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Abstract: Many of the graphene-based structures exhibit an adsorption capacity due to their high
specific surface area (SSA) and micropore volume. This capacity makes them competent materials
for applications in energy and environmental sectors where efficiency is highly dependent on these
properties for applications, such as water decontamination, solar cells or energy storage. The aim
of this work is to study graphene-related materials (GRM) for applications where a high SSA is a
requirement, considering the ideal SSA of graphene = 2600 m?g~!. For the synthesis of most of the
GRMs, some oxidation method such as the Tour method is used to oxidize graphite to graphite oxide
(GrO) as an initial step. Our work studies the optimization of this initial step to evaluate the best
conditions to obtain GrO with the maximum possible SSA. The different parameters influencing the
process have been evaluated and optimized by applying an experimental design (ED). The resulting
materials have been characterized by Brunauer-Emmett-Teller (BET), elemental analysis (EA), X-ray
diffraction (XRD) and Raman and scanning electron microscopy (SEM). The evaluation of the results
shows a maximum SSA of GrO of 67.04 m2g{1 for a temperature of 60 °C, a time of 12 h, a H;O,
volume of 50 mL and 4 g of KMnOy.

Keywords: Tour method; experimental design; graphite oxide; optimization; specific surface area

1. Introduction

Many of the latest energy and environmental needs require the use of materials with
very specific properties, such as low thermal resistance, high electrical conductivity, high
specific surface area, porosity or light weight, to meet their goals. Materials with high
specific surface area (SSA) are particularly requested, as the efficiency of many industrial
applications of importance, such as solar panels manufacturing, batteries or supercapaci-
tors, depends on this very property. Over the last decades, the use of advanced high-SSA
materials has highly increased: e.g., metal-organic frameworks [1-3], graphitic carbon
nitrides [4,5], graphene oxide-based nanomaterials [6,7], zeolites [8-10] or porous metal

C 2023, 9, 65. https:/ /doi.org/10.3390/c9030065

https:/ /www.mdpi.com/journal/carbon


https://doi.org/10.3390/c9030065
https://doi.org/10.3390/c9030065
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/carbon
https://www.mdpi.com
https://orcid.org/0000-0003-4517-2415
https://orcid.org/0000-0002-5912-1128
https://orcid.org/0000-0003-2890-3976
https://orcid.org/0000-0002-1594-6275
https://doi.org/10.3390/c9030065
https://www.mdpi.com/journal/carbon
https://www.mdpi.com/article/10.3390/c9030065?type=check_update&version=3

C 2023, 9, 65

2 0f23

oxides [11,12], use in catalysis due to their adsorption capacity [13-16], hydrogen stor-
age [17,18], water decontamination [19-22] or removal of radioactive elements [23,24]. For
all these applications, graphene stands out as a material with an exceptionally high SSA,
2600 ng’l [25]. Graphene is defined as a two-dimensional one-atom-thick material, con-
sisting of a hexagonal lattice of carbon atoms [26]. Since it was first obtained in 2004 [27], it
has increasingly attracted the interest of many researchers for bringing together a number
of properties that are difficult to combine in a single material, such as transparency [28],
strength [29], electrical conductivity [30], flexibility [31] and biocompatibility [30,32,33].
Those properties make graphene a highly versatile material for a wide range of appli-
cations: sensors [34], drug delivery [35], anti-corrosion coatings [36], solar panels [37]
or electronics [28,31,38]. However, production issues, such as high energy consumption,
pollution or the requirement for expensive equipment, direct band gas or the need for
functionalization, mean that for most applications of graphene, its use as a pure material
is not feasible. For this reason, work is usually carried out with materials derived from
graphene, which are able to maintain most or some of the properties of interest of graphene,
depending on the specific goals and applications pursued. GRM can be obtained in the
form of fibers [39—41], films [42—44] or three-dimensional structures [16,45-47]. They also
have the advantage that they can be doped or functionalized with different elements or
compounds to improve them and therefore make them more suitable for each applica-
tion [48-53]. One graphene material that stands out for its high SSA is the graphene aerogel
(GA), which also has a low density and high porosity.

In most GA synthesis methods, graphene oxide (GO) is used as the starting material [54-57].
It is also the starting material for other graphene-related materials such as reduced graphene
oxide (rGO), which is also able to reach high values of SSA [58]. In addition, GO in its initial
form can be used in a multitude of applications, e.g., for microwave absorption [59,60].
The presence of oxygenated functional groups on the surface of graphene sheets gives
them great versatility to carry out different chemical syntheses, i.e., joining them to form
aerogel [54,55,61-63], reducing them into rGO [64-66] or functionalizing them with different
organic and inorganic compounds [67,68]. Additionally, GO has a soluble structure in
polar media like water, which is used as a solvent for many syntheses methods of this
type [69-71].

In order to obtain GO, graphite is initially oxidized to graphite oxide (GrO), thus
increasing the initial distance between the graphite sheets by introducing oxygenated
functional groups that eliminate some of the double bonds of the graphene layers. This
decreases the pi interactions between graphite sheets. Therefore, the process of oxidation
of graphite to GrO is the initial step in most GRM synthesis methods and will determine
both the degree of oxidation and the SSA of the GrO obtained. The first study on the
oxidation of graphite was described by Brodie in 1859 [72], where KCIO3 and nitric acid
were used to treat a suspension of graphite for 4 days at 60 °C. Subsequent studies focused
on improving the efficiency of the process and decreasing the risk of explosion due to
KClO;. Staudenmaier replaced HNO; by a mixture of HNO3; and H,SO4, improving the
efficiency of the process [73], which could thus be carried out in a single step. However,
this method did not avoid the risk of explosion because it still used KClO3 and high
temperatures. In 1958, Hummers and Offeman developed a new, faster, more efficient and
safer method [74], in which the graphite was treated with NaNO3, HySO; and KMnOy.
Although it is currently one of the most widely used and modified methods, one of the
disadvantages is the generation of toxic gases (NO, and N,O4) from NaNOj3. This problem
is avoided with the Marcano-Tour method [75,76], in which the use of NaNOj is eliminated
and the oxidation process is carried out with a mixture of H,SO4 and H3POy (9:1) and
larger amounts of KMnOjy.

