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ABSTRACT  
The complete restoration of a perfect carbon lattice has been a central issue in the research on graphene derived 

from graphite oxide since this preparation route was first proposed several years ago, but such a goal has so far 

remained elusive. Here, we demonstrate that the highly defective structure of reduced graphene oxide sheets 

assembled into free-standing, paper-like films can be fully repaired by means of high temperature annealing 

(graphitization). Characterization of the films by X-ray photoelectron and Raman spectroscopy, X-ray 

diffraction and scanning tunneling microscopy indicated that the main stages in the transformation of the films 

were (i) complete removal of oxygen functional groups and generation of atomic vacancies (up to 1500 °C), and 

(ii) vacancy annihilation and coalescence of adjacent overlapping sheets to yield continuous polycrystalline 

layers (1800-2700 °C) similar to those of highly oriented graphites. The prevailing type of defect in the 

polycrystalline layers were the grain boundaries separating neighboring domains, which were typically a few 

hundred nanometers in lateral size, exhibited long-range graphitic order and were virtually free of even 

atomic-sized defects. The electrical conductivity of the annealed films was as high as 577,000 S m-1, which is by 

far the largest value reported to date for any material derived from graphene oxide, and strategies for further 

improvement without the need to resort to higher annealing temperatures are suggested. Overall, the present 

work opens the prospect of truly achieving a complete restoration of the carbon lattice in graphene oxide 

materials. 
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1. Introduction 
 

 The last decade has witnessed the rapid 

emergence of graphene research in a remarkable 

variety of fronts. Research activities have covered 

basic science aspects of this two-dimensional carbon 

material, to provide fundamental insight into its 

electronic, mechanical, thermal and optical 

properties [1,2], as well as the exploration of its 

potential towards different technologically relevant 

applications, for instance in electronics [3], energy 

conversion and storage [4], chemical and biological 

sensing [5,6], catalysis [7] or biomedicine [8]. The 

development of versatile and cost-effective 

methodologies for the mass production and 

Nano Res  
DOI (automatically inserted by the publisher) 

Research Article  

 

———————————— 

Address correspondence to J. I. Paredes, paredes@incar.csic.es  



 3 

processing of graphene has been and continues to be 

central to many of these efforts [9-11]. In this regard, 

one approach that has proved particularly fruitful is 

the so-called graphite oxide route, which is based on 

the exfoliation and reduction of this strongly 

oxygenated derivative of graphite to afford graphene 

sheets in large quantities [9,12-17]. In addition to its 

massively scalable production, this type of graphene 

(usually referred to as reduced graphene oxide) 

exhibits several attractive features that are important 

from a practical viewpoint, including the fact that it 

is readily dispersible in aqueous and organic 

medium and its versatility for chemical 

functionalization and combination with other 

materials [11,12,18]. 

 On the other hand, the carbon lattice in reduced 

graphene oxide is well known to contain a large 

number of structural defects and distortions. Such 

distortions are mainly introduced as a result of the 

grafting of oxygen functional groups (e.g., hydroxyls 

and epoxides) during the conversion of graphite to 

graphite oxide [ 19 ]. Although the subsequent 

reduction step is intended to remove these functional 

groups and thus restore the originally pristine 

graphene lattice, virtually all the strategies that have 

so far been put to practice to this end have yielded 

products with a significant amount of residual 

oxygen-containing groups and defects, which are 

apparently very difficult to eliminate [14,15,19]. This 

point has been verified both directly by high 

resolution microscopy imaging of reduced graphene 

oxide sheets [ 20 , 21 ] and indirectly through the 

observation of a relatively poor recovery of highly 

defect-sensitive properties, such as the electrical 

conductivity [22,23]. 

 To improve the structural quality and properties 

of graphite oxide-derived graphene sheets, and 

ultimately the performance of devices and materials 

obtained thereof, several groups have implemented 

defect repair techniques based on the supply of 

carbon atoms from a hydrocarbon gas source at 

~600-900 °C, i.e. by chemical vapour deposition 

(CVD) [ 24 -26 ]. Even though the repaired sheets 

displayed significantly increased values of electrical 

conductivity, the actual degree of defect healing 

attained by this method was very far from complete. 

Furthermore, because the healing of subsurface 

defects does not appear to be possible [27], the CVD 

technique is only suited for the repair of monolayer, 

but not multilayer, graphene oxide/reduced 

graphene oxide films. Building upon the pioneering 

work on the heat treatment of graphite oxide 

reported some decades ago [ 28 -33 ], the thermal 

annealing of graphene oxide up to moderately high 

temperatures (~1100 °C) has also been extensively 

investigated in recent years [14,15,23,34-36], but the 

amount of residual oxygen and structural defects 

remaining on such thermally reduced graphene is 

generally comparable to that achieved with some of 

the most effective chemical reduction approaches 

carried out at much lower temperatures (<100 °C) 

[14,15], i.e. it is still rather large. Thus, in the absence 

of other alternatives, it can be postulated that a full 

repair of defects in graphene oxide or reduced 

graphene oxide will be most realistically 

accomplished under graphitization conditions, 

which involve very high annealing temperatures 

(e.g., 2000 °C or above) [37]. Some very recent work 

along this line suggests that this might indeed be the 

case [38,39], but a thorough investigation on the 

topic (for example, encompassing a wide range of 

graphitization temperatures) has not yet been 

reported. Furthermore, complete removal of defects 

from the sheets has not been demonstrated and the 

details of their structural evolution down to the 

nanometer/atomic scales have remained unknown. 

 Here, we present a comprehensive study on the 

structural, chemical and electrical characteristics of 

free-standing, paper-like films of chemically reduced 

graphene oxide (reduced graphene oxide paper) that 

have been subjected to graphitization treatments at 

different temperatures, from 1500 up to 2700 °C. 

