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Abstract: The straightforward, cost-efficient, and scalable route of preparing graphene oxide-based materials
(GOBMs) from graphite and transforming them into thermally reduced graphene oxide-based materials (T-
RGOBMs) through heat treatment offers unparalleled versatility in customizing and refining the physicochemical
properties of T-RGOBMs for various applications. To fully exploit the potential of this route, it is essential to
determine the correlation between the physicochemical properties of the resulting T-RGOBMSs and the preparation
and heat treatment conditions of GOBMs. This article intends to provide a comprehensive discussion of the use
of heat treatment routes to prepare T-RGOBMs with finely tuned physicochemical properties for specific
applications. The review will focus on the key factors that can affect the end-product features, including the
method of preparation of graphite oxide, the physical form of the ensuing GOBMs, and the parameters of the heat
treatment process, such as temperature, heating rate, duration, atmosphere, and pressure. Furthermore, it will
concentrate on the thermal transformations that take place during heat treatment, delve into the mechanisms and
kinetics governing thermal decomposition, evaluate the potential risks associated with reducing GOBMs through
heat treatment, and outline strategies to ensure a safe reduction process. The review will also explore recent
advancements in the application of T-RGOBMs, providing examples of heat treatment strategies employed across
various fields, including supercapacitors, gas sensing, and interference shielding. It serves as a useful guide for
researchers and practitioners looking to appropriately prepare GOBMs and safely utilize the heat treatment to
fine-tune their properties toward specific applications.

Keywords: thermally reduced graphene oxide-based materials; heat treatment conditions; graphene oxide-based
materials; physicochemical properties; applications

1. Introduction

Reduced graphene oxide-based materials (RGOBMS), including, reduced graphene oxide sheets (RGOS),
reduced graphene oxide film (RGOF), and reduced graphene oxide aerogel (RGOA) are receiving particular
attention in recent years because they are structurally similar to pristine graphene and possess excellent
physicochemical properties, making them ideal for a wide range of potential uses [1,2], including supercapacitors
[3,4], batteries [5], sensors [6-8], membranes [9], energetic materials [10,11], electromagnetic shielding [12],
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solar cell [13], hydrogen storage [14], drug delivery [15], and among others [16,17]. RGOBMs are typically
produced from their corresponding graphene oxide-based materials (GOBMs) through a reduction process [18,19].

Up to now, a broad spectrum of techniques, including chemical, laser [20,21], microwave irradiation [22—
24], and heat treatments [25-27], are readily available for reducing GOBMs. Heat treatment is the most
economical, simplest, cleanest, and controllable strategy for producing high-quality Thermally made RGOBMSs
(T-RGOBMSs) among the existing reduction strategies [28]. More importantly, heat treatment is regarded as the
most convenient route for scaling up the production of T-RGOBMs from GOBM s to be employed in a wide range
of exciting applications.

Despite these impressive attributes, there is still a requirement to thoroughly determine the correlation
between the physicochemical properties of the resulting T-RGOBMs and the preparation and heat treatment
conditions of GOBMs [29]. The quality of graphite oxide (GO) can be affected by factors such as the source of
the parent graphite, the granular size, and the oxidation methods used [30]. These factors can have an impact on
the sheet size, the defect concentration, and, most notably, the content and variety of attached oxygen groups
(AOGS). Heat treatment of GOBM s can lead to a range of structural transformations, such as elimination of water
and AOGs, recovery of Sp2 domains, the introduction of defects, and heteroatoms doping, and morphological
changes such as shrinkage, agglomeration, interlayer distance expansion, sheet corrugation, sheet exfoliation, and
porosity formation. Gaining an understanding of the impact of the quality of the starting GO, the physical form of
the ensuing GOBMSs, and annealing conditions on the structural and morphological transformations of the
resulting T-RGOBM s is crucial for effectively tailoring T-RGOBMs for specific applications.

The primary objective of this review is to provide a clear guideline for the appropriate preparation of GOBMs
and utilization of the heat treatment to fine-tune the physicochemical properties of T-RGOBMSs toward specific
applications. These properties include, but are not limited to, thermal and electrical conductivity, flexibility,
porosity, hydrophilicity, reactivity, absorption, and electrochemical properties. The review covers key factors that
affect the end-product features, including the quality of GO and the physical form of GOBMs, heat treatment
temperature, time, pressure, and atmosphere. To the best of our knowledge, there is currently no comprehensive
review that encompasses the crucial aspects of heat treatment for fine-tuning the physicochemical properties of
T-RGOBMs.

2. Pathways for Reducing GOBMs

The production of RGOBMs can be achieved through multiple pathways, including chemical, hydrothermal,
electrochemical, laser, and microwave irradiation methods. Particularly for large-scale industrial applications,
simplicity, cost-effectiveness, low energy consumption, brief processing periods, and non-toxicity have been
primary considerations in the pursuit of RGOBMs production [31,32].

Chemical reduction of GOBMs can be readily accomplished at lower temperatures, but it involves the use of
hazardous and toxic chemicals like hydrazine and sodium borohydride; moreover, chemical approaches may
introduce impurities into the RGOBMS' structure, potentially affecting their physicochemical properties [32,33].
For instance, the use of hydrazine introduces nitrogen impurities into the RGOBM s [34]. Importantly, It is critical
to emphasize that the majority of chemical-reducing agents cannot be utilized to reduce films and aerogels as they
tend to compromise their structural integrity [35]. Hydrothermal processes are carried out within an autoclave,
allowing the solvent to reach temperatures significantly higher than its boiling point due to increased pressure
from heating. In this method, supercritical water, heated beyond its boiling point, serves as a reducing agent,
providing an environmentally friendly alternative to organic solvents [36]. Furthermore, the physicochemical
properties of the resulting RGOBMSs can be finely adjusted by varying both pressure and temperature [37].
However, it's worth noting that this approach tends to have a relatively extended processing time. Electrochemical
reduction is a green and non-destructive method that preserves the structural integrity of basal planes. It allows
for precise control of the reduction process by adjusting the electrical potential and buffer electrolyte [38].
Microwave reduction utilizes heat generated from microwave irradiation, a form of electromagnetic radiation with
frequencies between 300 MHz and 300 GHz [32]. It serves as an alternative thermal method for the rapid reduction
of GOBMs. One of the key benefits of microwave irradiation in comparison to traditional heating techniques is
its capacity to promptly and uniformly heat substances. At room temperature and in a commercial microwave
oven, RGOBMs can be readily produced from GOBM s in as little as one minute [39]. Laser irradiation is another
method that induces local heating to trigger the deoxidation reaction of GOBMs. The degree of reduction can be
precisely controlled by adjusting various irradiation parameters, such as wavelength, power density, scanning
speed, beam energy profile, focusing, and processing conditions. Theoretical models have demonstrated that laser
irradiation can induce localized annealing, briefly reaching temperatures of up to 1000<C for just a few
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nanoseconds. This temperature increase leads to the decomposition of AOGs found in GOBMs, thereby enabling
the synthesis of RGOBMs [40]. However, it's important to note that electrochemical, laser, and microwave
irradiation methods require complex and high-cost instruments [32].

Interestingly, Heat treatment offers a versatile approach to tailor T-RGOBMs for specific applications. This
customization is achievable through the manipulation of various annealing parameters, including temperature,
atmosphere, pressure, time, and heating rate. Remarkably, it can be conducted at relatively low temperatures, such
as 120<C, using straightforward equipment, and within a short timeframe [41]. Utilizing heat treatment can result
in a high degree of reduction and a significant extent of exfoliation, ultimately leading to the development of
distinctive physicochemical properties such as excellent electrical and thermal conductivities [42]. Furthermore,
this method is environmentally friendly, and it stands out as a nondestructive technique that preserves the
structural integrity of GOBMs, including films and aerogels [19].

3. Protocols for tuning properties of T-RGOBMs

The protocol for preparing T-RGOBMs depends extensively on their intended application. This is due to the
unique physicochemical properties required for each application, which are, in turn, influenced by a specific
approach to GOBMs preparation and their corresponding heat treatment conditions. in the existing literature,
several protocols have been explored to develop T-RGOBMs tailored for specific applications. One particularly
effective method is heat treatment, which allows for simultaneous exfoliation and reduction of GO through the
decomposition of AOGs. The gases produced during AOG decomposition increase the inter-sheet pressure, and
when this pressure surpasses the van der Waals forces that bind the sheets together, exfoliation occurs [43]. This
approach yields T-RGOBMs with extensive exfoliation and an exceptional specific surface area, making them
appealing candidates for various applications, including supercapacitors, sensors, and fillers in composite
materials [44]. In addition, heat treatment at varying temperatures is one of the most commonly used protocols
for customizing GOBMs. Lower temperatures (e.g., 200<C) can be employed to restore graphitic characteristics
to their structure. On the other hand, higher temperatures (e.g., 2000<C) can yield highly crystalline T-RGOBMs
with minimal defects [45]. Heat treatment has also been employed to produce flexible, highly aligned films
through the thermal annealing of GOBMSs within confined spaces. This approach results in films with exceptional
thermal and electrical conductivity, rendering them promising candidates for electronic, optoelectronic,
electromagnetic shielding, and energy storage applications [46,47]. Additionally, doping T-RGOBMSs to enhance
their physicochemical properties can be achieved during heat treatment within a specific environment containing
the dopant substances. Furthermore, heat treatment can be synergistically combined with other methods, such as
joule heating and hydrothermal synthesis, to further boost the physicochemical properties of the resulting T-
RGOBMs [48]. In the upcoming section, a comprehensive exploration will be conducted to elucidate how
operating conditions influence the preparation of T-RGOBMSs when employing various protocols, with the aim of
fine-tuning their physicochemical properties to meet the specific requirements of their intended applications.

4. Influence of preparation variables of GOBMs on their thermal behavior
and the physicochemical properties of resulting T-RGOBMs

The quality of GO may greatly vary depending on the parent graphite source, granular size, and oxidation
protocols used. These factors can impact the size of the sheets, defect density, and most importantly, the content
and type of AOGs. Moreover, It is verified that the more GO's attached oxygen group content, the greater its water
storage capacity [49]. These variations greatly affect the mechanisms of thermal decomposition upon heat
treatment, ultimately determining the physicochemical properties of the resulting T-RGOBMs [50]. Furthermore,
the physical form of the ensuing GOBMs has a tremendous impact on the thermal decomposition behavior of
GOBM s and the resulting T-RGOBMSs ' physicochemical properties. [51].

4.1 Effect of GO quality

The elaboration step of GO, which is the starting material for the preparation of all GOMBSs, has a significant
impact on their structure. Consequently, optimizing the graphite oxidation process is a vital approach for tailoring
the GO's quality [52-54]. GOMBs quality is frequently correlated with the degree of oxidation (carbon-to-oxygen
ratio), which in turn influences such specifications as, the ratio of Sp2 to Sp3 carbon atoms, the type and
distribution of AOGs, hydrophilicity, the level of exfoliation (humber of layers per sheets), GO sheets (GOS) size,
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and defects density. Optimization of GO’s quality may be achieved by selecting the appropriate size and purity of
the graphite powder, utilizing the suitable protocol of oxidation (such as Staudenmeier [55], Brodie [56],
Hummers [57], and improved ones [58,59]), and adjusting operational conditions such as the composition and
amount of reactive species, the temperature, and the period of oxidation, purification, and sonication[60,61].

To gain a complete understanding of how to optimize the quality of GO, it is essential to thoroughly review
recent studies that have examined the influence of various factors on its quality. In this vein, to demonstrate the
effect of the oxidation protocol, Botas et al. derived GO from the same graphite using the Brodie and Hummers
methods. The Brodie oxidation yielded fewer AOGs but created highly thermally stable epoxy and hydroxyl
groups. In contrast, the Hummers oxidation produced more AOGs, but led to weaker intensity of epoxy and
hydroxyl groups, making it easier to be reduced into T-RGOBMs with fewer defects[62].

Furthermore, the influence of graphite powder supply and particle size has been extensively studied [63-65].
Botas et al. investigated the synthesis of GO using graphite crystals of varying sizes (Fig. 1a). They found that
when smaller crystals were oxidized, smaller GOS with acid carboxylic groups confined to the edges were
obtained. However, when larger graphite crystals were used, larger GOS decorated with a higher proportion of
epoxy groups were produced [63].
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Figure 1. (a) Effect of parent graphite crystal size on the quality and morphology of GO (presentation of graphites G1 and 2 with their
corresponding GOS structures) [63]. (b) Transmission electron microscopy (TEM) images show the effect of the oxidation degree on the
thickness of the GOS. (S-1, 2, 3, 4, 5, and 6, are samples of GO made by using different masses of KMnQOy, 1, 2, 3, 4, 5,and 6 g,
respectively) [66]. (c) Effect of oxidation time on the zeta potential of the resulting GO [67]. (d) Effect of sonication time on the C/O ratio
of the resulting GO [68]

Krishnamoorthy et al. synthesized graphene oxide samples with varying levels of oxidation. Their findings
suggest that the number of AOGs and the degree of exfoliation can be regulated by adjusting the amount of
oxidizing agent used. The analysis revealed that increasing the degree of oxidation leads to a decrease in the
graphitic domains of the resulting GO. Additionally, it was observed that at lower oxidation degrees, the formation
of hydroxyl and carbonyl groups is favored, whereas, at higher oxidation degrees, these groups are converted into
epoxides. The lower AOGs content minimizes the exfoliation of GO into a few layered GOS (as shown in Fig.
1b), according to TEM ivestigation [66].

