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During the last fifteen years, the reduction of electrically insulating graphene oxide (GO) through the elim-
ination of oxygen containing functional groups and the restoration of sp? conjugation yielding its con-
ducting form, known as reduced graphene oxide (rGO), has been widely investigated as a scalable and
low-cost method to produce materials featuring graphene-like characteristics. Among various protocols,
thermal annealing represents an attractive green approach compatible with industrial processes. However,
the high temperatures typically required to accomplish this process are energetically demanding and are
incompatible with the use of plastic substrates often desired for flexible electronics applications. Here, we
report a systematic study on the low-temperature annealing of GO by optimizing different annealing con-
ditions, i.e., temperature, time, and reduction atmosphere. We show that the reduction is accompanied by
structural changes of GO, which affect its electrochemical performance when used as an electrode material
in supercapacitors. We demonstrate that thermally-reduced GO (TrGO) obtained under air or inert atmo-
sphere at relatively low temperatures (<300 °C) exhibits low film resistivities (1072~10"* @ m) combined
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with unaltered resistance after 2000 bending cycles when supported on plastic substrates. Moreover, it
exhibits enhanced electrochemical characteristics with a specific capacitance of 208 F g~* and a capaci-
tance retention of >99% after 2000 cycles. The reported strategy is an important step forward toward the
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1. Introduction

Graphene oxide (GO) is a unique multifunctional two-dimen-
sional material (2DM) composed of carbon, oxygen, and hydro-
gen atoms in variable ratios. Firstly synthesized almost 150
years ago,' nowadays GO is mainly produced by treating
natural graphite flakes with strong oxidants, primarily by
making use of the modified Hummers’ method.” The presence
of different oxygenated functional groups (OFGs), such as
epoxy, hydroxyl and carbonyl,>* on the basal plane and the
edges provides GO with a unique set of mechanical and
optical properties along with a good dispersibility and col-
loidal stability in many solvents, particularly in water.>” In
addition, by using well-known chemistry strategies, these
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development of environmentally friendly TrGO for future electrical or electrochemical applications.

OFGs can serve as sites for chemical modification, endowing
GO with potential applicability in chemical sensing,® solar
cells,” drug delivery,'® water desalination'' or as an active
material in energy storage systems (ESSs)'? among others.
Unfortunately, because most of the GO production methods
use strong oxidants, such as potassium permanganate, GO
possesses a significant number of defects in its crystalline
structure. This is concomitant with the loss in electrical con-
ductivity, which limits the direct application of GO in
electronics.''* Tremendous efforts have been devoted toward
removing OFGs from GO via reduction processes with the goal
of enhancing the degree of conjugation in the carbon network
through the formation of sp® species, ultimately boosting the
electrical properties of the material aiming at approaching the
characteristics of graphene.”™"” GO reduction yielding electro-
active reduced graphene oxide (rGO) can be achieved through
a variety of (electro)chemical (CrGO) or thermal (TrGO)
methods.'®'® Chemical reduction is currently the most
common and efficient approach for reducing GO using a
plethora of reducing agents including hydrazine, sodium boro-
hydride (NaBH,), hydrogen iodide, or r-ascorbic acid.*’"°
However, the price of chemicals, together with the high quan-
tities of generated chemical waste, makes this methodology
industrially undesirable.”” Chemical reagents can be avoided
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when employing the electrochemical method. In this case, the
reduction process relies on the GO-electrode electron
exchange, and it can be performed inside an electrochemical
cell in the presence of an aqueous buffer solution. Yet, in
electrochemical reduction, the deposition and reduction of GO
is limited to substrates that can act as electrodes. Even though
chemical reduction is one of the most efficient and therefore
the most used solution-processed protocols, it is inconvenient
as it yields a stoichiometric amount of chemical waste.
Therefore, thermal reduction represents one of the most attrac-
tive reduction methods due to its low environmental impact.
Thermal reduction comprises the annealing of GO under a
controlled atmosphere, leading to H,O, CO,, and CO as de-
sorption products. It is now well established that under
vacuum and annealing temperature ranging between 100 and
185 ©°C, interlamellar H,O molecules are desorbed, while
epoxide and carbonyl groups are removed between 185-300 °C
and 500-700 °C, respectively. In the ranges 700-900 °C and
900-1200 °C ether and hydroxyl groups are removed, leading
to a material with a high C/O ratio.”®**° However, such high
temperatures are energetically very demanding and incompati-
ble with GO thermal reduction on plastic substrates for flexible
electronics. Typical substrates employed in flexible and wear-
able electronics, such as polyethyleneterephthalate (PET)*°
and polyimide (PI),>" retain their mechanical properties at
temperatures up to 175 °C and 232 °C, respectively.’**! For
these reasons, the thermal reduction of GO at relatively low
temperatures is highly sought after.

During the last few years, a few works have been reported
where the thermal reduction of GO was achieved at relatively
low temperatures (<300 °C) (Table S1, ESIT). For instance, it has
been found that the reduction temperature can be decreased to
150 °C at atmospheric pressure when GO is dispersed in propy-
lene carbonate as well as in a mixture of water and organic sol-
vents.>* Grossman et al. measured the sheet resistance of GO
films annealed at 50 and 80 °C in air. After five days of anneal-
ing at 80 °C, the sheet resistance dropped from 10" Q sq™" of
pristine GO to 10° Q sq" mainly due to the interlamellar H,O
desorption.>® Chhowalla et al. reported that GO films reduced
under ultra-high vacuum (UHV) for 15 minutes at 150 and
200 °C have a resistivity of about 10 and 10™> Q m, respectively,
and when the reduction is performed in Ar/H, for 15 minutes
at 200 °C, a resistivity of 107> Q m was obtained.**

