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Abstract

The success of graphene technologies will require the development of safe and cost-effective 

nano-manufacturing methods. Special safety issues arise for manufacturing routes based on 

graphite oxide (GO) as an intermediate due to its energetic behavior. This article presents a 

detailed thermochemical and kinetic study of GO exothermic decomposition designed to identify 

the conditions and material compositions that avoid explosive events during storage and 

processing at large scale. It is shown that GO becomes more reactive for thermal decomposition 

when it is pretreated with OH− in suspension and the effect is reversible by back-titration to low 

pH. This OH− effect can lower the decomposition reaction exotherm onset temperature by up to 50 

degrees of Celsius, causing overlap with common drying operations (100–120°C) and possible 

self-heating and thermal runaway during processing. Spectroscopic and modeling evidence 

suggest epoxide groups are primarily responsible for the energetic behavior, and epoxy ring 

opening/closing reactions are offered as an explanation for the reversible effects of pH on 

decomposition kinetics and enthalpies. A quantitative kinetic model is developed for GO thermal 

decomposition and used in a series of case studies to predict the storage conditions under which 

spontaneous self-heating, thermal runaway, and explosions can be avoided.
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1. Introduction

Graphite oxide (GO) is the bulk raw product of graphite oxidation with strong oxidants that 

intercalate the graphite crystal lattice and introduce oxygen functional groups to the basal 

plane. GO has long been recognized as a thermally unstable, energetic material [1–13]. For 

example, Boehm et al. in 1962 reported “when heated quickly to about 180°C it deflagrates 

with production of a very voluminous fluffy carbon”, which “consists of very thin carbon 

sheets” [13].

Isolation of the graphene monolayer in 2004 [14–16] has greatly increased interest in this 

old material, GO, first for its role as an intermediate in the chemical route to graphene, and 

more recently as a precursor for solution exfoliation into graphene oxide as an end product. 

Graphene oxide is a hydrophilic water-processable two-dimensional monolayer material 

with its own applications (e.g. in membranes [17], emulsifiers [18], hydrogels [19], aerogels 

[20] and sorbents [21]), some of which are distinct from the applications of pristine 

graphene. GO is also of great interest as a bulk starting material for controlled thermal 

exfoliation into multilayer rGO flakes used as composite fillers [22–25]. High-aspect-ratio 

flakes achieve low percolation thresholds, and are thus especially attractive in conductive 

composites [22, 26, 27].

The current strong focus on graphene applications [28–32] together with the important role 

of GO as an intermediate in some processes, have now led to an intense interest in the large-

scale manufacture and commercialization of bulk GO. With large-scale manufacturing also 

come scale-up issues, which include safety, and this motivates a much closer look at the 

behavior of GO as an energetic material under typical manufacturing and process conditions 

[5].

The thermal decomposition of GO yields large volumes of gaseous products, typically from 

40 up to 60% per mass of the original sample mass depending on initial C:O ratio. The 

decomposition is highly exothermic and accompanied by self-heating, which for bulk 

samples above a critical size can lead to significant heat accumulation and thermal runaway 

reaction. If this occurs spontaneously in an unexpected or undesired processing or storage 

step, it can lead to gas release, vessel overpressure [5, 10], or ignition of the volatile gases 

with atmospheric oxygen and large-scale fire hazard [6].

This study addresses important unresolved issues that impact GO processing safety at large 

scale. First there is an unexplained large variation in GO decomposition exotherm onset 

temperatures. The onset temperature marks the practical start of the self-heating process and 

defines the maximum temperature for safe storage and processing. Many studies report onset 

temperatures in the range of 150–220°C [10, 11, 33, 34], but our preliminary data also 

identifies samples with onset temperatures near 100°C, which coincides with typical 

condition used in common drying operations [8, 35, 36]. What causes low GO 

decomposition onset temperature in some samples, and how can it be avoided? Secondly, 

there is a relatively large variation in the reported magnitudes of the exotherm ranging from 

1000 to 8000 J g−1 [6, 7, 10]. Also, to our knowledge there are no data on enthalpy of 

formation and combustion of GO. Thirdly, GO has been reported to undergo dynamic aging 

Qiu et al. Page 2

Carbon N Y. Author manuscript; available in PMC 2017 January 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



processes [37–41], whose effect on thermal decomposition reactivity and heat release are 

unknown. Finally, GO is a complex material, and work is needed to understand the role of 

partial reduction, salt impurities [6], and suspension pH prior to drying in the thermal 

decomposition process.