The aim of this work is to optimize the process of graphite oxidation. A thorough
study of this step is necessary to be able to control and evaluate the SSA, degree of oxidation
and porosity of the starting GrO obtained for the synthesis of different GRM. Obtaining
a GrO with a high SSA is conclusive for subsequently obtaining GRM materials with
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a high SSA, which has a direct influence on many applications. For this purpose, the
Tour method has been employed, since this method achieves higher degrees of oxidation
and does not produce toxic gases [77] (compared to the Hummers method [78]). An
experimental design (ED) has been developed with the main parameters that affect the
synthesis of the method. These parameters are temperature, time and certain quantities of
reagents. The SSA, percentage of carbon (% C) and t-Plot micropore volume (MV) have
been chosen as responses of ED since they are the characteristics that have a conclusive role
in most adsorption-related applications. In general, studies of the influence of the different
process variables are carried out individually, leaving the rest of the variables fixed. This
methodology has the disadvantage that the interactions between variables cannot be taken
into account, therefore losing part of this information. In our work, a study of all the major
variables that can influence the GrO synthesis process is addressed simultaneously, giving
rise to a thorough analysis of both the effect of each individual variable and the interactions
that appear among them, as well as the properties of the materials obtained under different
experimental conditions. With good knowledge of how the different parameters affect the
material obtained, a starting point is set for the regulation of its properties and structure
according to the needs of future studies and applications.

The extensive characterization carried out on all the GrO samples has provided addi-
tional information on the most influential variables in the synthesis, as well as allowing us
to verify the method used in the ED.

2. Materials and Methods
2.1. Materials

Graphite powder (<200 pum, synthetic) was purchased from Sigma Aldrich (Ried-
str. Steinheim, Switzerland). Phosphoric acid (H3PO4, 85% w/w), concentrated sulfu-
ric acid (HpSOy4, 98% w/w), potassium permanganate (KMnO,) and hydrogen perox-
ide (HpOy, 33% v/v) were of analytical grade from Merck (Darmstadt, Germany); hy-
drochloric acid (HCl, 37% w/w) was from GlobalChem (Cosela S.L., Seville, Spain); and
ultrapure water (Resistivity <18.2 MQ) cm') was from Milli-Q system (Millipore Bedford,
Bedford, MA, USA).

2.2. Synthesis of Graphite Oxide Based on the Tour Method

For the synthesis of graphite oxide, the Tour method [75,76,79,80] has been employed.
For this purpose, 100 mL of a mixture of HySO4 and H3PO4 (9:1 v/v) was prepared to
which 0.5 g of graphite was added with stirring. Then, KMnOy (3 or 4 g) was added
slowly, at a time range of 30 min. The mixture was left stirring (for 12 or 16 h) at a certain
temperature (45 or 60 °C). After this time, 250 mL of distilled water cooled in ice is added
drop by drop. This process lasts about 30 min. Finally, HO; (10 or 50 mL) was added,
generating a light-yellow mixture. The reaction mixture was allowed to settle overnight.
The next day the supernatant liquid was removed with a pipette and the solid was washed
twice with 150 mL of a 10% HCl solution. The obtained graphite oxide was centrifuged
for 1 h at 8000 rpm, diluting it in water up to 350 mL. This process was repeated until the
centrifugation liquid reached a pH of 5-6. Then, the product was placed in Petri dishes,
frozen for 48 h and freeze-dried for 5 days. Figure 1a shows an example of a Petri dish
with GrO after freeze-drying, while Figure 1b shows the lamellar structure formed in the
material after this process. Finally, the material obtained is ground with a ball mill (Retsch
(Haan, Germany), MM400) at 7 Hz for 6 min.
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Figure 1. (a) GrO after freeze-drying; (b) lamellar structure formed in GrO after freeze drying.

2.3. Experimental Design

A screening ED (factorial design with two levels and four factors, 2%) was carried
out using STATGRAPHICS Centurion XVIIL. SSA, percentage carbon (% C) and t-Plot MV
were chosen as study responses. The experimental factors used were temperature, time,
weight of KMnO, and volume of HyO;. For each experimental factor, two values have
been defined—for temperature, 45 and 60 °C; for time, 12 and 16 h; for KMnOy, 3 and 4 g;
and for HyO,, 10 and 50 mL—thus establishing the 16 experiments shown in Table 1.

Table 1. Experimental conditions of the 16 experiments obtained with the ED.

Experiment Temperature (°C) Time (h) H,O;, (mL) KMnOy (g)
GrO_Exp01 60 12 50 4
GrO_Exp02 45 16 50 3
GrO_Exp03 45 12 10 4
GrO_Exp04 45 12 10 3
GrO_Exp05 45 12 50 4
GrO_Exp06 45 16 10 4
GrO_Exp07 60 16 10 4
GrO_Exp08 45 16 50 4
GrO_Exp09 60 16 10 3
GrO_Exp10 60 12 50 3
GrO_Exp11 60 16 50 4
GrO_Exp12 45 16 10 3
GrO_Exp13 60 12 10 3
GrO_Exp14 60 16 50 3
GrO_Expl5 45 12 50 3
GrO_Expl6 60 12 10 4

2.4. Characterization

To evaluate structural parameters and how they influence adsorption process—in partic-
ular, the interaction potential between the pore surface and gas—N, adsorption/desorption
processes were applied at 77 K temperature, employing ASAP 2020 (Micromeritics, Nor-
cross, GA, USA) equipment. The Brunauer-Emmett-Teller (BET) method was applied to



C 2023, 9, 65

50f23

determine the SSA. At the same time, the morphology of the pores plays an important role,
so the micropore volume was evaluated using the t-Plot method.

