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Detailed investigation into the preparation of graphene oxide by 

dichromate oxidation 

Martin Rosillo-Lopez[a] and Christoph G. Salzmann*[a] 

Abstract: Graphene oxide (GO) can be prepared using numerous 

protocols including the well-known Hummers method that relies on 

potassium permanganate as the oxidizing agent. Given the 

widespread use of GO and its many applications, a better 

understanding of the mechanisms of chemical oxidation is highly 

desirable including research into alternative oxidizing agents. Limited 

work has so far been carried out into using potassium dichromate as 

an oxidizing agent and the chemical structure of GO prepared by 

dichromate oxidation remains unclear. Here we present a full 

structural characterization of GO prepared by dichromate oxidation 

and its thermal stability. Furthermore, we optimize the previously 

reported protocol by reducing the reaction time from 5 days to 20 

hours and showing that sodium nitrate is not needed in the reaction 

mixture. Contrary to previous reports, we show that the GO material 

produced by dichromate oxidation is highly oxidized if thermal 

annealing is avoided. Compared to traditional GO, larger amounts of 

carboxylic acid groups are found which constitutes a major advantage 

for chemical processing and applications in materials chemistry. 

Introduction 

The chemistry of graphene oxide (GO), the oxidized counterpart 

of the graphene, and its potential use in applications and devices 

have been the focus of intense research over the last decade.[1] 

For instance, GO has been used for desalination and water 

purification,[2] its antimicrobial properties,[3] membranes,[4] 

electrocatalysis,[5] composites[6] and ionic sieving.[7] The interest 

in GO is owed to its hydrophilic nature, multitude of functional 

groups, and facile and cheap preparation. GO was first 

synthesized from flake graphite by Brodie in 1859 using the harsh 

oxidizing conditions created by KClO3 in fuming HNO3.[8] The 

procedure was modified by Staudenmaier in 1898 by replacing 

approximately two-thirds of the fuming HNO3 with H2SO4 and 

adding the KClO3 to the reaction mixture slowly in aliquots over 4 

days.[9] The advantages of the Staudenmaier approach over the 

Brodie method are three-fold. Firstly, the procedure reduces the 

risk of explosion as a result of ClO2 gas formation, secondly it 

increases the overall oxidation degree of GO and finally, the 

reaction can be contained to a single reaction vessel. The 

procedure was further improved by Hummers and Offeman in 

1958 by replacing KClO3 and fuming HNO3 with potassium 

permanganate (KMnO4) and potassium nitrate (KNO3) in 

concentrated H2SO4, thereby significantly reducing the risk of 

explosion and other hazards such as NOx fumes.[10] It is 

noteworthy that the original use of a KMnO4 / H2SO4 mixture to 

oxidize graphite was reported by Charpy around fifty years before 

Hummers and Offeman.[11] 

Nowadays, GO is most commonly synthesized via modified 

Hummers methods of which there are numerous variations.[12] For 

instance, Chen et. al. have shown that GO can be synthesized in 

under one hour while using fewer equivalents of KMnO4 than 

originally reported.[12a] Alternatively, the ‘improved synthesis of 

graphene oxide’ developed by Marcano and co-workers in 2010, 

which replaces concentrated H2SO4 with a mixture of 9:1 

H2SO4:H3PO4, has also gained popularity.[13] Other novel 

oxidizing agents such as K2FeO4 have also seen an increase in 

interest over the last couple of years, owing to shorter reactions 

times and the prevention of toxic manganese waste.[14] Similarly, 

non-wet-chemical approaches towards the synthesis of GO are 

also being considered such as water electrolytic oxidation which 

relies on highly reactive radicals produced via the electrolysis of 

water.[15] Consequently, KMnO4 and other metal-based oxidizing 

agents can be avoided. However, H2SO4 is still required for the 

initial intercalation of graphite. 

