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Abstract

Graphene oxide (GO) is a promising precursor meltéar fabricating graphene-like structure.
However, the detailed kinetics and dynamics of G€rrhal reduction still need to be revealed.
Here, we present a new insight into low-temperatbhezmal reduction of Hummers’ GO. During
the low-temperature thermal treatment, the decortippgrocess of functional groups of Hummers’
GO is found to consist of 4 steps (Step 1: belo@ A®, Step 2: between 160 and 210 °C, Step 3:
between 210 and 300 °C, Step 4: above 300 °C). \atowkred that Step 3 is an endothermic
process. This finding differs from the common vithat the thermal reduction of Hummers’ GO is
only an exothermic event. In addition, gaseous atanby-products form below 300 °C, implying
that the basal carbon network could start to deas®@t such low temperatures. This is in contrast
to the former experimental finding that the GO ceariplane decomposes only at higher temperature
(above 350 °C). Finally, based on the combined tkinend compositional measurements, we
observe the evolution of functional groups duringattreatment, and thereby, reveal the

mechanism of low temperature reduction of Hummes.

Keywords. graphene oxide, thermal reduction, low temperatoickden endotherm, dynamics and

kinetics.



1. Introduction

Graphene-based materials have been attractingdssabie interest owing to their two-dimension
structure (one atom thick planar sheet [1]) andtanding properties such as: impermeability to all
standard gases [2], unique electrical propertidsiffBerent mechanical strength [4] and large
surface area [5]. These remarkable properties rgeqghene-based materials attractive for a wide
range of applications, encompassing contaminardrptisn, photocatalytic materials, membranes,

sensors and capacitors [6—16].

Graphene oxide (GO) is an oxidized form of graphemeich normally contains four kinds of
functional groups: hydroxyl, carboxyl, carbonyl agbxide, on the carbon sheet surface [17]. The
most attractive feature of GO is its readily cosuan to graphene-like structure through chemical,
thermal or electrochemical (partial) removal ofdtional groups. The reduced GO is considered as
an appropriate intermediate for the large-scaledyection of graphene-based materials [18-22].
Thus, various reduction techniques [23-26], e.igh acuum, reducing gases JHHCI solution,
have been used to fabricate highly reduced GO. Mekyegeduced GO products always contain
residual oxygen or structural defects. In somes;asgch defects may be used to tune properties of
the final materials. For instance, Nair et al. mepathat the spacing between two adjacent layers in
GO membranes is larger than that in graphite gimedormer contains functional groups [11,12,27].
Hence, GO membranes possess outstanding water gialitye and exceptional molecular
separation properties. Eda et al. [28] observee pluotoluminescence from GO thin films after

controlled reduction, thus providing novel and piging materials for optoelectronics.

In this context, it is important to establish siem@nd reproducible methods for the large-scale
fabrication of reduced GO with desired structurd properties. To do so, we need to clarify two

key questions: (1) What are the reduction mechasfis2) How can the reduction degree be



controlled? A controllable functionalization canabie us to obtain graphene-like structures
through an economically effective way, and to tailee properties of GO for specific applications.
Indeed, using different synthetic approaches, Giits a¥fferent functional groups and density can
be derived [17]. Hummers’ method [29] and its mdifversions, which involves KMnQand
H,SQ,, are today widely used for GO synthesis, due ®irtBimplicity and high conversion
efficiency. Since the chemical structure and thisty of these functional groups remain elusiae,
systematic study of the physical principle of thethod, by-products and the mechanism of
reduction process would be a key for realizing dasgale production of GO. Hummers’ GO
involves multiple reaction steps such as removahtdrcalated HO molecules and oxide groups
and the partial degradation of the basal carbonepéd high temperature. Indeed, there is a number
of literature about GO reduction [18,23], howevanst of the previous studies mainly focus on the
high temperature (above 200 °C) reduction of GCe bhw temperature (between 100 and 200 °C)
degradation processes have not been well investighloreover, such studies often deal with the
thermal stability and chemical evolution of GO, Il thermal kinetics and dynamic evolution of

the chemical reactions during annealing treatmastriot been clarified.