The total carbon content was determined by combustion using a TruSpec CHN ele-
mental analyzer (LECO, Benton Harbor, MI, USA). This method determines the carbon
content by heating to a temperature of at least 900 °C in the presence of oxygen gas. Then,
graphene was oxidized and/or volatilized to carbon dioxide (CO;). The amount of carbon
dioxide was measured using an infrared detection method.

Structural studies were performed employing X-ray diffraction (XRD) equipment,
X'Pert Pro diffractometer (Malvern PANalytical, Malvern, UK), with Cu K_ radiation
(A = 1.54 A) with an operating at 45 kV and 40 mA. XRD data were collected in 66 config-
uration in the angular range of 5 < 2 < 80 with a 0.017 step size.

Raman spectra were acquired using a B&WTek i-RamanTM, ExemplarPro model, with
an operation power of 100 mW. A green HeNe laser with a wavelength of 532 nm was
focused onto the sample. The scattered radiation was then collected obtaining a resolution
of 2.99 cm ! /pixel.

The morphology of the samples was observed using scanning electron microscopy
(SEM), using a FEI InspectTM F50 (FEI Company, Columbia, MD, USA) at 5 kV of accelerat-
ing voltage. Some images were taking of each sample to the same different magnifications
in order to compare the images.

3. Results and Discussion
3.1. Experimental Design Analysis

The experimental design has been completed with the introduction of the results
obtained for % C, SSA and t-Plot MV as responses in the software: STATGRAPHICS
Centurion XVIIL The importance and influence of the different variables of the synthesis
process on these responses has been analyzed. For this purpose, standardized Pareto
diagrams and main effects plots have been represented for each response (Figures 2—4). The
Pareto diagrams (Figures 2a, 3a and 4a) show horizontal bars representing the value of the T-
Statistic of the effects of each variable and interaction of variables on the studied responses.
These bars are ordered from highest to lowest according to the level of significance. Grey
bars indicate that the effect of the variable on the studied response is positive, while
blue bars indicate a negative effect. Bars above the vertical blue line are considered
statistically significant at a 5% confidence level. On the other hand, the main effects plots
(Figures 2b, 3b and 4b) represent the estimated variation for the responses as a function of
the different process variables. This estimation is plotted when each variable moves from
its lowest value to its highest value with the rest of the variables set at an intermediate
value between the two levels.

Figures 2 and 3 show the standardized Pareto diagrams and main effects plots for
SSA and t-Plot MV, respectively. The Pareto diagrams (Figures 2a and 3a) show that the
variable with the strongest influence on both responses is temperature, which is statistically
significant, especially in the case of t-Plot MV. In the main effect plots (Figures 2b and 3b),
a similar variation can be seen for both SSA and t-Plot MV with respect to the different
variables. Both responses increase with increasing temperature and increasing amounts of
KMnQOy and H,0O; and decrease with time.

During the graphite oxidation process, CO; bubbles are generated at around 45 °C
and above, as described in the literature [81]. As the temperature increases, both the
oxidation process and the CO, generation rate or extension can be higher, leading to a
greater separation of the GO sheets with an exfoliation effect. In addition, at 55 °C and
above, thermal decomposition of the intermediate species Mn,O7 occurs [82], producing
O; bubbles, which contributes to the exfoliation process. Residual KMnO, causes the same
effect by introducing oxygenated groups in the basal planes that separate the graphite
sheets from each other [83,84]. H,O, contributes to increasing the degree of exfoliation
generating O,%~ that intercalates between the graphite sheets [80,85]. Time has a negative
effect on both responses due to the effect of over-oxidation [86-88], since greater amounts of
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oxygenated functional groups are formed at longer times. This results in the fragmentation
and degradation of the GrO structure.

Figure 4 shows the Pareto diagram and main effects plot for % C. The Pareto diagram
(Figure 4a) shows that the factor that most influences this response is the interaction between
H,O; volume and temperature. This interaction has a positive effect on % C, although it
is not statistically significant. This interaction has the most positive influence on the SSA
and t-Plot MV graphs also, although in both cases, it is not statistically significant. It could
be assumed from the data collected that the most influential variables are temperature
and time.

The main effects plot (Figure 4b) shows that the % C decreases with increasing temper-
ature, time and amount of H,O, and increases with increasing amount of KMnOy. As the
temperature increases, the oxidation rate of the graphite increases [75], resulting in a more
oxidized GrO product with a lower carbon content. With increasing time, more oxygenated
groups are incorporated [84], generating the same effect. It is likely that the addition of
more HyO, produces the exfoliation effect mentioned above, opening and exposing intact
areas of GrO sheet to the oxidant. This effect could cause a larger surface area of GrO to be
oxidized, consequently decreasing the carbon ratio. KMnOy contributes to increasing the
percentage of C due to the effect of over-oxidation [88].

a) Standardized Pareto Diagram for SSA
L T T T
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Figure 2. SSA analysis: (a) normalized Pareto diagram; (b) main effect plot.
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Standardized Pareto Diagram for Micropore Volume
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Figure 3. Micropore volume analysis: (a) normalized Pareto diagram; (b) main effect plot.
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Figure 4. % C analysis: (a) normalized Pareto diagram; (b) main effect plot.
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Finally, according to the ED performed, the synthesis conditions with the best condi-
tions for the oxidation of graphite to GrO are shown in Table 2.