Chandra and co-workers reported the first preparation of GO 

using K2Cr2O7, as an alternative to KMnO4.[16] The new GO was 

shown to have a significantly more negative zeta potential 

compared to GO prepared by the Hummers methods. However, 

limited structural characterizations, in particular a lack of XPS, 
13C-ssNMR and AFM measurements, has meant that the 

chemical nature of the new GO material remained elusive. In the 

few follow-up publications by other groups,[12b, 17] XPS has been 

utilized as a characterization method by some.[12b, 17a, 17b] The 

results indicated that GO prepared by dichromate oxidation, now 

referred to as DC-GO, is a significantly less oxidized carbon 

material compared to GO prepared using permanganate (PM-

GO). However, these findings seem to be inconsistent with some 

of the original observations by Chandra et. al.[16] DC-GO has been 

shown to display outstanding sorption capacities for lead ions[17b] 

and has been used for a variety of other applications.[17a, 17c, 17d] 

Here we aim to investigate the chemical structure of DC-GO in 

detail and to also optimize the original procedure by Chandra et. 

al. which requires a reaction time of five days and includes NaNO3 

as a reagent. The composition of functional groups on DC-GO is 

compared with respect to PM-GO and we aim to explain how the 

in-part contradicting results in the DC-GO literature came about. 

Finally, the advantages and disadvantages of DC-GO for 

applications are discussed in comparison with the more traditional 

PM-GO material. 
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The preparation procedure for DC-GO developed by Chandra et. 

al. uses 7.5 mass equivalents of K2Cr2O7 as the oxidizing agent 

at 20°C and a reaction time of 5 days.[16] The aim of our study was 

to reduce the reaction time to below 24 hours while still obtaining 

a similar DC-GO material at a comparable yield. In analogy to the 

modifications to the Hummers method,[12a] it was also decided to 

eliminate NaNO3 from the reaction mixture. 

The influences of temperature, reaction time and the 

equivalents of K2Cr2O7 on the yield of DC-GO are shown in Figure 

1. After a reaction time of 20 hours at 20°C and using 7.5 

equivalents of K2Cr2O7, a quite poor yield of 18 w% was obtained. 

The temperature of the reaction was therefore raised to 45°C in a 

next step which resulted in a substantial increase of the yield to 

94 wt% for otherwise identical reaction conditions. This highlights 

a strong temperature dependence of the oxidation kinetics of 

graphite with K2Cr2O7. As further explorations of the reaction 

conditions at 45°C showed, using 7.5 equivalents of K2Cr2O7 and 

a reaction time of 20 hours actually gives the highest yield. Using 

fewer than 7.5 equivalents of K2Cr2O7 resulted in much lower 

yields suggesting an insufficient amount of the oxidizing agent. 

Interestingly, increasing the K2Cr2O7 equivalents above 7.5 also 

resulted in lower yields suggesting over-oxidation and hence 

decomposition of the DC-GO product material in the reaction 

mixture. In terms of the reaction times, very low yields were 

obtained for reaction times up to 8 hours which was followed by a 

massive increase in yield for 20 hours and a subsequent decrease 

for 40 hours again suggesting over-oxidation of the material upon 

prolonged oxidative treatment. 

 

Figure 1. Influences of temperature, reaction time and mass equivalents of 

K2Cr2O7 with respect to the graphite starting material on the yield of DC-GO. 

Structural characterization of DC-GO and comparisons with 

other GO materials 

The XPS and 13C ssNMR spectra of the DC-GO material prepared 

with the optimized reaction conditions as well as the 

corresponding data for DC-GO made following the procedure by 

Chandra et al. are shown in Figure 2(a,d) and (b,e), respectively. 

For comparison, the XPS and 13C ssNMR spectra of PM-GO 

synthesized using the protocol by Chen et. al. are also shown in 

Figure 2(c,f). 

 

Figure 2. XPS survey spectra and C1s region (insets) of (a) DC-GO (optimized), (b) DC-GO (Chandra) and (c) PM-GO (Chen). In the insets, the crosses represent 

the experimental data whereas the grey, blue, green, red and black lines are the Shirley background functions, C(0), C(I) and C(III) fitted peaks and peak sum, 

respectively. 13C ssNMR spectra of (d) DC-GO (optimized), (e) DC-GO (Chandra) and (f) PM-GO (Chen). The peaks marked with asterisks are typically assigned 

to lactol groups.[18] 
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The XPS survey spectra of the three carbon materials show 