The number of AOGs in GO structure can be adjusted by carefully controlling the oxidation period [67].
Increasing the oxidation period leads to a higher intensity of AOGs, with the majority of carboxylic groups
forming after a longer oxidation period. Additionally, epoxide and hydroxyl groups are mainly present throughout
the structure of GO between 1 and 5 days. The GO that was synthesized within a week had the most negative
value (Fig. 1c), but there were no significant differences when compared to the GO that was synthesized in 5 days.
The great stability of GO can be attributed to the negatively charged AOGs located at the edges of the GO sheets,
which create electrostatic repulsion and prevent the graphitic sheets from aggregating during oxidation, resulting
in electrostatic stabilization. Overall, the study suggests that a 5-day oxidation duration is optimal for increasing
the number of AOGs on both the basal planes and edges of GO without damaging the carbon structure.
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Regulating the sonication time can be consistently used as an effective technique to exfoliate GO and manage
its size. Studies revealed that longer ultrasonication periods result in smaller and thinner GOS [68,69]. The process
of separating GO into GOS occurs through the creation of a compressive stress wave resulting from the collapse
of cavitation bubbles. This force acts on the surface of the GO stack, penetrating through the top layer and being
reflected back by the GO flat body. As a result, a tensile stress wave is formed, propagating away from the stack
and causing GOS to separate. Additionally, the micro-jets exerting force on the surface of GO created during the
sonication process break larger GOS into smaller ones. Furthermore, ultrasonic treatment can enhance the level
of oxidation in GOS, particularly when the initial C/O ratio is low (Fig. 1d) [68]. Ultrasonication possesses the
potential to produce highly concentrated bursts of energy, which in turn can generate intense reaction conditions
such as high pressure and temperatures. These conditions can effectively facilitate the oxidation process of GOS.

To fully understand how the quality of the starting GO affects the structure and physicochemical properties
of the resulting T-RGOBM:s, it is crucial to review recent studies that have investigated the impact of GO quality
on the structure of the derived T-RGOBMSs. Bagri et al. have highlighted the primary barrier that hinders the
performance of T-RGOBMs devices, which is the nature of the AOGs that remain in T-RGOBMs after intense
thermal annealing. They have determined that the initial oxygen content and the OH/O ratio of the starting GO
are important factors that affect the physicochemical properties of the ensuing T-RGOBMSs. The simulation results
indicate that while hydroxyl groups can decompose at relatively low temperatures without causing significant
damage to the basal plane, epoxy groups are more resistant to decomposition. Moreover, the desorption of epoxy
groups has a detrimental effect on the integrity of the T-RGOBMs skeleton. Additionally, it has been revealed
that carbon removal from the T-RGOBMs plane is more likely to take place when hydroxyl and epoxy groups are
bonded adjacently. Furthermore, the arrangement of two neighboring AOGs after heat treatment yields thermally
very stable carbonyl and ether groups [70]. Antidormi et al. demonstrated that the initial C/O ratio affects the
efficiency of the reduction process. Specifically, when the C/O ratio is greater than 0.35, thermal reduction fails
to produce a substantial improvement in the crystallinity of the T-RGOBMs structure. Instead, the primary
reactions triggered by thermal energy in these cases are the removal of carbon atoms from the plane, which leads
to the formation of defects. This causes a significant rearrangement of the atomic configuration and distortion of
the basal plane, resulting in a loss of regularity. Furthermore, it has been revealed that the crystallinity of T-
RGOBMSs may be improved by carefully controlling the parameters of the heat treatment and the starting GOBMs
structure. Specifically, by identifying the optimal temperature for a given distribution of AOGs on GOBMs
structure, it is possible to achieve a minimal distortion of the T-RGOBMs structure and a significant recovery of
Sp2 carbon character [71].

Furthermore, a wealth of research exists on the correlation between the quality of GOBMs and the resultant
physicochemical properties of T-RGOBMSs [72]. Table 1 summarizes some studies that have investigated the
impact of oxidation and annealing conditions on the specifications and properties of the resulting T-RGOBM:s.
Poh et al. conducted a study highlighting the substantial impact of the GO preparation method on the
electrochemical properties of resulting T-RGOBMs. They explored three distinct protocols for GO synthesis: the
Hummers method, utilizing potassium permanganate and sodium nitrate as oxidizing agents, and the Hofmann
and Staudenmaier methods, employing potassium chlorate as the oxidizing agent. Notably, Hummers' T-RGOBM
exhibited lower overpotential and superior heterogeneous electron transfer when compared to T-RGOBMs
obtained from Hofmann's and Staudenmaier's methods of GO synthesis. The enhanced electrochemical
performance seen in Hummers' T-RGOBM may be ascribed to the introduction of nitrogen into the structure of
the Hummers' GO during the oxidation process, which is assisted by the presence of sodium nitrate as a reactant
(Fig. 2f) [61]. Dao et al. examined how the size of graphite particles influences the physicochemical properties of
the synthesized GO and the derived T-RGOBMSs. Using smaller raw graphite particles led to an increase in the
C/O ratio of the GO, resulting in smaller graphene particles but with a higher exfoliation degree. Additionally, the
size of the starting graphite affects the chemical structure of the resulting GO, including the types and the amount
of AOGs. These changes in GO properties then affect the reduction degree, the graphitic structure, and the
electrical conductivity of the resulting T-RGOBMSs. Moreover, it has been found that using graphite particles with
a size of around 50 micrometers is crucial for achieving better T-RGOBMs structure with low oxygen content,
expanded SSA, and improved conductivity (Fig. 2g) [65]. The study by Chee et al. investigated the relationship
between the size of graphite materials and the structural properties of T-RGOBMSs. They discovered that the size
of the raw graphite particles had minimal impact on the defect density, the number of AOGs, and the rate of
heterogeneous electron transfer for T-RGOBMs. Most importantly, they found that the size of the graphite
materials had no effect on the electrochemical performance of the T-RGOBMs [64].

The Specific Surface Area (SSA) of the resulting T-RGOBMs is directly related to the initial amount of
AOGs in GOBMs. Upon heat treatment, they decompose into gaseous products, which generate high pressure in
the interlayer space and lead to the exfoliation of graphite oxide. The greater the amount of AOGs, the higher the
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pressure of the gaseous products, resulting in improved exfoliation. Jankovsky et al. highlighted the crucial role
that the starting GO composition and type of AOGs play in determining the structure and SSA of T-RGOBMs.
The team meticulously analyzed the chemical composition of GOs produced through various oxidation methods
(Brodie (BR), Hofman (HO), Hummers (HU), Staudenmaier (ST), and TOUR (TQ)) before and after thermal
annealing and SSA of the resulting T-RGOBMs. Results shown in Fig. 2a indicate that the highest C/O ratio was
observed in T-RGOBM-HU and T-RGOBM-TO made from highly oxidized GOs, produced using potassium
permanganate as the oxidizing agent. This is because the high level of oxidation resulted in a high concentration
of thermally sensitive ketone and carboxyl functionalities that decomposed easily, leading to a high C/O ratio in
the resulting T-RGOBMs. However, when chlorate oxidizer was used, the resulting GOs (GO-BR, GO-ST, and
GO-HO) contained primarily hydroxyl functional groups which were more thermally stable and resulted in T-
RGOBMs with a lower C/O ratio and SSA[30].

The effect of sonication time and annealing temperature on the hydrophilicity of Graphene oxide film-
containing chitosan (GOF-C) was investigated (Fig. 2b, c, d, and e). The results showed that the hydrophilicity
of the resulting film increased with increasing sonication time, as the GOF-C became thinner and smaller, thereby
enhancing the surface chemistry and wettability. Additionally, the hydrophilicity of the film decreased with
increasing annealing temperature, which can be attributed to the elimination of more AOGs that contribute to the
hydrophilic properties of GOF-C [69].
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Figure 2. (a) Impact of oxidation method on structure and specific surface area of T-RGOSs [30]. (b, ¢, d, and e) Contact angle tests of GO
film containing chitosan treated at 30 and 120<C, and prepared using GO sonicated for 30 and 120 min [69]. (f) Electrochemical behavior of
various T-RGOBMSs(G) derived from GOs prepared by Hofmann (HO), Hummers (HU), and Staudenmaier (ST) methods [61]. (g) effect of
the size of graphite on the SSA and C/O ratio of the resulting T-RGOBMs (T-RGOS -1, T-RGOS -2, and T-RGOS -3 are derived from
graphite with corresponding grain sizes of 604, 107, and 57 um) [65]

Table 1. Impact of the oxidation and annealing conditions on the specifications and properties of the resulting Thermally reduced graphen
oxide sheets (T-RGOBMs)
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Graphite Brodie 1100 <C in nitrogen 5 128 5770 659 [65]
(107 pm) atmosphere
Graphite
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(57pm)
Modified
Hummers
Oxidation time 342
(30min)
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Hummers
Oxidation time 370
(1h)
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Graphite Hummers 1100 <C in argon
(44 pm) Oxidation time atmosphere / / / 453 [74]
(3h)
Modified
Hummers
Oxidation time a42
(1day)
Modified
Hummers
Oxidation  time 484
(3day)

4.2 Effect of the confined water

Studies have shown that the amount of water stored in GOBMs plays a significant role in its thermal
decomposition process. GOBMs have the ability to absorb and retain moisture within their structure, which. The
ability is directly correlated to the concentration of AOGs present [49]. In the presence of confined water within
GOBMs, it has been found that thermal annealing can promote the formation of oxygen-containing free radicals.
Ultimately, these radicals target hydroxyls, carbonyls, and carboxyls with a preference for edge defects over basal
plane defects [75]. In addition, it has been verified that confined water molecules indeed play a crucial role by
engaging with etch holes on the basal plane, effectively passivating them. This interaction results in the release of
CO, and the subsequent formation of ester carbonyl and ketone groups [76].

4.3 Effect of lattice defects

Harsh oxidation typically results in the disruption of the graphene lattice through the formation of CO,. The
removal of carbon atoms from GO creates lattice defects that are irreversible and should be regarded as permanent
[66,77]. Moreover, these lattice defects can undergo expansion during the heat treatment reduction process, or
new defect sites can be generated, leading to increased damage within the sp2 domains of the resulting T-
RGOBM:s. This is primarily due to the removal of carbon from the lattice as reaction products, including CO and
CO molecules [78]. The presence of lattice defects in T-RGOBMs disrupts their regular atomic arrangement,
leading to a range of electronic and transport property modifications. These defects are often undesirable in
applications requiring high electrical conductivity and pristine electronic properties [79]. Through precise
manipulation of factors during the oxidation process, such as the size of the starting graphite powder, using a low
oxidation temperature, and injecting oxidizing agents in a controlled manner, large sheets of GO can be produced
with minimal lattice defects[80].
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More importantly, in the presence of a carbon source, lattice defects may not be enlarged and can even be
repaired during the heat treatment of GOBMs. For instance, Ethanol has been observed to play a role in mending
holes by promoting the creation of new hexagonal carbon rings during heat treatment of GOBMs. During the
decomposition of ethanol and its integration into the holes of T-RGOBMs, it leads to the formation of fresh
hexagonal carbon rings, accompanied by the addition of AOGs like ethers and carbonyls. These oxygen-decorated
groups within the etch holes react with other nearby AOGs, reopening the ring for additional carbon integration,
ultimately enhancing the graphitization of T-RGOBMs [78,81]. Grimm et al. conducted annealing of GOBMs in
the presence of an Ar/Ha/isopropanol flow. This process was aimed at repairing the graphitic domains in T-
RGOBMs by reducing the decorated vacancy sites and subsequently introducing carbon into these sites [82].

4.4 Effect of impurities

The presence of impurities in GOBMs, whether derived from the graphite starting material or the oxidation
process, remains a persistent concern. These impurities substantially affect not only the physicochemical
properties of resulting T-RGOBMSs but also the thermal decomposition behavior of GOBMs. This matter is of
paramount significance, particularly when contemplating the use of T-RGOBMs in electrochemical sensing or
energy-storage devices. Natural graphite used in the preparation of GO retains various mineral and metallic
impurities, which are intercalated between stacks of adjacent graphene layers. It has been evident that the metallic
impurities within GO can significantly impact, and in some cases, overpower the physicochemical properties of
the resulting T-RGOBM s [83]. Ambrosi et al. conducted a study demonstrating that metallic impurities originating
from the graphite material persist in the resulting GO even after its heat treatment at 1050 <C. Their research also
highlighted that these impurities exert a significant influence on the electrocatalytic properties of the resulting T-
RGOBMSs[84].

Furthermore, upon the oxidation of graphite, a substantial amount of highly oxidizing chemicals, including
potassium salts like KMnO, and K;S,0g, may be involved. These chemicals can potentially transform into various
forms of potassium compounds, such as KNOs, KOH, K,SO4, and KCI, among others. These impurities can serve
as catalysts, thereby facilitating and accelerating the decomposition of GOBMs during heat treatment. This can
result in a sudden increase in interlayer pressure and temperature, potentially leading to an explosion [85,86]. Qiu
et al. conducted a study that elucidated the role of potassium impurities in inducing an explosive reduction mode
of GO. They immersed a GO cake in a KOH solution, and thermal analysis revealed the absence of a water
endotherm, along with the explosion of the cake. This observation indicated a promoting effect of potassium
hydroxide. Importantly, the onset temperature for the exotherm was approximately 50 <C lower compared to pure
GO cake [85].

Additionally, the use of sulfuric acid during the oxidation process may introduce sulfur species in the form
of both organic sulfates and inorganic sulfates. Organic sulfates decompose at approximately 200<C, producing
the highly toxic gas SO,. Furthermore, these species may have a significant impact on the physicochemical
properties of GOBMs and their thermal behavior [87,88].

4.5 Effect of the size, morphology, and physical form of GOBMs

The formation of GOBM s is closely tied to the physical form required for their intended applications. The
physical form is determined by the necessary T-RGOBMs, which have specific properties that make them suitable
for different uses. The preparation of GOBMs usually involves obtaining graphene oxide sheets (GOS) through
the mechanical splitting of GO into single or few-layer sheets using techniques like sonication. Further, GOS
dispersion can be transformed into a free-standing graphene oxide film (GOF) using methods like drop casting,
vacuum filtering, and spin coating. Graphene oxide aerogel (GOA) can be attained by freeze-drying GOS
dispersion. On the other hand, T-RGOBMs can be prepared through the thermal annealing of GOBMs. Thermally
reduced graphene oxide sheets (T-RGOS) may be produced by thermal reduction of GOS or by undergoing
thermal exfoliation-reduction of GO. Thermally reduced graphene oxide film (T-RGOF) and aerogel(T-RGOA)
can be obtained by thermal reduction of GOF and GOA. Fig. 3a presents comprehensive, step-by-step guidance
for crafting GOBMs and T-RGOBMs.