Table 2. Optimum synthesis conditions obtained by applying ED.

Variable (units) Optimum Value
Temperature (°C) 60
Time (h) 12
H,0, (mL) 50
KMnOyq (g) 4

The best experimental conditions correspond to GrO_Exp01 of the ED, where an SSA
of 67.04 m?g~1, a t-Plot MV of 0.018 cm®/g and a % C of 38.9 are obtained. After examining
the results obtained in the ED, a clear difference between the GrO samples obtained at
45 °C and those at 60 °C is observed. The latter seem to be more affected by the processes
of CO; release and MnyO7 decomposition, which generate an additional exfoliation in the
materials. According to the Pareto diagrams obtained in the ED, temperature is the most
influential factor in the graphite oxidation process.

3.2. Sample Characterization

In addition to the Standard Deviation (SD), all samples have been characterized
chemically, structurally and morphologically. The relevant parameters have been calculated
for each of the applied techniques and the influence of each of the process variables has been
evaluated individually by calculating the T-Student (5% confidence, reference value: 1.89)
for each response. In this way, the influence of the variables on the parameters calculated
for each technique can be established.

3.2.1. BET Analysis

The different GrO samples obtained were analyzed by BET, using the N, adsorption
and desorption method to determine the SSA and t-Plot MV. Table 3 shows the range,
average, SD and T-Student of the results corresponding to SSA and t-Plot MV. The full
results can be found in Table A1, in Appendix A.

The SSA data show an overall range of 23.4-67.0 (m?g~!). The maximum value
obtained is higher than those obtained by other authors using the same synthesis [89]. It is
remarkable that the maximum value comes out at the shortest time.

The highest SSA average values have been obtained in the samples synthesized at
60 °C, 12 h, 50 mL H,O; and 4 g KMnOjy. Considering the calculation of the T-Student, it
can be seen that the results obtained in the temperature variation are statistically discrepant.
However, variations in the amounts of H,O, and KMnO,4 do not produce significant
changes in the SSA of the obtained GrO.

In the case of t-Plot MV data, the overall range is between 0.0009-0.0181 (cm3g~1).
The difference in the obtained results is of two orders of magnitude.

The average values of t-Plot MV show a similar variation to those obtained for SSA,
the samples synthesized at 60 °C, 12 h, 50 mL H,O; and 4 g KMnOy being the ones with
the highest t-Plot MV. According to the results obtained from T-Student, a significant
discrepancy between the results obtained with the maximum and minimum temperature
values is observed, as in the case of SSA, while variations in time and amounts of H,O,
and KMnOy do not produce significant changes.

These results are in agreement with those obtained by ED, where the Pareto diagrams
show that the variable that most affects SSA and t-Plot MV is temperature, and in this case,
the results are also statistically discrepant.

Considering that most environmental and energy applications based on adsorption re-
quire high SSA and porosity, the best synthesis conditions would be at higher temperatures
and reagent quantities and short times.
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Table 3. Range, average, SD and T-Student of the results corresponding to SSA and t-Plot MV of the
16 GrO samples obtained in the ED.

SSA (m?g~1)
Variable Value
Range Average SD T-Student
45 23.4-574 33.2 11.6
T(°C) 3.0
60 40.6-67.0 48.3 8.9
12 25.1-67.0 45.6 13.6
t (h) 1.6
16 23.4-51.2 35.9 10.3
10 25.3-57.4 40.0 10.5
H,0; (mL) 0.22
50 23.4-67.0 415 15.2
3 25.3-51.2 40.5 9.4
KMnOy (g) 0.05
4 23.4-67.0 41.0 15.9
t-Plot-(Micropore Volume, cm3g—1)
Variable Value
Range Average SD T-Student
45 0.0009-0.0059 0.0028 0.0015
T(°C) 44
60 0.0070-0.0181 0.0089 0.0037
12 0.0022-0.0181 0.0069 0.0050
t (h) 1.0
16 0.0009-0.0082 0.0048 0.0031
10 0.0021-0.0080 0.0055 0.0024
H,0; (mL) 0.31
50 0.0009-0.0181 0.0062 0.0057
3 0.0009-0.0082 0.0050 0.0030
KMnOy (g) 0.01
4 0.0021-0.0181 0.0067 0.0052

3.2.2. Elemental Analysis

All the samples obtained were analyzed to determine their total C content. Table 4 shows
the range, average, SD and T-Student of the results corresponding to carbon percentage.

Table 4. Range, average, SD and T-Student of the results corresponding to C content of the 16 GrO
samples obtained in the ED.

C (%)
Variable Value
Range Average SD T-Student
45 34.6-43.1 39.1 2.8
T (°C) 1.2
60 35.4-39.0 37.8 1.1
12 37.6-424 39.0 1.7
t (h) 0.88
16 34.6-43.1 38.0 2.7
10 35.4-43.1 39.1 2.5
H202 (l’l’lL) 1.0
50 34.6-40.5 379 1.8
3 34.6-424 38.0 24
KMnOy (g) 0.12
4 36.5-43.1 39.0 2.0

The carbon percentage data show an overall range of 34.6-43.1 (%). The samples
synthesized at a temperature of 45 °C present a slightly higher C content (average carbon
content of 39.1%) than those synthesized at 60 °C (average: 37.8%). The highest % C
average values were obtained in samples synthesized at 45 °C, 12 h, 10 mL H;O, and 4 g
KMnQy. It is observed that none of the values obtained for T-Student exceed the critical
value, indicating that variations in temperature, time and amounts of HyO, and KMnO4
do not produce significant changes in the % C of the GrO obtained.
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These results are in agreement with those obtained by ED, where the Pareto diagrams
(Figure 4a) show that none of the experimental variables are statistically significant with
respect to the % C values. The full results can be found in Table A2 in Appendix A.