carbon and oxygen as the only elements present illustrating the 

purities of the three materials. The C1s region of the two DC-GO 

materials are remarkably similar and show a prominent presence 

of C(III) species as indicated by the fitted peak in red at ~289 eV 

which is typically attributed to carboxylic acids.[19] The areas of the 

C(III) peaks were found to be 16 – 18% of the overall C1s features 

for both DC-GO samples. The fitted peak in green is assigned to 

C(I) functional groups such as hydroxyls and epoxides, and the 

average C(III) / C(I) peak area ratio was found to be 0.41 ± 0.02 

for both samples. It is noteworthy, however, that both peaks are 

expected to have small contributions from C(II) species such as 

ketones which cannot be accurately determined due to the 

somewhat subjective nature of the peak fitting process. The C1s 

spectrum of PM-GO (Chen), which is representative of 

conventional GO prepared by permanganate oxidation, shows a 

smaller C(III) peak area (10 – 13% of the overall feature) 

compared with the DC-GO materials. Similarly, the C(III) / C(I) 

peak area ratio was calculated as 0.25 ± 0.02 which is significantly 

smaller than the 0.41 ± 0.02 obtained for DC-GO indicating a 

preference for C(III) species over other oxidized carbon in the DC-

GO materials. Finally, in all C1s spectra, the two fitted peaks in 

blue are due to the presence of unoxidized carbon.[20] 

Consistent with the XPS data, the 13C ssNMR spectra of DC-

GO (optimized) and DC-GO (Chandra) in Figure 2(d,e) show 

more intense peaks at ~170 and ~190 ppm compared with PM-

GO (Chen) in Figure 2(f) indicating larger amounts of carboxylic 

acids and ketones / aldehydes, respectively.[18, 21] In fact, the 

COOH and C=O groups are barely noticeable in the 13C ssNMR 

spectra of PM-GO (Chen), whilst the graphenic sp2 carbon peak 

centered at ~130 ppm and the hydroxyl / epoxide peaks at 70 / 60 

ppm are very prominent. It is noteworthy, that the peaks marked 

with asterisks at ~100 ppm are typically assigned to lactol 

groups.[18] 

The AFM image of DC-GO (optimized) in Figure 3(a) shows 

that the material is of nanoscale dimensions. Figure 3(b) shows 

an analysis of the flake heights using data from this figure as well 

as Figure S1. The average height of the flakes was found to be 

1.8 ± 0.8 nm which suggests ~1 – 3 oxidized carbon layers.[22] 

However, it is apparent from the AFM image and the line profile 

in Figure 3(c) that smaller adsorbed fragments, previously 

described as ‘dome-like’ features, exist on some of the flakes.[22a, 

23] Lastly, analysis of the lateral size distribution of the flakes 

shown in Figure 3(d) indicates a typical flake diameter around 20 

– 30 nm. In contrast to this, the AFM image of PM-GO (Chen) in 

Figure S2 indicates the presence of much larger flakes up to the 

micrometer range. The comparatively small flakes of DC-GO are 

consistent with its relatively large number of carboxylic acid 

groups which must be located at the edges of the flakes. The 

same was also found to be the case for DC-GO (Chandra) as 

shown in Figure S3. 

 

Figure 3. (a) AFM image of DC-GO (optimized) spin coated onto a HOPG 

substrate, (b) height distribution, (c) line profile as indicated by the blue line in 

(a), and (d) diameter distribution determined by measuring the shortest and 

longest distances across individual DC-GO flakes. 

The FT-IR and Raman spectra of DC-GO (optimized), DC-GO 

(Chandra) and PM-GO (Chen) are shown in Figure 4. Overall, the 

FT-IR and Raman spectra of the three materials are very similar. 

In the FT-IR spectra, the broad feature centered at ~3300 cm-1 

can be assigned to O-H stretching from carboxylic acids and 

water.[24] The carbonyl stretch at ~1715 cm-1 can also be attributed 

to carboxylic acids as well as other carbonyl functionality such as 

ketones.[25] Interestingly, there are weak shoulders present 

adjacent to the carbonyl peak at ~1820 cm-1 for all three samples. 