We address each of these issues by measuring quantitative thermochemical and kinetic 

parameters for GO thermal decomposition. Those kinetics are then used in a computational 

study of the sample sizes and environmental temperatures required to avoid self-heating and 

allow safe storage and processing that will be needed for successful nano-manufacturing of 

GO-based materials.

2. Experimental section

2.1. Materials

2.1.1. Graphite oxide (GO)—GO was prepared using a modified Hummers method and 

purified as described in our previous studies [5, 42]. Briefly, natural graphite powder was 

pre-treated with K2S2O8 and P2O5 in concentrated H2SO4 and further oxidized with KMnO4 

in concentrated H2SO4 under continuous stirring. After a two-step washing with HCl and 

acetone, the product was dried under ambient atmosphere in dark. The GO product 

synthesized was stored in the form of bulk solid or GO cake. The GO powder was obtained 

by mechanical grinding of the GO cake to smaller pieces.

2.1.2. GO samples with additives—The desired mass of additive (KOH, KCl, ascorbate 

etc.) was weighed and transferred into a solution with fixed concentration by adding DI 

water. Then, the desired mass of solid GO was added into the premixed solution (with 

GO:additive mass ratio of 100:1). The mixture was agitated vigorously using a vortex mixer 

for approximately 30 seconds, after which, vials with GO plus salt solution were left 

uncapped in a 60°C oven overnight to dry. The resulting product is in the form of flaky 

powder.

2.2. Characterization

2.2.1. Morphology—The morphologies of all the materials used in this work were 

characterized with a LEO 1530 field-emission scanning electron microscope (SEM). The 

oxygen functional groups on the graphenic plane and edges were characterized using ATR 

accessory in Fourier Transform Infrared Spectroscopy (JASCO FT/IR-4100) and X-ray 

photoelectron spectroscopy (XPS) on Physical Electronics 5500 (PHI 5500) Multi-technique 

Surface Analyzer.

2.2.2. Thermal analysis—TA Instruments DSC-2910 Differential Scanning Calorimeter 

was applied to measure enthalpies of decomposition, and determine GO decomposition 

reaction onset temperatures. MT TGA/DSC-1 instrument was applied to test simultaneous 

mass loss and heat effects of GO. A heating rate of 10 K min−1 was used in most 

experiments, except in the kinetics experiments, where it was systematically varied to 

determine activation energy and frequency factor. The enthalpy of combustion of GO was 

determined by using Parr Instruments model 1421 semi-micro oxygen bomb calorimeter.
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2.3. Decomposition kinetics and thermochemistry analysis

More detailed description of the analysis of the decomposition reaction kinetics and 

thermochemistry is offered in electronic supplementary information section of this work.

2.3.1. Decomposition reaction kinetics—Decomposition reaction rate constant 

activation energy and frequency factor were defined from variable heating rate DSC data 

applying Kissinger equation [43]

(1)

where ϕ is heating rate, Tm is the temperature at which the heat flow reaches a maximum, A 
is frequency factor, Ea is activation energy. The empirical reaction order n was first 

estimated using Eq. (2) [43] and then verified by fitting isothermal DSC data with the kinetic 

model represented by Equations (1) and (2).

(2)

In Eq. (2), S is the curve shape index defined as the absolute value of the ratio of the slopes 

of tangents to the DSC curve at the two inflection points.