In this case, the optimum % C depends on the intended application. GrO with lower %
C could subsequently undergo different reduction treatments to recover the initial graphitic
structure of the sheets and be used in applications requiring electrical conductivity, while
more oxidized GrO are very versatile; thus, they can be chemically functionalized to
improve their properties for selective adsorption applications.

3.2.3. XRD Analysis

The different GrO samples obtained after carrying out the 16 experiments of the ED
have been analyzed by XRD to determine structural parameters. The XRD pattern of
pure graphite presents a peak at 20 = 26.58° (20) corresponding to the [002] diffraction
plane and an interplanar distance, d = 0.335 nm [90]. In the oxidation process, the [002]
diffraction plane broadens and decreases in intensity, while the [001] diffraction plane of
GrO, appears at 26 = 11° [91]. This variation is due to the introduction of oxygenated
groups, mainly hydroxy and epoxy on the surface of the individual graphene sheets,
and carboxyl groups on the edges that break the crystalline structure. The presence of
oxygenated groups increases the interplanar distance, distorting the initial structure of
the stacked sheets. Figure 5 shows the [001] diffraction plane corresponding to the GrO
materials synthesized in the 16 experiments. The diffraction maxima of all GrO come
out in the range of 9.83° <20 < 11.77°, corroborating that oxidation of graphite to GrO
has occurred.

GrO samples
synthesised at 45°C

GrO samples
synthesised at 60° C

GrO_Exp16
e GrO_Exp15
GrO_Expl4

GrO_Exp13
= GrO_Exp12
——GrO_Expll

GrO_Exp10

GrO_Exp09
e GrO_Exp08

GrO_Exp07
— GrO_Exp06

GrO_Exp0S

GrO_Exp04

GrO_Exp03

GrO_Exp02
— GrO_Exp01

Intensity (a.u)

20 (deg)
Figure 5. Graph of [001] diffraction peak for the 16 GrO samples obtained in ED.

It can be seen that there is a clear difference between the samples synthesized at the two
temperatures (the vertical black line marks an arbitrary division between the diffractograms
of GrO synthesized at 45 °C and at 60 °C). The diffraction peaks corresponding to GrO
synthetized at 45 °C (GrO_Exp02-06, GrO_08, GrO_12 and GrO_15) are narrower and more
intense, while those synthesized at 60 °C (GrO_01, GrO_07, GrO_09-11, GrO_13, GrO_14,
GrQO_16) are less intense and wider. This could be due to the fact that at 45 °C, in this
type of materials, gaseous CO; can start to be produced [81], which could be adsorbed
between the GrO films, and it can be desorbed and leave the material if there is high
enough energy [92], producing a certain degree of exfoliation and defects in the films, as
mentioned previously in Section 3.1. On the other hand, according to the literature, Mn,O7
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decomposes at 55 °C and above [82], generating bubbles and facilitating the separation of
the GrO sheets. GrO samples synthesized at 60 °C are more affected by these phenomena,
which produce distortion in the stacked structure, generate defects in the films, decrease
crystallinity and cause exfoliation, giving rise to wider diffraction peaks of lower intensity.
Additionally, the samples obtained at 45 °C show narrower and more intense diffraction
peaks as they retain a greater proportion of stacked structure; therefore, the crystallinity of
GrO is higher. This can be due to the fact that during their synthesis processes, they have
been kept at the temperature at which CO; bubbles start to form, and most of them do
not have enough energy to leave the material. These results are in agreement with those
obtained in the ED, where the temperature is the most relevant parameter and statistically
significant for SSA and t-Plot MV.

The average, SD and T-Student of the results corresponding to the 20 positions, inter-
planar spacing (d), number of stacked layers (n) and crystal size (L) of the GrO obtained
have been summarized in Table 5 (the full results can be found in Table A3 in Appendix A).
The number of stacked layers in the graphite oxide (n) was obtained by Equation (1), where
“L” is the crystal size and “d” is the interplanar spacing;:

n:a 1)

Furthermore, L has been calculated using the Scherrer Equation (2) [93]:
L=(0.94 x A)/(B x cosb), )

where A is the X-ray wavelength, (3 is the line broadening at half the maximum and 0 is the
Bragg angle.

In Table 5a, the average position and d data show an overall range of 9.8-11.2 (20)
and 0.79-0.90 (nm), respectively. It can be observed that the average values for position
only show variations in the case of temperature changes, being statistically significant
according to the obtained T-Student value (7.7). The same trend can be seen for d, for which
a T-Student value of 7.5 has been calculated, exceeding the critical value only in the case of
variations in the synthesis temperature.

On the other hand, Table 5b shows the calculated values of n and L according to the
formulae mentioned above (Equations (1) and (2)). The ranges of total average values for
n and L are 27.7-166.1 (nm) and 33.7-197.7, respectively. For both cases, the T-Student
exceeds the critical value only in the case of temperature variations, reaching a value of
4.5 in the case of L and 4.3 for n.

The general goal is to obtain more porous structures with higher SSA and GrO with
smaller crystal sizes and a lower number of stacked layers. In this case, the best conditions
are reached working at higher temperatures, since at 60 °C, an average L and n of 38.5 and
47.3 nm, respectively, are obtained, compared to 109.3 and 125.4 nm obtained at 45 °C.

According to Table 5a,b, the GrO synthesized at 60 °C has a smaller average interplanar
distance (0.81 nm) and a smaller average number of stacked layers [47] compared to those
synthesized at 45 °C (0.87 nm and 125), although the interplanar distance differences
are slight.