Recently, we have shown that these features can be attributed to 

carboxylic anhydrides.[23, 26] The features observed at ~1380, 

~1200 and ~1050 cm-1 are typically assigned to O-H bending and 

C-O stretching due to the presence of hydroxyl and epoxide 

groups as well as carboxyls.[27] Lastly, the peak at ~1620 cm-1, 

which has been the result of some controversy,[28] can be ascribed 

to the bending mode of water molecules as well as the C=C 

stretching. The Raman spectra of the two DC-GO materials and 

PM-GO (Chen) show the characteristic G (~1600 cm-1) and D 

(~1350 cm-1) bands which are observed in all oxidized graphenic 

materials. These are a result of the in-plane stretching mode of 

sp2 carbon and the disorder-induced mode, respectively.[29] 
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Figure 4. (a) FT-IR and (b) Raman spectra of DC-GO (optimized), DC-GO 

(Chandra) and PM-GO (Chen). 

Finally, in-situ mass spectrometry was employed to elucidate the 

nature of desorbing gaseous species when DC-GO (optimized) 

undergoes thermal treatment under high-vacuum conditions 

starting from room temperature to 900°C. The mass spectrometry 

data shown in Figure 5 is consistent with the rapid thermal 

exfoliation that is typical for GO materials.[30] Below ~120°C 

physisorbed water is removed which is later accompanied by the 

concerted evolution of H2O, CO and CO2 between 200 and 250°C. 

This simultaneous gas release constitutes the removal of most of 

the oxygen-functional groups present on GO.[30b, 30g] After this 

exfoliation step, the desorption of gases slows down and more 

stable oxo-groups are removed slowly upon further heating.[27b, 30b, 

30g, 31] The very similar thermal-desorption pattern of PM-GO 

(Chen) is shown in the SI of ref. [26]. 

 

Figure 5. Mass spectrometry data of DC-GO (optimized) recorded upon heating 

under high-vacuum conditions. 

Mechanism of DC-GO formation 

To gain more detailed insights into the chemical mechanism of 

the DC-GO formation from the graphite starting material, the 

various samples obtained from the optimization of the reaction 

conditions were analyzed with XPS (cf. Figures S4-6). First, the 

(C(III) + C(I)) / C(0) peak area ratios were calculated, which are 

thought to be a measure for the extent of oxidation. As can be 

seen in Figure 6(a), the optimized conditions (45°C, 20 hours and 

7.5 equivalents of K2Cr2O7) correspond to the most oxidized DC-

GO material. Smaller amounts of K2Cr2O7 in the reaction mixture 

appear to limit the oxidation of graphite whereas larger amounts 

seem to decompose the more oxidized material leaving small 

amounts of less-oxidized DC-GO behind. In ref. [12b], the 

preparation procedure of Chandra et al.[16] was adapted by using 

only using 4 equivalents of Cr2O7
2–

. On the basis of XPS 

measurements it was found that the product material did not show 

significant oxidation. Considering the data shown in Figure 6(a) 

and that a reaction temperature of 20°C was used in ref. [12b], it 

is now clear why their DC-GO material showed a low degree of 

oxidation. 
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Figure 6. Detailed analysis of the C1s region in the XPS spectra of the various 

samples prepared for optimizing the yield of the DC-GO (cf. Figure 1). (a) (C(III) 

+ C(I)) / C(0) peak area ratios reflecting the extent of oxidation. (b) C(III) / C(I) 

peak area ratios highlighting the relative amounts of carboxylic acids with 

respect to C(I) functional groups. All peak area ratios are shown as a function 

of the reaction time and the equivalents K2Cr2O7 for the reactions at 20°C (blue 

spheres) and at 45°C (red spheres). 

Using 7.5 equivalents of K2Cr2O7, the extent of oxidation 

increases during the first 20 hours after which preferential 

decomposition of the more oxidized material is observed. 

According to this analysis, the DC-GO (optimized) material is 

slightly less oxidized compared to PM-GO (Chen) which displays 

a (C(III) + C(I)) / C(0) peak area ratio of 1.31. 

Also, the extent of oxidation of the DC-GO material obtained at 

20°C but otherwise optimal conditions is only slightly smaller 

compared to the material obtained at 45°C. This is interesting 

because the yield after the 20°C reaction was significantly lower 

compared to the fully optimized conditions (cf. Figure 1). The 

difference between these two samples must therefore lie in the 

relative abundances of the various functional groups. 