Thermal reduction in air has been investigated by Nazarov
et al. in a range of temperatures from 130 to 200 °C with an
annealing time of 15 minutes, showing a decrease in resistivity
from 4 x 10°> Q m to 4 x 10™> Q m. The latter was ascribed to a
mechanism comprising first H,O desorption, followed by OFG
desorption releasing CO and CO,.>* These last two examples
highlight that independently from the reduction atmosphere,
when annealing is performed at 200 °C for 15 minutes, the res-
istivity drops always to ~107> Q m. Sun et al. studied the kine-
tics and thermodynamics of GO deoxygenation under argon by
thermogravimetric analysis coupled with a mass detector. The
CO and CO, signals dramatically increased with a temperature
near 180 °C, yet traces of CO, were already detected at
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130 °C.*® Although these examples prove that GO thermal
reduction can be accomplished at relatively low temperatures,
the relationship between changes in conductivity with other
parameters such as the chemical composition, surface area or
crystallinity of TrGO has not yet been elucidated. To the best of
our knowledge, there is no systematic study that explores and
optimizes the annealing conditions and correlates them with
the changes in the GO structure and functions. For instance,
as can be seen in Table S1f the reported annealing time has
been varied between 15 minutes and 9 days depending on the
temperature used. To fill such an important gap, here we
report the thermal reduction of GO at different low tempera-
tures (ie., 100, 130, 150, 200, 250 and 300 °C) under air and
inert atmospheres. We investigated the effect of annealing con-
ditions on the chemical structure, various physico-chemical
parameters, and the electrochemical performance of the
resulting TrGO used as an electrode in a symmetric super-
capacitor with a two-electrode system using KOH 6 M as an
aqueous electrolyte. Graphene-based materials, such as GO,
rGO or high-level oxygen-functionalized GO, have been widely
used as active materials in ESS.>”*! In particular, OFGs endow
these materials with a pseudocapacitive nature, making them
ideal candidates for supercapacitors. It has been reported that
the pseudocapacitance of GO probably comes from electro-
chemical reactions such as >C-OH «< >C=0 + H' + e~ at the
electrode interfaces.>” For instance, Li et al. reported that high-
level oxygen-functionalized GO exhibits not only an exceptional
supercapacitor performance, reaching a value of specific
capacitance as high as 285 F g™* at 1 A ¢™*, but also a high sur-
faces area of 512 m® g '."® Interestingly, a similar electro-
chemical performance (capacitance of 264 F g " at 0.1 A g™)
was achieved for exfoliated graphene, having a much lower
density of OGFs.*? Therefore, not only the presence and density
of OFGs are key to achieve a state-of-the-art electrochemical per-
formance, but also other parameters should be carefully con-
trolled. In this work, we investigated the fine tuning of the
reduction degree of GO by varying the annealing temperature,
time and atmosphere to allow the modulation of the surface
area, conductivity and density of electrochemically-active
groups, boosting the electrochemical performance of GO. To
demonstrate the full compatibility of the reduction strategy
with the use of plastic substrates, we fabricated proof-of-
concept devices consisting of ca. 66 nm thick TrGO films sup-
ported on flexible polyethylene terephthalate (PET) substrates
and monitored their resistance during 2000 bending cycles.

2. Results and discussion

2.1. Annealing conditions

The thermal reduction of GO under air and N, atmospheres
was first followed by thermogravimetric analysis (TGA) (Fig. S1,
ESIt). The two diagrams show a similar trend, with a first
mass loss at 75 °C attributed to interlayer H,O desorption and
a second mass loss at around 200 °C due to CO and CO, de-
sorption (Fig. S1, ESI}), achieving a total mass loss of ~45% of

This journal is © The Royal Society of Chemistry 2023
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the initial weight at 300 °C in agreement with the literature.’?
We then monitored the kinetics of the reduction process by
means of TGA with a ramp of 10 °C min™" and an isotherm of
4 hours at 100, 130, 150, 200, 250 and 300 °C (Fig. 1 and S2,
ESI}). Interestingly, to the best of our knowledge, TGA kinetic
analysis of GO thermal reduction is still unexplored. Under
both atmospheres, for 100, 130 and 150 °C, the TrGO weight
constantly decreases for 4 hours with a mass loss of about 20,
28 and 35%, respectively. At higher temperatures, the plateau
of mass loss (ca. 45%) is reached after ~30 minutes. The
kinetic analysis at 150 °C is followed up to 24 hours (Fig. S3,
ESIT) and the plateau of ~45% mass loss was achieved after
12 hours for both atmospheres. TGA kinetic analysis reveals
that 150 and 200 °C are the key threshold temperatures to
produce TrGO with a good degree of reduction. However, to
gain greater insight into the reduction process, the electrical
resistivity is used as an internal gauge by performing thin film
conductivity measurements. The films of GO (thickness of 66
+ 11 nm, Fig. S4 and Table S2, ESIt) were annealed at 150 and
200 °C under air and under argon, and the film resistivity was
measured at different annealing times with a four-point probe
(FPP) to follow the kinetics of the reduction process (Fig. 1b
and S5, ESIt). Importantly, N, and argon are tested as inert
atmospheres (see the Experimental section for details) and no
substantial differences in the electrical characteristics are
observed on the resulting TrGO. Under air and inert atmos-
pheres (Ar and N,), the film resistivity gradually decreases
upon annealing at 200 °C with the lowest resistivity being
achieved after 4 hours (~3 x 107 Q m). At 150 °C under air,
the onset of conductivity in TrGO is observed after 4 hours of
reduction with the resistivity continuously decreasing even
after 24 hours (~3 x 107> Q m). Conversely, when the anneal-
ing is performed under argon, the onset of TrGO’s conductivity
(~2 x 107" Q m) is observed only after 24 hours. To demon-
strate the full compatibility of our reduction process with sub-
strates employed in flexible electronics, the annealing of a GO
film deposited on polyethylene terephthalate (PET) was per-
formed at 150 °C for 24 h. Then, the mechanical stability of
the films was tested by performing 2000 bending cycles
(Fig. S6, ESIt). The resistance of the film is constant for the
2000 bending cycles performed with a subtle increase below
1%. Although 24 hours are needed to produce conductive
TrGO when the annealing is executed at 150 °C, the reduction
time can be reduced to 4 hours when the annealing is per-
formed at temperatures >200 °C. Therefore, our subsequent
characterization studies were carried out after annealing the
samples for 4 hours since the TGA analyses show the plateau
achievement for most of the reduction temperatures investi-
gated (Fig. 1a). Fig. 1c shows the room-temperature resistivity
of 66 nm thick films of TrGO prepared under air and argon at
different annealing temperatures. The resistivity measured for
TrGO is above the detection limit of the employed instrument
(i.e. 107 Q sq ') for temperatures below 150 °C under argon
and below 100 °C under air. Under an argon atmosphere, from
200 °C to 300 °C, the resistivity of TrGO decreases from 3 x 107>
to 4 x 10~* Q m, thereby approaching the resistivity of graphite