2.3.2. Self-heating analysis—Self-heating simulations were conducted applying the 

following energy balance equation

(3)

where m is the mass of GO, Cp is the specific heat capacity, x is the mass fraction reacted, 

ΔH is the enthalpy of decomposition, h is the heat transfer coefficient to the local 

environment, T0 is surrounding environment temperature (which was also taken to be the 

initial temperature of GO) and S is bulk GO external surface area, which is exposed to gas 

atmosphere. Adiabatic and non-adiabatic condition self-heating curves were computed 

applying numerical methods to Eq. (3), which details are found in electronic supplemental 

information.

2.3.3. Enthalpy of decomposition analysis—GO thermal reduction is essentially an 

organic disproportionation or decomposition reaction expressed as

(4)

where rGO is solid reduced graphite oxide product. The enthalpy of decomposition for the 

reaction above can be estimated if the GO and rGO enthalpies of formation are known. In 

this work, we used the group contribution method, proposed by J. Marrero and R. Gani [44] 
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to obtain the GO enthalpy of formation for a variety of hypothetical GO organic structures. 

By introducing varying amounts of epoxides or hydroxyls to a polyaromatic (graphene) 

cluster with periodic boundaries, the quantitative contributions of these two types of groups 

to the GO enthalpy of formation is estimated. More details about these calculations can be 

found in electronic supplemental information section.

3. Results and discussion

3.1. GO thermal exfoliation in nitrogen and air atmospheres

Figure 1 illustrates the basic thermochemical behavior of GO upon slow heating at 10 K 

min−1. In DSC under N2 GO shows a small endotherm associated with water evaporation 

followed by a single exotherm corresponding to thermal decomposition with an onset 

temperature near 150°C and a total heat release of 1600 J g−1. When heated in air, a second 

exotherm onset temperature also appears at ~ 550°C, which is a typical onset temperature 

for the oxidation of disordered or defective carbons prepared at low temperature [45, 46]. 

Integration of the higher-temperature peak gives a reaction enthalpy of 3920 J g−1-initial-

GO. This result is similar in magnitude to the standard heat of reaction for carbon (rGO) 

oxidation to CO: C + 1/2O2 → CO, which is 9200 J g−1-C, and when renormalized to initial 

GO mass gives a value similar to the experimental result of 3900 J g−1 initial-GO-solid. The 

renormalization is performed by using GO C:O atomic ratio 2:1, and assuming the 

decomposition products as rGO, CO and CO2 with CO:CO2 ratio of 1:2 in gas products 

(CO:CO2 ratio based on study in Jung et al., 2009[47]).

We have also measured the total enthalpy of combustion of GO using an oxygen bomb 

calorimeter. Our duplicate experiments yielded a GO heat of combustion of 14,100 J g−1 

initial-GO-solid, which is within a range of enthalpy of combustion for low calorie content 

solid fuels such as lignites, brown coals and biomasses. Based on our experimental 

measurements, theoretical predictions and literature review, it appears that the true 

decomposition enthalpy for GO is clearly in the range of 1000–2000 J g−1, and the isolated 

reports of much higher values (~8000 J g−1) may reflect studies carried out in air, which 

effectively report the sum of the decomposition enthalpy and further oxidation of either the 

char (rGO) or the gaseous decomposition products.

The smooth DSC heat decomposition curves in Figures 1A and 1B change to a truncated, 

asymmetric curve when larger sample size is used (see top curve on Figure 1B). This 

behavior is known to represent the explosive mode thermal decomposition, which occurs 

when GO decomposition reaction rate exceeds mass and heat transfer rates leading to local 

self-heating and thermal runaway reaction [5, 6, 10]. Both the sample mass and sample form 

(powder vs. consolidated “cake”) affect this transition (Figure 1B). While we are interested 

in the explosive events, and in ways to avoid them during processing and storage, the 

remainder of this study is carried out with relatively small size samples to achieve the non-

explosive mode decomposition, which is required to obtain the smooth non-truncated heat 

curves needed to accurately measure and report quantitative kinetic and thermochemical 

parameters.
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3.2. Role of salt impurities and reducing agents in GO decomposition reaction

Figure 2 explores the role of various salt impurities and chemical additives on GO thermal 

behavior. Potassium is a common impurity as a residue of the potassium permanganate used 

in graphite oxidation, and has been reported to promote ignition of GO upon heating [6]. 