In this study, we explore the reduction mechanismd &inetics of Hummers’ GO at various

temperatures between 120 and 200 °C for differenealing durations (0.5, 1, 3, 7 and 24 hours).
We investigate the endothermic process, whichaslietved by a strong exothermic transition. Such
endothermic process may be decoupled from the ewutd response to decomposition of the
carboxyl and epoxy groups, after partial reducodiGO at mild temperatures. Thus, the reduction
process of multilayer GO, as observed from the D&DIts, could be divided into four steps. Each
step corresponds to the decomposition of diffefenttional groups, indicating different chemical

mechanisms. In this paper, we discuss the dettikanokinetics of different decomposition steps.

In addition, we analyze the release of some togiivdtives, like S@and some aromatic products



(benzene et al.), which are developed in non-niajgigjuantities below 300 °C, while, according to
the common view, only C£ CO and HO would be released during reduction at such low
temperature. We study the chemical and structw@ugon and the formation of a variety of GO

derivatives during a controlled thermal reductiorogess. We attempt to offer a reasonable

interpretation about the low temperature thermdlicion of graphene oxide.

2. Experimental

2.1 Graphene Oxide Synthesis

The graphene oxide was synthesized using Hummees#iod [24,29]. All the chemicals used for
the synthesis were purchased from Sigma-Aldrickeasotherwise specified. 2.0 g natural graphite
(Graphit Kropfmihl GmbH) and 1.0 g NaN@®9%) were stirred with 50 ml sulfuric acid (98%5)

a 1L beaker. The mixture was placed in an ice hathstirred until homogeneity. 7.0 g potassium
permanganate (99%) was added slowly to avoid aesutleimperature increase. Then, the beaker
was placed into a water bath at 35 °C for 1h atidck dark green paste was obtained. The reaction
flask was poured into 80 mL deionized water slovity order to prevent an uncontrolled
temperature increase and heated to 95 °C for 3Gamdnget a dark brown suspension. After adding
500 mL of deionized water, followed by 6 mL of 30950, solution, the mixture’s color changed
into light yellow. After that the suspension wasstvad with 200 mL HCI (5%) one time, and with
500 mL deionized water 5 times. The so obtaineglggae oxide (GO) slurry was freeze-dried in a
vacuum machine for 48 h to yield a fine GO powdgynthesis and washing procedures were
repeated six times starting from the same grapdai@ple. For each synthesis, the complete
conversion of graphite to GO was checked by XRDOyama The synthetized materials were mixed

together to obtain a single raw GO powder. Suchdaswvas divided in 0.2 g samples, which were



thermally treated at 120, 140, 160, 180 and 20Qri@=r an argon flow for different durations (0.5,

1, 3, 7 and 24 h).

2.2 Characterization

Differential scanning calorimetry (DSC) and thermagmetry (TG) measurements were
performed on a Simultaneous Thermal Analyser 448@iter (Netzsch, Germany). The GO
samples (ca. 4.5 mg) were placed into a platinuacilsle at room temperature. In the dynamic
measurements, the samples were held for 5 mintitas mitial temperature of 40 °C, then heated
to 600 °C at a rate of 10 °€min in an argon atmosphere. To examine the inflaefche heating

rate on the characteristic temperatures of chemeattions, two samples, i.e. original GO and
160 °C-24 h GO, were also analyzed at 5 and 15 itGfman argon atmosphere. The area (enthalpy)
of the calorimetric peaks was determined by usimg $oftware NETZSCH Proteus Thermal
Analysis. The onset of TG curves was set at 40 fAtas6=100%). Isothermal gravimetric
measurements were also performed in an argon atramspvith GO samples of ~ 4.5 mg, which

were heated to the target temperature at a rat@ &€/min and held on for 24 h.

A combined technique of the time-resolved infrasggbctrometry — thermogravimetry - mass
spectrometry (FTIR-TG-MS) was used to assess tkeiesp evolved during the thermal reaction.
The GO samples (ca. 2 mg) were placed in an opmpm pan and heated from 30 to 700 °C at
20 °C/min under dynamic nitrogen atmosphere in asPyG (PerkineElmer, USA). The gas
evolved during the heating ramp was piped (gas #&wmL/min) via a pressurized transfer line
(Redshift S.r.l., ltaly) and analyzed continuousyyFTIR (Spectrum 100, Perkin Elmer), equipped
with a thermostatic conventional gas cell. Tempegitime-resolved spectra were acquired in the
4000-600 crit wavenumber range and analyzed with the Spectruitwae (Perkin Elmer).
Temperature-resolved infrared profiles of eachlsimgoiety desorbed from samples were obtained
from the intensity of a representative peak of itheestigated species. The assessment of some