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) TGA measurements of weight loss versus time for the anneal-
ing of GO in air at different temperatures for 4 h, (b) kinetic resistivity
measurements for the annealing of GO in air at 150 °C and 200 °C for
24 hours, and (c) resistivity measurements for TrGO in air (black dots)
and argon (red dots) for 4 hours.

(107> Q m)**™** and two orders of magnitude lower than that of
rGO annealed at 200 °C in Ar/H, or UHV (107> Q m).>* In con-
trast, the thermal reduction of GO under air shows a constant
decrease in film resistivity from 1 Q m at 130 °C to 107> Q m at
250 °C. Conversely, at 300 °C, an increase in the resistivity of

Nanoscale, 2023,15, 5743-5755 | 5745
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TrGO is observed, which could be ascribed to the partial oxi-
dation of the GO layers since its ignition temperature is 317 °C.*®
The differences in the kinetics obtained from TGA and the film
resistivity measurements may suggest structural reorganization
of Cg,e-O to Csp’-O taking place, which is not accompanied by
any weight changes, yet, it determines a transition of the elec-
trical nature of GO from insulating to conductive.

View Article Online
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2.2. Compositional, chemical and structural characterization
To gain insight into the chemical composition of TrGO, X-ray
photoelectron spectroscopy (XPS) analyses were performed on
the GO powders annealed for 4 hours (Fig. 2 and S7-S9, ESIf).
From the survey spectra, a C/O ratio of 2.5 is estimated for pris-
tine GO (Fig. S7, ESIt). During the annealing, H,O, CO and
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Fig. 2 High-resolution XPS C 1s peaks of thermally reduced GOs under (a) air and (b) N,; temperature dependence of the relative contribution of C
1s peak components estimated by dividing the area under each component by the whole C 1s peak area for (c) air and (d) N,; temperature depen-
dence of the relative contribution of O 1s peak components estimated by dividing the area under each component by the whole O 1s peak area for

(e) air and (f) N.
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CO, are released and, consequently, the C/O ratio increases,
indicating the reduction process. The C/O ratio increases
between 130 and 200 °C for the samples annealed either
under air or nitrogen; however, while the C/O ratio increases
gradually when the annealing is performed under N,, more
rapid changes are monitored when the annealing is performed
in air (Fig. S7, ESIt). For instance, at 150 °C the C/O ratio is
5.05 versus 3.40 for TrGO under air and N,, respectively, indi-
cating that the reduction process at lower temperatures occurs
more efficiently in air when compared to the N, environment.
The high-resolution C 1s spectrum is fitted using 5 Gaussian-
Lorentzian curves for the 5 chemical environments: 284.4 eV
C-C (Cspr—Cqp), 285.15 €V C-O (including Cgp:—O-Cgpz, Copa—
OH and Cgp~OH), 286.48 €V C-O-C (Cgp—O-Csps), 287.38 €V
C=0, and 288.50 eV COOR (including COOH and lactone)
(Fig. 2a and b and S8a, ESI{).*” Fig. 2c and d show the evol-
ution of the area of each component as a function of annealing
temperature. As expected, the area of the C-C peak increases
with the annealing temperature under both atmospheres due
to the decreasing amount of oxygen in the sample. On the
other hand, the area of the C-O-C peak decreases abruptly at
150 °C when annealing is performed under air and at 200 °C
when it is performed under N,. However, the area of the other
three peaks remains roughly constant. To gain a greater under-
standing of the nature of the OFGs, the high-resolution XPS of
O 1s spectrum is fitted with 3 Gaussian-Lorentzian curves:
531.08 eV C=0, 532.03 eV Cyp—O (including Cg4pi—O-Cgpe, and
Csp—OH), and 533.43 eV Cgp-O (including CgpmO-Cgpe and
Csp:-OH) (Fig. S8b and S9, ESIT).*” Fig. 2e and f show how the
relative area of each component varies with the annealing
temperature. The area of the Cy,:—~OH peak decreases starting
from 150 °C when the reduction is performed under air and
from 200 °C under N,, following the same trend as the C-O-C
peak. In parallel, the relative area decrement of the Cg,:—O
peak is accompanied by a drastic increase in the area of the
Csp2—O peak, indicating the inclusion of oxygen atoms in the
conjugated carbon network. From XPS analysis, we can con-
clude that the threshold temperatures for the thermal
reduction of GO under air and N, amount to 150 °C and
200 °C, respectively. Further insight into the chemistry of the
reduction process was obtained by solid-state NMR magic
angle spinning (ssNMR-MAS) analyses (Fig. 3). As previously
reported,*®* ! the ssSNMR spectrum of GO is deconvoluted in
eight curves (Fig. S10, ESIf) corresponding to 60.4 ppm
(’Csps=0-""Cyps), 70.6 ppm (**Cyps—OH), 78.9 ppm (**Cyp,s-OH,
close to defects), 100.2 ppm (**C-OOR), 126.7 ppm
(PCop—""Cyp2), 134.7 ppm (**Cype—"°Cype close to defects),
162.4 ppm (Cgp—O (including Cgp,.—O-Cgpe and Cgp—OH)) and
187.9 ppm (**C=0).*® In agreement with the XPS analysis, the
intensity of peaks related to sp® carbons decreases with the
increasing annealing temperature, accompanied by the
increase of the intensity of sp> carbon peaks (Fig. 3¢ and d). At
150 °C under argon (Fig. 3b and d), a small decrease in the
area of "*Cy,-0-""Cyps and Cgpe-O peaks is observed with
respect to the pristine GO spectra. However, at 150 °C under
air (Fig. 3a and c), these peaks are almost suppressed and the