This could be due, in part, to a slight accumulation of CO; bubbles, which starts to
form at 45 °C, as described in previous sections. At this temperature, the gas bubbles do
not yet have enough energy to leave the GrO structure, so they could be adsorbed between
the sheets, generating pressure and increasing the interplanar spacing. On the other hand,
at 60 °C, the CO, generation is higher, together with a higher oxidation of the graphite.
At this temperature (60 °C), the CO, bubbles formed have enough energy to leave the
GrO structure, which could result in smaller interplanar spacings than in the samples
synthesized at 45 °C. However, the interplanar spacing in GrO depends on multiple factors
in addition to this, such as the water content [94,95] and the number of stacked layers [96],
among others. Moreover, most of these factors are influenced by each other, such as CO,
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adsorption, which depends on the degree of hydration [97], which, in turn, depends on the

number of stacked layers [96].

Table 5. Range, average, SD and T-Student of the results of the 16 GrO samples obtained in the ED
corresponding to (a) position (20) and d (nm); (b) L (nm) and n.

(a)

Position (20)

Variabl Val
anable e Range Average SD T-Student
45 9.8-10.5 10.1 0.22
T (°C) 7.7
60 10.6-11.2 10.9 0.15
12 9.8-11.2 10.5 0.42
t (h) 0.34
16 9.9-10.9 10.5 0.44
10 9.9-10.9 10.5 0.36
50 9.8-11.2 10.5 0.49
3 9.8-10.9 10.5 0.40
KMnOy (g) 0.0082
4 9.9-11.2 10.5 0.46
d (nm)
Variable Value
Range Average SD T-Student
45 0.84-0.90 0.87 0.019
T (°C) 7.5
60 0.79-0.83 0.81 0.011
12 0.79-0.90 0.84 0.034
t(h) 0.34
16 0.81-0.89 0.85 0.035
10 0.81-0.89 0.84 0.029
50 0.79-0.90 0.85 0.040
3 0.81-0.90 0.85 0.033
KMnOy (g) 0.16
4 0.79-0.89 0.84 0.036
(b)
L (nm)
Variable Value
Range Average SD T-Student
45 58.6-166.1 109.3 43.4
T (°C) 45
60 27.7-49.8 38.5 7.5
12 33.2-166.1 74.8 49.8
t(h) 0.073
16 27.7-166.1 73.0 48.2
10 35.6-166.1 80.4 54.2
H,0; (mL) 0.54
50 27.7-124.6 67.4 421
3 27.7-166.1 82.7 59.8
KMnOy (g) 1.8
4 35.6-124.6 65.2 32.6
n
Variable Value
Range Average SD T-Student
45 67.0-197.7 125.4 50.9
T (°C) 4.3
60 33.7-61.6 47.3 9.2
12 40.8-197.7 87.8 57.1
t (h) 0.10
16 33.7-189.9 84.9 53.8
10 42.8-197.7 94.6 62.5
HyO; (mL) 0.60
50 33.7-141.7 78.1 45.9
3 33.7-197.7 96.5 68.4
KMnOy (g) 1.8
4 43.8-141.7 76.2 354
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The increased production of CO, bubbles at higher temperatures also generates a
higher degree of exfoliation and fragmentation in the materials synthesized at 60 °C. These
effects result in fewer stacked layers and smaller crystal size (38.5 nm) in GrO synthesized
at 60 °C compared to those obtained at 45 °C (109.3 nm), which is in agreement with the
SEM images described below in Section 3.2.5. This means that at higher temperatures, more
graphitic surface area is exposed to the oxidant and oxidation occurs over a larger area.
The higher degree of oxidation due to the exposure of more surface is corroborated by the
results obtained by E.A, where lower % C are obtained for samples synthesized at 60 °C.
Figure 6 shows the possible GrO structure synthesized at 45 and 60 °C, taking into account
all the results obtained.

=
j Graphite

@ Oxygenated functional groups:
-0H, -COOH, -0-, etc.

« COz2bubbles

w H202 molecules

Figure 6. Schematic representation of GrO structures formed at: (a) 45 °C and (b) 60 °C.

3.2.4. Raman Analysis

In Raman spectroscopy, a typical spectrum corresponding to pure graphite presents
three characteristic bands: G-band at ~1580 cm ™1, D-band at ~354 cm ! and 2D-band
at ~2700 cm~! [98]. The G band is the most intense and is associated with the graphite
mode [99]. It appears due to the first order dispersion of the E;g» mode and is related to the
number of sp? carbons. The D band is less intense and corresponds to the diamond mode.
This band is attributed to disorder in the graphite, which may be due to amorphous carbon
species, vacancies, defects in the structure, etc. [100]. The ratio of intensities of the D and
G bands (Ip/Ig) is used to estimate the density of defects present in the material studied
and has a value of approximately 0.23 in pure graphite. In the case of GrO, defects appear
mainly after the oxidation process, which incorporates oxygenated groups, generating sp>
carbons and distorting the graphitic structure. Therefore, by the graphite oxidation, the D
band increases in intensity due to the creation of defects, the incorporation of heteroatoms
in the interplanar space and the increase of domains with sp® carbons. On the other hand,
the intensity of the G band decreases because the domains of sp? carbons become smaller,
until it becomes comparable to the D band. In the case of GrO, the Ip /I ratio grows to
~1.0 due to the incorporation of defects and sp> carbons after the oxidation process. The 2D
band is related to the number of stacked graphene layers within the graphitic structure. The
Lp/Ig ratio, which is inversely proportional to the number of stacked layers, is often used
to evaluate it. Values in the range 2-3 correspond to monolayers, values <1 correspond to
multilayers, while intermediate values are considered as bilayers [101].