organic species (namely benzene, stryrene, naplethded phenanthrene) released during the



heating ramp was carried out by mass spectromeatplaying the Clarus 560S mass spectrometer
(PerkineElmer, USA) operated in selected ion reogrdSIR) mode. The samples were heated at
20 °C/min from 30 to 400 °C. The chosen temperatange encompasses the boiling temperature
of the selected organic species (namely 80.1, 248 and 340 °C for benzene, stryrene, naphthlene
and phenanthrene, respectively). The chromatogrener® obtained by monitoring the most

abundant peak (base peak) for each of the seleayedhic molecule, namely 78, 104, 128, and 178

m/z for benzene, styrene, naphthalene and pheraathrespectively.

The high sensitivity Pyrolysis-Gas chromatographgssn spectrometry (Pyr-GC-MS) was
performed to detect the organic species. A CDS prgle 1500 (Analytical Inc., USA) filament
pyrolyzer was directly connected to the 6890N NekvGC-MS system (Agilent Technologies,
USA). The GC system used a methylphenyl-polysilexaross-linked 5% phenyl methyl silicone
(30 m, 0.25 mm i.d., 0.25 um film thickness) cail column. The GO samples was heated at
300 °C for 30 second in the pyrolyzer and useduhel{1.0 ml/min) as the carrier gas, and split
ratio was 1/20 of the total flow. The mass spece&tan coupled to the GC system was a 5973
Network Mass Selective Detector (Agilent TechnodsgiUSA). Mass spectra were acquired in the
range 40-600 m/z and under electron impact at 70Ad\instruments were controlled by Enhanced

Chem Station (ver. 9.00.00.38) software.

Fourier transform infrared spectroscopy (FTIR) gsigl was performed using Varian 660-IR
spectrometer (Agilent, USA) at room temperaturee phllets for FTIR test were prepared by 1 mg
GO grinded with 200 mg dried KBr (99.5%, Merck) ach sample. The KBr was dried at 100 °C

for over 24 h. The scan range was 4000-400.cm



X-ray photoelectron spectroscopy (XPS) was perforioge using ESCALAB 250Xi spectrometer
(ThermoFisher Scientific, USA) with non-monochromatl Ko X-ray (1486.6 eV) at pass energy

of 50 eV. The obtained C1s and O1s spectrum wteel fby using PeakFit software.

Elemental Analysis (EA) was performed by using &dtiCHNS/O Analyzer-2400 (PerkinElmer,

USA). Three copies of each GO sample were prepaitbdaround 5 mg for each one. The average

data were calculated based on the 3 repetitions.

3. Results and Discussion

3.1 Hidden endothermic process

Fig. 1 shows the dynamic TG and DSC data (obtaatdlde heating rate of X@/min) of three GO
samples: the as synthetized sample and the twoleatiat are annealed at 160 °C for 1 h (160 °C-
1 h) and 24 h (160 °C-24 h), respectively. TheinabgGO sample shows the typical DSC and TG
profiles, i.e., 4 distinct steps in the TG curv@tep 1 below 160 °C, Step 2 between 160 and 210 °C,
Step 3 between 210 and 300 °C, Step 4 above 3@mHss loss below 160 °C (Step 1) is due to
the endothermic evaporation of physisorbed and carfmed water [30]. The major loss of the
mass (Steps 2 and 3) has often been ascribed &xtiteermic degradation of the functional groups
on graphene oxide between 160 and 300 °C [24,31F8#] small mass loss above 300 °C (Step 4)
is assigned to the basal carbon network degradatidnto the removal of the most stable oxygen
functionalities [35]. As expected, the TG and DS3fves of the 160 °C-1 h and 160 °C-24 h show
a mass drop and an exothermal response, respgcsuste part of the organic groups are degraded
during thermal reduction. However, the DSC curvéghe two annealed GO samples have a
different profile. Indeed the combined analysistitd mass loss and heat flow curves shows two

distinct phenomena: (1) a strongly exothermic pseceetween 160 and 210 °C, and (2) a clear