This journal is © The Royal Society of Chemistry 2023
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1Cype—""Cyp peak arises significantly. The spectra of TrGO at
300 °C under both atmospheres show almost the same profile,
the *Cyp—"Cype peaks being predominant (Fig. 3a and b). As
observed from the XPS analysis, the only OFG formed during
the annealing is "*Cy,.-O and a quantitative evaluation is done
by plotting the relative areas of the fitted sSNMR spectra as a
function of the reduction temperature (Fig. 3c and d). The
1*Cype-O peak increases drastically from 4.7% to 31.2% after
the reduction under air at 150 °C and is kept almost constant
at 300 °C (27%). However, when the reduction is performed
under argon, only at 300 °C the '’Cy.-O peak increases
sharply to 37%. The generation of "*Cg,.-O species may be the
confirmation of our initial statement where we observed no
changes in the weight in the TGA analysis, yet the film resis-
tivity continues to decrease for a certain period of time. In full
agreement with the high-resolution XPS, the ssNMR experi-
ments confirm that the reduction of GO can occur at a lower
temperature under air when compared to the inert atmosphere.

As previously reported, the features in the Raman spectra of
GO and rGO (i.e., band position, intensity ratio, and width)
can be related to structural properties such as the oxygen
content, crystallinity, and reduction degree of GO.>*”>® The
Raman spectra of TrGO are deconvoluted using four
Lorentzian curves, which consist of the first-order Raman
modes, namely: D, G, D", and D’ bands (Fig. S11-S14 and
Tables S3 and S4, ESIf). The D band, located at
1330-1355 cm™?, arises from the A, breathing modes of the
six-membered rings that are activated by defects such as
vacancies, grain boundaries, and disorders in the carbon
lattice and the double resonant processes near the K point of
the Brillouin zone (BZ) boundary.”> The G band at
1580-1600 cm ™" corresponds to the first-order allowed Raman
mode E,..>” The additional bands (D' and D") arise from the
defects present in the graphitic structure of the carbon
material. The physical origin of the D’ band at
1610-1620 cm™ is still not fully understood. Some authors
have attributed it to the disorder-induced phonon mode due
to crystal defects, whereas other authors have attributed this
band to the double vacancy corresponding to pentagonal and
octagonal rings, usually referred to as 5-8-5 defects.>” The D"
band at 1500-1550 cm™" is related to the amorphous phase
and its intensity is inversely related to the crystallinity.’® It is
well established that the relative intensity of the D band with
respect to the G band (Ip/I ratio) is an insightful parameter to
estimate the degree of defects in the GO derivatives and it has
been related to the inverse of the crystallite size on basal
planes (1/L,) through the Tuinstra-Koenig model.>” Upon GO
thermal reduction, the intensity of the G peak increases and
hence the I/I; ratio decreases with the annealing temperature
(Fig. S13, ESI}). The oxygen atomic percentage obtained by
XPS is also included in Fig. S13, ESIT for a better understand-
ing of the degree of GO reduction. Fig. S13a, ESI{ shows that
upon thermal reduction under air, an abrupt decrease of both
the Ip/l; ratio and oxygen atomic percentage at temperatures
>150 °C is observed, with both parameters becoming stable
(In/Ig = ~1.42 and ~15% oxygen atoms). However, when the

1
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Fig. 3 Solid-state MAS-NMR C 1s spectra of thermally rGO under (a) air and (b) argon; temperature dependence of the relative contribution of NMR
spectral components estimated by dividing the area under each component by the whole peak area for (c) air and (d) argon.

thermal reduction is performed under N,, a more gradual
decrease in both parameters is observed, reaching similar
minimum values to the reduction under air above 250 °C
(Fig. S13b, ESIf). The intensities of the D’ and D” bands also
decrease with the degree of reduction, as the number of
defects on the basal plane of GO is lowered. Fig. S14, ESIf
shows that the I,/Ig ratio and the I,/Ig ratio decrease with the
annealing temperature both under air and N,. It is also impor-
tant to note that while the I,/I; ratio decreased to ~20% of its
initial value, the I/l ratio decreased ~45% (under air) and
~35% (under N,) of their respective initial values. From this
result two conclusions can be drawn: (i) thermal annealing
reduces mainly the defects related to the D" band and (ii) this
process is more pronounced for annealing under air, leading
to a more crystalline structure.”>>* The effect of temperature
on the crystallinity of TrGO is investigated by powder X-Ray

5748 | Nanoscale, 2023,15, 5743-5755

diffraction (PXRD) (Fig. 4 and S14-S16%). Pristine GO diffrac-
tion pattern displays one characteristic peak at 20 = ~11°
(peak I) with a full-width half maximum (FWHM) of ~ 1.2°
related to the (002) family of planes (Fig. 4a and b).

On the other hand, rGO exhibits one characteristic peak at
260 = ~25° (peak II) with a larger FWHM of ~5°, five times
larger compared to peak I, which indicates a smaller crystallite
size.”® Fig. 4a and b show a gradual disappearance of peak I
and a gradual increase of peak II upon increasing the anneal-
ing temperature. In agreement with previous characterization
studies, such as TGA, XPS and Raman spectroscopy, when the
annealing is performed under air, peak II appears at a lower
temperature (i.e., 150 °C) compared to annealing performed
under argon (i.e., 200 °C), and the full reduction is achieved at
200 °C under both atmospheres. From the PXRD patterns
different parameters can be determined (e.g., interlayer dis-