Reduced graphene oxide paper is currently the focus 

of significant research efforts with a view to its 

practical use as components in, e.g., Li ion batteries, 

fuel cells, supercapacitors or electromechanical 

actuators [40-43]. In the present work, both global 

[e.g., Raman spectroscopy and X-ray photoelectron 

spectroscopy (XPS)] and local [scanning tunneling 

microscopy (STM)] characterization techniques have 

been employed to examine the graphitized films, 

revealing that atomic-sized (point) defects can be 

eliminated altogether from the basal planes of the 

reduced graphene oxide sheets at sufficiently high 

annealing temperatures. Significantly, such extensive 

healing easily affords the highest values of electrical 
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conductivity that have so far been documented for 

films obtained from graphene oxide, approaching 

those typical of pristine, highly oriented graphites. 

 

2. Experimental 
 

 The graphitization experiments were carried out 

on free-standing, paper-like films of chemically 

reduced graphene oxide, which were prepared as 

follows. First, graphite oxide was synthesized from 

natural graphite powder (Fluka 50870) by the 

Hummers method, using H2SO4, NaNO3 and KMnO4, 

as described elsewhere [44]. After being rinsed with 

10% HCl solution and thoroughly washed with 

deionized water, the oxidation product was 

suspended in deionized water, sonicated in an 

ultrasound bath cleaner (J.P. Selecta Ultrasons 

system, 40 kHz) for 4 h and centrifuged (Eppendorf 

5424 microcentrifuge) at 10000 g for 10 min. The 

resulting supernatant (top ~75% of the total volume), 

which is a dispersion of single-layer graphene oxide 

sheets, was collected for further use and its 

concentration determined by means of UV-vis 

absorption spectroscopy based on a previously 

reported procedure [45]. Aqueous graphene oxide 

dispersions (0.1 mg mL-1) were chemically reduced 

with hydrazine monohydrate (0.05 µL of reductant 

per mL of dispersion) by heating at 95 °C for 1 h 

under basic conditions (pH ~10, adjusted by adding 2 

µL of 25% ammonia solution per mL of dispersion). 

This procedure has been formerly shown to afford 

stable dispersions of well-reduced graphene oxide 

sheets [46]. Finally, a given volume of the reduced 

dispersion (typically 250 mL) was vacuum-filtered 

through a silver membrane filter (47 mm in diameter 

and 0.2 µm of pore size, from Whatman). After 

drying under ambient conditions and peeling off the 

membrane filter, a free-standing paper-like film of 

reduced graphene oxide, denoted as HG, was 

obtained. 

 Reduced graphene oxide paper samples were 

subjected to high temperature annealing in a 

graphite furnace under argon flow (2 L min-1). For 

reasons that will be commented upon below, a 

two-step heat treatment procedure was implemented: 

the paper-like films were first annealed at 1500 °C, 

and then, in a second independent run, annealed 

again at a higher temperature (1800, 2100, 2400 or 

2700 °C). The following heating rates were applied: 

50 °C min-1 from room temperature to 700 °C, 100 °C 

min-1 from 700 to 1000 °C, 25 °C min-1 between 1000 

and 2000 °C, and 10 °C min-1 between 2000 and 

2700 °C. Once it was reached, the target temperature 

was kept constant for 1 h and finally the samples 

were cooled down to room temperature while 

maintaining the same argon flow. The graphitized 

samples were denoted as HG1500 (film heat treated 

only once, at 1500 °C) and HG1500-T (film first heat 

treated at 1500 °C and then at a temperature T; e.g., 

HG1500-1800, HG1500-2100, etc). 

 Characterization was carried out by means of 

UV-vis absorption spectroscopy (only for the starting 

aqueous dispersions), X-ray diffraction (XRD), 

Raman spectroscopy, thermogravimetric analysis 

(TGA), STM, atomic force microscopy (AFM), XPS 

and measurement of electrical conductivity of the 

films. UV-vis absorption spectra were recorded with 

a double-beam Heλios α spectrophotometer 

(Thermo Spectronic). XRD was performed on a 

Bruker D8 Advance diffractometer using Cu Kα 

radiation (λ = 0.154 nm) at a step size and time of 

0.02° (2θ) and 1 s, respectively. Raman spectra were 

obtained with a Horiba Jobin-Yvon LabRam 

apparatus at a laser excitation wavelength of 532 nm. 

To avoid damage to the samples, a low incident laser 

power (~1 mW) was used. TGA was accomplished 

under air flow (100 mL min-1) on an SDT Q600 

thermobalance (TA Instruments) at a heating rate of 

10 °C min-1, using Pt crucibles. AFM and STM 

measurements were performed with a Nanoscope 

IIIa Multimode apparatus (Veeco) under ambient 

conditions. AFM was carried out in the tapping 

mode of operation with rectangular silicon 

cantilevers. STM images were recorded using 

mechanically prepared Pt/Ir (80/20) tips. A SPECS 

spectrometer, working with a monochromatic Al Kα 

X-ray source (100 W) at a pressure of 10-7 Pa, was 

used for the XPS measurements. The electrical 

conductivity of the different paper-like films, cut into 

12 × 12 mm2 squares, was determined by the van der 

Pauw method with a home-made setup (Agilent 

6614C DC power supply and Fluke 45 digital 

multimeter). 
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Figure 1 Digital photograph (a) and UV-vis absortion spectrum (b) of the starting aqueous dispersion of reduced graphene oxide. (c) 

Representative AFM image of the reduced graphene oxide sheets deposited onto HOPG. (d-f) Digital photographs of the starting HG 

film (d) as well as of annealed films HG1500 (e) and HG1500-2700 (f). The numbers in the scale in (d-f) correspond to millimeters. 

 

3. Results and discussion 
 

 Fig. 1(a) shows a digital photograph of a vial 

containing a sample of the aqueous, 

hydrazine-reduced graphene oxide dispersion (0.1 

mg mL-1) that was used for the preparation of the 

paper-like films. In contrast to the yellow-brown 

color of its unreduced counterpart (not shown), such 

dispersion exhibits a deep black tone, suggesting that 

the graphene oxide sheets have been effectively 

reduced. This point can be corroborated by UV-vis 

absorption spectroscopy, which has proved to be a 

useful technique to monitor the reduction degree of 

graphene oxide [46]. The UV-vis absorption 

spectrum of the reduced suspensions prepared here 

(Fig. 1(b)) displays a peak at about 268 nm and 

strong absorbance in the whole wavelength range 

above 268 nm, indicating that the hydrazine 

reduction step succeeded in deoxygenating the 

graphene oxide sheets to a significant extent [46,47]. 