endothermic peak between 210 and 300 °C, as higkligby the blue circle in Fig. 1. This
endothermic peak is evident in the DSC curve ofstmaple 160 °C-24 h, for which no mass loss or
exothermic transitions are observed in the StepeR-210 °C). We infer that the original GO and
160 °C-1 h curves actually also have this endotietransition, but in the DSC scan, it is hidden
by the large exothermic peak at lower temperaflings is why previous studies often ignored the
endothermic process. Annealing at 160 °C causeduction of mass loss of Step 1 and Step 2 and
decrement of the area of the corresponding DSCspéak the contrary, the mass loss of Step 3
does not obviously show changes after annealings iBha strong indication that the Step 3 is

decoupled from Step 2.

To examine the effect of the heating rate on theradteristic temperatures of chemical reactions,
we preformed additional DSC-TGA experiments on kwiginal GO and 160 °C-24 h samples by
using the heating rates of 5 and 15 °C/min (see &lifj in supporting information). The results

show that the heating rate does not influence ttoeiroence of the 4 distinct reduction steps. An
increase of the heating rates from 5 to 15 °C/ramses a slight shift of the reaction temperatwes t

a higher value, but do not alter the range of tlémeaction temperatures.
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3.2 GO reduction kinetics

Following these observations, different degradatiechanisms are investigated by Isothermal

Gravimetric Analysis. The degree of degradatiorehisrdefined as the fractional mass lggsdf
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the sample in respect to the original GO. Fig.2ans the timet, spent to reach a certain degree of
degradation as a function pfat five different temperatures. As expected, #wtherms in Fig. 2a
have different slops, since the higher temperatteatment results in faster degradation of GO.
Nevertheless, all the curves present slope chaamigeso characteristip values: namelyp = 0.16
and p = 0.36, thus confirming the presence of differeegradation steps, which have been
discussed in Fig. 1. A good agreement can be fdaetdieen these values and the dynamic
thermogravimetric measurement of the original G@a in Fig. 1b, for which similar relative
mass loss values can be observed at the trangitionStep 1 to Step 2, and from Step 2 to Step 3.

Hence, we can infer that the mass losp a 0.16 corresponds to the vaporization of water, and

that higherp correspond to the two distinct degradation praeesge observed.

The apparent activation enerds, for such degradation processes is calculated th@msotherms
in Fig. 2a, by the MacCallum method [36,37], acaogdo which the degradation timg ¢€an be

expressed as follow:

t=f(p)-A-exp(Fa/pr) Eq L.

Wheref(p) is an undefined function of the GO degradatibiis the pre-exponential factor, aRds

the universal gas constant.

The resultinge, vs p curve is shown in Fig. 2K, appears to increase with the degradation process.
This can be explained by the fact that the mobtdigroups are the first to be degraded during the
thermal treatment. However, the apparent activagaergy is nearly constanEy = 112+ 6
kJ-mot") during the 0.16 < 0.36 degradation step. On the contr&tyabruptly increases fqo

between 0.36 and 0.41, and reach a stable val248of 9 kJ- mot for p> 0.41.

11



In order to understand the nature of the groups dh& degraded during the heat treatment, the
atomic composition of samples at differgnis reported in Fig. 2c. These values are obtalmetthe
Elemental Analysis of GO samples treated at 20@otQlifferent duration times (shown in Table
SI2 in support information). It is clear that fodaegradation degree below 0.36 the concentration of
oxygen atoms (O) decreases, while the concentraticzarbon atoms (C) increases, as the most
liable oxygen functional groups are degraded (Gé@rntial reduction). The elemental analysis
shows that, as expected, the original GO, whicbyrghetized by a modified Hummers’ method,
contains a large quantity of sulfur (S), which ntighist in the form of sulfates. At the beginning
of the heat treatment, the concentration of S atslightly increases, because of the degradation of
other more liable functional groups. However, ttaac concentration of S decreases jop 0.36
until no sulfur is detected ap = 0.457 (sample annealed at 200 °C for 24 h). fbes, the mass
loss in the interval 0.36 g< 0.457 (Step 3 in Fig. 1) must be related to degtion of S-containing
moieties. However, as shown in the elemental amabjata, the atomic content of S is less than 3.2
atom% in original GO sample (similar with the fommesearch’s results ref.43). Even if the all S
are released in the form of §Qhe mass loss of Step 3 (0.36o< 0.457) still could not reach
around 10% (as calculated from Fig. 2c). Therefaejnfer that other moieties could be degraded
during this step. Thus, the large variatiorEgivalues observed during this degradation step ean b

ascribed to the complexity of the functional grotipet are degraded.