This journal is © The Royal Society of Chemistry 2023
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tance and the number of GO layers) (see the Experimental
section for details). First, from the scattering angle (26) of each
peak (Fig. S15, ESIt), we can quantify the d-spacing parameter
(Fig. 4c and d). At 150 °C in air and 200 °C in argon, there is
the coexistence of peaks I and II, hence two d-values are deter-
mined. The estimated d-spacing of GO is ~0.8 nm, in agree-
ment with the reported values.”>”® When GO is annealed
under air from 100 to 150 °C, peak I shifts toward higher scat-
tering angles, indicating a contraction of the interlayer
spacing. This effect can be attributed to the evaporation of the
entrapped H,0. Conversely, when GO is annealed under argon
from 100 to 150 °C, only a slight shift of peak I from 11° to 12°
is recorded (Fig. 4b). Above 150 °C (under air) and 200 °C
(under argon), peak I intensity drops significantly and peak II
becomes the major feature in the diffractogram with a calcu-
lated d-spacing of TrGO of ~0.3 nm.*>”° The further shrinking
of the interlayer distance is related to the partial removal of
the OFGs from the GO sheets. Furthermore, considering the
crystallite size (L.) (Fig. S16, ESI{) and the interlayer spacing d
(002) (Fig. 4c and d), we estimated the theoretical number of
(r)GO sheets per crystallite domain (Fig. S17, ESIT). Our results
clearly show that for GO annealed in air few layer-thick rGO
sheets (4-6 layers) can be produced already at 150 °C.
Remarkably, the low-temperature annealing under both atmos-
pheres (i.e., air and argon) allows us to produce high-quality

This journal is © The Royal Society of Chemistry 2023

few-layer rGO, starting from commercially available GO with a
high percentage of monolayers (>95%) with promising charac-
teristics for integration into electronic devices. The porosity of
(Tr)GO annealed at different temperatures under air or argon
is evaluated by recording N, adsorption-desorption isotherms
at 77 K (Fig. S18 and Table S5, ESIt). The adsorption isotherms
of TrGO exhibited type-I sorption isotherms, with steep rises
appearing at a low relative pressure and type-IV sorption fea-
tures with adsorption/desorption hysteresis at higher pressure.
The calculated Brunauer-Emmett-Teller (BET) surface area of
TrGO increases gradually with the rising annealing tempera-
ture up to 300 °C, from 12.61 m”> g~ for the as-prepared GO to
480.44 m”> g”!, when the annealing is performed under air. In
contrast, when the annealing is performed under argon the
surface area abruptly increases at 200 °C to 439.92 m> g™, and
then remains roughly constant. The average pore size increases
gradually with thermal treatment temperature, following the
same tendency as the specific surface area (Table S5, ESIt).
Fig. S18c and d, ESIT show the differential distribution of pore
volumes versus pore sizes for TrGO under (S18ct) air and
(S18dt) argon. It reveals that all materials have a predominant
mesopore distribution with sizes in the range between 10 and
100 nm. The work function of (Tr)GO was calculated by photo-
electron yield spectroscopy in air (PYSA) (Fig. S19, ESIt). The
work function of GO (5.59 + 0.03 eV) decreases gradually with
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the increase in the annealing temperature under both atmos-
pheres until reaching a stable value of ~5.14 eV.

2.3. Electrochemical characterization

The electrochemical properties of all the GO samples were
evaluated in a symmetrical two-electrode cell by cyclic voltam-
metry (CV), galvanostatic charge/discharge (GCD) and electro-
chemical impedance spectroscopy (EIS). Fig. 5a and d show
the cyclic voltammograms of GO thermally reduced under (a)
air and under (d) argon using a 6 M KOH aqueous electrolyte
between 0 and 0.6 V at a scan rate of 50 mV s~'. The CV curves
of TrGO show a quasi-rectangular shape, indicating the
pseudocapacitive nature of (Tr)GO.>” When the reduction is
performed under air, the transition from GO to TrGO is
gradual, starting at 130 °C but reaching an actual quasi-rec-
tangular shape from 150 °C. The area of the CV curve increases
with the temperature of annealing up to 200 °C. Above 250 °C,
the voltammogram starts to contract slightly, which is attribu-
ted to the initiation of the combustion of the material, as
demonstrated by TGA and film resistivity measurements.
Interestingly, when the reduction is performed under argon
there are only two clear states of reduction. At 200 °C the area
of the CV curves abruptly increases, and above this tempera-
ture, the CV curves became stable. Rate capability is also an
important feature for energy storage devices. The CV curves for
GO (Fig. S20, ESIT) and TrGO under air (Fig. S21, ESI{) and
under argon (Fig. S22, ESI}) at different scan rates were
obtained. When GO is annealed above 150 °C or 200 °C under
air or argon, respectively, the cyclic voltammograms remain in
box-like shapes with a little deviation at lower potentials, even
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when the scan rate increases to 200 mV s~ ', implying a quick
charge propagation and hence a good rate capability.** On the
other hand, the CV curves of GO and GO annealed below
150 °C or 200 °C under air or argon respectively deviate from
the ideal box-shape, indicating that the device is being over-
charged, as a result of the poor material conductivity as well as
the occurrence of parasitic side reactions, such as decompo-
sition of the electrode material, the electrolyte, or a combi-
nation of both.®® This finding is in full agreement with the
film resistivity analysis.

The pseudocapacitive behaviour of TrGO under two
different atmospheres is confirmed by galvanostatic charge/
discharge curves, as shown in Fig. 5b and e. The voltage-time
curve exhibits a quasi-linear shape under both atmospheres
and similar trends to those obtained by CV. The specific capa-
citances of TrGO were calculated from GCD curves at different
current densities, as can be seen in Fig. S23 and S24, ESIT (see
the Experimental section for calculation details). With an
increase of the current density, the capacitances of GO and
TrGO decrease very slowly under both atmospheres, indicating,
in agreement with CV at different scan rates, that (Tr)GO has
excellent rate capability. The maximum specific capacitance
for TrGO reduced under air amounts to 154.8 + 5.4 F g™' at a
current density of 0.1 A g~' (Fig. S24, ESIf) for samples
reduced at 200 °C. On the other hand, the maximum value
observed under argon is slightly higher 173.5 + 12.6 F g " at a
current density of 0.1 A g”' (Fig. S24, ESIf) at 300 °C. These
values represent an outstanding 60-fold increase when com-
pared to the initial capacitance of GO (~2.5 F g™ '). The
values of specific capacitance measured for TrGO are similar
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using 1 M H,SO, and 6 M KOH as aqueous electrolytes
(Fig. S25, ESIT).%