Further prove of the effective reduction of graphene 

oxide by XPS analysis is given in Fig. S-1 in the 

Electronic Supplementary Material. A representative 

AFM image of the reduced sheets after being 

drop-cast from their aqueous suspension onto a 

highly oriented pyrolytic graphite (HOPG) substrate 

is shown in Fig. 1(c). The sheets display irregular 

shapes and are typically a few to several hundred 

nanometers in lateral size, with an apparent 

thickness, determined relative to the HOPG substrate, 

of ~1 nm (see superimposed line profile in Fig. 1(c)). 

Such apparent thickness implies that the sheets are 

individual, single-layer objects (i.e., single-layer 

reduced graphene oxide) [45,47]. Vacuum-filtering 

this reduced suspension afforded free-standing 

papers with a shiny metallic appearance (Fig. 1(d)), 

which were used in the subsequent heat treatments. 

 It should be stressed that paper-like films of 
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chemically reduced graphene oxide were 

deliberately chosen for the graphitization 

experiments as opposed to films of unreduced 

graphene oxide: during high temperature annealing, 

the oxygen functional groups present on both 

unreduced and chemically reduced graphene oxide 

are expected to be removed in the form of CO and 

CO2 molecules [15,19,48-50]. This implies that carbon 

atoms should be abstracted from the graphene lattice, 

and as a result, structural defects such as atomic 

vacancies can be created [49], which would 

subsequently have to be healed if a pristine graphitic 

lattice is to be restored. Because chemical reduction 

with hydrazine removes a large fraction of the 

oxygen originally present in graphene oxide without 

significant evolution of carbon atoms [51-53] and 

thus without creating vacancies or other defects, the 

amount of structural defects brought about in 

chemically reduced graphene oxide upon stripping 

its residual oxygen functional groups by high 

temperature annealing should be much smaller than 

that generated on its unreduced, oxygen-crowded 

counterpart. Bearing a lower density of heat 

treatment-induced defects in its carbon lattice, the 

subsequent healing of the chemically reduced sheets 

should be easier to achieve compared to that of 

unreduced graphene oxide. Furthermore, very recent 

work has shown that paper-like films of unreduced 

graphene oxide tend to crack up at annealing 

temperatures as low as 800 °C [36], whereas the 

structural integrity of papers made of chemically 

reduced graphene oxide studied here was preserved 

for all the annealing temperatures up to 2700 °C (Fig. 

1(e) and (f)). 

 The previous reasoning also points to the idea 

that complete healing of reduced graphene oxide by 

means of heat treatment to yield a pristine graphitic 

lattice can be basically viewed as a two-step process, 

comprising first the removal of its oxygen functional 

groups and then the repair of the structural defects 

left behind in the carbon lattice by the evolving 

oxygen. Thus, we hypothesized that graphitization 

of the reduced graphene oxide paper could be 

similarly approached in two annealing steps: the first 

one would be carried out at a moderately high 

temperature to remove most of the residual oxygen 

 
Figure 2 Survey X-ray photoelectron spectra for the starting HG 

film (red plot) and annealed film HG1500 (green). 

 

that remains in reduced graphene oxide, while a 

second annealing at a higher temperature would 

allow the enduring lattice defects and structural 

imperfections to repair. In this way, the two steps 

could be studied independently. We chose the 

temperature of the first annealing step to be 1500 °C 

based on previous work which suggested that a 

significant fraction of the original oxygen groups of 

graphene oxide (i.e., mostly hydroxyls and epoxies) 

are converted to carbonyls and ethers upon heat 

treatment [49]. The latter functional groups are 

thermodynamically very stable and probably require 

temperatures in excess of 1000 °C to be removed 

[49,54]. In fact, we observed by means of XPS that 

practically all the oxygen present in the as-prepared, 

chemically reduced graphene oxide films could be 

eliminated during the first annealing step at 1500 °C, 

up to the point where oxygen was below the usual 

detection level for this technique. This point can be 

appreciated from Fig. 2, where XPS survey spectra 

for the starting reduced graphene oxide film (sample 

HG) and the film subjected to a single annealing at 

1500 °C (sample HG1500) are presented. The O/C 

atomic ratios derived from the XPS data for these 

two and the remaining samples are given in Table 1. 

Such a ratio was 0.102 for the starting HG film (down 

from 0.430 for the unreduced graphene oxide film) 

but decreased to less than 0.001 for sample HG1500. 

As could be anticipated, the subsequent higher 
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Table 1. O/C atomic ratio derived from XPS; interlayer spacing (d002) and apparent crystallite size in the c direction (Lc) obtained by 

XRD; integrated intensity ratio of the D and G bands (ID/IG) and apparent in-plane crystallite size (La) calculated through the 

Tuinstra-Koenig (T-K) and Cançado equations from Raman spectra; and electrical conductivity of the starting reduced graphene 

oxide film, films annealed at different temperatures and HOPG.  

Sample O/C at. ratio d002 (Å) LC(nm) ID/IG 

La(nm) 

(T-K) 

La(nm) 

(Cançado ) 

Conductivity 

(S m
-1

) 

HG 0.102 3.944 1.2 1.83 2.4 10.5 7,962 

HG1500 < 0.001 3.416 7.2 0.72 6.1 26.7 2.18×10
5 

HG1500-1800 < 0.001 3.431 10.2 0.11 40.6 177.2 1.71×10
5
 

HG1500-2100 < 0.001 3.423 13.6 0.09 50.6 221.2 2.31×10
5
 

HG1500-2400 < 0.001 3.378 27.4 0.07 62.5 273.1 3.34×10
5
 

HG1500-2700 < 0.001 3.366 35.6 0.02 236.6 1,033.6 5.77×10
5
 

HOPG < 0.001 3.355 52.8 0 -- -- 1.69×10
6
    

 

 

temperature treatments (second annealing step) also 

yielded negligible amounts of oxygen (spectra not 

shown). These results demonstrate that under 

adequate conditions a virtually complete elimination 

of oxygen groups from reduced graphene oxide is 

possible. In contrast, residual oxygen was detected in 

all previous attempts to restore the original graphene 

lattice reported in the literature, even when 

temperatures above 1500 °C were used [39]. 