12
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The above-mentioned observations are further goefirby Dynamic Thermogravimetric Analysis
(at heating rate of 10 °C/min) of GO samples aretealt 120, 140, 160, 180 and 200 °C for a
duration between 0.5 and 24 hours. For simpliatly the TG curves of the samples annealed at
120 and 200 °C are depicted in Fig. 3a-b, whiledther data are reported in Fig. SI3 in supporting
information. As we discussed above, the decompwositiechanism of Step 2 and Step 3 are not the
same, which might be related to different degraxaprocesses or to the degradation of different
kinds of functional groups. In Fig. 3a, at 120 fiag relative mass loss of Step 1 and StefinZr{y,
Amis the mass lossy is the starting mass in respect to the annealeghled decreases from about
30% to nearly 0%, with the annealing time increggnom 0.5 to 24 h. On the contrary, the mass
loss observed for the Step 3 keeps around 10 %alfothe samples annealed at 120 °C (the
approximate value as in the Isothermal Gravimetmalysis). At the relatively high annealing
temperature, e.g., 200 °C (Fig. 3b), the irrevéesttesorption and decomposition phenomena in
Step 1 and Step 2 occur quickin{ is less than 5% even in the sample 200 °C-0.91mg. mass
loss during Step 3 instead starts to decrease Iif¥nto nearly 0% with annealing time from 0.5 to
24 h. TG data are used to determine the appartoastant of the decomposition processes in
Step 2 and Step 3, as shown by the dashed limesiln Fig. 3c-d. The decomposition of functional
groups in Step 2 takes 24 h at 120 °C, while iesa#bout 1 h at 180 °C (Fig. 3c). For Step 3 (Fig.
3d), there is no significant change of mass lossm&ins around 10%) when annealing temperature
is below 180 °C. However, at 200 °@nm, of Step 3 shows big decrement, and it becomeg clos
to 0% after 24 h annealing. This is in agreemerth e calculatece, values in Isothermal

Gravimetric Analysis (Fig. 2b). Step 3 has a muig/hér activation energy than Step 2.

14
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3.3 GO reduction thermodynamics

Fig. 4 (and Fig. S14 and Fig. SI5 in the supporiimgrmation) shows the DSC data (at heating rate
of 10 °C/min) of annealed GO samples at differentgeratures and durations. In Fig. 4a, the curve
of the original GO sample shows an exothermic pmakered at 210 °C, with onset from 100 °C
and end at 250 °C, which is associated with the@mgosition of the oxygen functional groups, as
discussed above. Fig. 4b shows that the peak aeraates with the annealing time at 180 °C, and
after 24 h annealing, only a small endothermic pealld be observed. The presence of this
endothermic peak is even more evident for the samphealed at 200 °C. Meanwhile, in this case,
the GO sample annealed for 0.5 h shows no exothgrmcesses. After 24 h annealing at 200 °C,
the endothermic peak totally disappears. This ebsen is consistent with TG curve in Fig. 3b.
The comparison of the TG and DSC curves showshibit Step 2 and Step 3 are associated with
the mass loss, i.e. with the changing of GO samngplaposition. However, Step 2 is strongly
exothermic while Step 3 is overall weakly endothieriihis finding corrects the traditional point of

view that the low temperature reduction of GO iwesl only a single exothermic step.
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Fig. 4. DSC data of graphene oxide samples at@kifi annealing temperature: (a) original and A20(b)
180°C; (c) 200°C. Fig. 4 shows that the peak area (i.e., enthalgleoomposition) decreases with

increasing the annealing time at three differemteratures. Under 12@-0.5 h condition, the exothermic

16



peak area is almost as large as that of the oti@i@és. When GO is annealed at 2T0, even for 0.5 hours,
the exothermic peaks has already disappeared (simokg. 4c). As shown in Fig. SI5, an increase of
annealing temperature could facilitate the decoiitipasn a limited time. Longer time or higher

temperature are the key factors for enhancing ¢eemposition.

