GO paper. Last
but not least, the conclusion that was drawn based on the AFM QNM
examination of the GO-based papers was that the DMT values were
smaller than the values obtained using the DMA technique. This can be
easily explained by the differences related to the working principle of
these two techniques. As stated earlier, AFM is a surface-related tech-
nique, whereas DMA is a volume-related technique; thus, different
phenomena and scales are taken into account. Nonetheless, we were
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Fig. 11. AFM QNM stiffness maps (A-F) and corresponding histograms of DMT modulus value (a—f) of GO_p (A, D, a, d), GO + 0.3% CF (B, E, b, e), GO + 3% CF (C, F,
¢, f). A-C (and a—c) show data recorded for materials deprived of thermal treatment, whereas D-F (and d-f) show data recorded for materials annealed at 200 °C. The
y scale is the number of the collected force- distance curves fitted (with the DMT model) to the designated stiffness value. (A colour version of this figure can be

viewed online.)

able to prove that both presented techniques enabled a deeper insight
into the thermo-related mechanical properties of the GO-based paper
sheets, and moreover, both techniques generated similar results in terms
of CF concentration and thermal treatment of the tested materials.

4. Conclusions

The aim of this study was to describe thermomechanical, structural,
and morphological features of pristine GO paper, along with composite
GO papers reinforced with CFs. As such, we want to underline that, to
the best of our knowledge, this is the very first article to describe the
aforementioned examination of composite GO-based paper sheets. In
addition this is the first study in which the DMA examination of bulk
mechanical properties of GO-based papers was followed by AFM eval-
uation of the mechanical properties of the surface of the tested materials.
This approach is of utmost importance regarding the real-life application
of GO.

SEM and AFM visualization of the surface of GO papers in the initial
state (deprived of thermal treatment) and GO papers annealed at 200 °C
revealed two important aspects. Both CF addition into the volume of GO
sheets and thermal treatment were reflected in the morphology of the
resulting materials. The addition of CF increased average roughness of
the GO papers, whereas thermal treatment resulted in a decrease in this
parameter. Phase-contrast images revealed the biphasic internal struc-
ture of the composite papers in the initial state compared with a ho-
mogeneous structure of the pristine GO paper. An interesting outcome of
this study is that regardless of the testing technique, both DMA and AFM
results allowed us to state that the thermal treatment applied to the
samples was followed by a decrease of their mechanical properties. We
were even able to spot a bimodal distribution of the DMT modulus for
the pristine GO paper that underwent thermal reduction. Yet another
interesting outcome from the thermomechanical studies was related to
the finding that all the investigated materials were characterized by the
negative thermal expansion coefficient. It was revealed for the first time
how the addition of the reinforcing material affects the GO paper ther-
mal expansion coefficient. It was observed that even slight addition of
CF significantly reduces the CTE of the investigated specimens in the
pretreated state. The effective CTE of the composite material depends on
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the volume fractions, moduli, and CTEs of the particular composite
constituents. It should be noted that CFs have a slight negative CTE in
the axial direction (ca. —1*10-6 1/°C) [49] and a positive CTE in the
transverse direction [50]. Because of the abovementioned CF features,
the effective/resultant CTE of the CF-reinforced GO paper is signifi-
cantly less negative and closer to zero than in the case of the pristine GO
paper. This makes the CF-reinforced GO paper much less sensitive to
temperature changes, which could be particularly important from the
applicative point of view.
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