Additional information on the XPS results of the 

films under study can be found in Fig S-2 in the 

Electronic Supplementary Material. 

 The global structural evolution of the 

heat-treated paper-like samples was investigated by 

means of XRD and Raman spectroscopy. The X-ray 

diffractograms of the different films and of highly 

oriented pyrolytic graphite (HOPG) as a reference 

sample are presented in Fig. 3(a). The non-annealed 

film (sample HG) displayed a relatively weak and 

broad diffraction peak at ~22.5° (2θ) [40,55], which 

corresponds to an interlayer spacing, d002, of 3.944 Å 

(see Table 1). After the first annealing step (sample 

HG1500) the diffraction peak became much sharper 

and the d002 spacing decreased to 3.416 Å. A further 

decrease was observed, down to 3.366 Å and thus 

approaching the HOPG value (3.355 Å), following 

the second annealing, but only for the highest heat 

treatment temperatures (2400 and 2700 °C; see Table 

1). By contrast, the d002 spacing for the samples 

annealed at 1800 and 2100 °C (3.431 and 3.423 Å, 

respectively) was slightly larger than that measured 

for sample HG1500. A possible explanation to 

account for this a priori unexpected result will be 

given below. The decreasing width of the diffraction 

peak was reflected in the evolution of the apparent 

crystallite size in the c direction, i.e. the Lc parameter 

(Table 1), which was as low as 1.2 nm for the starting 

HG film, increased to 7.2 nm following the first heat 

treatment and finally reached 35.6 nm after the 

second annealing at 2700 °C. Again, this value was 

relatively close, but not identical, to that of the 

HOPG reference sample (52.8 nm). 

 Fig. 3(b) shows first- and second-order Raman 

spectra of the investigated samples. The first order 

spectrum (1100-1700 cm-1) is dominated by three 

features: a strong peak at ~1583 cm-1 (G band) and 

two additional peaks at 1355 and 1625 cm-1, which 

correspond to the defect-related D and D´ bands, 

respectively [56,57]. The Raman spectrum of the 

non-annealed HG film exhibited strong D and D´ 

peaks (relative to the G band), denoting a large 

amount of structural defects in its carbon lattice 
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Figure 3 XRD patterns (a) and Raman spectra (b) for the starting 

HG film (red plots), heat-treated films HG1500 (green), 

HG1500-1800 (dark blue), HG1500-2100 (purple), 

HG1500-2400 (light blue) and HG1500-2700 (orange), and 

HOPG (black). 

 

[45,51]. Following the first heat treatment at 1500 °C, 

the intensity of both defect-related bands decreased 

markedly, but in any case they were still relatively 

large, which suggests that a significant amount of 

disorder remained in the structure. At least in 

relative terms, the healing of defects appeared to be 

much more extensive during the second heat 

treatment step, as noticed by the evolution of the 

integrated intensity ratio of the D and G bands (ID/IG) 

for the different samples (Table 1), which provides a 

quantitative measure of the amount of defects 

present in graphitic materials [56,57]. The ID/IG ratio 

was determined to be 1.83, 0.72 and 0.02 for samples 

HG, HG1500 and HG1500-2700, respectively. Such 

observation, together with the XPS results, lends 

support to the above assumption that a thorough 

healing of reduced graphene oxide by high 

temperature annealing proceeds mainly by first 

removing its residual oxygen groups and then 

repairing the structural defects left behind in the 

carbon lattice by the oxygen groups. The ID/IG ratio 

can be used to derive an apparent in-plane crystallite 

size (La parameter), either by means of the 

well-known Tuinstra-Koenig equation [ 58 ] or, 

alternatively, based on the formula proposed more 

recently by Cançado et al [59]. La values obtained 

from both equations were somewhat different (Table 

1), and were up to ~10 nm for the starting HG film, 

as is typical for chemically reduced graphene oxide 

[22], but reached values in the range of several 

hundred nanometers for sample HG1500-2700. The 

meaning of this parameter for the highly graphitized 

films will be discussed below in the light of the STM 

results. 

The second-order Raman spectra (i.e., 2300-3300 

cm-1 region in Fig. 3(b)) display up to four different 

bands (G * ,  G´, D+G and 2D´), that are also 

characteristic of graphitic materials [57,60]. The most 

relevant one is the G´ peak, located at about 2695 

cm-1, which is the overtone of the D band (for this 

reason, it is usually referred to as the 2D band). Its 

intensity is sensitive to the presence of structural 

disorder (i.e., it tends to decrease in the presence of 

large amounts of disorder; e.g., sample HG), but 

most significantly, analysis of its lineshape reveals 

information about the three-dimensional stacking 

order of the sample [60]. As shown in detail in Fig. 4, 

the G´ band for a graphitic material with ordered 

stacking (AB Bernal stacking) such as HOPG exhibits 

a highly asymmetric lineshape that can be fitted with 

two Lorentzian components (G´3DA and G´3DB). By 

contrast, a material in which the graphene layers are 

randomly rotated with respect to each other around 

the c axis (turbostratic stacking) possesses a G´ band 

that is completely symmetric and can thus be fitted 

with a single Lorentzian component (G´2D), located 

in-between the G´3DA and G´3DB lines. In the present 

case, because the reduced graphene oxide films were 

produced by vacuum-assisted assembly of the  
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Figure 4 G´ Raman band spectra for the heat-treated films 

HG1500-2100 (purple plot), HG1500-2400 (light blue) and 

HG1500-2700 (orange), as well as for HOPG (black). 

 

individual, single-layer sheets from their aqueous 

dispersion, the sheets are expected to be randomly 

piled over each other, leading to turbostratic stacking. 