By using a sapphire reference in the DSC measursimiie enthalpy4H) of each GO sample for
different steps is calculated (Fig. 5). The expaaérfitting curves (based on the equation:
y = ax* (1 — e P*)¢) for the enthalpy change in Fig. 5a exhibit tresinilar to those for the mass
loss. This indicates that the more functional ggodpcompose from GO samples, the more energy
is released. The enthalpy of &7 kJ per gram of GO released during Step 2 iutatied by fitting
the data in Fig. 5b. Compared with Step 2, the labswalues ofdH of the endothermic peaks
(Step 3) are much smaller, as shown in Fig. 5c.inbpkhe mass loss into consideration, for
example, in the 160 °C-24 h GO sample, around 10&4s loss of Step 3 correspondglkb= 67
J/g, while in the 160 °C-1 h GO sample, about 108&ssnoss of Step 2 corresponds Al = -
508.8 J/g. Moreover, for the samples treated bel8@ °C, the gained enthalpy during Step 3
increases with the annealing time. T4it¢ of annealed GO at 200 °C shows the same trenkin t

first half (from Group I to GroupII), later thedH would decreases with the annealing time (from

Group II to Grouplll). Here we combine with thg, and argue that (Fig. 5c): At first, there is a

transition region, which consist of both exothermaled endothermic processes. The extent of
exotherm decrease, while the relative extent obdretm increase, resulting in the increment of the

AH (from Group I to Group II). Later, the extent of endotherm continues to ese with
annealing time, leading to the decrement ofdhie(from Groupllto Grouplll). Step 3 is the sum

of different processes and the consequence igpeasance of a small endothermic peak.
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Fig. 5. The calculated enthalpgH) of each GO sample. (a) For Step 2 - the exotlepaak. The dashed
lines are exponential fits. (b) Relationship betwdel and mass loss for Step 2. The dashed line ararline
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the guide for eyes. (d) Relationship betwelghand mass loss for Step 3. The dashed circleshendistshed

linear line are the guide for eyes. The arrowsdati the trends.

To find out what happened in the observed stepraxfs loss, we take some previous studies into
consideration, where the 3 steps of decompositieralso observed [33,38—46], and find out that
Step 3 occurs only in GO synthesized by Hummershote However, most of those studies ignore

the distinction of these reaction steps, gener@ips 2 and 3 as one-step, and attribute it to the
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removal of labile oxygen groups. Some researct8389] ascribed Step 3 to the decomposition of
some more stable oxygen functional groups. Othéts4fi] infer that Step 3 is related to the
released of sulfur species. However, no one haowdsed that Step 3 involves an endothermic

response.

3.4 GO reduction by-products

A combined FTIR-TG-MS analysis is conducted to gaiore information about the GO thermal
reduction process at low temperature. The resuisshown in Fig. 6. The released gases during
GO reduction indicate that Step 1 (below 160 °G)oimes mainly the desorption of the nano-
confined water between GO sheets. The mass laStepf2 (160 - 210 °C) is mainly caused by the
release of CO, COand HO, whereas Step 3 (210 - 300 °C) is related toS@e To further
confirm the correlation of Step 3 with the sulfatsntent, a GO sample with a sulfur content below
0.2 atom% (obtained by washing the raw GO powderafiiitional 15 times) was analyzed by
using DSC and TGA, before and after annealing & °I& for 24 h (see Fig. SI6). The results
clearly show that neither Step 3 transition, nerc¢brresponding endothermic peak occur in the TG
and DSC curves, respectively. These results agitbditerature data [41,44,47]. The benzene peak,
centered at 250 °C, is also detected, which haseen reported to the best of our knowledge. The
occurrence of this peak indicates that the basdlocaplane could decompose at relatively low
temperature (between 210 and 300 °C), and thia ontrast to the view that the carbon plane
would only degrade at relatively high temperatusg,48], e.g., above 350 °C. As we discussed
above in the Elemental Analysis (Table SI2), thetent of element S (less than 3.2 atom%) could
not account for 10% mass loss (Fig. 2), and soroeatic by-products could be present in the

samples.
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Fig. 6. FTIR-TG-MS data of the original GO. Theydashed line is for visual.