The analysis of the 16 samples has provided the Ip/Ig ratios shown in Figure 7 in
order from highest to lowest Ip /I ratio, read from the bottom to the top of the graph. Data
were generated by measuring each sample at three different points and obtaining their
average value. It is observed that all values are in the range 0.896 < Ip/Ig < 1.033, indicating
that defects and disorder have been generated in the structure during the oxidation process.
There are no appreciable differences between the results of the samples synthesized at 45 °C
and those obtained at 60 °C, but some influence of the amount of H,O, is observed. Samples
synthesized with 50 mL H,O,, such as GrO_Exp08, GrO_Exp05, GrO_Exp02, GrO_Exp11
and GrO_Exp14, show larger Ip/Ig values compared to others synthesized with 10 mL
Hy0;, such as GrO_Exp07, GrO_Exp04, GrO_Exp12, GrO_Exp03 and GrO_Exp16. This



C 2023, 9, 65

14 of 23

may be due to the exfoliation effect of H,O mentioned above, which generates disorder in
the GrO structure and thus exposes larger graphitic surfaces to oxidation, leading to higher
amounts of defects.

1 10,0896 GrO_Exp10

Io/lg: 0.921 : GroO_Exp7

WRTY

. e GrO_Expd
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Figure 7. Raman spectra of the 16 GrO samples obtained in the ED, ordered from highest to lowest
Ip/Ig ratio (from the bottom up).

Table 6 shows range, average, SD and T-Student of the results corresponding to the
Ip/Ig and Irp/Ig of the GrO obtained in the ED (the full results can be found in Table A4
in Appendix A). For Ip/Ig, a total range of average values of 0.90-1.03 can be observed.
The highest T-Student is obtained for the case of temperature variations, with an Ip/Ig
of 1.3; however, it does not exceed the critical value. On the other hand, the total range
of average values for I,p /I is between 0.13 and 0.18. According to the T-Student results,
the variations of none of the studied variables are statistically significant for the Ip/Ig and
Lp/Ig ratios. The Ip /I values obtained for both temperatures are very similar, indicating
multilayer stacking in the GrO structure. This is in line with the XRD results discussed
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in the previous section (Section 3.2.3), where the number of stacked layers are evaluated
more accurately.

Table 6. Range, average, SD and T-Student of the results corresponding to Ip/Ig and Iop/Ig content
of the 16 GrO samples obtained in the ED.

Ip/ig
Variable Value
Range Average SD T-Student
45 0.98-1.03 1.00 0.020
T (°C) 1.3
60 0.90-1.02 0.98 0.044
12 0.90-1.02 0.98 0.037
t (h) 0.80
16 0.92-1.03 1.00 0.034
10 0.92-1.00 0.98 0.026
50 0.90-1.03 1.00 0.043
3 0.90-1.02 0.98 0.038
KMnOy (g) 0.007
4 0.92-1.03 1.00 0.034
Ip/Ig
Variable Value
Range Average SD T-Student
45 0.14-0.18 0.16 0.013
T(C) 0.41
60 0.13-0.17 0.15 0.012
12 0.13-0.16 0.15 0.011
t (h) 0.66
16 0.14-0.18 0.16 0.014
10 0.14-0.18 0.16 0.012
H,0, (mL) 0.70
50 0.13-0.17 0.15 0.013
3 0.13-0.17 0.15 0.012
KMnO; (g) 0.015
4 0.14-0.18 0.16 0.012

3.2.5. SEM Analysis

SEM analyses were also carried out to evaluate the morphology of the obtained
GrO samples.

From the previous analysis, it can be reasoned that temperature is the most influential
variable. Therefore, two samples have been selected (GrO_01 and GrO_05), in which
the two different temperatures have been applied (45 and 60 °C), keeping the rest of the
variables fixed (12 h, 50 mL H,O; and 4 g KMnOQOy) (Figure 8). It is in these two cases where
the greatest morphological differences can be seen.

GrO_Exp01
c)

__—
i

Figure 8. SEM images for GrO_Exp01 and GrO_05 obtained at: (a,e) 15x magnifications; (b,f) 20 x
magnifications; (¢,g) 100x magnifications; (d,h) 200x magnifications.
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In both samples, separate layers are observed, indicating partial exfoliation due to
both the oxidation process and the freeze-drying process. The sample obtained at 60 °C
(GrO_Exp01) shows a more disorganized structure and greater exfoliation, while in the
sample obtained at 45 °C (GrO_Exp05), there are stacked layers with a certain degree of
alignment, which is in agreement with the results obtained in XRD, where broader peaks
were obtained at 60 °C. The most noticeable differences can be seen in Figure 8d,h corre-
sponding to the two syntheses. In these cases, Figure 8d corresponding to the GrO_Exp01
synthesis, shows that the GrO sheets are smaller and more exfoliated and fragmented
than in the GrO_Exp05 synthesis (Figure 8h), partly due to the formation of CO, bubbles
which, in this case, are released and produce these effects. This observation corroborates
the scheme made in Figure 6, which represents the possible structure of GrO obtained at
the two temperatures studied thanks to the structural and morphological data provided by
XRD, Raman and SEM techniques.

4. Conclusions

The results of SSA, micropore volume and % C have been used as responses in the
experimental design as variables of interest for specific applications. According to the
Pareto diagrams, the variable that most influences the three responses is temperature, being
statistically significant in the case of SSA and micropore volume. In the main effect plots,
SSA and micropore volume vary similarly with changing experimental conditions. For both
responses, an increase in temperature and the amounts of KMnO, and H,O, positively
influences the degree of exfoliation, which contributes to an increase in SSA and micropore
volume, whereas syntheses at longer times result in GrO of lower SSA and micropores. On
the other hand, % C decreases with increasing temperature, time, and amount of HyO, and
increases with increasing amount of KMnOj. The optimal experiment, according to the
experimental design, to maximize the three studied responses is the one corresponding
to the following experimental conditions: temperature of 60 °C, H,O, volume of 50 mL,
KMnO, weight of 4 g and time of 12 h. These experimental conditions correspond to the
GrO_Exp01 of the ED. However, it should be noted that the optimal conditions obtained
depend on both the initial mass and the exact type of graphite used. Therefore, future work
could consider extending the research by adding a study of the optimization with different
graphite particle size distributions. However, we can conclude that temperature is the most
relevant parameter in the Tour process.