In a next step, the C(III) / C(I) peak area ratio is taken as a 

measure for the amount of carboxylic acid groups with respect to 

the C(I) functional groups. As can be seen in Figure 6(b), the DC-

GO sample obtained after heating at 20°C contains significantly 

less carboxylic acid groups compared to the sample obtained 

from the optimized conditions at 45°C. Increasing the temperature 

from 20 to 45°C at otherwise identical reaction conditions 

therefore converts a large fraction of less-oxidized functional 

groups to carboxylic acid groups. 

For 7.5 equivalents K2Cr2O7, the C(III) / C(I) peak area ratio is 

small for short reaction times but it settles at a more or less 

constant value after 8 hours. This illustrates the fact that C(I) 

functional groups must form first as graphite is oxidized. 

It is also interesting to note that for a given reaction time of 20 

hours, the DC-GO sample obtained with the highest yield at 7.5 

equivalents K2Cr2O7 shows the lowest C(III) / C(I) peak area ratio. 

This means that while the other samples for this reaction time 

contain overall less functional groups, the relative fraction of 

carboxylic acid groups is higher. This could be a reflection of the 

fact that it is easier to form C(III) from C(I) species than it is to 

perform the first oxidation step starting from C(0). 

Considering that PM-GO (Chen) shows a C(III) / C(I) peak 

area ratio of 0.26, it is very clear that all the prepared DC-GO 

materials are chemically very different compared to PM-GO.[32] 

This illustrates overall that the oxidation of graphite with KMnO4 

or K2Cr2O7 proceed via very different chemical mechanisms. 

Problems in handling DC-GO due to its thermal instability 

Sitko et. al. isolated DC-GO (Chandra) by drying it at 100°C for 

an undefined duration of time.[17a, 17b] On the basis of XPS 

measurements they found a significantly less oxidized material 

than reported by us here. In Figure 7 we show that DC-GO is not 

stable at 100°C over prolonged periods of time by placing a 

sample in an oven at 100°C and measuring the changes in 

functional group composition over time using XPS. There is an 

obvious decrease in the number of oxo-groups as time 

progresses as can be seen by the decreasing areas of the C(III) 

and C(I) peaks with respect to the unoxidized carbon peak. In fact, 

after just 16 hours the (C(III) + C(I)) / C(0) peak area ratio 

decreased from ~1.39 to ~0.89 and a mass loss of ~16% was 

noted. It is noteworthy that if the DC-GO has been isolated via the 

boiling of water from a dispersion of DC-GO in refs [17a, 17b] then 

the reduction of the material may have been even more 

pronounced. In summary, it is clear that great caution must be 

taken during the workup and isolation of DC-GO materials. 

Freeze-drying of the product dispersions, as carried out by us 

here, seems to be the optimal way to isolate DC-GO. 
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Figure 7. XPS survey spectra and C1s region (insets) of DC-GO (Chandra) after 

heating at 100°C in air for (a) 0 hours, (b) 16 hours, (c) 3 days and (d) 30 days. 

In the insets, the crosses represent the experimental data whereas the grey, 

blue, green, red and black lines are the Shirley background functions, C(0), C(I) 

and C(III) fitted peaks and peak sum, respectively. 

Conclusions 

The original protocol developed by Chandra et. al. was optimized 

by reducing the reaction time from 5 days to 20 hours and 

removing NaNO3 from the synthesis. Overall, DC-GO was found 

to be heavily oxidized and more carboxylated than conventional 

GO[32-33] which can constitute an advantage towards the chemical 

processing of GO. In fact, the diverse chemistry of carboxylic acid 

groups has led to significant interest in carboxylated graphene 

nanomaterials in recent years.[23, 26, 34] Consequently, the COOH 

groups of GO have been exploited in many chemical 

functionalization procedures to prepare a multitude of composite 

materials and to use chemically modified GO in devices.[34d, 34e, 

34g-n] In this sense, DC-GO provides a unique opportunity for future 

work in this area due to its high content of carboxylic acid groups 

and the cheap graphite starting material. 
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