To confirm that the 4-5% mass loss deficit (comgasgéth the sulfur content) during Step 3 might
come from the release of aromatic products, thgirai GO sample and two annealed GO samples
(200 °C-3h and 200 °C-24 h) are measured at 30@r°20 seconds using Pyr-GC-MS (Fig. 7a-c).
Besides the CPand SQ products, a small amount of organic products e detected: Benzene,
Toluene, 2-Furancarboxyaldehyde, N,N-dimethyl-famde, 2,5-Furandione, Styrene and
Benzaldehyde. Most of the species of organic bylpects are released from the original GO sample
(Fig. 7a), involving Steps 1-3; whereas only bemzeB,5-furandione and benzaldehyde are

observed in the 200 °C-3 h GO sample, involvingy@tep 3 (Fig. 7b). The absence of toluene, 2-
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furancarboxyaldehyde and styrene in 200 °C-3 h G@pte implies that the degradation of
functional groups accompanies the decompositiacadion network during heating in Pyr-GC-MS
over time, leading to structural defects formatiém.contrast, except benzene, most of organic
products could not be detected in 200 °C-24 h GRpsa (Fig. 7c), and this sample does not
exhibit the mass loss of Steps 2 and 3. The gaaeraf benzene in GO mainly depends on the
temperature, and it is not strongly affected by @ngount and species of functional groups. Our
detection of organic products is consistent witmeoprevious studies [43,48]. However, those
studies are based on high temperature treatmente(than 400 °C). Our Pyr-GC-MS results
confirm that some organic by-products can be reléas much lower temperature, meaning that the

carbon sheets could start to decompose below 300 °C

a)

original GO

i)
‘© b)
§ 200 °C-3 h
£ s
[«}]
>
| |
© 7
© 4\‘\ i A
c) T
200°C-24h
b3
. M
3 4 5 6 7 8 9 10

Retention time (min)

Fig. 7. Pyr-GC-MS data of 3 GO samples: (a) thginal GO sample; (b) GO sample annealed at®ZDfbr

3 h; (c) GO sample annealed at 2@for 24 h. Peaks marked with * are due to the imsemt column. The
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remaining marked peaks: 1: Benzene, 2: Tolueni,8:dimethyl-formamide, 4: 2-Furancarboxyaldehyde,

5: 2,5-Furandione, 6: Styrene, 7: Benzaldehyde.

3.5 Chemical evolution of GO reduction

After identifying the types of gases released fribra 3 distinct steps, we reveal the reduction
mechanisms of GO by tracing the evolution of fumeal groups using FTIR (Fig. 8). Fig. 8a
exhibits the absorbance spectrum of GO annealed2@t °C for various durations. At this
temperature, the decomposition corresponds to Stepsl 2. The drastic decrease of the absorption
at around 3400 ctharises from the loss of hydroxyls (-OH) and inédated water. It is also seen
that the peaks at 1380 ¢nand 1050 cm, which correspond to the C-OH and C-O, respegtjvel
become less pronounced with annealing time andlyiirgisappear. The peak at 1730 tm
(carboxyl) also decreases with annealing time. dther two peaks (epoxide and C=C) vary only
slightly. Fig. 8a shows that during Steps 1 anddninant mass loss mostly result from the release
of water and decomposition of C-OH and C-O. FigsBbws the normalized spectra of the 200 °C
annealed GO samples, which only relates to rea&tep 3. Similar to the 120 °C-24 h curve, three
species of functional groups remain: C=C, epoxales carboxyls. Even after 24 h annealing, the
infrared absorbance are still detectable. Thesetifumal groups strongly bond to the basal graphene
plane and are difficult to be removed at low terapges. In Fig. 8a-b, the peak assignment to the
bonds of sulfates could not be verified, but thistexice of sulfates in GO has been proved by EA

and GC-MS.
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Fig. 8. FTIR spectra of annealed GO: (a) Absorbapeetra of the 128C annealed GO samples: hydroxyl
and intercalated water (around 3400%ntarboxyl (1730 ci), C=C (1620 cm), C-OH (1380 cnl),
epoxide (1225 ci) and C-O (1050 ci) [32,49,50]. The yellow stripes highlight the charof the peak. (b)
Normalized absorbance spectra of the 20@nnealed GO samples. The grey dashed lines makk pe

positions.