In fact, the G´ band displayed an altogether 

symmetric lineshape for films heat-treated up to 

2100 °C in the second annealing step (see Fig. 3(b) 

and 4). However, asymmetry gradually arose at 

higher annealing temperatures, suggesting that AB 

Bernal stacking was developed to some degree. To 

evaluate the extent of three-dimensional ordering 

achieved, it was assumed that they consisted of a 

mixture of regions with turbostratic stacking and 

regions with AB Bernal stacking. Consequently, their 

G´ band was fitted using a combination of the G´2D, 

G´3DA and G´3DB Lorentzian components (Fig. 4), so 

that the fraction, R, of sample exhibiting Bernal 

stacking was given by [60] 

3

3 2

´

´ ´

DB

DB D

G

G G

I
R

I I



            (1) 

Using Eq. (1), the fraction of Bernal-stacked regions 

 
Figure 5 Differential thermogravimetric plots for the starting HG 

film (red plot), heat-treated films HG1500 (green), 

HG1500-1800 (dark blue), HG1500-2100 (purple), 

HG1500-2400 (light blue) and HG1500-2700 (orange), as well 

as for HOPG (black). The vertical scale in the upper left part of 

the graph corresponds to a weight derivative value of 1 %/°C. 

 

was determined to be negligible for films 

heat-treated at 2100 °C and below, ~40% for sample 

HG1500-2400 and ~70% for sample HG1500-2700, 

indicating that a significant degree of 

three-dimensional ordering can be attained at the 

highest annealing temperature. In other words, the 

films annealed at the highest temperatures are 

approaching to highly oriented graphites. 

 The reactivity of graphitic materials, and in 

particular their reactivity towards oxidation, is 

known to be strongly dependent on the amount and 

type of defects present in their structure [61-64]. To 

assess the effect of annealing on the film reactivity, 

they were subjected to TGA under flowing air. The 

thermogravimetric (TG) plots were dominated by a 

sharp mass loss step that can be ascribed to 

gasification of the material by reaction with oxygen. 

Fig. 5 shows the first derivative of the TG plots, i.e. 

the differential thermogravimetric (DTG) plots, for 

the paper-like films and HOPG. The peak in the DTG 

plots indicates the temperature at which gasification 

of the sample was fastest. For the non-annealed HG 

film, gasification took place at a relatively low 

temperature (~540 °C), implying a high reactivity 

that can be attributed to the distorted carbon 

structure induced by the large amount of residual 

oxygen groups that this film contains. The first 

annealing (1500 °C) brought about a remarkable 

up-shift in the gasification temperature to ~731 °C 
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and therefore a significantly less reactive material. 

The second annealing step gave rise to more modest 

changes (e.g., gasification at ~768 °C for 

HG1500-1800), and such changes were increasingly 

marginal with increasing heat treatment temperature. 

Considering that a relatively large amount of defects 

is eliminated in this second stage (see Raman results, 

Fig. 3(b)), such observation suggests that the defects 

remaining after annealing at 1500 °C are associated 

to a lower reactivity compared to that of the original 

defects in the reduced graphene oxide film. The 

reactivity of films annealed at the highest 

temperature (HG1500-2700) still differed 

considerably from that of HOPG (gasification at 

~956 °C), implying a somewhat less pristine structure 

for the former, in agreement with the XRD and 

Raman spectroscopy data. 

 The electrical conductivity is also a highly 

sensitive indicator of the presence of defects in 

graphitic carbon. Defects generally act as scattering 

sites for the charge carriers, thus hampering their 

mobility and in turn decreasing the overall 

conductivity of the material [64]. The values 

measured for the paper-like films and HOPG are 

given in Table 1. The non-annealed HG film 

exhibited an electrical conductivity (7,960 S m-1) that 

is comparable to the values previously reported for 

chemically reduced graphene oxide paper produced 

by similar means [46,47,55]. A very large increase in 

conductivity (up to 218,000 S m-1) was observed 

following the first annealing step, whereas further 

improvements could be attained with the second 

annealing, but only at the highest temperatures (2400 

and 2700 °C), reaching a maximum value of 577,000 S 

m-1 for sample HG1500-2700. To the best of our 

knowledge, this is by far the largest value of 

electrical conductivity that has been documented for 

a material derived from graphene oxide. The former 

highest figure was very recently achieved for a 

chemically reduced graphene oxide paper that had 

been heat-treated at 1900 °C (160,000 S m-1) [39]. For 

comparison, a conductivity as high as 1,690,000 S m-1 

was estimated here for the HOPG sample, which is 

consistent with the values reported in the literature 

and close to those measured for single-crystal 

graphite (~2,500,000 S m-1) [65-67]. 

 As previously hypothesized, with a two-step 

approach to the restoration of the originally pristine 

carbon lattice, it has been possible to remove all the 

oxygen in the reduced graphene oxide films at a 

relatively low annealing temperature and then, on 

films with no residual oxygen, to independently 

investigate the healing of defects at higher annealing 

temperatures. The fact that these two processes 

(removal of oxygen and healing of defects) take place 

at so different temperatures suggests that their 

activation energies differ significantly. Although, in a 

practical case, a single annealing at the highest 

temperatures (e. g., 2400 °C or 2700 °C) could be 

used to completely restore the carbon lattice (see Fig. 

S-3 in the Electronic Supplementary Material), even 

in such a case, the process with the lowest activation 

energy would be much more probable and therefore 

it would occur much faster. Summing up, in practice 

the treatment can be done in one stage but anyhow 

the physical process of annealing would always take 

place in two steps. 

 The previous results have revealed the general 

structural and chemical evolution of reduced 

graphene oxide films upon graphitization treatments. 

It  has been determined that the structural 

characteristics and other features (reactivity and 

electrical conductivity) of the highly graphitized 

films approach very significantly but do not match 

those of a model graphitic material such as HOPG. It 

is reasonable to argue that the key to understand this 

result lies in the evolution of the nanometer- and 

atomic-scale structure  of  the f i lms during 

graphitization. Therefore, to shed light on this 

question the samples were examined by STM, a 

microscopy technique with enough resolution to 

image even atomic-sized (point) defects on graphitic 

materials [68-70]. Fig. 6 shows representative STM 

images of the nanometer-scale morphology for the 

as-prepared and different heat-treated films, with the 

overlaid line profiles indicating the typical height 

variations that were observed in each case. For the 

starting HG film (Fig. 6(a)), a relatively rough 

topography can be noticed, which is made up of 

more or less smooth features ~10-30 nm in lateral 

size (with the exception of some elongated features; 

e .g.,  lower right part of  Fig.  6 (a)).  Such a 

characteristic feature size is at least one order of 

magnitude smaller than the size of the reduced 

graphene oxide sheets that served as building blocks 

for the film (Fig. 1(c)). The origin of this topography 
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Figure 6 Nanometer-scale STM images for the starting HG film (a) and heat-treated films HG1500 (b), HG1500-1800 (c), 

HG1500-2100 (d), HG1500-2400 (e) and HG1500-2700 (f). Typical tunneling parameters were 100-300 pA (tunneling current) and 

1500 mV (bias voltage). In each case, a representative line profile (blue plot) taken along marked red line is shown overlaid onto the 

image. 