Our previous study [5] reported that KOH addition reduced the onset temperature for GO 

thermal decomposition, and in some cases the initial portion of the exotherm extended down 

into the range of common drying operations (100–120°C). We have undertaken the study to 

understand the effect and the mechanism of KOH treatment, because such a low onset 

temperature raises special safety concerns. The new data in Figure 2A,B clearly show that 

the catalytic effect of KOH on GO decomposition is due to OH and not to K+. Hydroxyl ion 

has been previously reported to be a catalyst for GO reduction in aqueous suspension [40], 

but this is the first report of its effect as a catalyst for GO thermal decomposition in dried 

samples. While K+ does not effect GO thermal decomposition, it does catalyze the 

subsequent carbon (rGO) combustion reaction occurring at much higher temperatures 

(Figure 2C). Potassium addition reduces the onset temperature for C+O2 → CO/CO2 by up 

to 200°C in Figure 2C, which is consistent with potassium’s known role as an active char 

combustion catalyst [48–50]. These results indicate that when GO is heated in air, the 

presence of residual K+ will not promote the original decomposition, but can increase the 

probability of subsequent ignition and rGO combustion with corresponding fire hazard [6] 

(Figure 2E).

The FTIR spectras in Figure 2D show that K+ does not affect carbon-oxygen bonding in GO, 

but OH− addition does, which may provide insight into its catalytic effects on 

decomposition. Specific peak interpretations for GO can be difficult due to overlapping 

features [40], but we can point out several specific alterations to the spectra upon OH− 

addition. There is a decrease in intensity of the 1750 cm−1 shoulder peak (labeled “4”) 

relative to the adjacent 1620 cm−1 peak, which is commonly associated with pristine 

graphenic domain C=C vibrations. This same change as been seen by Taniguchi et al [51], 

and the reduction in the 1750 cm−1 peak was suggested to be related to carboxyl groups that 

become reversibly quenched by K+ binding in basic solution. Dimiev et al. [40] see a similar 

change in this peak ratio (1750/1620 cm−1) with addition of base and assign it to differences 

in water content between the two samples. Base addition to GO increases or creates a peak 

at ~1350 cm−1 (labeled “3”), which could be C-OH [52], or carboxylic acid, O=C-OH [53]. 

In the C-O region from 900–1200 cm−1, there is a decrease in the 970 cm−1 (labeled “1”) 

shoulder peak (possibly epoxide) relative to the main 1042 cm−1 (labeled “2”) peak 

representing various C-O structures [54]. These changes may represent epoxide ring-

opening during chemical reduction, which is discussed in more detail later. At the same time 

we observed broadening of hydroxyl peak around 1040 cm−1, indicating more complicated 

alcoholic structures form. These two changes imply the conversion from epoxides to 

hydroxyls during chemical reduction of GO.

Motivated by the observed effect of OH−, we performed additional experiments to study pH 

effects more broadly. Figure 3A and B show that the pH of the original GO suspension has a 

strong effect on thermal decomposition kinetics. Increasing pH from 2 to 12 decreases the 

DSC peak onset temperature by over 50°C, which is a highly significant increase in GO 
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reactivity. Back-titration from pH=12 to pH=2 before drying reverses this effect – the low 

reactivity of the pH=2 product is restored, but only a fraction of the total exothermic heat 

(area under the curve) remains. This behavior suggests that OH− catalyzes GO reduction in 

suspension, which has already been reported [55], but it further suggests that the partially 

reduced states captured by drying solid GO from pH=12 suspensions have an elevated 

thermal reactivity.