The evolution of the specific capacitance values as a func-
tion of the annealing temperature can result from three
different contributions. First, the increase in surface area with
the annealing temperature (Fig. S26a and c, ESI}) is directly
proportional to the electrochemical performance. The surface
area of pristine GO (~13 m® g™') increases up to 40 times
(~480 m> g7') upon thermal annealing under both atmos-
pheres due to the gradual removal of OFGs. However, it has
been reported that the GO annealing at higher temperatures
(=500-800 °C) would lead to a decrease in surface area, which
is due to the partial coalescence and overlap of graphene
sheets.®>”®* In the present case, we observed this phenomenon
starting at a temperature of 300 °C, with the crystallite dimen-
sion obtained from XRD. Therefore, the largest surface area is
achieved at low annealing temperatures (<300 °C). Secondly, it
is also important to highlight that the presence of heteroatoms
and functional groups is advantageous, as they can provide a
large additional pseudocapacitance.?” Interestingly, Zhao et al.
showed that the annealing of GO at temperatures between 200
and 500 °C can lead to materials with higher surface area and
the specific capacitance exhibited a decrease from 200 °C due
to the high loss of OFGs.®® As evidenced by XPS and ssNMR
analyses, GO samples annealed at a temperature <300 °C
feature small amounts of OFGs, in particular Cyp.~O, which
seem to be the key for the enhanced electrochemical perform-
ance of TrGO. Lastly, film conductivity also plays a key role in
the electrochemical performance as low resistivity guarantees
a quick charge propagation through the electrode material. In
the present case, as we are removing OFGs, the mechanism is
governed by the increase in the surface area of the GO and the
increase in film conductivity (Fig. S26b and d, ESI}), yielding
capacitance values comparable to the state of the art of TrGO
(Table S6, ESIf).*>6%6%:%5768 when the reduction is performed
under argon, the increase in specific capacitance with the
annealing temperature is followed by the increase in both
surface area and film conductivity. Differently, when the
reduction is carried out under air the same trend also occurs
for the specific capacitance and film conductivity but not for
the surface area at 150 and 200 °C. We can conclude that the
increase in film conductivity has a higher effect on the electro-
chemical performance of TrGO under air, while under argon
the effect of surface area and film conductivity cannot be dis-
tinguished. Importantly, a high annealing temperature
(>300 °C, independently from the reduction atmosphere) is
detrimental for the electrochemical performance of TrGO. The
TrGO samples prepared under such conditions feature a
smaller surface area and decreased pseudocapacitance due to
the reduction of OFGs on GO’s surface. Furthermore, an
increase in the interface electrical resistance arises from the
overlap of graphene sheets. By employing the mildest and opti-
mized annealing conditions, our TrGO exhibits state of the art
capacitance (Table S6, ESIT) compared to other TrGO prepared
at low temperatures. The device’s electrochemical performance
depends on its individual components, which are the elec-
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trode, electrolyte, separator and current collector.®® Although
the charges are mainly stored in the electrode material (i.e.,
TrGO), the other components also play key roles in the overall
electrochemical performance.”® The influence of the current
collector is tested by comparing carbon paper with Ni foam. As
can be seen in Fig. S27, ESI} the specific capacitance of ther-
mally reduced GO at 200 °C under air and 6 M KOH as an elec-
trolyte increases from 154 F g~ to 208 F g~' at 0.1 A g*
current density using a Ni foam current collector. This
increase originates from the higher electrical conductivity of
the Ni foam current collector as well as the stability of the
whole system at higher voltages (up to 1 V), as can be seen in
Fig. S27b and c, ESIL.T Furthermore, the electrochemical impe-
dance spectroscopy data are analysed using Nyquist and Bode
plots (Fig. 5¢ and f and S28, ESIT). The Nyquist plot of an ideal
double-layer capacitor should be a vertical line, parallel to the
imaginary axis.”* The presence of a semicircle at high frequen-
cies is related to the different OFGs on the GO surface endow-
ing it with a pseudocapacitive behavior. For GO and TrGO
under air up to 130 °C and up to 150 °C under argon, no semi-
circle can be observed (Fig. 5¢ and f and S28a and d, ESI}) due
to the intrinsic internal resistance of the electrode materials
being too high as has been shown in the film resistivity ana-
lysis (Fig. 1c). The experimental results are well fitted with the
two indicated circuits (Scheme S11). Ry is the combined internal
resistance, including the interfacial contact resistance of the
material with the current collector, the ohmic resistance of the
electrolyte and the intrinsic resistance of the current collector,
which can be obtained from the high-frequency region of the
Nyquist plot at the intersection on the real axis.”> R is the
interfacial charge transfer resistance, corresponding to the dia-
meter of the semicircle, which represents the resistance of
electrochemical reactions at the electrode surface.”?
Furthermore, the semicircle can also reflect a constant phase
element (CPE) due to the double-layer behaviour. In the
middle frequency region, the sloping transmission line corres-
ponds to the Warburg element Zy, describing the transfer and
diffusion of the electrons and electrolyte ions in the pores of
the electrode materials. The nearly vertical line in the low fre-
quency region reflects an excellent capacitive behaviour of the
electrodes. The fitting parameters can be seen in Table S7,
ESL.T The low R.; values are consistent with the fact that at a
scanning rate as high as 200 mV s™*, the CV curve still shows a
rectangular shape with small distortion, indicating that the
TrGO samples show a good rate capability.