T-RGOFs can be produced through the heat treatment of GOF without compromising their essential
flexibility [19]. Due to their lightweight composition, exceptional porosity, and elevated electrical conductivity,
they are widely endorsed for energy storage purposes in foldable and portable electronics, since they may be used
without the need for a current collector [89]. On the other hand, T-RGOSs exhibit a two-dimensional structure
with ultra-thin layers, exceptional porosity, and surfaces adorned with AOGs, making them promising candidates
for various intriguing applications [90], including energy storage, and sensing. Moreover, T-RGOSs may also
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function as a beneficial additive in composites, providing enhanced thermal and electrical conductivity [91-93].
This addition improves particular performance characteristics such as interference shielding [94] and flame
retardancy [95]. Lastly, T-RGOA, characterized by extremely low density (a few milligrams per cubic centimeter),
interconnected pores, and superior specific surface area (SSA), holds promise in applications such as oil
absorption [96], heavy metal water decontamination [97], and interference shielding [98].

4.5.1 Effect of size and morphology of GOBMs on the physicochemical and performance of T-RGOBMs

The size and morphology of GOBMS, which are greatly influenced by preparation variables, have a
significant impact on the physicochemical properties of the resulting T-RGOBMs.Table 2 provides a concise
summary of these effects. Notably, the initial concentration of GOS suspension used in the preparation of GOA
has a substantial and far-reaching impact on its bulk density, thereby influencing the physicochemical properties
of the resulting T-RGOA, including thermal and electrical conductivity [99,100]. In the study conducted by Chang
et al., four distinct T-RGOA samples were prepared using different concentrations of GO suspension through a
process involving supercritical ethanol drying and subsequent heat treatment at 1500<C under a nitrogen
atmosphere. The results of this study demonstrate that an increase in the concentration of the GOS suspension
leads to higher porosity, as well as improved electrical and thermal conductivity in the T-RGOA. This
phenomenon is attributed to the enhanced bulk density of the resulting T-RGOA that arises from the elevated
concentration of the initial GOS suspension [101]. The microwave absorbing performance has been found to be
strongly associated with the morphology of T-RGOA. Zhang et al. investigated the impact of the initial
concentration of GOS suspension on the microwave-absorbing performance of the resulting T-RGOA. Their
findings revealed that increasing the initial GOS suspension concentration from 0.3 to 0.6 mg.ml™ significantly
enhanced the microwave absorption effectiveness, reaching a peak value of 34 at 13.1 GHz. However, T-RGOA
produced from a 0.9 mg.ml* GOS suspension exhibited reduced microwave absorbing capabilities. These results
suggest that the optimal concentration for achieving the best microwave absorption is 0.6 mg.ml2. This
concentration enables self-assembled T-RGOA to attain an ideal morphology for optimal microwave absorption
performance [102]. The thickness of the GOF was identified as a critical factor affecting the properties and
performance of the resulting T-RGOF. The thickness of GOFs can be controlled through various preparation
variables in the chosen technique. For example, in methods involving vacuum filtering or solution casting,
variables such as the concentration and quantity of the GOS can be adjusted. Additionally, when spin-coating is
employed, the spin speed serves as a variable for controlling thickness. Papamatthaiou et al. prepared GOFs with
two different thicknesses by spin-coating at different spin speeds, specifically 3000 rpm and 6000 rpm.
Subsequently, both GOFs underwent heat treatment at 180<C in an Ar-H; environment for 30 minutes on multiple
occasions. Following exposure to several air/vacuum cycles for both T-RGOFs, it was observed that the thicker
T-RGOF (produced at 3000 rpm) rapidly lost its ability to sense humidity within a brief period, typically less than
one week. In contrast, the thinner T-RGOF (produced at 6000 rpm) retained its humidity-sensing capability for
approximately two weeks. However, the thicker T-RGOF exhibited higher sensitivity to changes in humidity
[103]. The lateral size of T-RGOSs resulting from the thermal exfoliation of GO plays a crucial role in determining
their physicochemical properties [104]. Specifically, the electrical conductivity of graphene aggregates is heavily
influenced by the contact resistance between the individual sheets. When the sheets are larger in lateral size, there
are fewer sheet-to-sheet contacts for a given number of conducting paths. Consequently, this reduction in the total
number of contact points results in an improvement in conductivity. Lin et al. demonstrated that the electrical
conductivity of T-RGOF produced through heat treatment at 1100<C from GOF prepared by vacuum filtering
larger-sized GOS is significantly higher than that of T-RGOF prepared from smaller-sized GOS [105]. Moreover,
larger sheets prove to be more effective in bearing loads when T-RGOS is employed as a reinforcing filler in
composite materials [106,107].

Table 2. Impact of size and morphology of GOBM s on the pysicochemical properties and performances of the resulting T-RGOBMs

Physicochemical properties and

GOBMs Heat ”‘??tme”t Preparation variables performance of the resulting T- References
conditions
RGOBMs
Concentration T-RGOA Thermal Electrical
- > -

GOA prepared 1500%C in /mg.ml* Seer/ M"g Condu_cltlw_tly/w.m Conductivity/S.m™*
at different GO nitrogen K [101]
Concentrations atmosphere 1 336.5 0.036 53.5

2 384.0 0.041 95.0

5 423.1 0.053 1433
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10 440.8 0.067 157.3
Concentration Microwave
Ima.ml Bulk density/mg.cm?® absorption
g effectiveness/ dB
600C in Ar 03 0.9 Max -15 at 18
atmosphere ) ) GHz [102]
Max -34 at 13.1
0.6 1.6 GHz
Max -22 at 15.6
0.9 2.4 GHz
GOF prepared . Spin speed/rpm Operational sensitivity
by spin coating 180<C in Ar-H, lifespan/week [103]
at different spin atmosphere 3000 <1
speeds 6000 2
Size of GOS/ Electrical
GOF prepared um Young’s modulus of GOF/ GPa Conductivity/S.m™
byvacuum 4 0540 in Argon 1 5.2 50000
filtering from h 7 [105]
GOS of varying atmosphere 3 6.9 5000
sizes 32 75 125000
272 13.1 139000

4.5.2 Effect of the geometry and physical form on the thermal decomposition of GOBMs

The geometry and the physical form of GOBMs can also have a significant impact on the thermal
decomposition process. This is because the geometry can affect how heat is conducted and exchanged with the
environment, the number of sites where reduction can occur, and how long the engendered gases are retained.
These factors can all influence the overall mechanism of the thermal decomposition of GOBMs. The effect of the
geometry of GOBMs on thermal decomposition has been well-documented in various studies. For instance,
Klemeyer et al. elaborated two GOMBs of varying densities and subjected both to identical thermal treatment
conditions. The study found that the reduction process occurred more rapidly when the density of GOBMs was
higher. This can be attributed to the fact that the sheets composing the GOMBSs are situated in closer proximity,
thereby increasing the number of reduction sites. Additionally, the duration of gas retention between the GOMB
sheets is prolonged, leading to an even greater enhancement of reduction. [108]. Moreover, Pan et al. have shown
that GOF experiences faster thermal decomposition when compared to GO powder, owing to the enhanced thermal
conductivity within the stacked GOS and the restricted heat exchange with the surrounding environment [109].

Furthermore, the geometry of GOBMs samples can have a tremendous impact on the explosive mode of
reduction, which refers to the rapid and exothermic release of gases such as CO, CO,, and H,O. The geometry of
the sample can affect the heat conduction and exchange with the surrounding environment, which influences heat
and mass transfer of the internal temperature and pressure [85]. Losic and colleagues studied the thermal behavior
of various GOBMs with different physical forms, such as GO paste, GO powder, GO film, and GO aerogel.
Results of thermal analysis techniques are shown in Fig. 3b. It can be seen that GO in paste and powder forms
had lower reduction temperatures (at 196 and 197 <C) for micro-explosions when compared to the film and aerogel
(at 210 T and 214 <C). The study also found that GO film is more flammable than the other samples and had the
ability to self-ignite in low-oxygen environments [51].
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Figure 3. (a) a step-by-step guide to crafting GOBMs and T-RGOBMs: a detailed schematic illustration; (b) impact of physical form of
GOBMs on thermal reduction temperature [51]

5. Effect of the heat treatment conditions of GOBMs on the
physicochemical properties of the resulting T-RGOBMs

Investigating the impact of annealing conditions on the structure and physicochemical properties of the
ensuing T-RGOBM s is crucial as it plays a significant role in determining the final physicochemical properties of
T-RGOBMs and their suitability for specific applications. The annealing conditions such as temperature, heating
rate, pressure, and atmosphere can influence the thermal decomposition of GOBMSs, which in turn affects the
overall properties of T-RGOBMs. By understanding how these factors affect the structure and properties of
RGOBMs, researchers and practitioners can develop thermal approaches to precisely fine-tune the properties of
T-RGOBMs toward specific applications.

5.1 Effect of annealing temperature

The temperature at which thermal annealing is performed exerts the most profound influence on the ultimate
structure of T-RGOBMSs and their physicochemical properties, such as electrical conductivity, thermal

Volume 2 Issue 2|2024| 11 Universal Journal of Carbon Research



conductivity, and porosity [110-112]. Depending on the end-use application, annealing temperature may be used
as a monitoring tool to tune the physicochemical properties of GOBMs. The conversion of GOBMs can be
achieved across a wide temperature range, spanning from low temperatures (e.g., 150<C) [113-115] to high
temperatures (e.g., 2000<C) [116,117].

Raising the treatment temperature has been found to be an effective strategy for eliminating AOGs from
GOBMs. During heat treatment, the covalent bonds between the oxygen and carbon atoms in the GOBMs break,
releasing the oxygen atoms and resulting in a reduced form of the material. Several studies have investigated the
impact of increasing temperature on the structure of the resulting T-RGOBMs in terms of AOGs removal
effectiveness. For example, it was found that the C/O ratio of GOBMs can be improved from 2.8 for the initial
material to 8.9 at 500<C, 13.2 at 700C, and 14.1 at 900 <C when the reduction of GOBMs is performed in ultra-
high vacuum(UHV) [118]. Furthermore, T-RGOS resulting from the reduction of GOBMs at temperatures
ranging from 2000 <€ to 2400 <€ were almost entirely devoid of oxygen and exhibited a graphite-like structure
owing to an increase in Sp2 domains in T-RGOS [119]. Additionally, a thorough examination of the effect of
temperature on AOGs reveals that their thermal stability varies depending on the type of group. Accordingly,
annealing at temperatures above 650 <C is sufficient to completely remove hydroxyl groups, while carbonyl groups
require temperatures above 1700 <C for removal [120].

Recent studies have consistently demonstrated that the electrical and thermal conductivity of T-RGOBMSs
increases as the annealing temperature increases. This suggests that heat treatment at high temperatures could be
a potential approach to produce T-RGOBM s for applications requiring high conductivities [121-127]. The reason
for this enhancement is that, as the temperature increases, more AOGs are removed. AOGs can act as defects in
the material, hindering the flow of electrons and decreasing conductivity. Once these AOGs are removed, the
remaining T-RGOS can stack more closely together, resulting in a marked increase in both electrical and thermal
conductivity.

(a) 3500 (b).

=
&
o

) L ——EGR (200)
£ 3000 = 1000 30{ —-— EGR (300) .
. g F - - EGR (400) P
Aé’zson z s $ 25{ - EGR(500) ¥
= Z s s
B E = .
£ 2000 £ g 20 & -
3 2 600 -] g Cd
£ 1500 -} g 15 g
2 E & H 3 72
£ 1000 3 £ 10 T
£ E 3 P
2 s £ 20 T oos S
= = f=: .
. T v v v v
0 S0 150 250 350 800 900 000 1100 1200 s . 18 2 = =)
Temperature (°C) Temperature (°C) Pressure (bar)
© pr @ % (h) 10
40 riginal - @1100°C
A —— Adsorption ‘s Adsorpti —_
> —— 60 - orption 0.5
g Desorption ? Desorption j:-n
§ 20 § - g£°°
. ]
< ] 38 mifg £
° 3 - -0.5
2 5 20 = ——G2s0
3 ] 3 —— G600
b r, 5 1.0 ‘Gsoo
o o 3 —— 1000
T T T T T T T T T T T T X 2 0.4 oO. Y 1
00 62 04 08 08 10 60 02 04 08 08 19 e P:tentioal Wicnilous (EV) °
Relative Preasure (P/Pg) Relative Preasure (P/Pg)
) (D 200 (i) o,
- 100 @1600 °C - 1804 @2000°C E
%, " L
a —a Adsorption 3 160 —+— Adsorption 4 E 20
E s+ —= Desorption £ 0] s CASSarpae: /4 B
3 € 120 [ I
3 e 3 /l T
E /. g 100 < 7 E
"y z 80 2 ’ ] ;
§ 40 42mifg £ 0l BTk } Foo;
g 4 aar % w3 e g
AL zo: o — .gu.us-
0 ° i E
T T T T T T T L L] L L\ L @&y
0.0 02 0.4 08 08 10 00 02 04 o068 08 10 ) 200 300 40 E
Relative Preasure (P/Pp) Relative Preasure (P/Pg) Temperature (°C)

Figure 4. Effect of annealing temperature on the physicochemical properties of T-RGOBMs; (a) elecrical conductivity [19]; (b) thermal
conductivity [16]; (c, d,e, and f) specific porosity [116]. Effect of annealing temperature on the performances of T-RGOBMs; (g) specific
capacitance [128]; and (h) hydrogen storage capacity [14]; sorption capacity [73]

Various studies have examined the effect of increased temperature on the conductivity of the resulting T-
RGOBMs. For example, Akbi et al. examined how annealing temperature affects the electrical conductivity of
the resulting T-RGOF (Fig. 4a). Results indicate that as annealing temperature increases, so does electrical
conductivity, which reaches 3275 S.m™ at 350 <C. This improvement is attributable to the evaporation of the stored
water, the restoration of the Sp2 carbon character, and the elimination of AOGs [19]. Chen et al. demonstrated
the influence of temperature annealing on the thermal conductivity of T-RGOF (Fig. 4b). Consequently, when
the temperature rises, a simultaneous change from Sp3 to Sp2 character removes additional AOGs from the T-
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RGOF resulting in an increase in thermal conductivity, which reaches 1045 W.m*.K"* at 1200 <C [16]. The effect
of reduction temperature on the thermal and electrical conductivity of T-RGOF has also been demonstrated.
Accordingly, T-RGOF reduced at a higher temperature displays the maximum thermal and electrical conductivity
[127].