The molecular mechanism underlying the OH− effect is not fully understood, but FTIR and 

XPS provide relevant information. Figure 3B shows reversible changes in the C1s XPS 

spectra upon pH change from 2 to 12 and back-titration to 2. Similar behavior has been 

reported by Tanigushi et al. [51] and interpreted as base-catalyzed epoxy ring opening 

reactions that are reversible on addition of acid. Reversible behavior is also seen in the FTIR 

spectra of Figure 3B – the spectral changes that occur on base addition, discussed already 

prior (and seen in Figure 2D), disappear upon back titration, and the pH=2 spectrum is 

essentially identical before and after the titration cycle. Taniguchi et al. present a theory for 

the reversible behavior based on pH-dependent epoxy ring opening/closing reactions [51]. 

Dimiev et al. also discuss base catalyzed epoxy ring opening reactions to form vicinal diols 

[40], which react further and irreversibly involving C-C bond cleavage and formation of 

vinylogous carboxylic acids. Further reaction in basic solution leads to CO2 release, GO 

deoxygenation, and eventual degradation of GO into humic-like substances [40]. The present 

paper does not shed new insight into this molecular mechanism, but does show for the first 

time that these chemical transformations lead to increased thermal reactivity in GO when the 

intermediate, partially reduced states are captured by drying. This is consistent with the 

proposed mechanisms of base-catalyzed GO transformation, which involve defect creation 

during C-C bond breakage [40]. The elevated reactivity of partially reduced GO has 

important implications for the maximum allowed temperatures for safe processing of dry 

GO. A semi-global reaction scheme that is consistent with our data and the recent literature 

is shown in Figure 3D.

A series of experiments were carried out to test if only OH− affects the thermal reactivity of 

dried GO, or if other chemical reducing agents have similar effects. Figure 3C shows a series 

of DSC traces on GO samples before and after incubation with a variety of chemical 

reducing agents (glutathione, ascorbic acid, citric acid, and Trolox). In each case, partial 

chemical reduction lowers the enthalpy of thermal decomposition, but raises the reactivity, 

seen as a lowering of the thermal decomposition onset temperature. The effect of base seen 

in Figure 3C appears to be a general effect of partial chemical reduction. In addition, NaBH4 

and hydrazine have also been tested, which exhibit similar effect (see Figure S1 in electronic 

supplemental information section). The elevated reactivity is seen when the chemical 

reducing agent is left in the dried GO, but also when it is removed by washing, though less 

significantly. This suggests that the source of the elevated rGO reactivity lies in the 

transformed chemical structure of the partially rGO, and not the presence of the chemical 

agent during heating.
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3.3. Effect of GO aging

There have been several publications, which report that GO molecular structure evolves over 

the time during storage in the dry state or in suspension [37–41]. One study reports that GO 

aging involves loss of reactive epoxide groups [38]. However, it seems that epoxide groups 

are likely source of the high formation energy for GO structure, and therefore high 

decomposition energy (see our group contribution calculations results in Figure 4A). We 

thus initially suspected that aging would reduce the heat and/or reactivity associated with 

thermal decomposition. The results in Figure 4B show that in approximately three-month 

period this is not the case. Storage of GO in ambient conditions for up to 82 days has no 

significant effect on the decomposition enthalpy, and the reactivity shows a slight increase 

(measured as slight decrease in exotherm onset temperature). Therefore, exothermic 

decomposition and explosion hazards are not just features of freshly prepared GO, but also 

of aged GO stored up to at least several months.