From the Nyquist and Bode plots an important parameter
can be calculated, the conductance of the (Tr)GO film (G,) (see
the Experimental section for details), which can be converted
to conductivity when normalized by the film thickness.
Fig. S29a, ESIf shows the G, of (Tr)GO under air at different
temperatures in the frequency range of 0.1-10° Hz. From
0.1-10 Hz, there is no dependence of the annealing tempera-
ture and Gp, and from 10*-10° Hz G, is not stable. Therefore,
for a better comparison, the frequency range of 10-10* Hz is
selected. Fig. S29b and c, ESIt show the G}, of (Tr)GO under air
(Fig. S29b%) and under argon (Fig. S29ct) at different tempera-
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tures. The same trend, in full agreement with previous charac-
terization techniques, is obtained. When the annealing is per-
formed under air, Gp gradually increases from 150 °C with the
annealing temperature. Differently, when the annealing is
performed under argon, Gp increases abruptly at 200 °C and
then becomes constant at higher annealing temperatures. In
all cases, the film thickness is ~1 mm and the conductivity
plot (Fig. S30, ESIf) exhibits similar values compared to the
ones obtained from film resistance measurements (Fig. 1c,
S26b and d, ESIt). The energy and power densities of TrGO
annealed at 200 °C under air are plotted in Fig. S31, ESIt with:
(1) the highest energy density of 7.35 W h kg™ achieved at a
power density of 0.057 kW kg~ and (2) the highest power
density of 2.86 kW kg ™' achieved at an energy density of 6.62
W h kg™'. These values of energy and power densities are well
suited for energy storage applications’* Finally, to investigate
the electrochemical stability of TrGO at 200 °C under air, GCD
cycling was performed at a current density of 3 A g~ (Fig. S32,
ESIT). After 2000 cycles, the capacitance decay is only 0.4%,
indicating that TrGO has excellent cycle durability.

3. Conclusions

In summary, we presented an optimized, scalable, easily con-
trollable, and low-temperature (<300 °C) annealing procedure
without chemical treatments for the production of reduced
graphene oxide with electrical properties at will. The use of
multiple techniques made it possible to gain an unpre-
cedented insight and control over the compositional, struc-
tural, morphological and (electro)chemical characteristics of
the materials. The oxygen atoms’ reorganization on the GO
surface to promote H,0 and CO, release is favoured in a range
of temperatures between 130 and 200 °C as shown from the
TGA, XPS and ssNMR analyses. Therefore, it is possible to
achieve the elimination of OFGs without promoting the
ignition of the carbon framework when the reduction is per-
formed in air. The main OFG formed during the annealing is
Csp=—O, which does not result in any mass loss but it deter-
mines a variation of the electrical nature of GO from insulating
to conductive. We have demonstrated that film resistivities of
~107>-10"* Q@ m can be achieved by annealing under air
between 150 and 200 °C for 24 and 4 hours, respectively, and
under an inert atmosphere from 200 °C for 4 hours. Such
results indicate the viability of GO reduction upon annealing
at temperatures as low as 150 °C, compatible with the use of
plastic substrates. Interestingly, films supported on plastic
substrates showed unaltered resistance when subjected to
2000 bending cycles. This represents an important step
forward for application in wearable and flexible electronics.
Thermally-reduced GO at 200 °C under air exhibited an
enhanced electrochemical performance (a specific capacitance
of 208 F g™ ' at a current density of 0.1 A g™ and a capacitance
retention >99% after 2000 cycles). Although the loss of OFGs is
detrimental to the electrochemical performance, it is compen-
sated with a high gain in the surface area and film conduc-
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tivity, yielding ~450 m> g~ and 10> S m™", respectively. Our
protocol can be performed in any lab and it is scalable for
industrial applications.

4. Experimental section

4.1. Materials

Graphene oxide (GO, 4 mg mL™", monolayer content >95%,
Graphenea), polytetrafluoroethylene (PTFE) binder (Sigma
Aldrich), N-methyl-2-pyrrolidone (NMP) (Sigma Aldrich), pot-
assium hydroxide (KOH) (Fisher), sulfuric acid (H,SO,) (Sigma
Aldrich), tetraethylammonium tetrafluoroborate ((C,Hs),NBF,)
(Acros Organics), and acetonitrile (Carlo Erba reagents).

GO (powder). Solid GO was obtained by lyophilization from
the commercially available GO solution using a freeze dryer
(Christ).

GO films. A 4 mg mL™' aqueous dispersion of GO was
diluted to a concentration of 0.4 mg mL™", then drop-cast on
glass slides, and finally dried under air.

4.2. Methods

Thermal annealing of GO. GO (powder) and GO films were
annealed at different temperatures for 4 or 24 h in a muffle
oven (16 cm x 16 cm) under air (1 bar) or in a tubular oven
(100 cm x 7 cm) under argon (continuous flow 1 bar) before the
measurements. GO powders were annealed from a mg scale to
a gram scale. Besides, GO (powder) was also annealed at
different temperatures for 4 or 24 h in a thermogravimetric
analyzer (TGA) under air or nitrogen before the Raman and
X-ray photoelectron spectroscopy (XPS) analyses. The compo-
sition, structure, and texture properties of the materials were
investigated by powder X-ray powder diffraction (PXRD)
measurements (Bruker D8 X-ray diffractometer). TGA decompo-
sition curves were recorded in the range of 25-300 °C operating
under air or a nitrogen atmosphere with a thermal step of
10 °C min~" on a Mettler Toledo TGA/SDTA851e system. An
XPS (Thermo Scientific K-Alpha X-ray photoelectron spectro-
meter) equipped with an aluminium X-ray source (energy
1.4866 keV) at a vacuum level of 107°~107° mbar in the main
chamber was used. The spot size of the X-ray beam was fixed at
400 pm. Raman spectra were acquired with a Renishaw inVia
Reflex system. The spectrograph used a high-resolution grating
(2400 grooves per cm) with additional bandpass filter optics, a
confocal microscope, and a 2D-CCD camera. Excitation was
carried out using a 532 nm laser excitation beam with a 100x
objective, 0.2 mW maximum power and 1 s acquisition time.
The specific surface area was measured using a Micromeritics
ASAP 2050 surface area and porosity analyzer. Before the
Brunauer-Emmett-Teller (BET) measurements, the samples
were outgassed for 12 hours at 95 °C. Adsorption isotherms
were calculated for nitrogen adsorption at 77 K and a pressure
up to 1 bar. Photoelectron yield spectroscopy in air (PYSA)
measurements were performed on (Tr)GO drop-cast on an ITO/
glass substrate with an AC-2 photoelectron spectrometer

This journal is © The Royal Society of Chemistry 2023
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(Riken-Keiki Co.). A UV light intensity of 40 nW and a counting
time of 10 seconds per point were used for the measurement.