Temperature can significantly impact the morphology of the T-RGOBMs, causing the exfoliation of sheets
and the formation of pores. High-temperature treatment (1100-2000<C) has been shown to improve absorption
performance and increase the pore size of T-RGOS. In addition, the BET analysis (Fig. 4c, d, e, and f) of the
resulting T-RGOS indicated a significant increase in the specific surface area (SSA) [116]. The consideration of
the extent of exfoliation has significance in T-RGOMBs due to its pivotal role in determining their
physicochemical characteristics. Research has shown that the temperature of heat treatment significantly
influences the degree of exfoliation. According to McAllister's theoretical findings, it is essential to exceed a
temperature of 550 <C in order to obtain effective exfoliation of Staudenmaier-prepared GO. Once the temperature
exceeds 550C, the rate at which AOGs decompose in GO becomes greater than the rate at which the evolved
gases diffuse. As a consequence, the pressures experienced surpass the cohesive van der Waals forces that hold
GOSs together [43]. Cao et al. performed a study to examine the influence of treatment temperature on the degree
of exfoliation in T-RGOS. They accomplished this by exposing modified Hummers-prepared GO to different
temperatures in the presence of a nitrogen environment. The results of their study demonstrated that increasing
the temperature from 550<C to 1200 <C led to a decrease in the number of layers that constitute T-RGQOS, declining
from 3 to 2 layers. The observed result may be ascribed to the phenomenon wherein elevated temperatures
expedite the rate of disintegration of AOGs. The acceleration mentioned above induces elevated pressures, hence
leading to a more pronounced exfoliation process characterized by a reduced number of layers [129]. Adjusting
the extent of exfoliation can be employed to control the dielectric properties of T-RGOS. A comparison between
two T-RGOBMs, one prepared by annealing GOS at 400<C and the other at 1000<C under argon atmosphere,
revealed that the T-RGOS prepared at 400<T exhibited higher permittivity. This was due to its lesser degree of
exfoliation and a greater presence of AOGs in the T-RGOS prepared at 400 <C [130].

The temperature used during annealing can greatly impact the performance of T-RGOBMs in a variety of
applications [131,132]. By carefully adjusting this parameter, the performance of T-RGOBMs can be optimized
for superior results. Many studies have explored the effect of annealing temperature on the properties and
performance of the resultant T-RGOBMSs, as summarized in Table 3. Supercapacive performances of T-RGOS
may be improved by adjusting the temperature of heat treatment (Fig. 4g). Further research into the effect of
temperature reduction on the T-RGOS's capacitance at temperatures ranging from 250 to 1000 <C revealed a
decrease in capacitance as the temperature increased due to the elimination of AOGs, which offers additional
pseudocapacitance via faradic redox processes [128].

Le et al. investigated the strontium sorption capability of T-RGOS produced at varied temperatures in
ambient air (Fig. 4i). Consequently, raising the temperature of treatment improves the sorption capacity, which
reaches a maximum of around 0.2 mmol/g at T=500<C. This finding may be credited to the fact that, at elevated
temperatures, T-RGOS react with oxygen, resulting in a greater density of AOGs and defects that can serve as
adsorption sites. To investigate the influence of temperature reduction on the performance of T-RGOS as flame
retardants for polyester (PS), GO was thermally treated at 200<C, 500<C, and 800<C. Due to the elimination of
additional AOGs and the barrier effect caused by the expanded and lamellar structure of T-RGOS, incorporation
of polyester with T-RGOBMs treated at 800 T significantly increased the flame retardancy, reducing the releasing
energy rate by 48% and the ignition time by 53% [133]. Singh et al. revealed that the exfoliation temperature has
a significant impact on the porosity and pore size of T-RGOS, resulting in varying hydrogen storage capacities
(Fig. 4i). Exfoliating GOS at 200 <T is ineffective for layer separation, resulting in the lowest ability to absorb
hydrogen. At T= 300 <, T-RGOS displays a high SSA of 248 m2.g™* and an increased pore volume of 1.4 cm®.g"
! resulting in a maximum hydrogen absorption capacity (3.12%). However, subsequent increases in exfoliation
temperature (T=500<C) resulted in a drop in the ability to absorb hydrogen because of the layer degradation and
rupture caused by the high exfoliation temperature [14].

Table 3. Impact of the annealing temperature on the properties and performance of the resulting T-RGOBMs

SSA/

T Annealing inter- Electrical/
Application temperature thermal performance References

RGOBMs (<) layer - onductivit
spacing Y
234 m2.g- . 780

Anode for Li-ion 300 1 Char_ge/dlscharge mAh g [134]
T-RGOS Batter 403 e / capacity at a current 00
y 400 m-g density of 30 mA/g A
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5.2 Effect of the rate of heating

The rate of heating is a significant variable that exerts a profound influence on the thermal decomposition of
GOBMs, as well as on the physicochemical properties of the resulting T-RGOBMs, with a particular emphasis on
porosity. When a low heating rate, typically below 10<C.min, is employed during the heat treatment of GOBMs,
it leads to a gradual release of gases resulting from the decomposition of AOGs. This gradual decomposition
results in a lower amount of product gas, which does not surpass the quantity of gas that can escape from the
sample. As a result, the interlayer pressure does not exceed the van der Waals forces that hold the GO sheets
together, preventing the expansion of the resulting T-RGOBMS' structure [43]. Conversely, when rapid heating is
applied, exceeding 10<C.min, the rates of heat and product gas generation outpace the rates of heat and gas
removal from the sample. At this juncture, the interlayer pressure between the GO sheets significantly exceeds
the van der Waals forces that normally bind them together. This leads to an explosive reduction-exfoliation
phenomenon, resulting in a fluffy and highly porous structure (as depicted in Fig. 5a and Fig. 5b) in the resultant
T-RGOBMs [46,139-141]. The rate of heating can also have a significant impact on the extent of exfoliation in
the resulting T-RGOS. Applying rapid heating during the heat treatment process can lead to a high degree of
exfoliation. For example, Schniepp et al. successfully achieved single-layer T-RGOS by employing a rapid
heating process at a rate of 2000 <C.min"* until reaching 1050<C, resulting in an impressive specific surface area
(SSA) of 1500 m2.g* [44]. Furthermore, elevating the reduction temperature leads to a greater degree of
exfoliation [43,129]. Conversely, when low heating rates are applied, increasing the temperature during reduction
results in T-RGOS with a reduced degree of exfoliation. For instance, at a heating rate of 5<C.min, raising the
temperature from 127 <C to 2400 T increases the number of layers forming T-RGOS from 1 to 6 layers [119].
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Table 4 presents a curated selection of cases where the effective utilization of rapid heating has been explored
for the production of porous T-RGOBMs, tailored to serve various advanced applications. Qiu et al. elucidated
the influence of the increasing external rate of heating on the porosity of T-RGOBMSs produced by explosive
exfoliation. Results reveal that beyond a critical heating rate, further increments in the external heating rate fail to
yield additional enhancements in surface area. Instead, all resulting T-RGOBM s consistently fall within the range
of 350 to 400 m2.g. This "heating-rate independence” phenomenon arises due to local self-heating within the
sample. With a heating rate of 120<C/min or higher, the exothermic reaction accelerates to the point where it
induces a noticeable divergence in the temperature of the GOBMs compared to its surroundings. Consequently,
this leads to an increased rate of heating perceived by the sample. Once the disproportionation reaction is initiated,
the fast self-heating dominates the total rate of heating, rendering the externally applied rate of heating less
influential. Consequently, further elevations in the external heating rate do not alter the total rate of heating, the
kinetics of the disproportionation reaction, or the porosity of the resulting T-RGOBMs [142]. Yang et al.
conducted research to explore the connection between heat treatment conditions for GOBMs in order to achieve
efficient reduction into T-RGOBMs. Their findings revealed that at higher heating rates, GOBMs required a
shorter duration and lower temperature for effective reduction. These results underscore the importance of
aligning the duration and temperature of heat treatment with the chosen heating rate [140]. Known et al. achieved
the successful preparation of a flexible and highly porous T-RGOF through rapid heating while preserving its
structural integrity. This was accomplished by sandwiching the GOF between two borosilicate glass substrates
during the heat treatment process. However, when the structure of the GOF was subjected to fast heating without
such confinement, it was found to be compromised and destroyed [139]. To produce T-RGOF with exceptional
performance in supercapacitors, Ye et al. employed a combination of rapid heating under pressure and chemical
graphitization, resulting in a porous T-RGOF doped with iodine groups. The rapid heating under pressure was
carried out using a pedal sealing machine at a temperature of 200<C for 5 minutes, while chemical graphitization
utilized Hl/acetic acid as a chemical reducing system. During the rapid heating under pressure, there was a swift
decomposition of AOGs, leading to the generation of a significant volume of gases. This sudden increase in
intersheet pressure caused the separation of sheets and the formation of a porous and fluffy structure [143].
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Figure 5. (a) SEM images of T-RGOS prepared by thermal exfoliation at different heating rates; (b) Effect of heating rate on the resulted
porosity of T-RGOBM s [142]. The T-RGOBM s, identified as T-RGOS -8, T-RGOS -$10, T-RGOS -B70, T-RGOS -p430, and T-RGOS -
B1590, are subjected to heating processes at varying rates of 8, 10, 70, 430, and 1590°C.min"?, respectively [142]
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Table 4. Examples of monitoring the rate of heating to increase the porosity of T-RGOBMs

Heat treatment  Heating rate BET SSA

T-RGOBMs type conditions (T.min) (m?.g) References
40 362
500-900 T
T-RGOS inert atmosphere 1;80 igg [142]
1050 €
T-RGOF Ambrent air 100 350 [144]
250 309
T-RGOS 1000C 30 434 [128]
UHV
T-RGOF 200T 40 180.02 [143]
ambient air
250C 500
T-RGOF ambient air 10 970 [139]
5 144
T-RGOS 200°C 10 250 [140]
Ambient air 50 580
350C
T-RGOS gy 10 550 [73]

5.3 Effect of the period of heat treatment

The period of time allocated for heat treatment has a profound impact on the structure and physicochemical
properties of GOBMs. Previous research has illustrated that extending the period of reduction results in a
narrowing of interlayer distance and an increase in the C/O ratio. The drop in interlayer distance is attributable to
the removal of water and AOGs, while the increase in the C/O ratio is due to exclusion of AOGs [145,146]. Chen
et al. delved into the transformation of the C/O ratio and electrical conductivity in T-RGOF that underwent
treatment at a relatively low temperature of 400<C. Fig. 6a showcases the results of their findings, which reveal
that prolonged treatment leads to a remarkable rise in both the C/O ratio and electrical conductivity. This is owing
to the elimination of AOGs, which results in a notable enhancement of the Sp2 domains and a marked decrease
in sheet resistance [46].

Moreover, the annealing period can serve as a crucial parameter in optimizing the laminar channels in GOF,
thereby resulting in improved performance of the membrane nanofiltration. For example, Li et al. studied the
impact of mild annealing at 80 <C on water permeance and Na,SO, selectivity. The data presented in Fig. 6b
showcases the remarkable impact of thermal annealing on water permeance and salt rejection. The results reveal
that after thermal annealing, the water permeance dropped from 7.4 to 4 L.m2.h"%.bar? and the salt rejection of
Na,SO4 rose from 57.7% to a substantial 90.9%. This is attributed to the narrowing of the laminar channels [114].
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Figure 6. Impact of annealing time on (a) C/O ratio and sheet resistance of GOF and (b) water permeance and Na,SO, rejection of GOF-
based membrane [114]
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The determination of the required time for thermal reduction under specific annealing conditions is of utmost
importance for the large-scale manufacture of T-RGOBMs. Sengupta et al. studied the evolution of
transformations in GO during thermal reduction at 350<C. The analysis revealed that the elimination of AOGs
from GOBMs began with the gradual removal of carboxylic and hydroxyl groups. After seven minutes of heating,
most of the hydroxyl, carboxylic, and carbonyl groups were eliminated from the lattice, leading to the exfoliation
of the material due to the intense pressure placed on the layers of GO [28].