 

can be mainly attributed to the random overlapping 

of the sheets while they are being stacked over each 

other during film formation. Although an isolated 

sheet on a flat substrate displays an essentially flat 

profile (Fig. 1(c)), the successive build-up of further 

sheets inevitably leads to their overlapping, thus 

giving rise to an irregular topography with lateral 

feature sizes that necessarily have to be smaller than 

those of the sheets. Following the first annealing 

(sample HG1500, Fig. 6(b)), the distinctive 

nanometer-scale morphology of the as-prepared film 

was essentially preserved. However, significant 

changes took place during the second heat-treatment 

step. Even at the lowest temperatures of 1800 and 

2100 °C (Fig. 6(c) and (d), respectively), a clear trend 

towards a flat topography and features with larger 

lateral dimensions could be noticed, finally evolving 

into atomically flat and relatively large (a few 

hundred nm) terraces at the highest annealing 

temperatures (2400 and 2700 °C, Fig. 6(e) and (f), 

respectively). Such a progression is basically 

consistent with the emergence of a high degree of 

graphitic order in the films (as already revealed by 

XRD and Raman spectroscopy), the large terraces 

being ascribed to well-developed basal planes. 

 The structural evolution of the films upon 

graphitization was also investigated by STM on the 

atomic scale. Some representative images are shown 

in Fig. 7. In agreement with previous STM studies of 

individual, chemically reduced graphene oxide 

sheets [45], the as-prepared HG film did not exhibit 

long-range order on the atomic scale (Fig. 7(a)). It is 

well-known that highly ordered graphitic surfaces 

display a perfect triangular pattern (or, in some cases, 

a honeycomb pattern) with a periodicity of ~0.25 nm 

in their STM images [71]. By contrast, although 

atomic-sized features were routinely observed for 

sample HG, such features were organized into very 
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Figure 7 Atomic-scale STM images for the starting HG film (a) and heat-treated films HG1500 (b,c), HG1500-1800 (d) and 

HG1500-2700 (e,f). Typical tunneling parameters: 1-2 nA (tunneling current) and 5-100 mV (bias voltage). The inset to (a) is a detailed 

2×2 nm2 image showing the highly distorted atomic-scale patterns of the HG film. 

 

small (~3-4 nm) domains that usually lacked 

themselves an ordered triangular (or honeycomb) 

structure. This point can be better appreciated in the 

detailed images of a given domain (e.g., inset to Fig. 

7(a)). The disorderly arrangement of atomic-sized 

features can be associated to the presence of different 

types of defects in the carbon structure. Such defects 

should include the relatively abundant number of 

oxygen-containing groups that have been measured 

on the HG film (see XPS results above), but also 

probably non-hexagonal carbon rings (e.g., 5- 

or-7-membered rings), which have been suggested to 

form in reduced graphene oxide [20,21]. The strain 

induced by these defects on the carbon lattice can be 

expected to alter significantly its local electronic 

structure (compared to that of the perfect graphitic 

lattice), which is what the STM actually probes [72]. 

Furthermore, because the defects are most probably 

randomly arranged even on a local scale [20,21], the 

resulting atomic-scale STM images should also 

display disorganized patterns, as actually observed 

(inset to Fig. 7(a)). 

 While the first annealing step did not bring 

about very significant changes to the 

nanometer-scale morphology of the films (compare 

Fig. 6(a) and (b)), their atomic-scale structure did in 

fact experience a remarkable transformation. As 

shown in Fig. 7(b), the atomic-scale STM images of 

sample HG1500 were characterized by the presence 

of a large number of apparent protrusions (bright 

features) ~2-3 nm wide scattered on an otherwise 

relatively ordered structure. The regions between the 

protrusions displayed in many cases the familiar 

triangular or honeycomb patterns archetypal of 

well-ordered graphitic systems, whereas in other 

instances these patterns were seen to be modulated 

by local superstructures (e.g., Fig. 7(c)). Such 

superstructures are known to reflect a modulation of 

electronic density arising in highly graphitic regions 

that lie in close proximity to defects [ 73 ]. The 
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protrusions themselves generally exhibited locally 

distorted or unclear atomic patterns, and can be 

interpreted as isolated defects remaining in the film 

after its graphitic structure is largely restored as a 

result of the removal of its oxygen functionalities. On 

the atomic scale, the most obvious change taking 

place during the second annealing was the 

progressive disappearance of these isolated defects, 

as exemplified in Fig. 7(d) and (e) for samples 

HG1500-1800 and HG1500-2700, respectively. For the 

latter film, the large majority of the recorded 10×10 

nm2 images were completely free from any defects 

and they always displayed long-range graphitic 

order (e.g., Fig. 7(e)). However, rather than 

protrusions with distorted atomic-scale pattern, the 

residual defects in this film were mostly smooth, 

dome-like bumps where the pristine graphitic 

structure was not altered (Fig. 7(f)), suggesting that 

they were of a different nature to those prevalent at 

the lowest annealing temperatures (sample HG1500, 

Fig, 7(b)). The dome-like features were from ~1 up to 

several nanometers in diameter and can in principle 

be attributed to interstitial species (e.g., clusters of 

carbon atoms) trapped in-between the topmost 

graphene layers [69]. 