3.4. Results of the decomposition kinetics analysis

Calculation methods are needed to define safe storage and processing conditions for a 

variety of sample sizes, shapes, and external environments. Such calculations require 

quantitative decomposition kinetics data, which we derive here from DSC data taken with 

systematic variation of heating rate. Results in Figure 5A show a regular shift in DSC trace 

with increasing heating rate. The kinetic analysis applied here is based on peak maximum 

temperature [43] recorded at each heating rate to give activation energy and frequency factor 

as defined in Eq. (1). The activation energy obtained in this work (142 kJ/mol) is similar to 

those reported previously using similar or different methods [47, 56]. By analyzing dynamic 

mode DSC data the apparent reaction order n was estimated to be 0.8. The latter value was 

then corrected to be 0.7, applying actual isothermal mode DSC data and the kinetic 

parameters determined earlier (see results in Figure 5C).

3.5. Discussion of results

Thermal reduction of GO is clearly a complex process, and results in Figures 1–5 provide 

some insight into molecular mechanism and have direct implications for safety in storage 

and processing. Thermal “reduction” is in reality thermal decomposition or pyrolysis 

process [57–59] and GO is unusual in that pyrolysis of oxygen-rich organic materials like 

coals and biomass is typically endothermic [60–64]. The annealing of oxidized carbon 

surfaces leading to deoxygenation (or devolatilization) is also usually endothermic [65], but 

there are exceptions for some oxidized carbon materials, for example ozonized fullerene and 

KMnO4 oxidized carbon nanotubes [11, 66]. When compared with other common types of 

oxygen-containing carbon materials, the most significant structural differences of GO is the 

presence of large amount of epoxide [67], which are reactive groups with bond strain [38], 

and are not typically the primary functional group on carbon surfaces that are the result of 

reaction with ambient O2. Our group contribution calculations (Figure 4A) suggest that 

epoxides are the source of the high formation energy of GO and thus its exothermic 

decomposition. A common feature of oxidized carbons that decompose exothermically 

appears to be the use of certain oxygen ring-creating oxidants like ozone, which forms 

highly reactive ozonides, or permanganate, which is a well-known catalyst for epoxide 
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formation in synthetic organic chemistry [68, 69]. Ozonized fullerene and KMnO4 oxidized 

carbon nanotubes both show exothermic decomposition under heating [11, 66], which 

supports our calculation-based argument about the epoxide role in exothermic 

decomposition of GO.

This work further suggests that epoxides are involved in the complex response of GO to 

suspension pH. Base treatment renders GO more reactivity to thermal decomposition, and 

back titration to low pH partially reverses the effect. Reversible pH effects have been seen by 

Taniguchi are attributed to epoxide ring opening/closing [51], while the present paper shows 

for the first time that these reversible transformations also affect thermal decomposition 

reactivity. Drying GO from basic solutions can produce a more reactive solid product that 

begins to decompose at lower temperatures – in some cases down into the range of common 

drying operations, which can become a special safety concern. The reactive species may be 

vicinal diols resulting from epoxy ring opening, and these can further cleave to produce 

ketones or aldehydes [70]. Ketones and aldehydes are capable of further conversion to 

carboxyls under alkaline or thermal treatment [40, 71]. Diols can also be converted back to 

cyclic ethers including epoxides in acidic environments, leading to the partial reversibility 

shown in Figure 3D. The high thermal reactivity of the diol relative to epoxy is consistent 

with molecular dynamics and DFT simulations of GO thermal decomposition [41, 71] that 

show lower activation barriers for the initial step of OH decomposition compared to epoxy.

The observation of elevated thermal reactivity in partially reduced GO may be more general. 

It occurs not only following OH− treatment but also for a variety of chemical reducing 

agents and reduction pathways (Figure 3C). Ahn et al. have also observed high reactivity in 

partially reduced GO samples [72].

As mentioned by previous theoretical studies [41, 71, 73], the energy of GO is lowered by 

clustering of the oxidized sites into domains, which co-exist with pristine sp2 domains. 

Partial reduction here may break up the oxidized domains leading to more isolated oxygen-

containing functional groups with high reactivity.