5.4 Effect of annealing atmosphere

The choice of annealing atmosphere during heat treatment can have a profound impact on the structure and
performance of resulting T-RGOBMSs. Hence, careful consideration of the desired properties is necessary to select
the appropriate annealing atmosphere for a specific application. Several atmospheres were employed including,
inert gases like Nitrogen (N2) [139,147] and Argon [148], oxidizing atmospheres such as ambient air [19,149,150],
reducing atmospheres such as Hydrogen (Hz) [151], mixed gases atmospheres like Argon-Hydrogen (Ar-H,)
[152-154], and Ultra-high-vacuum (UHV) [118]. UHV has been recognized as the optimal environment for
thermally annealing GOBMs, generating almost oxygen-free T-RGOBMSs without the introduction of impurities.
Furthermore, the use of UHV may boost the pressure gradient force exerted on annealed GOBMs, hence
promoting their exfoliation [92,155]. The thermal treatment of GOBM s in oxidizing atmospheres such as ambient
air was seen as a viable method for enhancing some properties, such as pseudocapacity [156] and sensitivity [110],
by introducing more AOGs through the reaction of the structure's carbon atoms with the oxygen of the air (Fig.
7a) [19].
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Figure 7. Schematic ilustration shows the influence of varying atmosphere (air and Ny) on the structure of T-RGOBMSs during thermal
annealing [110]; (b) Effect of annealing atmosphere on electrical conductivity [5]; (c) Effect of annealing atmosphere on the sorption
capacity [110]

To alleviate the oxidation of carbon structure, an inert gas such as N2 and Ar, and a reducing atmosphere
such as H, may be utilized to produce free-impurities T-RGOBMs with a high degree of reduction. Wang et al.
used a two-step thermal process to convert GOF to T-RGOF with record-breaking electrical conductivity (6400
S.cm™). The thermal reduction stage was conducted in an Ar environment at 1000 K, followed by joule heating
at 3000 K [148]. The addition of a small portion of H, to Ar results in an increase in the reduction efficiency. In
this context, Xu et al. proposed an effective strategy to prepare T-RGOBMSs. After tweaking GO's oxidation
parameters, the exfoliation-reduction process was conducted in an Ar-H, environment. It is found that the majority
of AOGs were successfully eliminated [157].
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Yang et al. investigated the thermal reduction of GOBMSs under three distinct environments, Ar, Ar-H, and
UHYV at temperatures of 500 <C. The results showed that using UHV is more effective to reduce GOBMs, resulting
in high-quality T-RGOBMs with a C/O ratio of 8.9 compared to Ar gas (6.8) and Ar-H; gas (7.2) [118]. The
effect of heat treatment in various environments on electrical conductivity was extensively investigated [5,158].
Wang et al. investigated the effect of thermal treatment at various atmospheres (Air, Ar-H,, and N2) on the
electrical conductivity of T-RGOBMs (Fig. 7b). They found that using Ar-H, atmosphere results in greater
conductivity than the use of N2 and ambient air due to the recovery of more Sp2 domains [5].

The annealing environment has been found to have a profound influence on T-RGOBMSs’ performance,
according to various studies. As stated in Table 5, several studies have investigated the influence of the annealing
environment on the properties and performance of the resulting T-RGOBMs. Le et al. studied the influence of air
and nitrogen annealing atmospheres on the heavy metals sorption performance of T-RGOS (Fig. 7c). They
discovered that T-RGOS treated with ambient air had a greater sorption capacity than T-RGOS treated with Na.
T-RGOS reacts with oxygen in ambient air, resulting in a higher concentration of AOGs and flaws that could
serve as adsorption sites [110]. The environment of annealing also affects the capacitance performance of the
resulting T-RGOBMs. Due to the carbon structure's reactivity with oxygen, AOGs are introduced to T-RGOBMSs
during the treatment of GOBMSs in ambient air, increasing the pseudocapacitive contribution [89]. However,
vacuum treatment of GOBM s eliminates AOGs, lowering the pseudocapacitive performance of the resulting T-
RGOBMs [128]. Shiravizadeh et al, in contrast, studied the effect of the atmosphere on the photocatalytic
performance of GOMB during thermal treatment. Annealing in hydrogen improved the photocatalytic efficiency
of the T-RGOBMSs, but annealing in air diminished it [159].

Table 5. Impact of the annealing temperature on the properties and performance of the resulting T-RGOBMs

SSA/ .
. : Electrical
T- A Annealing inter- e
RGOBMs Application atmosphere layer conduct_lVlty/ performance References
- sheet resistance
spacing
. . 0.21
Air Strontium sorption mmol.g
Heavy metal capacity in mmol 1
T-RGOF . e / / per gram of T- —_— [110]
adsorption 0.04
N RGOF prepared at mmbl i
2 500C .
Air 1068 S.m* Capacity of 144
Electrode for vanadium oxide- T- mA.h.g*
T-RGOS lithium-ion batter N, / 1065 S.m* RGOBMs //lithium / [5]
y Ar-H 1289 S.m? battery measured at /
2 6 Agl
Air Maximum specific 124 F.g*
: . capacitance in
T-RGOS Supercapacitor N, / farads per gram of 148 F.gt [160]
T-RGOF.
UHV
T-RGOF / ar) P / / [158]
Air (300<C) 245
N, (600<C) 1130
Counter electrode Ar Power  conversion 2.23%
T-RGOF for dye-Sensitized N, / / efficienc 3.34% [161]
Solar Cells Air Y 5.89%
-1
T-RGOF  flexible electrodes + / % / / [151]
CH, 3.07 kQ.m*
T-RGOF flexible electrodes Ar / 1120 kQ.m* / / [162]
H, 2540 kQ.m'?

5.4.1 Doping T-RGOBMs by thermal annealing in presence of heteroatoms sources

Heat treatment is a common route for heteroatom doping of T-RGOBMs. The process typically involves
heating GOBMs in the presence of nitrogen, iodine, sulfur, boron, or phosphorus sources, creating the highly
sought-after heteroatom-doped T-RGOBMs (DT-RGOBMSs) (Fig.8a). The incorporation of these heteroatoms
into the resulting T-RGOBM s structure leads to remarkable changes in its physicochemical properties [163],
elevating its performance to new heights, including increased sensing abilities, catalytic activity, and
photoresponse [164-166]. Regarding the literature, several studies have employed heat treatment as a means of
doping T-RGOBMs. This is achieved by combining GOBMs with precursors that contain heteroatoms or
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subjecting them to specific environmental conditions [167,168]. For instance, Nitrogen DT-RGOBM (N-DT-
RGOBM) may simply be synthesized by annealing GOBM under ammonia gas [169] or by using precursors for
Nitrogen atoms such as urea [170], melamine [171], and Hexamethylenetetramine [172]. Furthermore, the sulfur
DT-RGOBM (S- DT-RGOBM) may be achieved by the use of precursors like thiophene/bithiophene [173], or
thermal annealing under H,S, SO,, CS, atmosphere [48,168].

Doping T-RGOBM with Boron (B-DT-RGOBM) may also alter its electronic structure, leading to various
astonishing features and potential applications [174]. It may merely be achieved by several routes like the thermal
treatment of GOBMs under the BF3 environment [175] or by combining GOBMSs with precursors such as B;0s;
during the thermal treatment [167]. Furthermore, the phosphorus atom is regarded as an effective dopant for T-
RGOBMs in order to enhance their quality. Phosphorus-doped T-RGOBM may simply be prepared by thermally
heating a combination of GOBMs and precursors like 1-butyl-3-methylimidazolium hexafluorophosphate [176]
and ammonium phosphate monobasic [177]. Halogenation of T-RGOBMSs may also be achieved by the thermal
treatment of GOBM under a halogen atmosphere [178]. The most common halogenation of T-RGOBM s involves
iodine groups as a result of their increased electrical conductivity and catalytic activity [179]. It can be prepared
by combining GOBMs with a source of iodine like KI [180] and iodine solution [181] or by reducing GOBMs
directly in an iodine environment [182].

Dual-heteroatom-doping of T-RGOBMs may lead to unique physical and chemical features as well as
potential applications [183]. Thermal annealing was currently used to dope T-RGOBMs with two different
heteroatoms such as sulfur-nitrogen [184], boron-nitrogen [185], iodine-nitrogen [186], and so on.
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The incorporation of heteroatoms into T-RGOBMSs may greatly enhance their physicochemical features.
Yeom et al. incorporated boron heteroatoms into the structure of T-RGOS as an example. Electrical conductivity
rose from 181 for T-RGOS without boron doping to 4434 S.m after boron doping, while BET surface area
increased from 50 to 122 m2.g* after boron doping, according to investigations (Fig. 8b). As a result, the
supercapacitive performance of T-RGOS was enhanced by tripling the specific capacitance from 135 to 448 F.g
! (Fig. 8c). Furthermore, dual-heteroatom-doping was reported to be more effective than single-heteroatom-
doping. According to zhan et al., Nitrogen-lodide-DT-RGOS exhibits higher catalytic performance for reduction
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oxygen reaction than lodide-DT-RGOS, N-DT-RGOS, and Graphene (Fig. 8d). This discovery may be attributed
to the high density of defects induced by doping and the synergistic action of I/N and T-RGOS [186].

5.5 Annealing in a confined space under the effect of pressure

Heating GOF in an unrestricted environment results in a fragmented T-RGOF with numerous breaks.
However, when pressure is applied to GOF in a confined space during heat treatment, it results in the formation
of T-RGOF with an ordered and compact structure (as seen in Fig. 9), which can result in improved electrical and
mechanical properties. Many investigations, as shown in Table 6, have examined the effect of annealing in a
confined space and under pressure on the physicochemical properties of the resulting T-RGOBMs. Exerting
pressure can also help to minimize defects and wrinkles in the resulting T-RGOBMs, leading to a higher-quality
material with fewer impurities. Importantly, applying high pressure upon heat treatment of GOBMs significantly
reduces the temperature required for the graphitization of T-RGOBMSs and accelerates the transformation of non-
crystalline structures into their crystalline counterparts [187]. Research shows that the structure of T-RGOBMs
reduced at 260 <C under 4 MPa is almost identical to that of T-RGOF reduced at 1000 <C at ambient pressure [188].

Chen et al. may alleviate T-RGOF's expansion after heat treatment by sandwiching GOF between two
stacked wafers. After thermal reduction, the morphology of the film was found to be retained. The pressure exerted
by wafers on GOF prevents layer expansion and fractional displacement caused by the release of gases generated
from GOF's decomposition. The resulting T-RGOF displays remarkable electrical conductivity, boasting a
conductivity value of 272 S.cm™ [189]. GOFs have a tendency to undergo explosive exfoliation when subjected
to high heating rates, leading to a total loss of structural integrity. To mitigate this issue, it has been demonstrated
that inserting GOFs between inert plates during heat treatment at 250 <C can preserve the initial form of the film.
This results in the production of T-RGOFs that boast both high electrical conductivity and microporosity [139].

To control the thickness of T-RGOF and preserve its integrity, Chen et al. employed two parallel quartz
Plates with a Precisely Aligned Gap to Confine the Expanding GOF to a Consistent and Specified Thickness [190].
Combining high temperature and pressing, according to another research, preserves a tightly packed GOF
structure and improves the graphitization of T-RGOF by promoting the removal of AOGs. The resulting T-RGOF
exhibits remarkable electrical and thermal conductivities [187].
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Figure 9. Schematic illustration showing the difference between the heat treatment of GOF in open and confined spaces

Table 6. Annealing in a confined space and under pressure and its impact on the electrical conductivity/ resistivity of resulting T-RGOBMs

Heat Electrical
T-RGOBMs Strategy treatment conductivity/ References
type " A
conditions resistivity
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T-RGOF Sandwiching between two carbon plates 1050 € 6900 S.m* [144]
Sandwiching between borosilicate glass and stainless-

_ -1
T-RGOF steel plates 250 T 757 S.m [139]
T-RGOS hydrogen atmosphere under high pressure 1588 t;:r 1.14 Qm* [191]
UHV 2000 € 1
T-RGOF under hot press furnace 294 bar 310000 S.m [187]
: Argon -1
T-RGOF Sandwiching between two Si stacked wafers 800 T 27200 S.m [189]
Ambient air
T-RGOF confined between two 1000 € 1190 S.m* [190]

parallel quartz slides

6. Optical properties optimization of GOBMs through heat treatment

Heat treatment is not only used to adjust the physicochemical properties of T-RGOBMs but also to fine-tune
their optical properties, which are crucial for applications in optoelectronics and photonics. According to
Schmiedova et al., the heat treatment route is likely the best method for reducing GOBMs to enhance their optical
properties. They found that the refractive index of T-RGOBMSs produced through heat treatment is 1.993, which
is higher than those produced chemically (1.839) and with UV treatment (1.873). The lower refractive index in
chemically and UV-reduced RGOBM s is attributed to the higher defect content resulting from these reduction
methods [192]. Politano et al, reported on the heat treatment of GOF, showing that GOF prepared by dip-coating
and thermally annealed at 450 <C for 20 minutes in an Ar atmosphere exhibited improved optical conductivity and
absorption coefficient. After the heat treatment, the quantity of AOGs decreased, and a transition from sp3 to sp2
hybridization occurred. This change resulted in a variation in the coverage of functional groups, thereby altering
the electronic density of states of the T-RGOF[193]. Cao et al. established a correlation between defect density in
T-RGOBMs and optical constants, specifically the refractive index and extinction coefficient. Their findings
indicate that fewer defects in T-RGOBMs lead to higher density and, consequently, increased optical
absorption[194]. Jung et al. examined the impact of heat treatment and the extent of exfoliation on the optical
properties of T-RGOBMSs. They demonstrated that thermally treating the material in a vacuum enhances its optical
properties. Furthermore, multiple layers of GO showed more significant changes in optical properties compared
to single layers. Thermal reduction removes interlamellar water layers, resulting in an increased refractive index,
and reduces the AOGs content of GO layers, significantly increasing the extinction coefficient [195].

The refractive index is a crucial parameter that can effectively monitor the size and thickness of GOBMs
during heat treatment. Guo et al. propose an efficient and accurate method to determine the layer number of GO
by leveraging its thermally enhanced optical contrast through vacuum heating. The observed changes in thickness
and chemical structure are attributed to the removal of intercalated water and oxygen-containing groups during
thermal treatment. This process results in an increase in both the refractive index and absorption coefficient,
approaching the values of intrinsic graphene [196].