 As already noted above, the removal of the 

oxygen functionalities as CO and CO2 molecules 

from the HG film with heat treatment at 1500 °C 

should inevitably lead to the generation of a 

significant number of atomic vacancies/small holes 

on the carbon lattice [48-50]. It is also well 

established that atomic vacancies in graphitic 

structures induce an enhancement in the local 

density of electronic states near the Fermi level, so 

that the vacancy is imaged by STM as a protrusion 

(bright feature) with lateral dimensions (up to 

several nanometers) mainly determined by the 

number of missing carbon atoms [68,70]. The 

protrusions observed for sample HG1500 (Fig. 7(b)) 

are consistent with their being atomic vacancies and 

are therefore ascribed to such a type of defect 

generated in the sheets by the first annealing step. 

Now, at sufficiently high temperatures the atomic 

vacancies can be expected to become mobile and 

annihilate at, e.g., the sheet edges, leading to their 

effective removal [70,74]. Although a single-atom 

vacancy is thought to possess a significant mobility 

even at close to ambient temperature due to a 

relatively low migration barrier, the mobility of 

multi-atom vacancies should be extremely low, 

therefore requiring very high temperatures to 

annihilate. For instance, the migration barrier for a 

two-atom vacancy in graphene has been estimated to 

be 6-7 eV, compared to ~1.2-1.4 eV in the case of a 

single-atom vacancy [64]. The latter is indeed easily 

removed at temperatures of just a few hundred 

degrees Celsius [70]. Furthermore, the lateral size of 

the protrusions seen by STM for the HG1500 film 

(Fig. 7(b)) suggests that they mostly correspond to 

multi-atom vacancies and not to single-atom 

vacancies, which are associated to noticeably smaller 

protrusions (~0.6-0.9 nm) [70]. Consequently, these 

atomic vacancies should be expected to disappear 

only at very high temperatures, as was indeed the 

case during the second annealing. 

 Based on the previous results, it can be 

concluded that the central sequence of events in the 

graphitization process of the reduced graphene 

oxide films is the following: (i) removal of residual 

oxygen groups/vacancy generation (first annealing 

step), and (ii) vacancy annihilation (second annealing 

step). This mechanism can explain the development 

of essentially pristine, defect-free graphitic basal 

surfaces at the highest heat treatment temperature 

(i.e., sample HG1500-2700, Fig. 7(e)). Nevertheless, 

such a process alone cannot account for the 

nanometer-scale evolution of the film morphology 

that was described in Fig. 6. The generation and 

annihilation of atomic vacancies within the reduced 

graphene oxide sheets is not expected to significantly 

alter the random stacking/overlapping configuration 

of the sheets in the film. Consequently, if the rough 

morphology of the starting HG film (Fig. 6(a)) is due 

to the random arrangement of the sheets and only 

vacancy generation/annihilation processes come into 

play, then such a morphology should be essentially 

preserved throughout the whole annealing process, 

which was obviously not the case (Fig. 6(f)). Because 

topography of atomically flat terraces was seen to 

develop instead, we have to conclude that most of 

the overlaps between neighboring sheets in the 

starting HG film were eliminated, mainly during the 

second annealing step. We propose that adjacent 

sheets in the film coalesce at the points where a given 

sheet overlaps with the edge of another sheet, so that 

the film eventually transforms into a stack of 
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Figure 8 Schematic illustration of the sheet coalescence process 

in the reduced graphene oxide film during the second annealing 

step (1800-2700 °C). The yellow-brown squares shown in the 

annealed film represent grain boundaries between neighboring 

domains in the resulting extended polycrystalline layers. 

 

non-overlapped, extended and flat graphitic layers. 

A schematic illustration of such structural 

transformation is given in Fig. 8. This interpretation 

is supported by very recent experiments carried out 

by Barreiro et al, who observed the coalescence of 

two overlapping graphene layers into one 

continuous sheet under Joule heating (temperatures 

up to 2000 °C) inside a transmission electron 

microscope [75]. Even though the details of this 

transformation are currently not known and need to 

be elucidated, it can be argued that its main driving 

force is the elimination of the energy penalty 

associated to (i) the presence of a large amount of 

free graphene edges with dangling bonds and (ii) 

also probably the local strain of the carbon lattice 

due to curvature at the point where a sheet overlaps 

with the edge of another sheet in the starting film 

(Fig. 8). 

 
Figure 9 Height (a,c) and corresponding current (b,d) STM images of the HG1500-2700 film revealing the presence of grain 

boundaries [indicated by white arrows in (b) and by white lines in (d)]. (e,f) Height STM images of a grain boundary 

[indicated by a white line in (e)] and a Moiré pattern on one side of the boundary. The orientation of the carbon lattice on 

each side of the boundary is indicated by solid white lines in (f). Tunneling parameters: 0.2-0.8 nA (tunneling current) and 

100-800 mV (bias voltage). 
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 If the hypothesis of sheet coalescence is correct, 

and because the coalescing sheets should in principle 

exhibit random in-plane crystallographic 

orientations, then we would expect the resulting 

layers to be highly polycrystalline and thus contain a 

significant amount of grain boundaries. As a matter 

of fact, grain boundaries were ubiquitously seen by 

STM for sample HG1500-2700. In its low energy 

configuration, this type of line defect is thought to be 

made up of a string of alternating pentagons and 

heptagons [ 76 ]. This lattice distortion induces 

localization of electronic states near the Fermi level 

at the grain boundary, which is therefore detected by 

STM as an apparently elevated line [71,77]. Some 

examples of grain boundaries are shown in Fig. 9. 

Although this type of defect usually passed 

unnoticed among other features (e.g., surface and 

subsurface steps) in the low-resolution STM height 

images (Fig. 9(a)), it was readily detectable in their 

simultaneously recorded current images (Fig. 9(b); 

the grain boundaries are indicated by white arrows). 

The upper left part of Fig. 9(a) and b is presented in 

more detail in Fig. 9(c) and (d), respectively. The 

domain encircled inside the grain boundary as 

indicated by the white line in Fig. 9(d) exhibits a 

superperiodic structure (i.e., a Moiré pattern). Moiré 

patterns in graphitic systems result from the relative 

rotation of the two topmost graphene layers [71], and 

in the present work were frequently observed for the 

highly graphitized films. This is most probably a 

consequence of the random stacking of the reduced 

graphene oxide sheets in the starting HG film, which 

cannot be fully reverted to a perfect AB stacking 

even at the highest annealing temperature. High 

resolution images of a grain boundary and 

associated Moiré pattern are given in Fig. 9(e) and (f). 