Of course, extensive or complete reduction eliminates the exotherm completely, as seen in 

results offered on Figure 1S (GO treatment with high concentration hydrazine). The 

phenomenon of elevated reactivity in GO samples after partial chemical reduction deserves 

further study.

Finally, the new kinetic parameters allow estimations of expected self-heating behavior 

relevant to industrial safety (Figure 6). An unsteady heat balance on a uniform GO mass 

gives the differential equation seen in Figure 6A, which can be solved numerically to give 

the predictions offered in Figure 6B,C. The simplest case is adiabatic self-heating, in which 

all of the reaction heat is retained in the GO body and the system always reaches the 

theoretical adiabatic temperature: ΔH = ΔH/Cp, which here is > 2,000°C for Cp around 0.5 J 

g−1K−1. The temperature behavior (see Figure 6B) shows first an incubation period of 

variable time length, followed by the temperature upturn, which leads to a thermal runaway. 

At room temperature the incubation times are very long, but at temperatures above ~150°C 

runaway can happen in minutes.
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Adiabatic self-heating analysis is a crude estimate that only gives satisfactory result for fast 

processes that occur with short time for heat loss.

The results of non-adiabatic analysis are more practical. The method applies specific values 

of heat transfer coefficient (h) and the GO external surface area (S). In some cases this 

analysis gives a steady state temperature, while in other cases it gives an incubation period 

followed by an upturn and thermal runaway. Figure 6C plots the critical temperature Tc 

above, which the runaway occurs (and below which a steady-state temperature is achieved 

and no runaway) as a function of the initial bulk GO mass m. Some typical values for large 

and small GO forms (sample dimension in centimetres) and typical heat transfer coefficients 

(assuming GO to be a sphere) affecting critical temperature are shown in Figure 6C. As seen 

from this figure larger in size GO pieces have lower critical temperatures.

4. Conclusions

The energetic nature of GO was first identified long ago, but new research is needed to 

understand the phenomenon at a level that will allow safe management of GO during the 

large-scale nano-manufacturing of graphene-based materials. This article presents an 

experimental characterization of the thermochemistry of GO, and reports quantitative values 

for the enthalpy of combustion, the enthalpy of thermal decomposition, the rates of thermal 

decomposition, and their dependence on temperature, GO composition, and processing 

history. GO decomposition is shown to be accelerated by partial chemical reduction, or by 

exposure to high-pH conditions in suspension prior to drying. Transformations of epoxide 

groups are suggested as the cause of the exothermic decomposition and the reversible effects 

of acid/base treatment. Residual potassium does not catalyze GO decomposition, but rather 

catalyzes the subsequent heterogeneous combustion of the rGO carbon product. This body 

of data suggests that large samples of GO in some storage and handling scenarios will be 

capable of self-heating and spontaneous decomposition leading to high-volume gas release 

and explosive events. The quantitative kinetic parameters reported here can be used to 

identify safe conditions for storage and handling, and to identify compositions and 

processing protocols that will help ensure the successful transition of GO-based graphene 

materials from laboratory subjects to commodity products.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
(A) DSC thermograms of GO thermal reduction in nitrogen compared with the same sample 

reduction and oxidation in air. (B) GO cake and GO powder thermograms heated in nitrogen 

atmosphere. GO powder is obtained by mechanical grinding of the GO cake to smaller 

pieces. The GO initial mass and solid form (powder versus single large piece) determine if 

the decomposition of GO occurs in explosive or non-explosive modes. The non-explosive 

thermal reduction produces a large rGO monolith similar to the starting form of the GO cake 