4.3. Solid-state MAS NMR

All experiments were performed at room temperature on an
AVANCE 500 MHz wide bore spectrometer (Bruker™) operating
at a frequency of 500.12 MHz for "H NMR and 188.5 MHz for
3C NMR. As GO is generally barely protonated the classical
cross-polarization magic angle spinning (CP/MAS) proves
ineffective in obtaining '*C quantitatively,””> Then a DP/MAS
(direct polarization with magic angle spinning) pulse scheme
was preferred by using a speed synchronized spin echo
sequence with proton decoupling during acquisition.”® The
latter allows us to obtain undistorted line shapes and filter out
background probe signals, giving integrable spectra providing
recycling delays that fulfill quantitative rules, i.e. equal to ca. 3
to 5 times that of the longitudinal relaxation time (**C T).
Under our conditions (speed and fields) T;s were measured to
be less than 300 ms (saturation/recovery method, data not
shown). *C spectra were recorded using a triple resonance
MAS probe (Bruker™), allowing the samples to be spun at 22.5
kHz after packing them inside 3.2 mm o.d. zirconia rotors
(closed with Vespel caps). Recycle-time delays were set to 1.5
seconds and 10240 transients over 8192 time-domain points
separated by 2 ps dwell time were added, leading to a
61.035156 Hz pt™" spectral resolution (spectral width = 250
kHz and total acquisition time per spectrum = 4 hours
30 min). "*C NMR and "H NMR RF-fields were 60 kHz and 95
kHz, respectively. For the 300 °C thermally treated samples,
the conductivity was such that it was very difficult to tune the
probe. The concern was fixed by dispersing these powders in
silica.”” Raw data were processed with a 150 Hz Lorentzian
filter followed by Fourier transformation without zero filling.
Chemical shifts are referenced to TMS by the substitution
method using adamantane as an external reference. Spectral
deconvolution was performed within Topspin™ software suite
from Bruker™ using a CSA (chemical shift anisotropy) model.

4.4. Four-point probe measurements

Film resistivities were measured with a Jandel probe, Model
RM3000, and the limit of detection is 10’ Q sq~". The resis-
tivity (p) was obtained using the following equation:

p=Rs-1 (1)

where R; is the sheet resistance and [ is the thickness of the film.

4.5. Atomic force microscopy (AFM)

AFM characterization was carried out to determine the GO
film thickness using a Bruker Dimension Icon microscope in
intermittent contact mode using a TESPA-V2 silicon tip with a
force constant (k) =42 Nm™".

4.6. Bending characterization

GO water solution (0.4 mg mL™") was spray coated onto PET
substrates at 100 °C (2.5 x 1.2 cm?, 125 pm thick) and annealed
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at 150 °C for 24 h in air. The reduced film of GO on PET was
allowed to contact electrically with conductive copper tape. The
sheet resistance of the film was 40 kQ sq~". The stability test of
the TrGO conductive film to fatigue bending was carried out by
performing 2000 bending cycles with a bending radius of 6 mm
using a digital force gauge (Mark-10, M7-025E, ~25 N) equipped
with a motorized test stand (Mark-10, ESM-S-8 303E). All the
above-mentioned tests were performed by applying a bias
voltage of 1 V by means of a Keithley 2635B.

4.7. Fabrication of supercapacitors

The electrochemical performance of thermally-reduced gra-
phene oxide was measured in a two-electrode symmetric super-
capacitor system. Two electrodes were assembled in CR2032
stainless steel coin-type cells with a porous cellulose membrane
as a separator and 6 M KOH or 1 M H,SO, aqueous solution or
1 M tetraethylammonium tetrafluoroborate ((C,Hs),NBF,) in
acetonitrile as an electrolyte. The preparation procedure of the
electrodes is shown as follows. First, a paste was prepared by
fully mixing 90 wt% of sample (18 mg), 10 wt% polytetrafluoro-
ethylene (PTFE) binder (2 mg) and a certain amount of
N-methyl-2-pyrrolidone (NMP) using an agate mortar and
pestle. The paste was coated over the carbon paper or Ni foam
electrode, which was then subjected to a quick dry at 80 °C.
The electrodes were completely dried at 80 °C in a vacuum
oven for 16 h. Finally, the Ni foam electrodes were pressed at
10 MPa for 1 minute. The mass loading of (thermally reduced)
graphene oxide was ~0.5 mg in each electrode.

The devices were electrically characterized by cyclic voltam-
metry (CV), galvanostatic charge/discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) using a Metrohm
Autolab PGSTAT204 potentiostat/galvanostat and the Autolab
DuoCoin cell holder (Metrohm AG). The frequency range for the
impedance spectra was from 0.1 Hz to 100 kHz with a sine-wave
voltage signal amplitude of 50 mV (root mean square, RMS). CV
and GCD tests were carried out between 0 and 0.6 V. Stability
tests were performed using a battery testing system (Neware).

4.8. Calculation of the specific capacitances, energy densities
and power densities

From charge-discharge measurements, the specific capaci-
tances (Cp,), energy densities (E), and power densities (P) of
(thermally reduced) graphene oxide were obtained from the
acquired data using the following equations:”®

c_ 2-1-At 2)
L N
1 2
E:;CP-AV (3)
E
p=— 4
At “

where I is the discharge current (A), At is the discharge time
(s), m is the weight of the active material in an individual elec-
trode (g), and AV is the discharge voltage (V) excluding the
internal resistance (iR) drop during the discharge process.
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4.9. Calculation of conductance (Gp)

As previously reported,” we can express the sample G, in
terms of the measurable, fundamental Z-related parameters:
ZY
Gp=—5 (5)
P z
1]
where Z' is the real part of the impedance obtained from the
Nyquist plot and Z is the modulus of the impedance obtained
from the Bode plot.
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