The grain boundary is indicated by a red line in Fig. 

9(e), which is seen in this case as a string of discrete 

bright features. The carbon lattice is resolved in Fig. 

9(f), revealing a slightly different (~3°) 

crystallographic orientation on both sides of the 

boundary (see full and dotted white lines as a guide 

to the eye), which in turn confirms the nature of 

these line defects as grain boundaries and the 

development of continuous but polycrystalline layers 

upon graphitization. From Fig. 9(a,b) and additional 

STM images, the typical size of the grains was 

estimated to be a few hundred nanometers. 

 Hence, in the light of all the experimental 

evidence presented here, the graphitization process 

of the reduced graphene oxide films can be finally 

rationalized according to the following scheme: (i) 

First annealing step: removal of oxygen functional 

groups and generation of atomic vacancies within 

the reduced graphene oxide sheets; (ii) Second 

annealing step: annihilation of atomic vacancies and 

coalescence of overlapping sheets to yield 

continuous, polycrystalline layers that are essentially 

free of defects except for the presence of grain 

boundaries. Lastly, we note that such structural 

evolution can account for many of the results 

obtained by the different characterization techniques: 

(1) A highly graphitized film composed of 

polycrystalline layers having domains a few 

hundred nanometers large (i.e, sample HG1500-2700) 

can be expected to exhibit a non-negligible Raman D 

band arising from the grain boundaries, as was 

actually observed (see Fig. 3(b) and Table 1). (2) As 

the polycrystalline layers of sample HG1500-2700 

were for the most part free of other defects, then its 

in-plane crystallite size (La) derived from Raman 

spectroscopy (Table 1) should be comparable to the 

size of the domains as observed by STM, which was 

the case as well. (3) In such a polycrystalline film, we 

cannot expect to have perfect AB Bernal stacking of 

the layers throughout the whole sample, as 

evidenced by the Moiré patterns of Fig. 9. This is in 

agreement with the analysis of the Raman G´ band of 

sample HG1500-2700 (Fig. 4), which revealed a 

significant fraction of non-Bernal stacking. (4) Many 

properties of the highly graphitized films can be 

expected to be dominated by the presence of a high 

density of grain boundaries (i.e., relatively small 

domain sizes). Specifically, in comparing the 

electrical conductivity and reactivity towards 

gasification of the HG1500-2700 film with the results 

obtained for HOPG as a reference sample (Table 1 

and Fig. 5), we have to take into account that HOPG, 

a mosaic crystal, possesses much larger domain sizes 

(typically from several to a few tens of micrometers) 

[ 78 ] and hence a much lower density of grain 

boundaries in its lattice. Because grain boundaries 

are highly reactive sites and generally act as 

scattering centers for the charge carriers [64], the 

reactivity of the HG1500-2700 film should be higher 

than that of HOPG (Fig. 5); similarly, its electrical 
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conductivity should remain below that of HOPG and, 

a fortiori, below that of single-crystal graphite (Table 

1). Consequently, further significant improvement in 

the electrical conductivity of the films should only be 

possible if we are able to decrease the density of 

grain boundaries. Since we cannot expect the 

annihilation of the grain boundaries even at 

graphitization temperatures higher than those 

employed here [76], a different approach must be 

adopted. Because the grain boundaries are assumed 

to originate from the edges of the individual reduced 

graphene oxide sheets, using much larger sheets in 

the preparation of the films could offer a way out. 

Aqueous dispersions of graphene oxide sheets with 

lateral sizes up to 50 µm have been reported and 

could be used to this end [79]. (5) The coalescence of 

the sheets to yield continuous polycrystalline layers 

should imply a very high mobility of the carbon 

atoms involved in the process, particularly those at 

the sheet edges. It is thus conceivable that some of 

these atoms can go astray and end up trapped as 

interstitials in-between the graphene layers (Fig. 7(f)). 

The process of sheet coalescence could also be 

invoked to explain some a priori unexpected trends 

in the experimental results, for instance, the 

evolution of the d002 parameter (Table 1). The onset of 

coalescence, which appeared to take place at the 

lowest temperatures of the second annealing step 

(Fig. 6), could disturb the stacking of the sheets on a 

local scale before interlayer consolidation is 

eventually achieved at the highest graphitization 

temperatures. This mechanism would account for the 

transitional increase in the d002 parameter of the films 

graphitized at 1800 and 2100 °C observed during the 

second annealing step (Table 1). 

 

4. Conclusions 
 

 A very high level of structural restoration has 

been achieved for reduced graphene oxide sheets 

assembled into free-standing, paper-like films by 

graphitization, yielding thin films that approach the 

characteristics of highly oriented graphites. As a 

result, the electrical conductivity of the graphitized 

films reached values as high as 577,000 S m-1, which 

are by far the largest reported to date for any 

material derived from graphene oxide and about one 

quarter of the value measured for pristine 

single-crystal graphite, taken as the ultimate upper 

limit for graphitic systems. Extensive 

characterization of the films indicated that there are 

two main stages of transformation during their 

graphitization: (i) full removal of residual oxygen 

functional groups from the reduced graphene oxide 

sheets and concomitant generation of atomic 

vacancies (first annealing step, 1500 °C), and (ii) 

annihilation of the vacancies and coalescence of 

adjacent overlapping sheets to yield continuous 

polycrystalline layers (second annealing step, 

1800-2700 °C). The individual domains in the 

polycrystalline layers were seen to be essentially free 

of even point defects and their size (a few hundred 

nanometers) was mainly determined by the 

dimensions of the starting reduced graphene oxide 

sheets. As the domains themselves were defect-free, 

the prevailing type of defect within the layers was 

the grain boundaries separating neighboring 

domains, which were thought to govern many 

properties of the highly graphitized films. Finally, we 

envisage that the method proposed here can also be 

applied to fully restore the graphitic lattice of 

isolated, individual reduced graphene oxide sheets 

(as opposed to sheets assembled into films), 

provided that suitable substrates are used for the 

sheets. Because of its extreme heat resistance and the 

fact that it has already been shown to be an ideal 

substrate for pristine graphene, hexagonal boron 

nitride could be a good candidate to this end. 
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