(lower inset image), while the explosive mode produces rGO in the form of micron-sized 

particles (upper inset image).
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Fig. 2. 
Role of salt impurities on GO decomposition and rGO combustion kinetics. Samples were 

prepared by adding salts, bases, or acids into GO suspensions (GO:additive = 100:1 by 

mass) and dried overnight at 60°C in air. (A, B) DSC thermograms show that K+ does not 

catalyze GO thermal decomposition, but OHdoes. (C) DSC thermograms on GO with salt 

additives in non-hermetic DSC pan in air. K+ does not affect GO decomposition, but 

strongly catalyzes rGO combustion at higher temperature. (D) FTIR spectra of GO and GO 

with salt additives. KCl addition has no effect on the spectrum, while KOH addition alters 
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several peaks associated with C-O or C=O bonding. (E) Global reactions in GO thermal 

behavior.
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Fig. 3. 
pH effects on the structural and thermal behavior of GO. The GO samples used for these 

characterizations are recovered and dried from suspension stored at different pH’s. (A) DSC 

thermograms of acidic and basic GOs. Base treatment to pH = 12 reduces GO, however 

lowers significantly decomposition onset temperature down to ~100°C. Same GO back 

treatment to pH = 2 increases enthalpy of decomposition, hence the total heat is still less 

than original pH = 2 GO heat of decomposition. Onset temperature moves back to ~150°C 

after acid treatment of GO. (B) FTIR and XPS spectras of acid and based-treated GO 

samples. GO base treatment to pH = 12 reduces FTIR peaks at 1050 cm−1, 970 cm−1, 1754 

cm−1 groups. GO recovered from pH = 2, back treated from pH = 12 exhibits similar but not 

identical functionalities as pH = 2. The de-convoluted peaks in XPS spectra are C-C/C=C 

(red), C-O (blue) and C=C (green), respectively. Similar to FTIR, GO back titrated from pH 

= 12 to pH=2 exhibits similar but not identical functionalities as initial pH = 2 sample. (C) 

DSC thermograms of common weak reducing agent treated GOs. The decomposition 

reaction onset temperature is lowered in all four cases. (D) A semi-global kinetic structure of 

the coupled thermal and base-catalyzed reduction of GO: pH of precursor suspension 

influences reactivity and safety of thermal reduction.
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Fig. 4. 
(A) Theoretical decomposition enthalpies of potential GO structures with varying O:C ratio, 

and the amount of either epoxides (structure shown in lower left inset) or hydroxyls 

(structure shown in upper right inset) estimated applying calculated enthalpies of formation 

of GO (from group contribution method). Increasing epoxide content makes GO 

decomposition significantly more exothermic, while increasing hydroxyl content makes GO 

decomposition slightly endothermic. (B) The effect of GO aging on thermal decomposition 

enthalpy and reactivity. In approximately three months time frame GO aging dose not 

significantly affect the decomposition enthalpy but does slightly lower the GO onset 

temperature.
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Fig. 5. 
Quantitative determination of GO thermal decomposition kinetics. The GO used here is as-

prepared GO stored at room temperature in atmosphere. The experiments were carried out 

with small sample sizes to avoid the explosive mode of decomposition. (A) Dynamic mode 

DSC thermograms with systematic variation in heating rate. (B) Extraction of quantitative 

kinetics parameters. (C) Validation of theoretical kinetic data obtained (activation energy, 

pre-exponential factor and rate order). Experimental isothermal DSC data (data points) 

compared with the theoretical curve (solid line). The determined kinetic model matches well 

with experimental data.
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Fig. 6. 
Information on self-heating behavior of large GO samples relevant to manufacturing safety. 

(A) Differential energy balance and decomposition mechanism (B) Temperature curves for 

numerical solutions for adiabatic self-heating case, (C) Tc vs m for non-adiabatic self-

heating cases as a function of heat transfer coefficient and surface area product, hS; Tc is the 

critical initial temperature above which the runaway occurs and below which a steady-state 

temperature is achieved; m, the mass of GO; h, the heat transfer coefficient; S, the external 

surface area. GO with greater mass and smaller value of hS is more likely to reach the point 
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of no return to initiate the thermal runaway reaction. Three example cases are shown with 

different sample dimensions and associated typical heat transfer coefficients when heat 

convection from the GO surface to the environment is the rate limiting in heat transfer 

mechanism.
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