In order to gain insight into functional groups’ethical bonding evolution, XPS measurements are
carried out as shown in Fig. 9. The XPS spectrthef120 °C annealed GO samples for various
times are shown in Fig. 9a, which relate to Stepad 2. The areas of the fitted curves’ C=C, C-O,

C=0 and O-C=0 are listed in Table SI7, respectivife can see that, the functional groups of

23



epoxide and C-OH have the largest quantities (atd@f% in original GO). During the reduction
process of Steps 1 and 2, the decomposition ofidp@nd C-OH is the main reason for the release
of H,O, CO and C®@(combined with Fig. 6). The concentrations of caid and carbonyl groups
do not change considerably at 120 °C treatment ®bservation agrees with the FTIR results (Fig.
8) revealing the occurrence of the carboxyl bonenewm the 200 °C annealed GO samples. Since
the Cls XPS spectra of the 200 °C annealed GO saimgnle similar to that of the 120 °C-24 h
sample, here we show the Ols XPS spectra of theeQ0fhnealed GO samples in Fig. 9b. The
areas of the fitting curves for C=0, S-O, C-O amerdlic are listed in Table SI8. It is clearly in
Fig. 9b that the left-side peak fades with incnegghe annealing time, possibly due to the reaction
Step 3. The content of C=0 (around 16%) varies shijhtly, and it is quite stable at 200. The
S-O content decreases sharply from 31.91% to 0.GQfthermore, the C-O content first increases
from 24.42% to 37.18 % and then decreases to 19.00fe the Phenols content decreases from
27.50% to 21.79% and then increases to 62.91%. iShiue to the decomposition of sulfates
[38,41]. The release of sulfates results in anease of the fraction of C-O at first. However, the
high temperature (200 °C) facilitates the reducodrC-O and thereby the C-O fraction decreases
later. Besides, the decomposition of sulfates catise formation of the vicinal diols (Fig. 10),

which increases the Phenolic content fraction fnth
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Fig. 9. High resolution XPS spectra of annealed€a@ples: (a) Cls spectra of original GO and andeale

GO at 120°C. C=C (284.6 ev), C-O (286 ev), C=0 (287.8ev), 020288.8 ev) [51,52]. (b) O1ls spectra of
annealed GO at 20C. C=0 (531 ev), S-O (531.6 ev), C-O (532 ev), Pher{633.4 ev) [52,53]. Red solid

curves: Sum of the convoluted Gaussian-Lorentzanub (representing different bonds).
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Based on some previously proposed models of GO34238,49,54], the possible reduction

mechanisms of the 3 distinct steps of modified Hergshmethod GO are described in Fig. 10.
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Fig. 10. Possible thermal reduction process oftldistinct steps of Hummers’ method GO.
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4. Conclusion

We have provided insight into the chemical evolutod Hummers’ GO during the low temperature
thermal reduction. Our results have demonstratatl tthe reduction processes of Hummers’ GO
consists of the following four steps. Step 1 (belt®® °C) leads to the release of the physisorbed
water. Step 2 (between 160 and 210 °C) resultdhénréduction of functional groups. Step 3
(between 210 and 300 °C) causes the productioatsslfstable oxygens and aromatic by-products;
Step 4 (above 300 °C), induced the degradatiometarbon network and the most stable oxygen
functionalities. Different from the conclusion iitekature, in which the reduction process of
Hummers’ GO is regarded as a single exothermicga®iowe identify Step 3 to be an endothermic
transition, which is decoupled from Step 2. In &ddi we have found that the main decomposition
steps (Steps 2 and 3) generate different kindsradyzts. During Step 2, CO, G@nd HO are
produced, while during Step 3, $@nd some aromatic gases are obtained. The analytiese
products indicates that the GO carbon plane coeltbishipose even at low temperature (below
300 °C). The kinetic results derived from FTIR afldS measurements have been used to explore
the evolution of functional groups during heat-tne@nt and its relationship to the released products
The epoxy and carboxyl groups are much more sthile the C-OH and C-O groups. S-O bond
cannot be broken below 200 °C. Hence, this worlcatds that the composition of the starting GO
should be taken into account in the design andatge-scale fabrication of reduced-GO (rGO)
products, as we observed that the sulfur contemtamainfluence on the energy consumption and

by-product formation of the thermal reduction prExe
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