The results of the T-Student values corroborate that temperature is the parameter that
most statistically influences the SSA and t-Plot MV obtained. Furthermore, the calculation
of this parameter has allowed us to determine that temperature is a parameter that also has
a significant influence on the parameters calculated in XRD (26, d, L and n). Temperature is
therefore the main parameter which influences most of the responses studied and whose
control is the most decisive in regulating the properties of the materials obtained.

According to the XRD, Raman and SEM results, the structure of the GrO synthesized
at 60 °C is less crystalline with more defects and shows a higher structural disorder than
that of the GrO obtained at 45 °C. This may be due to a slight thermal exfoliation produced
by the generation of CO, from 45 °C or the instability of Mn,O7 from 55 °C onwards. The
generation of gaseous species that occur in both processes acts by separating and exfoliating
the graphite layers. This is also corroborated by the results obtained in BET, according
to which the SSA and micropore volumes are higher in samples obtained at 60 °C. In the
elemental analysis results, it is observed that GrO samples synthesized at 45 °C have a
higher % C compared to those synthesized at 60 °C, indicating lower oxygen content. This
may be due to the higher exfoliation of GrO synthesized at 60 °C, which gives access to
more graphitic surface area to be oxidized.

This study has provided a broad and deep analysis of the influence of the different
variables pertaining to the GrO synthesis process on the properties that most influence
some of the applications sought for these materials. Applications such as hydrogen storage,
water decontamination or supercapacitors require materials with high SSA and porosity,
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with the % C requirement varying in each specific case. In this paper, an investigation of the
relationship between the different variables of the synthesis process and the properties of
the GrO obtained by the Tour method has been presented. In addition to this, the optimal
conditions for the synthesis of GrO with maximum SSA and porosity have been highlighted,
providing a starting point for generating high-SSA graphene aerogels in future studies for
use in the aforementioned applications.
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Appendix A

Table Al. The complete results of SSA and t-Plot-(Micropore Volume) obtained by BET from all
ED experiments.

SSA t-Plot-(Micropore Volume)
Experiment
(m2g—1) (em3g—1)

GrO_Exp01 67.0 0.0181
GrO_Exp02 34.8 0.0009
GrO_Exp03 57.4 0.0059
GrO_Exp04 41.0 0.0041
GrO_Exp05 25.1 0.0022
GrO_Exp06 25.5 0.0021
GrO_Exp07 40.6 0.0073
GrO_Exp08 23.4 0.0022
GrO_Exp09 42.8 0.0076
GrO_Exp10 53.8 0.0078
GrO_Exp11 435 0.0075
GrO_Exp12 25.3 0.0022
GrO_Exp13 42.2 0.0070
GrO_Exp14 51.2 0.0082
GrO_Exp15 32.8 0.0024

GrO_Exp16 45.6 0.0080
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Table A2. The complete results of C obtained by EA from all ED experiments.

C

Experiment

(%)
GrO_Exp01 38.9
GrO_Exp02 34.6
GrO_Exp03 38.4
GrO_Exp04 424
GrO_Exp05 40.5
GrO_Exp06 43.1
GrO_Exp07 38.1
GrO_Exp08 36.5
GrO_Exp09 35.4
GrO_Exp10 37.6
GrO_Expl11 39.0
GrO_Exp12 39.3
GrO_Exp13 38.0
GrO_Exp14 38.0
GrO_Exp15 38.3
GrO_Exp16 37.7

Table A3. The complete results of 20, d-spacing, Crystal size and n obtained by XRD from all
ED experiments.

20 d-Spacing Crystal Size
Experiment n
(deg) (nm) (nm)

GrO_Exp01 11.2 0.79 35.6 449
GrO_Exp02 10.1 0.87 58.6 67.0
GrO_Exp03 10.3 0.86 58.6 68.4
GrO_Exp04 10.5 0.84 166.1 197.7
GrO_Exp05 10.1 0.87 99.6 114.2
GrO_Exp06 9.9 0.89 76.6 86.0
GrO_Exp07 10.8 0.82 45.3 55.5
GrO_Exp08 10.1 0.88 124.6 141.7
GrO_Exp09 10.9 0.81 49.8 61.6
GrO_Exp10 10.9 0.81 33.2 40.8
GrO_Expl1 10.9 0.81 35.6 43.8
GrO_Exp12 10.1 0.87 166.0 189.9
GrO_Exp13 10.6 0.83 35.6 42.8
GrO_Exp14 10.8 0.82 27.7 33.7
GrO_Expl5 9.8 0.90 124.5 138.4

GrO_Exp16 10.8 0.82 453 55.1
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Table A4. The complete results of Ip /I and I,p /I obtained by Raman from all ED experiments.

Experiment Raman Ip/Ig Raman Lp/Ig
GrO_Exp01 1.00 0.16
GrO_Exp02 1.02 0.17
GrO_Exp03 0.99 0.16
GrO_Exp04 0.98 0.14
GrO_Exp05 1.02 0.16
GrO_Exp06 1.00 0.18
GrO_Exp07 0.92 0.17
GrO_Exp08 1.03 0.14
GrO_Exp09 1.00 0.14
GrO_Exp10 0.90 0.13
GrO_Expl1 1.02 0.15
GrO_Expl12 0.98 0.15
GrO_Exp13 1.00 0.15
GrO_Expl4 1.01 0.16
GrO_Expl5 0.99 0.15
GrO_Expl6 0.99 0.16
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