7. Thermal annealing-induced transformations and mechanisms in
GOBMs

7.1 Unveiling structural transformations in GOBMs through heat treatment

To address a number of crucial concerns regarding GOBMs’ thermal decomposition and the controllability
of the production of T-RGOBMs, it is essential to identify transformations that occur in GOMBSs during thermal
annealing [197]. The thermal annealing of GOBM s leads to structural and morphological changes, which result
in altered properties of the resulting T-RGOBMs. Previous studies have been conducted to identify
transformations during GOBMs thermal decomposition [45,198]. Huh investigated in detail transformations that
occur in GOBM s in the temperature range between ambient and 2000 <C. As shown in Fig.10a, six significant
transformations were identified during the thermal annealing of GOBMs. The first transformation occurs between
room temperature and 130 <C, where absorbed water partially vaporizes, causing shrinkage of the GOBM s lattice.
In the second stage (140-180<C), there is a significant loss of water, leading to partial exfoliation of T-RGOBMs.
The third stage (180-600<C) is associated with the removal of carboxyl groups, resulting in further contraction of
the T-RGOMBs lattice. Lattice expansion of T-RGOBMs occurs in the temperature range of 600-800<C, caused
by outgassing from the decomposition of remaining carboxyl and hydroxyl groups. The elimination of remaining

Volume 2 Issue 2|2024| 21 Universal Journal of Carbon Research



hydroxyl and epoxide groups leads to a high number of defects within the temperature range of 800-1000<C. The
last transformation, occurring between 1000-2000<C, involves the bottom-up formation of T-RGOBMs crystal
layers and a decrease in the number of defects. [45]. Ganguly et al. examined GOMBs’ deoxygenation process
during vacuum heat at a range of temperatures between ambient and 1000 <C. Interestingly, it has been discovered
that carboxyl groups on the edge plane are indeed very unstable, while carbonyl groups seem to be harder to
eliminate. Furthermore, phenol groups were generated through the moderate interaction of basal plane epoxide
with neighboring hydroxyl groups at 400 <C. At temperatures as high as 1000<C, phenolic groups prevail over
carbonyl groups and survive [198]. Pelaez-Fernandez et al. analyzed AOGs decomposition upon heating of
GOMBs in temperatures from 70 to 1200<C using in situ techniques [199]. It has been revealed that physically
and chemically absorbed water evaporated at temperatures below 100<C and between 130 and 180<C, respectively.
In addition, epoxide groups may be removed at temperatures below 300<C, but carbonyl and ether groups are
removed at temperatures over 300<C in the temperature ranges 500-700C and 700-900<C, respectively.
Furthermore, the elimination of hydroxyl groups appears obviously more difficult at temperatures over 1000 <C.
Akbi et al. identified transformations that occurred during the thermal annealing of GOF under a nitrogen
atmosphere by deconvolution of derivative thermogravimetry. Accordingly, six transformations take place in GOF
during its heat treatment, including evaporation of physisorbed and chemisorbed water, rearrangement and
elimination of AOGs, disproportionation reaction, elimination of sulfur groups, and degradation of the carbon
framework (Fig. 10b) [29].

Shen et al. disclosed transformations that take place at low-temperature thermal annealing of Hummers’ GO.
The findings imply the existence of four major stages: In the first phase, which occurs below 100 <C, physisorbed
water is released. The second step (160 to 210 <C) removal of unstable AOGs. Elimination in the third stage (210-
300 T) of sulfur groups and stable AOGs. Fourth stage degradation (210-300 <C) of the carbon network and the
very stable AOGs [200].
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Figure 10. (a) An illustration showcasing the thermal reduction process of GO, ranging from room temperature to 2000 <C [45]. (b)
Illustrating the Transformations of GOF during Heat Treatment (removal of water molecules, decomposition and rearrangement of different
AOGs, degradation of the carbon skeleton) [29]

Gao et al. used the computational method to investigate the thermal reduction of GOMBs under UHV. As a
result, thermal treatment at high temperatures promotes the removal of hydroxyl and carboxyl groups.
Additionally, thermal reductions of hydroxyls connected to the inside of an aromatic structure are less difficult
than those of hydroxyls linked to the aromatic structure's edges [120]. Acik et al. monitored the CO, and CO
generated during the thermal annealing of GOMBSs. At temperatures below 200 <C, CO; is reported to be a
byproduct of the decomposition of esters, lactones, anhydrides, carboxyls, and lactols groups linked to the basal
planes or the edges, whereas at temperatures between 250 and 750 <C, CO is associated with the decomposition
of phenols, ethers, quinones, and carbonyls [201].

Le et al. investigated the transformations resulting from thermal annealing of GOF under nitrogen and air
atmosphere. Thermal annealing at low temperatures (<200<C) under both atmospheres leads to the removal of
unstable AOGs; moreover, both atmospheres result in almost the same structure, indicating the negligible
influence of the surrounding environment at low temperatures. At high temperatures (200<T< 500 <C), under an
air atmosphere, carbon atoms start to react with oxygen, generating AOGs and defects; however, under a nitrogen
atmosphere, AOGs continue to be removed, leading to an increase in a C/O ratio. Furthermore, under an air
environment, GOF completely decomposes at 700 <C, however, it retains 20% of its initial mass under a nitrogen
atmosphere [110].

Overall, both the quality of GOBMs and the annealing conditions greatly impact the transformations that
occur in GOBMs during heat treatment. The quality of GOBMs influences the content of the starting material,
while annealing conditions determine the extent and rate of transformations during thermal annealing.

7.2 Mechanisms behind the thermal reduction of GOBMs

Understanding the mechanisms of reactions that occur in GOBMSs during heat treatment is crucial for
identifying alternate approaches that might decrease the density of carbon evolution-induced defects [202]. Bagri
et al. elucidated mechanisms of chemical transformations that occur in GOBMSs upon heat treatment. By the use
of theoretical simulations, it has been proved that during heat treatment of GOBMs, a highly thermally stable ether
and carbonyl group was formed via the alteration of the original hydroxyl and epoxy groups, and that prevents its
total transformation to pristine graphene. Furthermore, the aforementioned groups cannot be eliminated without
harming the carbon network to which they are attached [70]. Larciprete et al. proposed a dual-path mechanism for
the reduction of GOBMs into T-RGOBM s driven by AOGs density. For GOBMs with low AOGs coverage, The
thermal reduction proceeds by releasing just O, from epoxide group pairs through cycloaddition, with the carbon
network remaining intact. However, for GOBMs with high AOGs coverage, the formation of ether epoxy pairs
promotes the removal of CO/CO; mixtures, hence consuming the carbon network[202]. Foller et al. demonstrated
that it is possible to enlarge graphitic domains in GOBMs at low temperatures without eliminating AOGs. The
heat treatment of GOBMs at T=80 <T has been reported to result in an increase of Sp2 carbon and hydroxyl groups
and a decrease in epoxy groups, which may be attributed to binary reactions between adjacent AOGs and/or C—H
[113]. Acik et al. displayed the effect of GOMB-intercalated water in a separate study by observing the alterations
that occur in the single and multilayer GOMB during thermal annealing. The results indicate that intercalated
water in multi-layered GOMB plays an important role, creating defects in the structure and leading to the
formation of ketone and ester carbonyl groups [203]. Based on molecular dynamic simulations, Yang et al.
investigated the degradation processes of GOBMs from two perspectives: (1) Transformations in the structure
that occurred in the carbon network and (2) the removal of the AOGs. It has been established that at low
temperatures, the elimination of AOGs is dominant with the introduction of a few defects into the carbon network.
At high temperatures, the decomposition of the carbon network becomes dominant. The orbital flipping from the
Sp3 character to Sp2 one results in significant disorder, and amorphous transformation. Leftover oxygen mostly
resides as hydroxyl groups, along with a tiny quantity of epoxide groups and bridged oxygen, while residual
hydrogen predominantly exists as hydroxyl groups. The quantitative analysis reveals that the decomposition
mechanism of GOBMs is reliant on AOGs amount and OH/O ratio [204].

7.3 Kinetics of thermal reduction of GOBMs

As a means of illuminating the associated mechanisms, the kinetic investigation of reactions that occur in
GOBMs during thermal annealing may be used as a potential approach [19,205]. Yin et al. proved that the
disproportionation reaction is kinetically directed. The reduction reaction of GOBMs should be spontaneous
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according to the laws of thermodynamics, which means that it can occur at relatively low temperatures, owing to
the exponential connection between reaction rate and temperature. Furthermore, benefiting from the high energy
release of the disproportionation reaction, and using nonisothermal analytical data derived from DSC and the
Kissinger model, the activation energy of the disproportionation reaction is assessed to be 167 kJ.mol [206].
Barroso-Bujans et al. gave insight into the mechanism of thermal reduction of GOBMs synthesized by Brodie. It
has been established that the disproportionation reaction involves two distinct pathways; the 2D-diffusion
mechanism (f(o)=-1/In(1-a), 135.85 KJ.mol*) which occurs mostly between interlayers, and the autocatalytic
process (fo)=o(1-a)n>?, 159.18 KJ.molY) which happens at the surface, suggesting that the deoxygenation
begins in the interlayer and that the diffusion of the generated gas is responsible for the exfoliation of tightly
packed layers. When GOBMs lose around 10 wt%, the autocatalytic process becomes significant and reactions
begin to occur mostly on the outer surface of GOBMs layers. The newly produced surfaces then catalyze the
release of more CO; and H,O [207]. McAllister et al. detailed on the other hand the mechanism of thermal
exfoliation of GO synthesized by the Staudenmaier route. They found that the exfoliation of GO occurs when the
interlayer pressure is superior to the van der Waals forces keeping the GO sheets stacked together and the rate of
decomposition of AOGs surpasses the rate of diffusion of the generated gases. It has been established that the
thermal exfoliation mechanism follows the second-order (f(a)= (1-0))%) with respect to oxygen concentration [43].
Accordingly, the synthesis technique and C/O ratio of GO are definitely crucial factors in defining its
disproportionation reaction mechanism. According to Swiniarski et al., the thermal annealing of thin GOF may
be considered as a single kinetic process with an activation energy of 90.7 KJ.mol [208]. In the other side, by
using a model-free approach [209], akbi et al. studied the disproportionation reaction during nonisothermal
annealing under ambient air. Results show a lower activation energy of 88.8 KJ.mol* than that observed under
inert gas [206]. This can be explained by the fact that air includes around 21% oxygen. Oxygen may alter the rate
of decomposition of GOF, resulting in a quicker decomposition, but an inert environment does not react with GOF.
Shen et al. found that the activation energy of the decomposition process increases throughout the deterioration
process. This is due to the fact that the most vulnerable groups deteriorate first during heat treatment [200].
Utilizing temperature-dependent resistivity tests, the kinetics of thermal reduction of a single layer GOS were
investigated under high vacuum. The estimated activation energy was 154.66 KJ.mol*; additionally, the
mechanism follows the second-order (f(a))= (1-a)?). Furthermore, a temperature-programmed desorption test has
been performed to monitor the kinetics of thermal reduction of multi-layered GOF under UHV. The principal
desorption products of the decomposition of GOF at temperatures up to 300 <T were discovered to be H,0O, CO,,
and CO, and minor quantities of O, [210]. The thermal reduction of GOBMs was also investigated by
Aukstakojyte et al. It has been revealed that the activation energy of GOBMs was assessed by Ozawa and
Kissinger and found to be 142 KJ.g*. Additionally, the mathematical kinetic model was determined by Borchardt-
Daniels’s approach. Accordingly, the mechanism is (f(a))= (1-a)®"), suggesting that the thermal degradation of
GOBMs involves successive zero and first-order reactions [211].

8. Mitigating Risks and Ensuring Safety in the Heat Treatment of GOBMs

GOBMs have long been recognized as exceptionally sensitive materials when exposed to moderate heat, and
their thermal decomposition can occur explosively at temperatures near those commonly encountered during
routine drying processes. Whether in a laboratory or a factory setting, the rapid reduction of GOBMs carries the
alarming risk of triggering catastrophic explosions or fire hazards. Additionally, when dealing with large-scale
quantities of GOBMs, a range of dangers emerges, encompassing heat generation, the potential for fires, the
release of gases, overpressure issues, and the risk of pressure or shock waves. This risk is especially pronounced
when GOBMs experience explosive reduction within confined spaces or open environments. The situation
becomes particularly critical in cases where unforeseen events, such as self-heating and spontaneous ignition,
result in unexpected thermal runaway reactions during storage and handling [86]. Consequently, for safety
concerns, it is essential to find and control critical conditions promoting the safe mode of GOBMSs decomposition
during thermal annealing [85,212,213]. Qiu et al. gave a comprehensive thermochemical and kinetic analysis of
GO exothermic disproportionation reaction in an effort to find the circumstances and material compositions that
prevent explosive occurrences throughout large-scale storage and handling. As a result, epoxide groups were
found to be principally responsible for the energetic character of GOBMs; additionally, it has been shown that
residual potassium catalyzes the disproportionation reaction, lessening the temperature by about 50<C and
lowering the energy release [214].
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Furthermore, the explosive mode of the thermal reduction results from the gas and energy releases of GOBMs
disproportionation reaction in conjunction with the dimension/mass of GOBMs sample, which determines the
heat and mass transfer of the inbuilt temperature and pressure. It has also been established that the explosive mode
of thermal reduction is neither induced nor facilitated by the intercalated water molecules [85]. Lakhe et al.
investigated the explosive reduction mode of GOBMs by tracking the temperature and pressure during thermal
annealing. Results show that the explosive mode of GOBMs reduction is highly dependent on the sample size.
Indeed, increasing size causes uncertainty owing to hotspots, material heterogeneity, and decreasing surface-to-
volume ratio. The temperature and the pressure output for 0.5 grams of GOBM s are on the scale of thousands of
degrees Celsius per minute and thousands of pascals per minute, correspondingly. In addition, the investigation
of the thermal stability of GOBMs from various sources revealed that the SSA of GOBMs has a substantial impact
on the reduction mode of GOBMs. If SSA is small, the reaction rate will overwhelm the heat dissipation rate,
leading to an explosive mode of reduction [212]. Aiming to shed light on the flammability and thermo-explosivity
settings of GOBMs, the effect of the GOBMs form, heating rate, temperature, mass of the sample, and the
atmosphere on the explosivity and the flammability of GOBMs during heat treatment was explored by Losic et al.
(Fig. 10a). Accordingly, GOBMs in form of powder and paste have lower temperature barriers for initiating
micro-explosions than GOBM s in form of aerogels and GOF, independently of the annealing atmosphere (Fig.
10a i and ii). Also, it has been revealed that GOF is combustible and the flame may rapidly spread across the
whole GOF in a low oxygen content (about 11%), indicating a substantial fire danger (Fig. 10a iii) [51,86].

For safety considerations and to reduce the risk of GOBMs explosion during heat treatment, several solutions
have been suggested in the literature.

Efficient techniques for the purification of GO:

As mentionned above GOBMs became highly flammable if the purification of GO is not done properly and
still contaminated with impurities such as K* and SO4?-, which induce their explosion mode of reduction. It has
been discovered that the flammability of GO increases as its impurity content rises. For example, one weight
percent of KOH was enough to cause the combustion of GOBMs. For safe handling, inorganic impurities in
GOBMs should be reduced (<0.1%) so that they are very stable against combustion; thus, an effective strategy to
purify GO is in great demand. Normal GO purification is impeded by its propensity to gel when the pH level rises
after rinse. It has been discovered that the acid/acetone washing technique (Fig.10b) is excellent for inhibiting
gelation and hence improving purification [86,215]. Moreover, Mrczek et al. demonstrated that the repeated cycles
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of aggregation and dispersion of GO in a NaCl solution represent a cost-effective and efficient technique for
purifying GO. it does not alter the nature of AOGs or the morphology of the GO sheets. When scalability is a
concern, the membrane-based purification of GO is considered to be the most effective method. Combining brief
dead-end filtration dialysis, prefiltration of acidified GO dispersions, and cross-flow filtration reduces process
time and water consumption. In addition, this method permits simple final-stage concentration of the aqueous GO
dispersion [216]. Another method reported, hollow fiber diafiltration, removes nearly all ionic contaminants from
GO [217].

Reducing the energy released during the reduction of GOBMs

Reducing the enthalpy of decomposition is also considered a potential strategy for directing the thermal
reduction into a safe mode. Introducing certain compounds may inhibit the highly energetic decomposition of
GOBMs. Aukstakojyte et al. investigated the influence of carbon suboxide on the thermal decomposition of
GOBMs. Apparently, the introduction of carbon suboxide reduces the energy released from the decomposition of
GOBMS. It has been found that was reduced from 1487 to 1184 KJ.g!; additionally, the activation energy was
decreased by about 27KJ.g? [211]. In a separate study, Barkauskas et al. studied the influence of nitrogen-based
dyes on the thermal decomposition of GOBMSs. Adding 20% of Auramine O results in a reduction of the released
energy from 1510 to 1064 KJ.g! [218].

9. Recent Advances in the Strategies of Heat Treatment for the
Development of T-RGOBMs for Advanced Applications

The heat treatment route provides a high degree of versatility in producing T-RGOBMs with tailored
physicochemical properties, specifically designed for particular applications (Fig. 17). This section focuses on the
latest developments and fine-tuning strategies involving heat treatment to tailor the properties of GOBMs for a
range of exciting applications, including supercapacitors, gas sensing, and electromagnetic interference shielding.
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Shielding): Schematic Representation

9.1 Strategies for developing T-RGOBMs for supercapacitors

At present, there is a substantial demand for energy storage technologies, particularly flexible supercapacitors,
which exhibit high-rate capability and an extended cycle life. This makes them a promising candidate for various
emerging technologies, including foldable mobile phones, wearable devices, and electric vehicles. However, the
key hindrance to their wider adoption remains their limited storage capacity. To overcome this challenge and
ensure a high storage capacity, it is imperative to develop new active materials with exceptional features
specifically designed for supercapacitors. T-RGOBMSs are being prominently considered for this purpose due to
their remarkable physicochemical properties. These materials possess an exceptionally large surface area,
excellent electrical conductivity, high content of AOGs, tailored porosity, and the potential for doping.

In the quest to prepare T-RGOBMSs for supercapacitor applications, various heat treatment strategies are
available for modifying their structure. The utilization of T-RGOFs is particularly appealing for streamlining and
lightening the design of supercapacitors due to their exceptional flexibility and outstanding electrical conductivity.
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Thermal treatment can effectively reduce GOFs without compromising their flexibility. In this context, AKBI et
al. proposed a nondestructive thermochemical reduction approach to further enhance the storage capacity and rate
capability of T-RGOF. The flexibility of the T-RGOF was preserved following reduction, and noteworthy
improvements in its physicochemical properties were observed. The chemical reduction step improved electrical
conductivity and introduced iodine groups through the use of HI as a reducing agent. Subsequently, the thermal
reduction step conducted at 450<C under ambient air led to an expansion of the specific surface area (SSA),
increased electrical conductivity, the introduction of oxygen-containing functional groups (AOGs) on the T-
RGOF surface, and enhanced surface wettability for the T-RGOF. [89]. The thermal reduction-exfoliation of GO
can also serve as an effective method to produce T-RGOSs with remarkable capacitive performance. Fouda et al.
conducted experiments to assess the capacitive performance of an electrode fabricated using T-RGOSs at 350 <C.
The results demonstrated an impressive specific capacitance of 731 F.g* at a scan rate of 10 mV.s?, and even
when the scan rate was increased tenfold, it maintained a high value of 451 F.g™. This exceptional capacitive
performance can be attributed to the expanded active surface area achieved through the reduction-exfoliation of
GO during the heating process [219].

A multi-step thermal reduction process of GO under different atmospheres is also suggested as a key
approach for tailoring the properties of T-RGOS for supercapacitor applications. In this context, Luo et al.
employed a two-step thermal reduction method to reduce GO. The initial step is carried out under an Argon
atmosphere at 500 <C, which results in high porosity. The subsequent step is performed under ambient air at 400<C,
introducing AOGs (carbonyl groups) into the T-RGOS' structure, potentially enhancing the pseudocapacitance
contribution. When used as a supercapacitor electrode, the prepared T-RGOS exhibited a remarkable storage
capacity and rate capability [156].

The reversible pseudocapacitive reactions facilitated by AOGs in T-RGOS can significantly enhance the
overall specific capacitance. In a study by Chen et al., the impact of annealing temperature under vacuum
conditions on the capacitive performance of T-RGOS was investigated. T-RGOS was produced through a two-
step thermal annealing process. The first step involved rapid heating (30C.min) of GO, in the form of fine
powder, from ambient temperature to 200 <C, followed by a second step of heat treatment at higher temperatures
for 20 minutes. Interestingly, an increase in the heat treatment temperature from 250 to 1000<C resulted in a
decrease in specific capacitance from 171 to 48 F.g™. This reduction is attributed to the progressive elimination
of AOGs as the heat treatment temperature increases [128].

Rate capability is a crucial characteristic of supercapacitors, allowing them to charge and discharge rapidly.
This capability can be enhanced by optimizing the structure and improving the electrical conductivity of the active
material. One effective approach to achieve this is through heat treatment, which decomposes AOGs, restoring
Sp2 domains and increasing electrical conductivity. Moreover, this decomposition mainly generates H,O and CO,
gases, elevating the interlayer pressure and consequently expanding the T-RGOBMs. Luo et al. synthesized T-
RGOA at 400<C under an argon atmosphere. When tested as a supercapacitor electrode, the resulting T-RGOA
exhibited impressive rate capability, retaining 70% of its capacity even as the current density increased from 1 to
40 A.gt. This exceptional rate capability can be attributed to the well-preserved 3D porous structure following
thermal treatment, in addition to the enhanced electrical conductivity [220]. To obtain T-RGOA with tailored
prores and expanded SSA, KIM et al. activated a freeze-dried GO with two-step thermal annealing in two different
atmospheres; first, under air at 650<C, and then under nitrogen at 600 <C. analysis attests to a large SSA of 653
m2.gL. the T-RGOA -based electrode exhibits a superior specific capacitance of 372 F.g at 0.5 A.g%. The cyclic
stability was also performed and the specific capacitance at the 10000 ™ cycle increased by 4% compared to the
1%t cycle [221]. In another study, Yan et al. made a corrugated T-RGOS by exfoliating GO at 900 <C followed by
cryogenic treatment with liquid nitrogen. As an electrode for supercapacitor, the resulting T-RGOS exhibits an
exceptional specific capacitance of 349.0 F.g* at 2 mV.s*:; moreover, a marked increase of 8% in specific
capacitance is observed after 5000 cycles, indicating an outstanding stability in performance. This extraordinary
performance might be attributed to the wrinkly morphology of the sheets, which hinders the agglomeration of the
resulting T-RGOS, improving the accessible surface by electrolyte ions, and thus boosting the double-layer charge
storage capacity [222]. T-RGOS commonly suffer from severe sheets restacking owing to hydrogen-bound
involvement in the intercalated water and thus lose their advantageous characteristics such as high SSA. To
remedy the problem of T-RGOS restacking, Lee et al. treated GO with a restacking-inhibitor i.e. melamine resin
before thermal annealing, leading to the T-RGOS with an exceptionally large SSA of 1040 m2.g. As a result of
using this T-RGOS as a supercapacitor electrode, a superior specific capacitance of 210 F.g™ was achieved, almost
no capacitance loss for 20,000 cycles, and excellent rate capability [223].

As exciting materials for supercapacitor electrodes, heteroatoms single-doped, and multiple-doped T-
RGOBMs have provoked a great deal of interest. Doping T-RGOBMs with heteroatoms i.e. N, P, I, and S
enhances the electronic features, increases electrochemical reactivity, and facilitates the transfer of electrons,
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which are crucial characteristics for achieving high capacitive performances [224,225]. Apparently, increasing
the potential window (V) of supercapacitors is the most favorable to boost their energy density (Eq), owing to the
fact that Ed is consistently related to the squared V (Eq=1/2CsV?). In this perspective, P-DT-RGOBMs were
developed by the heat treatment of GO with phosphoric acid as a precursor at 800 <C under inert gas. The
capacitive performances of P-DT-RGOBMSs were investigated. It has been shown to have a large operating voltage
window of 1.7 V, leading to a high energy density of 11.6 W.h.kg™* [226]. NS-DT-RGOBMs were extensively
investigated as supercapacitor electrode material. For instance, Gopalsamy et al. developed NS-DT-RGOBMs by
treating GO with the precursors of N and S atoms at high temperatures as 900 <C under inert gas. NS-DT-RGOBMs
were tested as an electrode for supercapacitors. Notably, an excellent specific capacitance of 442.0 F.g** was
attained at a high current density of 0.5 A.g™. More crucially, a stable cycle performance with a 1.4% loss of its
initial capacitance after 10,000 cycles [227]. Ma et al. on the other hand, effectively constructed NS-DT-RGOBMSs
foam with customized porosity, increased SSA, and outstanding electric properties by using almost the same
process. As a result, a high capacitance of 405 F.g* at 1 A.g™* was attained [184].

9.2 Strategies for developing T-RGOBMs for gaz Sensors

Detection of particular gases in low quantities is of vital importance nowadays, not only for our everyday
comfort and safety but also for our increasingly contaminated environment. Sensors are technical instruments that
enable us to detect particular undesired and dangerous gases in our homes or surroundings. With the increasing
complexity of dangerous gases and the need to detect more trace amounts of toxic gases, it is necessary to
continuously develop and create highly sensitive and high-performance gas sensor materials. T-RGOBMs have
remarkable properties, including high specific surface area, excellent electrical conductivity and semiconductivity,
and abundant AOGs. Furthermore, heat treatment can be an effective path for fine-tuning the physicochemical
properties of T-RGOBMs toward gas sensing applications.

Heat treatment may be used as a versatile route to convert GOBMs from insulators to semiconducting
materials, making T-RGOBMs-made sensors favorable for gas sensing [118]. Park et al. monitored the change in
the semiconducting behavior of T-RGOFs upon heat treatment. They observed that when exposed to ethanol gas,
GOF displayed n-type semiconducting behavior, while T-RGOFs exhibited p-type behavior. the changeover may
be ascribed to the variations in AOGs content [228]. To assess the impact of different heat treatment conditions
on sensitivity performance, Wang et al. fabricated three variations of T-RGOFs. T-RGOF70 was produced at
70C in an ambient atmosphere, while T-RGOF200 and T-RGOF500 were created at 200<C and 500,
respectively, under vacuum conditions. These various T-RGOFs-based devices were then exposed to H, gas
within a vacuum chamber to investigate their semiconducting behavior. Results revealed distinct behavior among
the T-RGOFs. T-RGOF70 exhibited a significant decrease in resistance at ambient temperature upon exposure to
H> gas, indicating its classification as an n-type semiconducting material. T-RGOF200, on the other hand, showed
a negligible drop in resistance at ambient temperature and a substantial increase in resistance at higher
temperatures, signifying its status as an asymmetric semiconductor. In the case of T-RGOF500, it demonstrated
a substantial increase in resistance at both ambient and high temperatures, categorizing it as a p-type
semiconducting material. These findings suggest that temperature fluctuations influence both the state density
distribution and the size of the band gap in these materials. Additionally, the H,-sensing performance of T-
RGOF500 was evaluated using air as the gas flow, showing that the T-RGOF500-based device serves as an
efficient H, sensor under room conditions. It exhibited moderate sensing performance, rapid response times, and
excellent recovery characteristics [229]. As revealed by Zhou et al., heat treatment may also be utilized to fine-
tune the chemically-made RGOF characteristics. RGOF made by hydrazine reduction is originally an n-type
transition and it transforms into an n-p when exposed to NO; gas in a dynamic environment. It became p-type
semiconducting after being heated to 300 <C, but the p-n transition behavior did not occur once submerged in NO;
[230]. AOGs also play an important role in the sensitivity performances of T-RGOBMs. Jung et al. constructed
T-RGOS-coated silk by treating GOS-coated silk at 400 <C, using different rates of heating ranging from 1 to
5°mint. The NO,-sensing measurements were performed for the several prepared samples. Results show that the
T-RGOS treated at 1<min! exhibit the best performances with low response time (3.3 min) and maximum
response. Structural investigation revealed that T-RGOS obtained with 1<min retains a higher proportion of
AOGs, which results in a substantial improvement in NO; sensitivity performances [231]. In counterpart, Kumar
and Kaur reduced GO at various temperatures of 150, 300, 600, and 800<C under an atmosphere, which contains
argon(95%) and hydrogen(5%). As an SO gas sensor, the obtained T-RGOS have shown outstanding
performances. It has been found that SO,-sensing response was improved by enhancing the density of the Sp2
domains. The treated T-RGOS at T= 800 <C exhibited an exceptional sensitivity response of 3.2% at a ppm level
of SO, in ambient room temperature conditions [138]. A comparative study has highlighted the significant
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influence of the GO preparation method on gas sensitivity performance. In this study, T-RGOS prepared through
the heat treatment of modified Hummers' and Tour's GO were examined as gas sensors. The findings revealed
that T-RGOS derived from Tour's GO exhibited a notably higher response compared to T-RGOS derived from
Hummers' GO. This discrepancy can be attributed to the superior porosity of T-RGOS derived from Tour's GO in
comparison to that obtained from Hummers' GO [232]. The heat treatment of GOBMs at low temperatures under
atmospheric oxygen may be employed as an auspicious path to prepare T-RGOBMs with improved sensitivity
[110,149]. Tegou prepared various T-RGOFs by treating GOF at various temperatures of 120, 150, 180, 200, and
300<C under an ambient atmosphere. The resulting T-RGOFs were tested as a humidity sensor and it was found
that the T-RGOF obtained by annealing at 150<C had the greatest response. This is likely due to the fact that at
150<C, there is a sufficient recovery of the Sp2 structure, which improves the film's conductivity, and also
preserves a quantity of OH groups compared to those treated at higher temperatures. Additionally, the T-RGOF
obtained at 300<C had the lowest response due to the decrease in the inter-sheet distance [149].

9.3 Strategies for developing T-RGOBMs for interference shielding

Electromagnetic interferences may cause a malfunction of communication, medical, and military defense
electronic equipment; more crucially, they can harm living creatures and the environment. In order to avoid this
imminent problem, researchers tend to develop new materials that are capable of attenuating electromagnetic
waves i.e. electromagnetic interference shielding materials (EISMs). EISMs have the aptitude for offsetting or
reducing interferences by absorbing or reflecting electromagnetic waves. Due to their captivating characteristics
including, improved electrical conductivity, enhanced thermal conductivity, expanded SSA, low density, layered
structure, and AOGs content, T-RGOBMs have attracted interest as effective EISMs [233,234]. The shielding
material effectiveness is normally evaluated by two factors which are the bandwidth and the intensity of adsorption
[233]. Regarding the literature, a multitude of strategies has been used to develop effective T-RGOBMs toward
electromagnetic shielding applications.

According to several studies, the effectiveness of the shielding materials may be increased by improving
their electrical conductivity. In this view, Gonzalez et al. evaluated T-RGOAs with different degrees of reduction.
the degree of reduction may be controlled by varying the temperature of heat treatment. Three T-RGOAs (T-
RGOA400, T-RGOA600, and T-RGOA1000) were elaborated by treating Hydrothermally formed graphene
aerogel at 400, 600, and 1000<C under the Argon-H; atmosphere. In the band ranging between 8 and 18 GHz,
all T-RGOAs showed a high efficiency as shielding materials, transmitting only 5% of the total incident wave.
Furthermore, an increase in reflected wave intensity was observed by increasing the reduction degree. The increase
in the intensity of the reflected wave intensity may be attributed to the improvement of electrical conductivity by
increasing the temperature of heat treatment [135].

As demonstrated by Shawi et al., the thermo-chemical modification of T-RGOBMs is a highly effective
method for producing lightweight T-RGOBMs with exceptional shielding capabilities. Notably, treating
chemically prepared RGOBMs with ascorbic acid as a reducing agent and subjecting them to mild heat treatment
at 200<C for several hours under vacuum conditions has proven to be remarkably effective in attenuating
electromagnetic waves in the X-band. This process achieves an outstanding attenuation of 94 dB with a loading
capacity of 0.08 g.cm. [235].

The low electrical conductivity of sheets in T-RGOA, which are not interconnected, resulted in poor
shielding performance. To address this issue, Xu et al. enhanced sheet interconnection by incorporating T-RGOA,
prepared by treating freeze-dried GO at 1000 <C in argon, with polydimethylsiloxane as a binder. This combination
resulted in a highly flexible T-RGOA/polydimethylsiloxane composite. Investigations revealed that the composite
exhibited improved electrical conductivity (103 S.m* with 3% loading of T-RGOA), leading to an outstanding
shielding performance in the X-band with an attenuation of 54 dB [98]. Another study shows that shaping GOS
into a film followed by a heat treatment to prepare T-RGOF ensures an excellent interconnection between sheets
of T-RGOF, which results in a tremendous improvement in electrical conductivity [236]. Xu et al. treated GOF
under a protective atmosphere at varying temperatures. T-RGOF1000 (symbolizing GOF treated at 1000<C)
exhibits an astonishing electrical conductivity of 50000 S.m, leading to an excellent shielding efficiency in the
X-band, which is above 45 dB measured with only 50 pm thickness [237]. Another study showed that the use of
thermal routes is more suitable than chemical ones for electromagnetic shielding applications. Notably, two
RGOBMs were reduced by chemical and thermal approaches. Investigation in the X-band indicates that the
shielding effectiveness of the T-RGOBM s attains the value of 40.2 dB, which is two-fold higher than that of the
chemically prepared one. The higher electrical conductivity and the improved polarization effects of T-RGOBMSs
resulted in a superior value of shielding effectiveness [238].
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Lightweight, highly flexible, and expanded T-RGOF may exhibit a high performance as an electromagnetic
shielding material. Xi et al. prepared an expanded T-RGOF by using a two-stage thermo-chemical method by
using HI in the first stage and thermal treatment at 3000<C in the second stage. The shielding effectiveness
measured for the T-RGOF at a thickness of 1.40 mm. attains 135 dB in the range from 0.1 to 3 GHz. The high
shielding performance is attributed to the expanded interlayer spacing [239].

T-RGOF made by a large-sized GOS may reach a high shielding effectiveness. More importantly, doping
with heteroatoms may boost the shielding effectiveness. Notably, the GOF was fabricated with large-sized GOS
and then reduced in three steps: chemically by using HI as a reducing agent; then, thermally at 1600<C under an
argon atmosphere; and finally, thermally at 200<C under an iodine atmosphere. With a thickness of 12.5 pm, the
I-DT-RGOF shows an excellent shielding effectiveness of 52.2 at 8.2 GHz. The large-sized sheets ensure a
laminated structure and high electrical conductivity; moreover, iodine groups introduced into the structure, i.e.,
tri-iodide and penta-iodide improve the carrier density of I-DT-RGOF, leading to better shielding effectiveness
[240].

Due to the high thermal conductivity, T-RGOF may also act as a heat dissipation material for electronic
components with a significant amount of heat generation, such as processors. Shen et al. implicated a simple
method to prepare T-RGOF. First, GOF was fabricated by casting GOS suspension into a Teflon mold, and then,
GOF was graphitized to T-RGOF by heat treatment at 2000 <C. The ensuing T-RGOF displays a high thermal
conductivity of 1100 Wm*K-! and a high value of SE of 20 dB in spite of using a very thin film (8.4 pm) [241].

It is worth mentioning that the introduction of heteroatoms into T-RGOBMSs enhances their physicochemical
properties and, consequently, improves their performance in shielding against electromagnetic waves. In this
context, S-DT-RGOBM was successfully synthesized through the heat treatment of GO at a high temperature in
the presence of H,S gas. The doping of T-RGOBMs with sulfur led to a significant increase in electrical
conductivity, reaching 75 S.cm™. Consequently, the resulting S-DT-RGOBMs exhibited an enhanced shielding
effectiveness (SE) at 100 MHz, achieving an SE of 33.2 dB, which is significantly higher than that of the undoped
T-RGOBMs (15.5 dB) when measured at the same thickness (140 m) [48].

10.Conclusion

This review presents a valuable guide for researchers and practitioners, offering insights into the safe and
precise application of heat treatment for customizing the properties of GOBMs to suit specific applications.
Through a thorough examination of the impact of the quality and physical form of GOBMs, as well as heat
treatment conditions such as temperature, rate of heating, time, pressure, and atmosphere during preparation and
annealing, we have established a consistent correlation between these factors and the resulting physicochemical
properties of T-RGOBMs. Furthermore, we have delved into the thermal transformations occurring during heat
treatment, investigated the mechanisms and kinetics governing thermal decomposition, assessed potential risks
associated with GOBM reduction via heat treatment, and outlined strategies to ensure a secure reduction process.
This review doesn't stop at the theoretical level; it also explores recent advancements in the practical application
of T-RGOBMs. It provides concrete examples of heat treatment strategies applied across various fields, including
supercapacitors, gas sensing, and interference shielding. With this proposed guideline, experts in the field can
precisely select the optimal combination of GOBMs elaboration and thermal annealing conditions to carefully
customize the physicochemical properties of the resulting T-RGOBMs for targeted applications.

As previously demonstrated, it's crucial to select the most suitable strategy for producing T-RGOBMs, as
each application has specific needs for physical form and physicochemical properties. Producing T-RGOBMs
begins with selecting the right method of preparation for the starting GO. The appropriate physical form must
then be selected to elaborate GOBMs. Finally, suitable heat treatment conditions must be chosen to appropriately
convert the GOBMs into T-RGOBMs.

Parent graphite, its granular size, oxidation, and even the purification process and sonication have a great
impact on the specifications of the obtained GO, including the C/O ratio, type of AOGs, exfoliation degree, sheet
size, purity, and defect density. Furthermore, there is a strong correlation between the specifications of the GO
and the physicochemical properties of the resulting T-RGOBMs. For instance, to achieve high electrical and
thermal conductivity in T-RGOBMs, it is recommended to prepare GO using small-sized graphite. On the other
hand, if a high degree of porosity and exfoliation is desired in the T-RGOBMs, using GO with a high C/O ratio is
recommended. The physical shape of the resulting GOBM s is another important factor to consider. T-RGOFs are
ideal for applications requiring flexibility, electrical, and thermal conductivity. T-RGOS is suggested as a filler
for improving the electrical, mechanical, thermal, and dielectric properties of materials such as polymers. T-
RGOA is ideal for applications that demand porosity and lightness. Furthermore, annealing conditions greatly
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impact the specifications of the resulting T-RGOBMSs. These specifications, in turn, determine the
physicochemical properties of the resulting T-RGOBMSs. The annealing temperature, time, heating rate, pressure,
and atmosphere all play important roles. Increasing the annealing temperature leads to the exclusion of more
AOGs, enhancing both electrical conductivity and thermal conductivity. The rate of heating also impacts the
porosity of T-RGOBMSs, which can be optimized by increasing the heating rate. The annealing time serves as a
useful monitor to regulate the extent of reduction in T-RGOBM s during the annealing process.

Annealing in inert, reducing, or ultra-high vacuum atmospheres allows for treatment at high temperatures (in
the thousands of degrees) without damaging the structure of the T-RGOBMs, leading to high-quality T-RGOBMSs
with low C/O ratios and reduced defects, while annealing in ambient atmospheres can improve reactivity by
introducing AOGs. Additionally, introducing heteroatoms through gas or solid precursors during annealing can
result in unique and desirable properties for the resulting T-RGOBMs. Exerting pressure in GOFs during heat
treatment significantly reduces the temperature required for their transformation into T-RGOFs. it may also result
in T-RGOFs with fewer defects and a more compact structure, thereby enhancing their electrical and thermal
conductivity and improving their transparency. It is evident that careful consideration of the preparation and
annealing conditions of GOBMs can greatly impact the final properties of the T-RGOBMs, unlocking their
potential for optimal performance in various applications.

Elucidating the transformations occurring in GOBMs during thermal annealing, along with understanding
the underlying mechanisms and Kinetics, is crucial because it provides greater control over the structure of T-
RGOBMs and allows for fine-tuning their physicochemical properties for specific applications.

The explosive transformation of GOBMs to T-RGOBM s and the factors influencing this process are also
worthy of investigation. This is essential for safety considerations, as it helps reduce the risk of GOBM explosions
during heat treatment by employing innovative purification procedures and using chemical additives that decrease
the energy release of the reduction reaction.

11.Future outlooks

Future research in the field of using heat treatment to fine-tune the properties of GOBMs should focus on
the following topics:

(1) Further investigations to ensure the quality control of T-RGOBMs and the quantification of their
properties for each application and establishing a strong connection between the heat-treatment conditions and
the preapartion condition of GOBMSs with changes in the structural and physicochemical properties of the resulting
T-RGOBMSs, enabling precise control over material characteristics. Additionally, further research is needed to
define and optimize the key properties such as electrical conductivity, thermal conductivity, mechanical strength,
and porosity that are critical and ensure an optimal performance for specific applications. This may ensure the
presice quality and reprodoctibillity in the perfomance, leading to develop a standardized protocols for the
industrial production of GOBMs and TR-GOBMs with optimal performance for specific application.

(2) Developing scalable and low-cost multistep approaches for mass-producing T-RGOBMs with improved
performance, by harmonizing heat treatment with other enhancement strategies such as chemical reduction, joule
heating, and cryogenic treatment. Chemical reduction introduces more defects into the structure of GOBMs, while
joule heating ensures an extremely high degree of reduction, leading to exceptional thermal and electrical
conductivity in the resulting T-RGOBMSs. Cryogenic treatment enhances the porosity of the resulting T-RGOBMs.
This integrated approach will ensure the production of high-quality T-RGOBMs that can be reliably used in
advanced applications.

(3) Preparing non-defective and a-free-oxygen T-RGOBMs, which may be accomplished by optimizing the
oxidation stage and establishing multistep thermochemical reduction approaches to properly eliminate AOGs and
to consistently repair defects. This may result in T-RGOBMs with physicochemical properties close to those of
pristine graphene.

(4) Further effort is required to gain a more thorough understanding of the mechanisms involved in the
reactions during thermal reduction under various conditions, including the removal of AOGs and water, and the
introduction of defects. This can be achieved by using advanced spectroscopic, thermal analysis, and microscopic
technigues to monitor these reactions in real-time, providing detailed information on intermediate species and
reaction rates. Revealing these mechanisms will ensure precise control over the structure and physicochemical
properties of the resulting T-RGOBMs.

(5) Investigating the phenomenon of explosive thermal reduction of GOBMs and develop safe thermal
reduction strategies to prevent potential hazards. Understanding the conditions and factors that lead to explosive
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behavior is essential for ensuring the safe production of T-RGOBMSs. Searching innovative strategy to mitigate
explosions during thermal reduction of GOBMs.
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